The Pennsylvania State University
The Graduate School
Department of Materials Science and Engineering

SWELLING AND MECHANICAL BEHAVIOR OF IONIZABLE HYDROGELS
CONTAINING HIGHLY BRANCHED POLYAMINE MACROMONOMERS

A Dissertation in
Materials Science and Engineering
by
Burcu Unal

© 2008 Burcu Unal

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy
December 2008

The dissertation of Burcu Unal was reviewed and approved* by the following:

Ronald C. Hedden
Assistant Professor of Materials Science and Engineering
Dissertation Advisor
Chair of Committee

James Runt
Professor of Polymer Science

Erwin A. Vogler
Professor of Materials Science and Engineering and Bioengineering

Bruce E. Logan
Professor of Environmental Engineering

Joan M. Redwing
Professor of Materials Science and Engineering
Chair of Intercollege Graduate Program in Materials Science and
Engineering

*Signatures are on file in the Graduate School

iii
ABSTRACT
Linear α,ω diepoxide-terminated poly(ethylene glycol)s (PEG di-epoxide) of
molar mass 4,000 and 20,000 g mol-1 were end-linked with amine-terminated
poly(amidoamine) (PAMAM) dendrimers of Generations 0, 2, and 4 in a good solvent
(water) to prepare architecturally well-defined copolymer hydrogels. PEG di-epoxide
was also randomly crosslinked with branched poly(ethylenimine) (PEI) in water to
prepare hydrogels with high concentrations of amine functional groups, much like the
dendrimer gels, but with an ill-defined architecture.

The gelation and equilibrium

swelling of these gels in water were characterized while systematically varying the
polymer concentration at preparation, dendrimer generation, mole ratio of crosslinker
endgroups to PEG endgroups, and PEG precursor molar mass. The Ahmad-RolfesStepto (ARS) theory of non-linear polymerization was applied to predict conditions
favoring gelation, and the model predictions captured many features of the experimental
results.

Some hydrogels exhibited “superabsorbent” behavior upon extraction and

equilibrium swelling in pure water.

The end-linking reaction stoichiometry was

identified as the most important factor governing the swelling behavior, whereas the
polymer volume fraction at crosslinking, precursor chain molar mass, and dendrimer
generation played less significant roles. The superabsorbency arised in part from ionic
effects related to protonation of the amine groups at external pH=7. Upon air-drying and
re-swelling of the extracted networks, a substantial decrease in equilibrium swelling was
noted, which may be attributed to a secondary crosslinking reaction that occured during
drying.

For dried and re-swollen networks, the scaling of storage modulus with
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equilibrium swelling was not much different from scaling predictions for neutral polymer
networks in good solvents.
The pH-dependent swelling behavior of these two hydrogel systems containing
high concentrations of amine-functional macromonomers was also examined.

After

extraction in neutral water, the hydrogels were swollen in aqueous solutions of HCl or
NH4OH to vary the external pH. Equilibrium volume swelling ratios (Qs) passed through
a maximum value (Qmax) at an external pH (denoted pH*) which was approximately 4 to
5 for the gels studied. The swelling behavior was modeled using Donnan equilibrium
theory to describe the ion swelling pressure, with the Flory-Rehner phantom network
expression representing the elastic and mixing contributions to the free energy. The
model accurately predicted the maximum in swelling near pH=4 to 5, but overestimated
Qmax for several of the gels due to neglecting the finite extensibility of the short linear
PEG chains.
Two possible applications of polyamine hydrogels were examined. First, the
PAMAM/PEG hydrogel system was used as an immobilization matrix for nitrogen-fixing
bacteria, Rhizobium leguminosarum, with a focus on identifying structural factors that
maximize cell density. Second, the effect of crosslink density on DC ionic conductivity
of a gel electrolyte was examined, in order to determine whether PEI-based gels might be
useful as electrolytes for Lithium ion batteries.
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Chapter 1
Introduction

1.1 Polymer Networks, Gels, and Hydrogels
Polymer networks are three-dimensional macromolecular polymeric constructions
in which polymer chains are bonded together to form a macroscopic viscoelastic solid.
Essentially each constitutional unit is connected to every other unit and to the
macroscopic phase boundary by many permanent paths through the network. When a
network is swollen in a solvent, it is called a gel and when the swelling solvent is water,
the network is called a hydrogel. Polymer networks and gels have diverse applications,
examples of which include automotive parts, cosmetics, laboratory research products,
biomedical materials, super-absorbent materials, and sensors. 1-10
Polymer networks swell in certain solvents but remain insoluble due to the
presence of physical or chemical crosslinks, entanglements, and/or crystalline regions.11
The swelling behavior of networks can be explained by the balance between the mixing
free energy of the polymer network and solvent which promotes solvent absorption in the
network and the rubber elasticity free energy of the network which acts to restrict the
chain extension.12
The swelling and mechanical properties of a hydrogel are affected by both the
network’s branching architecture and its chemical microstructure.

The type and

composition of the monomers in the hydrogel,13-17 crosslinker concentration,13,18 and
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presence of solvent during crosslinking19 are examples of key parameters that affect a
network’s structure and physical properties. Other external factors that also affect the
swelling behavior include temperature16,20 and the pH of the swelling medium.16,21
The synthesis of covalently crosslinked polymer networks have been investigated
widely since the work of Staudinger and Heuer.22 There are three methods used23
1.

Bridging pre-existing linear chains by vulcanization, peroxidation and

irradiation.
2.

Crosslinking

polycondensation

or

free-radical

crosslinking

copolymerization.
3.

End-linking in which end-functionalized chains are linked by multi-

functional crosslinkers

1.2 Model Networks
The molecular level basis for the swelling and mechanical properties of hydrogels
is of both fundamental and practical interest. In order to study the structure-property
relationships for networks, one needs to use “model” networks with well-defined
molecular level architecture. A model network should satisfy the following conditions:23
1. The linear chain element of a model network should exhibit known length and,
if possible, a narrow molar mass distribution. Each elastic chain should be connected by
its two ends to two different branch points.
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2. A model network should be homogeneous: no syneresis should have occurred
during the synthesis; the segment density and the crosslinking density should be constant
throughout the gel.
3. A model network should exhibit a known and constant functionality of the
branch points.
Even though model networks are macroscopically homogenous, they still contain
some architectural defects. Fig. 1.1 shows types of these defects. (A) represents chains
with one unreacted end group leading to dangling (pendent) chains; (B) represents a loop
formed when the two ends of a chain react with the same crosslinker; (C) represents
chains with two unreacted end groups leading to free chains; (D) represents permanently
trapped entanglements between crosslinks; and (E) represents a multiple connection
between two branch points. Other than these defects, networks are composed of elastic
chains that are attached to the network at both ends at different crosslink sites. Elastically
effective chains (strands) are the ones that deform and store elastic energy upon network
deformation. Elastically effective crosslinks are those that connect at least two elastically
effective chains.
Hydrogels prepared by random crosslinking have numerous defects present and
have ill-defined molecular level architecture.

Therefore, the relationship between

structure and properties is obscured and these systems are not suitable for fundamental
studies. Rather, networks prepared by end-linking reactions have become the preferred
materials for fundamental studies of physical properties.
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A

A

A
E

D
B
C

Figure 1.1: Types of structural defects in a network. (A) Dangling (pendent) chain. (B)
Loop. (C) Free chain. (D) Trapped entanglement. (E) Multiple connection

1.3 End-linking Reactions
Model networks can be synthesized by end-linking reactions23,24 where endfunctionalized linear polymer chains (precursor chains) are connected through
multifunctional crosslinkers.

Fig. 1.2 shows a schematic of a sample end-linking

reaction. End-linking is the leading technique to prepare networks for fundamental
studies enabling one to produce networks with well-defined structures that have known
molar mass of the polymer chains between chemical crosslink points (Mc), and minimal
concentrations of structural defects such as pendent (dangling) chains. Requirements for
a good end-linking reaction can be summarized as follows:

5
1. Minimal side-reactions under the crosslinking conditions;
2. Nearly 100% of the chains should be end-functionalized;
3. Known and constant functionality of the branch points.

+

End-functionalized (Telechelic) Polymer

Multifunctional Crosslinker

“Precursor”

NETWORK
Figure 1.2: Schematic of a sample end-linking reaction
In order to satisfy the 3rd condition, it is important to have structurally welldefined crosslinkers.

Many studies of model networks have used trifunctional or

tetrafunctional crosslinkers such as tri-ols or tetrasilanes. However, comparatively few
have examined networks with very high junction functionality. A promising crosslinker
candidate for such a study is dendrimers with functional end groups. Dendrimers are
compact, symmetrical, highly branched polymers with a layered, tree-like structure that
may terminate with a well-defined number of reactive endgroups,25,26 providing a unique
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opportunity to systematically control crosslink junction functionality.

Synthesizing

monodisperse dendrimers demands a high level of synthetic control which is achieved
through stepwise reactions, building the dendrimer up one monomer layer, or
"Generation" at a time. Each dendrimer consists of a multifunctional core molecule with
a dendritic wedge attached to each functional site. The core molecule is referred to as
Generation 0. Each successive repeat unit along all branches forms the next Generation,
Generation 1, Generation 2, and so on until the terminating Generation. Due to steric
effects, continuous addition of

dendrimer repeat units leads to a sphere shaped or

globular molecule until steric overcrowding prevents complete reaction at a specific
Generation and destroys the molecule's monodispersity.

1.4 Poly(amidoamine) (PAMAM) Dendrimers
In this study we used poly(amidoamine) (PAMAM) dendrimers as model
crosslinkers. PAMAM dendrimers have been widely studied in aqueous systems as
agents for gene delivery27-29 and drug delivery.30-33 These dendrimers are also known to
serve as effective ligands for transition metal ions,34-37 leading to numerous studies
regarding their use as templates for metal nanoparticle synthesis.38-41

PAMAM

dendrimers have an ethylene diamine core, internal amines and amides, and amine (NH2)
endgroups (Fig. 1.3).
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Figure 1.3: PAMAM dendrimer structure
The number of expected NH2 endgroups (Z) depends on the Generation (G) of
dendrimer used as follows:
Z = 2 2+G

[1.1]

Therefore, Generation 0 (G0), Generation 2 (G2), and Generation 4 (G4)
PAMAM dendrimers used in this study have 4, 16, and 32 NH2 endgroups, respectively
(Fig. 1.4).

Table 1.1

lists the number of end groups and dimensions of various

Generations of PAMAM dendrimers in CH3OH42 and on a surface.43 It is important to
point out that hindrance effects, due to steric crowding, for complete cross-linking of
dendrimers play a minimal role in deviations from the theory for dendrimers with
Generation 4 or lower. Hedden & Bauer examined grafting of monofuntional PEG to the
endgroups of PAMAM dendrimers to form highly branched star polymers and presented
evidence that steric crowding plays a minimal role in the grafting reaction for dendrimers
of Generation 4 (64 endgroups) or lower, although it may have been significant for G5
and higher.26
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“G0”

“G1”

Z=4

Z=8

“G2”

Z=16

“G3”

“G4”

Z=32

Z=64

Figure 1.4: Number of endgroups (Z) of dendrimers with different Generations (G)
(schematics are for a dendrimer having a tetrafunctional core)

Table 1.1: Number of end groups and dimensions of various Generations of PAMAM
dendrimers

Generation # Endgroups Diameter in
G
Z
CH3OH (nm)
G2
G3
G4
G5
G6
G7
G8
G9
G10

16
32
64
128
256
512
1024
2048
4096

3.76
4.60
5.64
7.26
8.38
10.04
11.84
13.98

Diameter on
a surface (nm)

4.3
6.9
8.0
10.3
12.4
14.7
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1.5 Affine and Phantom Network Models
Polymer networks are unique in their ability to reversibly deform to several times
their size due to the elasticity of the polymer chains (network strands) that make up the
network. Two network models were proposed to capture this idea of rubber elasticity in
networks, the affine network model and the phantom network model.
In the first theories of rubber elasticity,44,45 it was assumed that the chains and the
crosslinks of a rubbery network were firmly embedded in a deforming continuum. The
simplest model to capture this assumption is the affine network model originally
proposed by Kuhn. The main assumption of the affine network model is that the ends of
network strands (crosslink junctions) are fixed in space and are displaced affinely with
the whole network during swelling. Therefore, the relative deformation of each network
strand is the same as the macroscopic relative deformation imposed on the whole
network. In real networks, the ends of network strands are attached to each other by
crosslink sites. These crosslinks are not fixed in space but they can fluctuate around their
mean positions. Due to these fluctuations, the free energy of the system decreases and
the cumulative stretching of the network strands is reduced. The simplest model that
takes these fluctuations into account is the phantom network model developed by James
and Guth.46-48 In a phantom network, the strands are ideal chains with ends joined at
crosslinks. The ends of the strands at the surface of the network are attached to the elastic
non-fluctuating network.
attachments.

The volume of a phantom network is fixed due to these

10
Experimental results on polymer networks show a deviation from the predictions
of the classical theories of rubber elasticity. In most cases, the real behavior of a network
is intermediate between the affine and phantom network models due to the presence of
entanglements. According to Flory,49,50 the network chains strongly interpenetrate, which
induces stress upon the junction points restricting the fluctuations around the mean
positions of the crosslinks. Therefore, several other theories that take into account the
contributions of entanglements to the elastic behavior have been proposed51,52, details of
which are omitted here.

1.6 Purpose and Organization of This Study
Numerous previous studies examined the physical properties of gels prepared by
end-linking or crosslinking in solution. However, these studies often relied upon free
radical polymerization53-57 to form gels, which proceeds through random crosslinking
processes that obscure the relationship between precursor polymer structure and gel
architecture. Although end-linking has been widely used to prepare model gels,58-62 most
studies focused on crosslinking in the bulk (solvent-free) state.63-65

These studies

generally involved a constant ratio of crosslinker endgroups to precursor endgroups
and/or made use of crosslinkers of limited functionality.
One of the purposes of this study was to investigate the structure-property
relationships in a model hydrogel system with a wide range of junction functionality. For
this purpose we synthesized hydrogels by end-linking epoxide-functionalized
poly(ethylene glycol) with PAMAM dendrimers (PAMAM/PEG) in good solvent
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conditions. This system offers control over many adjustable parameters including linear
precursor chain molar mass, dendrimer Generation (number of endgroups), end-linking
reaction stoichiometry, and polymer concentration at end-linking.

Taken together,

manipulation of this suite of adjustable parameters permits tailoring the molecular
structure and physical characteristics of hydrogels with little or no change in polymer
chemistry, presenting an opportunity to investigate the physics of end-linking reactions
systematically. Our investigation represents the first systematic study of the gelation,
swelling, and mechanical characteristics of dendrimer-containing gels prepared by endlinking in water. The present study presents fundamental data which we believe will
characterize the end-linking process under "good solvent" conditions more quantitatively
and thoroughly than any previous report, advancing current understanding of how
crosslinking in solution affects gelation and swelling of polymer gels.
The second purpose of this study was to compare the swelling behavior of endlinked model PAMAM/PEG hydrogel system to a randomly crosslinked network system
having similar chemical composition. For this purpose, we studied the swelling behavior
of a hydrogel system prepared by crosslinking PEG by randomly branched
poly(ethylenimine) (PEI), a randomly branched analog of PAMAM dendrimers. The
PEI/PEG hydrogels were prepared through a random crosslinking reaction in water and
therefore have ill-defined architecture and are not model hydrogels, yet they contain high
concentrations of amine functional groups, much like the dendrimer gels.
The third purpose of this study was to examine the pH-dependent swelling
behavior of these two hydrogel systems that contain variable concentrations of aminefunctional macromonomers. In the course of studying dendrimer-gels (Chapter 3) we
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show that the protonation of amine functional groups in the gels, rather then the nature of
the junction architecture, is the dominant factor governing swelling of gels based upon
PAMAM dendrimers.

Amines are Lewis bases that become protonated at pH<10,

causing significant enhancement to the equilibrium swelling of the networks.

We

examine how the pH-dependence of equilibrium swelling is affected by the initial
concentration of the ionizable amine groups. This work represents the first study of the
pH dependence of swelling in hydrogels containing PAMAM dendrimers or PEI as
branched macromonomers. The concentration of amine units in the gels is varied to
probe the effects of concentrating the ionizable groups.
The final purpose of this study was to study possible applications of polyamine
gels, some of which are shown to exhibit unusually high swelling in neutral water. For
this purpose we examined two possible applications. First, we used the PAMAM/PEG
hydrogel system as an immobilization matrix for bacteria, with a focus on identifying
structural factors that maximize cell density. These gels could commercially be used to
support growth of bacteria in a bioreactor system that produced hydrogen or other useful
chemicals. Second, we examined the effect of crosslink density on DC ionic conductivity
of a non-aqueous gel electrolyte, in order to determine if PEI-based gels might be useful
as electrolytes for Lithium ion batteries.

For this purpose, we used a randomly

crosslinked PEI gel system containing dissolved LiCF3SO3 salt. No previous study has
systematically examined how crosslink density influences ionic conductivity of PEI gel
electrolytes, a key concept that is broadly applicable to optimization of any crosslinked
polymer gel electrolyte system.
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In support of our goals, we synthesized two hydrogel systems. Both systems
contain epoxide end-functionalized PEG (PEG di-epoxide) that we synthesized from
commercial –OH terminated PEG (PEG-diol). The first system is an end-linked model
hydrogel system prepared by crosslinking PEG di-epoxide chains with PAMAM
dendrimers. The second system is a randomly crosslinked hydrogel system prepared by
the random crosslinking of PEG di-epoxide chains by PEI. The details of PEG diepoxide and hydrogel synthesis and characterization are described in Chapter 2. Chapter
3 discusses the gelation and swelling properties of these hydrogel systems. In Chapter 4,
the pH dependent swelling behavior of these hydrogels is examined, and in Chapter 5 the
mechanical properties of the PAMAM/PEG gels in the dry and swollen states are
discussed. Finally, Chapters 6 and 7 discuss the applications of gels as bacterial scaffolds
and gel electrolytes, respectively.
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Chapter 2
Precursor and Hydrogel Synthesis

2.1 Introduction and Background
Model hydrogels with well-defined molecular level architecture can be
synthesized by end-linking reactions1,2 where end-functionalized linear polymer chains
(precursors) are connected to multifunctional crosslinkers. End-linking is a preferred
technique to prepare networks for fundamental studies, as it produces well-defined
structures that have known molar mass of the elastic polymer chains between chemical
crosslinks. End-linking has also been applied to prepare networks having controlled
amounts of structural defects such as pendent (dangling) chains.3 Numerous studies
involving end-linked (dry) networks and (swollen) gels have been conducted since the
late 1960s, and structure-property relationships have been established for networks of
various

polymers

including

polydimethylsiloxane,3-10

polybutadiene,13,14 poly(ethylene oxide),15-17 and others.2,18

polyisoprene,11,12

The effects of precursor

molar mass,3,5,18,19 crosslink density,3 initial preparation concentration,5,11,12,20,21 and
defects3,22 on the swelling and mechanical properties have been documented. Also, some
researchers examined the effect of crosslinker functionality on physical properties of
networks,23-25 but these studies involved a limited range of crosslinkers.
We explored physical properties of hydrogels formed via end-linking endfunctionalized poly(ethylene glycol) (PEG) precursor chains with multifunctional amine
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crosslinkers through a reaction that forms hydrolytically stable amide bonds. The novel
feature of our approach is the use of amine-terminated poly(amidoamine) (PAMAM)
dendrimers as crosslink junctions.

Dendrimers are compact, symmetrical, highly

branched polymers with a layered, tree-like structure that may terminate with a welldefined number of reactive endgroups,26,27 providing a unique ability to systematically
control crosslink junction functionality. Previously, dendrimer-containing networks and
gels were studied for various purposes including biomedical applications,28,29
constructing segmented polymer networks,30 and nanoparticle templating.31
The present report is concerned with the gelation and swelling of PAMAM/PEG
hydrogels prepared via linking end-functionalized telechelic PEGs with amine terminated
PAMAM dendrimers in a good solvent. An interesting aspect of the PAMAM/PEG
hydrogels is that the amine dendrimer endgroups can function as Lewis bases, acting as
proton acceptors even in neutral water. PAMAM/PEG gels can therefore be considered
structurally well-defined ionomer gels (under appropriate conditions of pH), in which
charged blocks of well-defined size (dendrimers) are interconnected via neutral elastic
chains (PEG). We will discuss the pH dependent swelling behavior of these hydrogels in
Chapter 4.
The PAMAM/PEG gels also represent a model system for the study of endlinking reactions in good solvents.

Many previous studies examined the physical

properties of gels prepared by end-linking or crosslinking in solution. However, these
studies often relied upon free radical polymerization20,32-35 to form gels, which proceeds
through random crosslinking processes that obscure the relationship between precursor
polymer structure and gel architecture. Although end-linking has been widely used to
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prepare model gels,6,36-39 most studies focused on crosslinking in the bulk (solvent-free)
state.3,40,41 These studies generally involved a constant ratio of crosslinker endgroups to
precursor endgroups and/or made use of crosslinkers of limited functionality. In contrast,
PAMAM/PEG hydrogels offer control over many adjustable parameters including linear
precursor chain molar mass, dendrimer Generation (number of endgroups), end-linking
reaction stoichiometry, and polymer concentration at end-linking. Taken together, this
suite of adjustable parameters permits tailoring the molecular structure and physical
characteristics of hydrogels with little or no change in polymer chemistry, presenting an
opportunity to investigate the physics of end-linking reactions systematically.
We also studied the swelling behavior of a hydrogel system prepared by
crosslinking

telechelic

PEGs

by

randomly

branched,

amine

terminated

poly(ethylenimine) (PEI). PEI has numerous primary (1°), secondary (2°), and tertiary
(3°) amine functional groups, among which the 1° and 2° amines can react with the end
groups of the PEGs.

The PEI/PEG hydrogels were prepared through a random

crosslinking reaction in water and therefore have ill-defined architecture and are not
model hydrogels. Comparing the swelling behavior of the PEI/PEG and PAMAM/PEG
systems will enable us to show that our discussions on the physics of PAMAM
containing gels are not specific to the PAMAM/PEG system, rather, these ideas are
broadly applicable to the swelling of any polymeric hydrogel that contain amine
crosslinkers or amine functionality.

21
2.2 Synthesis of End-functionalized Poly(ethylene glycol)

2.2.1 Synthesis of Epoxide End-functionalized PEG
Linear α,ω dihydroxyl-terminated poly(ethylene glycol)s of molar mass 4,000
g mol-1, 6,000 g mol-1 and 20,000 g mol-1 (Fluka) were used as received.
Epichlorohydrin (Alfa Aesar, 54.0 g) was added dropwise to a 500 mL, 3-neck, round
bottom flask containing PEG (75.0 g), NaOH (EMD Chemicals,12.0 g) and distilled
water (1162.5 μL) and stirred at 65 °C for 16 hours. The resulting suspension was
filtered and the liquid portion was retained and extracted three times with
dichloromethane (Omnisolv). The dichloromethane phase was dried over anhydrous
sodium sulfate (EMD Chemicals) and filtered. The polymer was concentrated by rotary
evaporation and recovered by precipitation in diethyl ether (JT Baker Analytical) at 20 °C, then dried under vacuum at 20 °C.

2.2.2 Synthesis of Vinyl Sulfone End-functionalized PEG
We synthesized vinyl sulfone end-functionalized PEG following the procedure
described by Lutolf et. al.42 Linear α,ω dihydroxyl-terminated poly(ethylene glycol)
(PEG) of molar mass 4,000 g mol-1 (Fluka, 5g) was used as received. PEG was dissolved
in 100 mL of dichloromethane (previously dried over molecular sieves) in a 250 mL, 3neck, round bottom flask under N2. 1 g NaH was added to the dissolved PEG. Divinyl
sulfone (Aldrich, ~ 7g) was added very quickly at 20-25 fold molar excess over OH
groups. The reaction was carried out at room temperature for 7 d under N2 atmosphere

22
with constant stirring. Afterwards the reaction solution was neutralized with 5-10 mL of
acetic acid, vacuum filtered, and concentrated with distillation. PEG was precipitated by
adding the concentrated solution dropwise into ice cold ether. The polymer ws then
recoverd by filtration, washed with ice cold ether and dried under vacuum. The dried
polymer was dissolved in 200 mL of distilled water containing 5 g of NaCl and extrcted
three times with 200 mL of dichloromethane. The solution was then dried with sodium
carbonate overnight. We were not able to vacuum filter the solution therefore we used
syringe filtration. After the filtration, the solution was concentrated by distillation and
precipitated by ice cold ether. Finally, the polymer was dried under vacuum.
We were unable to make a gel by crosslinking the vinyl sulfone endfunctionalized PEG we synthesized with PAMAM dendrimers. The main reason for this
was the unsatisfactory filtration in the final stages. Therefore, we used commercially
available vinyl sulfone end-functionalized PEG with 3,400 g mol-1 from Nektar
Therapeutics We initially prepared hydrogels via end-linking this commercial vinyl
sulfone end-functionalized PEG with PAMAM dendrimers. However, since this system
gelified too quickly to be practical, we continued our studies with epoxide endfunctionalized PEG (PEG di-epoxide) instead.

2.3 PEG di-epoxide characterization by MALDI-TOF MS
Treatment of PEG 4,000 diol with excess epichlorohydrin in the presence of
sodium hydroxide and a trace of water yielded α,ω diglycidyl ether-terminated
poly(ethylene glycol), hereafter called PEG di-epoxide. PEG 4,000 diol and PEG 4,000
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di-epoxide were characterized by matrix-assisted laser desorption ionization time-offlight mass spectrometry (MALDI-TOF MS) to confirm the -OH termination of the
original PEG diol and to characterize replacement of the endgroups with epoxide groups.
MALDI-TOF MS was performed on a Bruker Reflex TOF-MS in reflection mode at
25 kV acceleration and using delayed extraction. The analyte, 5 mg/mL PEG in
tetrahydrofuran (THF), the matrix, 75 mg/ml all-trans-retinoic acid in THF, and the
cationizing agent, 2.5 mg/mL sodium trifluoroacetate (NaTFA) in THF, were used to
prepare a MALDI solution of 1:10:1 by volume PEG/matrix/NaTFA solutions. The
MALDI samples were prepared by solution spotting 0.5 μL solution onto the MALDI
target. Each spectrum equals 10*20 scans.
MALDI-TOF spectra for both PEG 4,000 diol and PEG 4,000 di-epoxide showed
a relatively narrow, unimodal molar mass distribution and a comparatively weak tail of
lower molar mass material. Fig. 2.1 (bottom) expands the spectral features in the range
of m/z from 3,250 to 3,500 g mol-1. Analysis of the PEG 4,000 diol spectral data gave a
repeat mass of 44.03 ± 0.49 g mol-1 corresponding to -CH2CH2O- (theoretical 44.053
g mol-1) and an endgroup mass of 18.087 ± 0.23 g mol-1 corresponding to -OH and -H,
(theoretical 18.010 g mol-1). MALDI-TOF spectra of the PEG 4,000 di-epoxide sample
showed two series. The predominant series corresponded to PEG terminated by two
epoxide groups at the α,ω sites (130.64 ± 0.30 g mol-1; theoretical monoisotopic 130.063
g mol-1), while the minor series corresponded to only one epoxide replacement (74.47 ±
0.45 g mol-1; theoretical monoisotopic 74.038 g mol-1). The remaining amount of PEG
diol was too small to be reliably quantified and was thereafter taken to be zero. Molar
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mass moments were also determined from the MALDI-TOF MS data. The PEG diol
spectrum yielded a number average molar mass, Mn, of 3,820 g mol-1 and a polydispersity
index, PDI ≡ Mw/Mn, of 1.03; the PEG di-epoxide gave an Mn of 4,070 g mol-1 and a PDI
of 1.02. Simple integration of the mono-epoxide and di-epoxide spectral peaks over the
entire molar mass range indicated that the sample contained approximately 90.3 mol %
PEG di-epoxide chains and 9.7 mol % PEG mono-epoxide chains. The conversion of the
alcohol end-groups to epoxide end-groups was calculated to be 95.2 mol % overall.
PEG di-epoxide was also synthesized using the above procedure starting from
6,000 g mol-1 and 20,000 g mol-1 precursors. Unfortunately, we were not able to obtain
satisfactory MALDI-TOF spectra for the 6,000 g mol-1 and 20,000 g mol-1 precursors,
and epoxide endgroups were not easily distinguished in either Fourier Transform Infrared
(FTIR) or 1H NMR spectra, so a direct comparison of end-functionalization in different
precursor samples was not straightforward.
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Figure 2.1: MALDI-TOF MS results for commercial PEG 4,000 (a, c) and synthesized
PEG 4,000 di-epoxide (b, d).

2.4 PEI Crosslinker Characterization by 15N NMR Spectroscopy
PEI is available in both branched and linear architectures, which differ in their
relative content of primary (1°), secondary (2°), and tertiary (3°) amine functional groups.
The PEI in this study was obtained from Alfa Aesar.

It is a randomly branched,
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amorphous polymer with a nominal molar mass 10,000 g mol.-1 The PEI was
characterized by 15N NMR in D2O solution. Data were obtained on a Bruker AMX-2-500
operating in the quadrature mode at 25 °C. The 1H and 15N resonance frequencies for this
instrument are 500.13 MHz and 50.68 MHz, respectively. Ammonium chloride (98
atom%

15

N, Sigma-Aldrich) was used as an external chemical shift reference, taken to

have δ=24 ppm with respect to 15NH3.43 Shifts reported here are referenced to 15NH3. 15N
data without decoupling were obtained with a spectral width of 20,883 Hz, a pulse width
of 5 μs (p/2 ~ 10 μs) and a relaxation delay of 1.8 s; 43,890 transients were acquired. 15N
data with 1H decoupling were obtained with the same spectral width and a pulse width of
7 μs using inverse gated decoupling. In this experiment the WALTZ-16 1H decoupling is
only turned on during data acquisition. A long (10 s) relaxation delay without 1H
decoupling was used to suppress negative NOE effects observed with shorter relaxation
delays (2 s).
Fig. 2.2 shows the 15N NMR spectra in D2O solution. 1H-decoupled spectra were
obtained as described, but no significant effect of decoupling was observed, indicating
that each resonance in Fig. 2.2 corresponds to nitrogen in a different chemical bonding
environment. In other words, the closely spaced peaks are not doublets arising from 15N1

H coupling. In addition, the lack of

15

N-1H coupling indicates that rapid exchange of

hydrogen/deuterium occurs between the amines and water.
By comparison to chemical shift ranges quoted in earlier

15

N NMR studies of

branched PEI44,45, some conclusions can be drawn regarding the relative proportions of
1°, 2°, and 3° amines in the PEI. Resonances A1 (40.9 ppm) and A2 (40.4 ppm) fall in
the range expected for either protonated 2° (R2-NH2+) or protonated 3° (R3-NH+) amines.
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Resonances B1 (36.3 ppm) and B2 (35.8 ppm) fall in the range expected for either nonprotonated 2° (R2-NH) or non-protonated 3° (R3-N) amines. Singlet C (22.7 ppm) is
attributed to nonprotonated 1° terminal amines (-RNH2). Comparison of integrated
resonances suggests that the sample contained approximately 22 mol% 1° amines and 78
mol% combined 2° and 3° amines. Thus, the unmodified PEI is quite highly branched,
with about one of every five N atoms belonging to a terminal -CH2CH2NH2 group. We
note the possibility that the 1°, 2° and 3° amines in PEI may have different T1 relaxation
times due to differences in segmental mobility46, but the integrals obtained from spectra
without 1H-15N decoupling (1.8 s relaxation delay) were similar to those obtained with
inverse gated decoupling (10 s relaxation delay), suggesting that our results are nearly
quantitative.

Figure 2.2:
solvent)

15

NMR spectrum of branched PEI as received from the supplier (D2O
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2.5 Hydrogel Preparetion by End-linking of PEG di-vinyl sulfone and PAMAM
Dendrimers
Vinyl sulfone end-functionalized PEG (VS-PEG-VS) with molar mass 3,400
g mol.-1 was purchased from Nektar Therapeutics and used as received.

VS-PEG-

VS/PAMAM hydrogels were prepared by reaction of VS-PEG-VS with PAMAM
dendrimers in aqueous solution. The Michael type addition reaction between the vinyl
sulfones of PEG chains and amines of dendrimers is very aggressive and occus at a very
high rate. Therefore, this system gelified too quickly, especially when the dendrimer
concentration at initial preparation was high. Since gelation occurred before the mixture
could be homogenously mixed and molded, it was not practical to pursue our studies with
this system. Instead of VS-PEG-VS, we used PEG di-epoxide as the polymer precursor.
Since the epoxide-amine reaction was slower than the vinyl sulfone-amine reaction, we
were able to mix the reactants until homogenous, mold the mixture and cure the gels in a
reasonable time period.

2.6 Hydrogel Preparation via End-linking of PEG di-epoxide and PAMAM
Dendrimers
PEG/PAMAM hydrogels were prepared by reaction of PEG di-epoxide with
poly(amidoamine) (PAMAM) dendrimers in aqueous solution. PAMAM Generation 0
(G0) dendrimers with theoretically 4 terminal amine groups (20 mass % in methanol,
theoretical molar mass 516 g mol-1), PAMAM Generation 2 (G2) dendrimers with
theoretically 16 terminal amine groups (20 mass % in methanol, theoretical molar mass
3,256 g mol-1), and PAMAM Generation 4 (G4) dendrimers with theoretically 64
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terminal amine groups (10 mass % in methanol, theoretical molar mass 14,215 g mol-1)
were obtained from Sigma Aldrich, Inc. and used as received.
PEG di-epoxide chains were attached to the dendrimer terminal -NH2 groups via
end-linking in aqueous solution. The solutions were cured in silicone rubber molds at
40 ºC for 7 days. The hydrogels were prepared by varying polymer concentration in the
system (φPEG) (0.1 to 0.35 volume fraction), dendrimer Generation (G) (0, 2 or 4),
number of endgroups of dendrimers (Z) (4, 16, or 64), and mole ratio of -NH2 endgroups
to PEG endgroups (r) (0.5 to 48).
PEG di-epoxide chains were reacted with the dendrimer terminal primary amine
groups via end-linking in aqueous solution following the chemistry shown in Fig. 2.3.
Reaction of a single epoxide group with a primary amine produces a secondary amine
and a pendent primary alcohol group. This secondary amine can then undergo reaction
with another epoxide group to form a tertiary amine.47 Therefore, a dendrimer with Z
terminal primary amine groups is assumed to function as a crosslink junction with a
maximum of fmax=2Z reactive sites, meaning G0 dendrimers have Z=4 and fmax=8, G2
dendrimers have Z=16 and fmax=32, and G4 dendrimers have Z=64 and fmax=128. A
parameter describing the reaction stoichiometry, designated r, was defined as r = 2(moles
-NH2 endgroups) / (moles epoxide endgroups), where the factor of 2 accounts for the
ability of the amine endgroups to react twice. It is important to note that increasing the
value of r also increases the mass fraction of PAMAM dendrimers in the network. Mass
ratios of the reactants ranged from (0.3 % PAMAM : 99.7 % PEG) to (70.0 % PAMAM :
30.0 % PEG), excluding water. The parameter φPEG is defined as the total volume
fraction of PEG precursor chains in water prior to adding the PAMAM dendrimers.
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Estimation of φPEG from the measured mass of PEG requires knowledge of the density of
PEG in aqueous solution, which is reported to vary with concentration and molar mass of
PEG.48-50

For simplicity, the density of PEG in the water/dendrimer solutions was

assumed to have an approximate value of 1.09 g cm-3 herein regardless of the molar mass
and concentration of PEG used. Any uncertainties involved in the approximation of
densities would introduce only a small systematic error in the calculation of φPEG, which
would not impact the conclusions of this study.

in solution

PAMAM Dendrimer

PEG di-epoxide
End-linked Network

End-linking Chemistry
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Figure 2.3: End-linking reaction between PEG di-epoxide linear precursors and
PAMAM dendrimers.
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The solutions of PEG, PAMAM dendrimers, and water were homogenized at a
varying PEG volume fraction φPEG (0.10 ≤ φPEG ≤ 0.35).

After homogenization of

components by stirring, the reaction mixtures were then cured at 40 ºC for 7 days, a
standard time interval chosen after an initial study of equilibrium swelling in water vs.
cure time. After curing for a given time interval at 40 °C, samples were extracted in
water at 23 °C and their equilibrium swelling ratio Q in water was found with the
following technique: the hydrogels were immersed in distilled water (pH=7) after curing
and swelled at 23 °C for at least 14 days or until the hydrogel reached an equilibrium
mass. The gels were removed from their solution and placed into fresh distilled water
daily to extract solubles. After the total mass at equilibrium swelling was recorded for
each sample, the equilibrium swelling ratio, Qs, was calculated according to
⎛ M − M ex
Qs = ⎜⎜ s
ρ1
⎝

⎞⎛ ρ 2
⎟⎟⎜⎜
⎠⎝ M ex

⎞
⎟⎟ + 1
⎠

[2.1]

where Ms is the total hydrogel mass at equilibrium swelling, Mex is the dry mass
of the extracted gel, and ρ1 and ρ 2 are the densities of water and PEG in the solution
state, respectively.
A non-destructive air drying technique was developed by which the hydrogels
could be desiccated without inducing macroscopic cracking. Samples were first dried by
simple evaporation at ambient temperature and humidity for 2 to 3 days, then
subsequently stored in a desiccator at atmospheric pressure in the presence of anhydrous
CaCl2 (Drierite™). Samples were immersed in water immediately after the crosslinking
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reaction, and equilibrium swelling was measured after 2 to 3 weeks of extraction, after
which time the swelling ratio had stabilized.
Fig. 2.4 (a) shows the effect of curing time on Qs for a series of samples having
G=2 (fmax=32) and G=0 (fmax=8). The deviation of Qs was not more than 10% for any of
the gels tested. Fig. 2.4 (b) shows error bars of 10% for all the data points. From
Fig. 2.4, Qs remained constant within the limits of experimental error after 3 to 5 days
cure time at 40 ºC. This apparent stabilization of the equilibrium swelling ratio does not
guarantee that the extent of reaction had reached a maximum value, only that the
equilibrium swelling had approached a limiting value. In the late stages of the endlinking reaction, many PEG chains are grafted to the dendrimer endgroups, meaning that
steric crowding may cause the rate of reaction to decrease substantially. However,
because equilibrium swelling (rather than extent of reaction) was the primary observable
we wished to quantify, it is only important that the swelling ratio reached a constant
value, not necessarily that the epoxide groups had reacted exhaustively with the
dendrimer endgroups.

For the sake of experimental convenience, all samples were

therefore cured for the standard period of 7 days. For loosely crosslinked samples (those
having Qs greater than about 50), a gradual increase in equilibrium swelling was
sometimes observed as curing time at 40 ºC was increased (for example, Fig. 2.4,
topmost data series). We postulate that this gradual increase in Qs may be attributed at
least in part to slow degradation of the PAMAM dendrimers at 40 ºC in water. In
contrast, when extracted gels were immersed in distilled water at 23 °C, no measurable
increase in Qs was detected even after months of continuous immersion. Although some
degradation of the PAMAM dendrimers may have occurred during curing at 40 °C in

33
some cases, further degradation of the dendrimers during extraction and swelling at 23 °C
did not appear to be a significant issue.

Figure 2.4: a. Dependence of the swelling ratio Qs on the curing time for selected
networks, b. Dependence of the swelling ratio Qs on the curing time presenting an error
of 10% for each data point
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2.7 Hydrogel Preparation via Random Crosslinking of PEG di-epoxide and PEI
Hydrogels were prepared by reaction of PEG di-epoxide with branched PEI in
aqueous solution. The hydrogels were prepared by varying polymer concentration in the
system (φPEG) (0.1 to 0.3 volume fraction) and mass fraction of PEI in the system. The
solution phase density of PEG was taken to be 1.09 g cm.-3 When PEI is used as the
crosslinker, di-epoxide chains can presumably bond to both the terminal 1o amine groups
and to the 2o amines in the backbone, so a random crosslinking reaction occurs. The
solutions were cured in silicone molds at 40 ºC for 7 days.

2.8 Summary and Conclusions
Epoxide end-functionalized PEG precursors of different molar masses were
synthesized. The end-functionalization of the 4,000 g mol-1 PEG di-epoxide was
characterized by MALDI TOF MS and the conversion of the alcohol end-groups to
epoxide end-groups was calculated to be 95.2 mol % overall. PEG di-epoxide precursors
were selected for reaction with different Generations of PAMAM dendrimers or PEI to
prepare hydrogels because the reaction rate was appropriate for end-linking in water at
22 °C. PAMAM/PEG hydrogels offer the possibility to modify the molecular structure
and physical characteristics of hydrogels with little or no change in polymer chemistry,
and presents an opportunity to investigate the physics of end-linking reactions
systematically. PEI/PEG hydrogels represent low-cost alternatives to PAMAM/PEG
gels, but must be considered structurally less well-defined due to the random nature of
crosslinking.
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Chapter 3
Gelation and Swelling Properties

3.1 Introduction and Background

3.1.1 Gelation
During the formation of covalent networks by non-linear polymerization,
numerous molecular structures form and eventually link together to yield the network.
Linking polymeric chains together initially yields hyperbranched polymers. As linking
continues, a molecule that spans the whole system appears. The transition from a system
of only finite branched polymers to a system containing also an infinite molecule (gel) is
called gelation and the critical point where gel first appears is called the gel point.1 At
the gel point, which occurs at a well-defined stage in the course of the polymerization,
the polymer transforms suddenly from a viscous liquid to an elastic gel. As the gelation
reaction goes on, liquid to solid (gel) transformation proceeds and the gel fraction
increases. Prior to the gel point, the entire polymer is soluble in suitable solvents.2
Beyond the gel point, it is no longer entirely soluble but swells to equilibrium in
appropriate solvents.
The classical theory of gelation by Flory and Stockmayer3-6 provides the basic
explanation of the occurrence of gelation in non-linear polymerizations. However, the gel
point often occurs at extents of reaction larger than those predicted by this theory. Such
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excess reaction can result from the like functional groups having unequal reactivities, and
from the formation of ring structures through intramolecular reactions. The early FloryStockmayer expressions for gel point have been improved by Frisch7, Kilb8 and Stepto
and collaborators (1974 onwards)9 to account for intramolecular reaction, leading to
improved gel point predictions. In this study, Ahmad-Rolfes-Stepto (ARS)9-11 theory for
gel point prediction in end-linking polymerizations is used to predict the gelation limits
and extent of reaction for our PAMAM/PEG hydrogel system.

3.1.2 Ahmad-Rolfes-Stepto (ARS) Theory
The Ahmad-Rolfes-Stepto (ARS) theory9-11 predicts gel points for non-linear
polymerizations by evaluating the probability of growth between two statistically
equivalent groups, A or B, for

∑ RA
i

fai

+ ∑ R' B fbj , where R and R’ are reactants bearing

A and B endgroups, respectively. The polymerization contains a mixture of reactants,
RAfa1, RAfa2, …, RAfai, bearing, respectively, fa1, fa2, …, fai reactive A groups and R’Bfb1,
R’Bfb2, …, R’Bfbj, bearing, respectively, fb1, fb2, …, fbj reactive B groups. The theory
defines a ring forming parameter, λa0, which can be interpreted in terms of a competition
between

intermolecular

and

intramolecular

reactions

occurring

throughout

a

polymerization. The resulting expression for the gel point, defining unit probability of
growth between two statistically equivalent points, is given as:
rp ac2 ( f a − 1)( f b − 1) =

[1 + ( f a − 2)ϕ (1,3 / 2)λa 0 + ( f b − 2)( f a − 1)rϕ (1,3 / 2)λa 0 p ac ]×
[1 + ( f b − 2)rϕ (1,3 / 2)λa 0 + ( f a − 2)( f b − 1)rϕ (1,3 / 2)λa 0 p ac ]

[3.1]
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where r is the initial mole ratio of A groups to B groups, pac is the extent of
reaction of A groups at the gel point, fa and fb are the chemical functionalities of reactants
bearing

A

groups

and

B

groups,

respectively.

The

numerical

factor

∞

ϕ (1,3 / 2) = ∑1i i −3 / 2 = 2.612 is a Truesdell function12 that sums over the opportunity for
i =1

forming each size of ring structure, allowing the ring structures of all sizes to be
accounted for, and λ a 0 =

Pab
is the ring forming parameter. Pab is the probability density
ca 0

function of the end-to-end vector of a chain, it represents the mutual concentration of A
and B groups at the ends of the shortest sub-chain that can react intramolecularly
assuming that the end-to-end distance distribution can be represented by a Gaussian
function, and c a 0 is the initial concentration of A groups.

3.1.3 Swelling of Networks and Gels

When a three dimensional polymer network is immersed in an appropriate
solvent, it absorbs a large amount of the solvent. An amazing property of polymer
networks is their ability to swell several times their initial volume when exposed to
suitable solvents. As the network absorbs solvent and swells, the chains between the
crosslinks elongate and a force similar to the elastic retractive force in rubber develops
opposing the swelling. As the network swells further, this force increases while the
diluting force decreases. Finally, these two forces are balanced and an equilibrium
swelling is reached.
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In 1943, Flory and Rehner proposed a theoretical model accounting for the
swelling equilibrium of polymer networks in terms of a competition between these two
forces, which have been calculated separately. To evaluate the equilibrium swelling
ratio, Q, of a network swollen in a good solvent, the change in the total free energy of the
system should be calculated. According to Flory-Rehner theory,13 for networks prepared
in the melt:

μ1 − μ 2 = RT [ln(1 − φ 2 ) + φ 2 + χφ 22 ] + RTν eV1 ⎜⎜ φ 21 / 3 −
⎛
⎝

2 ⎞
φ2 ⎟
f ⎟⎠

[3.2]

where μ1 is the chemical potential of the solvent inside the network and μ2 is the
chemical potential of the surrounding pure solvent. φ2 is the reciprocal of Q, χ is the
thermodynamic interaction parameter between the swelling solvent and the elastic chains
of the network, νe is the number density of elastic chains per unit of dry network, V1 is
the molar volume of the swelling solvent, and f is the functionality of the crosslinks. At
equilibrium swelling, the chemical potential of the solvent in and out of the swollen
network balance each other:

μ1 − μ 2 = 0

[3.3]

At equilibrium, for a gel prepared in the presence of a solvent:
⎛ 1/ 3 2 / 3 2 ⎞
2
ln (1 − φ 2 ) + φ 2 + χφ 2 + ν eV1 ⎜⎜ φ 2 φ 0 − φ 2 ⎟⎟ = 0
f ⎠
⎝

[3.4]

where φ0 is the polymer concentration in the system during preparation.
Numerous studies involving end-linked (dry) networks and (swollen) gels have
been conducted since the late 1960’s, and structure-property relationships have been
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established for networks of various polymers including polydimethylsiloxane,14-21
polyisoprene,22,23 polybutadiene,24,25 poly(ethylene oxide),26-28 and others.29,30

The

effects of precursor molar mass,15,21,30,31 crosslink density,21 initial preparation
concentration,15,22,23,32,33 and defects21,34 on the swelling and mechanical properties have
been documented.

Also, some researchers examined the effect of crosslinker

functionality on physical properties of networks,35-37 but these studies involved a limited
range of crosslinkers.

3.2 Model Calculations for PAMAM/PEG Gels: ARS Theory

The Ahmad-Rolfes-Stepto (ARS) theory9-11 was invoked to predict maximum and
minimum values of r favoring gelation, or rmin and rmax, and to estimate the extent of
reaction of the limiting reactant (epoxide or amine groups). Theoretical gelation limits
rmin and rmax were calculated by applying the ARS theory to the PAMAM/PEG system.
"A" groups are defined as dendrimer endgroups (amines), and "B" groups are defined as
PEG endgroups (epoxides). The chemical functionality for the dendrimers, fa, was taken
to be (2*Z) considering the ability of each dendrimer amine end group to react with two
epoxides. Because our "PEG di-epoxide" precursor samples actually contained both
mono- and di-functional chains, the chemical functionality of the PEG chains, fb, was
calculated using the concept of weight-average functionality introduced by Stockmayer38
that defines average functionality for any number of reactants bearing B groups, fbw as
follows:
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f bw

∑N
=
∑N

bi

f bi2

bi

f bi

i

[3.5]

i

The calculation for fb was done by taking MALDI-TOF results given in Chapter 2
into account that showed our PEG 4,000 sample contained approximately 90.3 mol %
PEG di-epoxide chains and 9.7 mol % PEG mono-epoxide chains. Taking NB1=0.097,
fB1=1 and NB2=0.903, fB2=2, the fb value was calculated to be 1.946. p ab was calculated
as p ab

⎛
3
= ⎜⎜
2
⎝ 2π < r > C ∞

⎞
⎟⎟
⎠

3/ 2

/ N Av , and assuming independent Gaussian chain statistics

< r 2 >= νb 2 where <r2> is the mean-square end-to-end distance of the linear sub-chain
joining two groups that react, and b2 (mean square bond length of the chain of ν bonds) is
taken to be 2.1436 Å2 for PEG. ν is the number of bonds in the chain forming the
average smallest ring structure in a polymerization, and is taken to be one PEG precursor

⎛ Mn ⎞
chain, giving ν = 3⎜
⎟ , where Mn is the molar mass of the PEG di-epoxide chains in
⎝ 44.05 ⎠
g mol-1 and 44.05 g mol-1 is the theoretical molar mass of a (-CH2CH2O-) unit, which
contains 3 backbone bonds.

NAv is Avogadro’s number, 6.02·1023 mol-1. C∞, the

characteristic ratio, is taken to be 4.0, its reported value for PEO.39
Theoretical rmin values were calculated for hypothetical extents of reaction of A
groups at the gel point, pac, which was taken as 1.0, 0.9, 0.8, or 0.7 for illustrative
purposes. In order to calculate rmax, pac is set to pbc/r. Values of pac of 1.0/r, 0.9/r, 0.8/r,
and 0.7/r were considered. Substituting r=rmin or rmax and the chosen value of pac for the
desired extent of reaction into eqn. 3, one finds polynomial equations which can be
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solved for their roots to find either rmin or rmax. Mathematica® software (Wolfram
Research, Inc.) was used to find the two roots of these equations numerically. In most
cases, the negative roots were discarded and the positive roots were reported as rmin or

rmax.. In cases where two positive real roots were found, the value of the greatest root was
typically unrealistically high, being on the order of 105, and was discarded. For a few
cases, no positive real root was found, and calculated gelation limits are not reported.

3.3 Comparison of Experimental and Theoretical Gelation Limits of PAMAM/PEG
Gels

The polymer concentration at crosslinking strongly affects gelation and swelling
behavior, as diluting the reaction mixture with water increases the average separation
between dendrimers, forming many intramolecular loops at the expense of elastically
effective network chains. Under conditions of infinite dilution, only loops are formed,
and the system will not reach the gel point. For the hydrogels in this report, all of the
gels we studied reached the gel point for at least some values of r, however. For any
series of samples at a constant value of φPEG, there is a minimum value of r (denoted rmin)
below which the gel point is not reached and a maximum value of r (denoted rmax) above
which the gel point is not reached. Table 3.1 and Table 3.2 present the experimental
gelation data for all samples studied prepared from 4,000 g mol-1 and 20,000 g mol-1
precursors, respectively. The parameters rmin and rmax depend on φPEG, G, and the extent
of reaction of both epoxide and amine endgroups in a complex way, and it was not
straightforward to estimate the extent of reaction by standard spectroscopic techniques.
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Therefore, a theoretical framework is helpful for understanding experimental
observations, and for estimation of the extent of reaction.
Table 3.1: Experimental gelation data for all hydrogels: (○) indicates the compositions
for which gelation was not observed; (●) indicates compositions for which gelation was
observed.
g mol-1

g mol-1

g mol-1

Table 3.2 presents calculated values of rmin and rmax for the gels prepared with
20,000 g mol-1 precursors, assuming extent of reaction, pbc = 1 for epoxide (B) and amine
(A) groups. Table 3.3 presents calculated values of rmin and rmax for the gels prepared
with 4,000 g mol-1 precursors assuming various extents of reaction for epoxide (B) and
amine (A) groups. For the gels in Table 3.3 the rmax values for G0 and G2 gels are in
close agreement with the experimental results (Table 3.1) for pbc = 0.8, while for G4 gels,
the experimental data lie between the model predictions for pbc = 0.8 and pbc = 0.9. An
extent of reaction of 80 to 90 % for epoxide groups is quite reasonable, although we are
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presently unable to verify these results spectroscopically. On the other hand, calculated

rmin values are predicted to be close to or higher than the experimental values for all
cases, even assuming complete reaction of amines. The calculated values agree well with
the experimentally determined values for G0 gels, but deviations from the predictions
increase as dendrimer size increases. This deviation may arise from the finite size of the
dendrimers, which could possibly exclude PEG chains, whereas dendrimers are treated as
point junctions of functionality f in the model calculations. It is important to point out
that hindrance effects, due to steric crowding, for complete cross-linking of dendrimers
play a minimal role in deviations from the theory for dendrimers with Generation 4 or
lower. Hedden & Bauer examined grafting of monofuntional PEG to the endgroups of
PAMAM dendrimers to form highly branched star polymers and presented evidence that
steric crowding plays a minimal role in the grafting reaction for dendrimers of Generation
4 (64 endgroups) or lower, although it may have been significant for G5 and higher.40
Another observation from Table 3.1 and Table 3.2 is that gels made with 20,000
g mol-1 precursors achieve macroscopic gelation over a narrower range of r values
compared to gels made with 4,000 g mol-1 precursors, all else constant. This observation
is inconsistent with the gelation limits predicted by ARS theory, which suggest that rmax
should be slightly higher for the gels prepared from 20,000 g mol-1 precursors and rmin
should be slightly lower. Qualitatively, the ARS theory predictions indicate that the
longer 20,000 g mol-1 precursors are less prone to intermolecular loop formation because
the epoxide chain ends can access a larger number of dendrimer endgroups compared to a
shorter PEG 4,000 precursor chain. Therefore, we surmise that the underlying reason for
this discrepancy might lie in the degree of end-functionalization for the PEG 20,000
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chains, which could not be reliably measured by any technique. A value of fb = 1.946
was calculated from Eq. 3.5 for the PEG 4,000 precursors, and the same value was
assumed for the 20,000 g mol-1 precursors in the absence of better information. If the
value of fb for the 20,000 g mol-1 precursors was lower than that assumed, then the
conditions favoring gelation would become more restrictive, which is consistent with the
observations in Table 3.1 and Table 3.2. Thus, the ARS gelation theory calculations
seem to support the assertion that the degree of end-functionalization of the PEG 20,000
precursors may not have been as high as that of the PEG 4,000 precursors.
Given the complexity of the dendrimer-containing networks, the ARS theory does
capture the dependence of the gelation limits on the concentration of precursor chains
(φPEG) remarkably well.

The expected narrowing of the gelation limits as precursor

concentration decreases physically corresponds to the expected increase in the proportion
of intramolecular loops as the system is diluted with solvent during crosslinking. The
ARS theory suggests that the extent of reaction is higher for the case where epoxides
outnumber amines (rmin), compared to the case where amines outnumber epoxides (rmax).
Finally, the model calculations suggest that the extent of reaction of the limiting reactant
(epoxide or amine) is quite high, exceeding 80 % for all situations examined.
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Table 3.2: Experimental and theoretical gelation limits for networks prepared by PEG
precursors of molecular weight 20,000 g mol-1. (○) indicates the compositions that
gelation was not observed; (●) indicates compositions that gelation was observed; rmin and
rmax are the theoretical gelation limits calculated by the ARS theory.
g mol-1

g mol-1

g mol-1
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Table 3.3: Theoretical gelation limits calculated by the ARS theory for extents of
reactions of 100 %, 90 %, 80 %, and 70 %. (*) denotes cases for which no real positive
root exists for Eq. 3.1
g mol-1

g mol-1

g mol-1
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3.4 Equilibrium Swelling of PAMAM/PEG Gels

The soluble fraction of a polymer network wsol is defined as the mass fraction of
the network that is removable by exhaustive extraction in a good solvent. The soluble
fraction is often taken as an indicator of the degree of perfection of the network structure.
For certain gels, the soluble fraction, wsol, was determined as follows. After curing for 7
days at 40 ºC, the gels were air-dried in a desiccator filled with anhydrous CaCl2
(Drierite™) until their mass reached an equilibrium value (approximately 2 weeks). The
mass of the dry, unextracted networks, Munex, was recorded, and the dry networks were
then extracted in distilled water at 23 ºC for 2 to 3 weeks. After the equilibrium swelling
was reached, the gels were dried by the same procedure and the final dry mass was
recorded as the extracted mass, Mex. The soluble fraction was calculated according to
wsol =

M unex − M ex
M unex

[3.6]

Two sets of gels ( φPEG=0.25, G2, r=2 to 10 and φPEG =0.25, G0, r=1 to 3) were
prepared expressly for the calculation of wsol by Eq. 3.6. The soluble fraction results
obtained are shown in Table 3.4 along with the corresponding equilibrium swelling
ratios Qs. For the gels prepared with lower r values, the soluble fraction is around
3 mass %, while it increases dramatically as r approaches rmax. Increasing the dendrimer
concentration well beyond the stoichiometric concentration is expected to encourage
formation of comparatively small dendrimer-PEG clusters or "microgels" that are not
attached to the parent network, which leach from the network during extraction along
with unreacted dendrimers and PEG precursors. Gels having r >> 1 may possibly
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become porous or inhomogeneous as microgels are lost as solubles during extraction,
leaving behind voids that essentially fill with water. Gels with the same compositions as
in Table 3.4 were prepared and extracted in D2O to analyze the soluble fraction by 1H
NMR spectroscopy. The spectra showed that the sol composed of both dendrimers and
PEG epoxide; however, the relative amounts could not be quantified.
Table 3.4: Soluble fractions for two series of gels with varying r values
φPEG=0.25, G2, Mn=4,000 g/mol

φPEG=0.25, G0, Mn=4,000 g/mol

Fig. 3.1 summarizes the dependence of Qs on structural parameters: the PEG
volume fraction at crosslinking, φPEG (0.1 to 0.35), the mole ratio of -NH2 endgroups to
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epoxide endgroups, r (0.5 to 48), and dendrimer Generation G (0, 2 or 4). In Fig. 3.1,
"dendrimer mass fraction" is defined as (total mass of dendrimers in the network)/(total
polymer mass in the network), ignoring water. For any given series at constant φPEG, the
observed swelling ratio, Qs, depends strongly on r, passing through an "optimum" point
(ropt) at which swelling is minimized. From Fig. 3.1, the observed values of ropt for the
G0 and G2 series are close to stoichiometric conditions (ropt=1 ± 0.5). We did not
attempt to find a more accurate value for ropt because Qs depends rather weakly on r in
this regime. For the G4 series, the observed ropt is greater than 1 and increases as φPEG
decreases.

For values of r above ropt, Qs increases with increasing r up to a limiting

value rmax, above which the gel point was not reached during the 7 days allowed for the
end-linking reaction to proceed. Similarly, below ropt, Qs increases with decreasing r
down to a limiting value rmin, below which the gel point was not reached.
An optimum value of r is a common feature of end-linked polymer network and
gel systems, and it is expected that ropt ≠ 1 for some of our data series. Patel et al.21
examined model end-linked poly(dimethylsiloxane) networks prepared by Pt-catalyzed
hydrosilylation using a tetrafunctional crosslinker (f=4), and found values of ropt ranging
from 1.44 to 2.05 depending on the molar mass of the precursor chains (shorter precursor
chains generally resulted in lower values of ropt). Sivasailam et al.15 examined an endlinked PDMS system diluted with PDMS chains having unreactive (trimethylsilyl)
endgroups and found ropt ≈ 1.5. Gilra et al.41 used computer simulations to show that ropt

≠ 1 for end-linked networks with f=4, but the deviations from r=1 predicted by the
simulations (1 to 1.2) were not as large as those observed in experiments. Takahashi et
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al.34 examined end-linked poly(tetrahydrofuran) (PTHF) networks prepared by a reaction
of allyl-terminated PTHF with tetrafunctional crosslinkers having thiol (-SH) endgroups.
They found values of ropt ranging from 1.25 to 2.25 depending on the molar mass of the
precursor chains. In each of the preceding studies, the observed deviations from r=1 may
have more than one physical origin. Factors that may influence ropt include incomplete
reaction of precursor chain endgroups, incomplete precursor chain end-functionalization,
intramolecular loop formation, and incomplete reaction of crosslinkers and precursor
chain endgroups.
The swelling data reveal a weak dependence of Qs on r in the vicinity of ropt
(Fig. 3.1), which is most prominent for the G4 series and is related to the functionality
(2x number of endgroups) of the dendrimers. For large polyfunctional crosslinkers like
G4 PAMAM dendrimers, only a few elastically effective chains need to be connected to
the dendrimer to allow it to function as an effective network junction, so a small
percentage conversion of dendrimer endgroups is sufficient to produce macroscopic
gelation. By similar logic, when the extent of reaction of dendrimer endgroups is high,
most dendrimers are already connected by elastic chains, so further reaction would have
only a minimal effect on the network modulus and equilibrium swelling. Systems with
fairly substantial fractions of unreacted dendrimer endgroups (r>>1) can still produce a
rather tightly crosslinked network.

In contrast, for G0 dendrimers (or any other

crosslinker with comparatively small functionality), a comparatively higher extent of
crosslinker reaction is needed to produce elastically effective junctions. From Fig. 3.1, as
dendrimer Generation increases (f increases), the observed rmax for gelation also
increases, which supports the preceding arguments.
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Figure 3.1: Dependence of the equilibrium swelling ratio Qs on the mole ratio of
dendrimer end groups to precursor end groups, r, for gels prepared from G0 (a), G2 (b),
and G4 (c) PAMAM dendrimers. Initial PEG concentrations in water are φPEG The
dashed lines are a guide to the eye.
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To examine the effect of precursor molar mass on the equilibrium swelling of the
networks, additional PAMAM/PEG gels were prepared using PEG di-epoxide with molar
masses of 6,000 g mol-1 and 20,000 g mol.-1 Fig. 3.2 summarizes the dependence of Qs
on structural parameters: the PEG volume fraction at crosslinking, φPEG (0.15 to 0.35),
the mole ratio of -NH2 endgroups to epoxide endgroups, r (1.5 to 12), for the case where
PEG di-epoxide 20,000 g mol-1 and PAMAM G2 dendrimers were used. Generally
speaking, networks prepared with precursors of molar mass 20,000 g mol-1 resemble the
same dependence of Qs on structural parameters however; they have higher swelling
ratios than similar ones prepared with shorter precursors of molar mass 4,000 g mol.-1
Fig. 3.3 combines the swelling results for gels prepared from PEG di-epoxide with
Mn=4,000, 6,000, and 20,000 g mol-1 and PAMAM G2 crosslinkers at φPEG=0.25.
Fig. 3.3 shows that Qs increases as the precursor molar mass increases keeping all the
other variables constant. Gels containing the longer precursor chains may be able to
accommodate more solvent because the density of elastic chains is lower. Earlier studies
on swelling of end-linked elastomers showed that trapped entanglements screen the
effects of precursor molar mass for precursor chains substantially longer than the critical
molar mass for entanglement,21 Me, which is about 4,410 g mol-1 for poly(ethylene
oxide).42

Trapped entanglements act as temporary physical crosslinks, effectively

dividing elastic network chains into shorter elastic chains. However, because the gels in
this study were crosslinked in solution, the effects of trapped entanglements would be
less significant than in a network prepared by end-linking in bulk. Therefore, it is not
surprising that the swelling of PAMAM-PEG gels is sensitive to the molar mass of the
precursor chains. Another underlying factor that might influence equilibrium swelling is
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the degree of epoxide end-functionalization of the precursors. Unfortunately, we were
not able to obtain satisfactory MALDI-TOF spectra for the 6,000 and 20,000 g mol-1
precursors, and epoxide endgroups were not easily distinguished in either Fourier
Transform Infrared (FTIR) or 1H NMR spectra. Therefore, we cannot rule out the
possibility that the 6,000 and 20,000 g mol-1 precursors may have lower degrees of endfunctionalization, which could produce more pendent defects and lead to higher
equilibrium swelling. This suggestion is consistent with the conclusions drawn from
gelation data presented in Tables 2 and 3, which also suggest that the epoxide endfunctionalization of the PEG 20,000 precursors may have been lower than that of the
PEG 4,000 precursors.

Figure 3.2: Dependence of the equilibrium swelling ratio Qs on the mole ratio of
dendrimer end groups to precursor end groups, r, for gels prepared from 20k PEG diepoxide and PAMAM G2 dendrimers with varying φPEG. The dashed lines are a guide to
the eye.
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Figure 3.3: Dependence of the equilibrium swelling ratio Qs on the mole ratio of
dendrimer end groups to precursor end groups, r, for gels prepared from 4k, 6k, and 20k
PEG di-epoxide (All gels were made with φPEG=0.25 and PAMAM G2). The dashed
lines are a guide to the eye.

From Fig. 3.1, the magnitude of the equilibrium swelling ratio is very high,
especially in the case of highly imperfect networks having r>>ropt, considering that the
networks are prepared from relatively short precursor chains (~90 monomers). Several of
the samples from each series (G0, G2, and G4) exhibit equilibrium swelling ratios in
excess of Qs = 1000. This "superabsorbent" behavior is only noted in samples with r >>

ropt, which also have higher mass fractions of dendrimers. It is somewhat remarkable to
observe superabsorbent behavior in a gel prepared from neutral PEG precursors, as
superabsorbency is more frequently associated with ionomer hydrogels and networks.43-45
However, the PAMAM-PEG gels are not "neutral," as the dendrimers do have some
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cationic character in water at pH=7 due to protonation of amine endgroups and internal
amines. In dilute solution, the tertiary amines in the core of PAMAM dendrimers are
protonated below pH = 7.53, and the primary amine endgroups are protonated below
pH=10.5.46 At pH=7, at least some of the dendrimer amines are protonated, and the
driving force for water to swell the network is enhanced by its reduction in chemical
potential upon mixing with the charged constituents. The charged species are unable to
diffuse out of the gel (provided solubles have been extracted), so the swelling force of the
water is greatly enhanced by the charging (Donnan equilibrium effect).47 The effects of
amine protonation on equilibrium swelling will be discussed in detail in Chapter 4.
Protonation of the dendrimer amines is a necessary but not sufficient condition for
superabsorbency, however. The more tightly crosslinked samples having r ≈ ropt exhibit
rather ordinary swelling behavior, despite containing charged dendrimers. The upturn in
swelling at high r is not merely a consequence of increasing the mass fraction of
dendrimers in the network. For example, from Fig. 3.1, the swelling upturn occurs at a
comparatively low mass fraction of dendrimers in the G0 series compared to the G2 and
G4 series, suggesting that the large swelling also depends on other architectural factors.
Another factor that contributes to the anomalously high swelling ratios at r >> ropt is
formation of a significant proportion of elastically ineffective chains, such as loops and
pendent chains. Gels having r >> ropt are more likely to contain defects because they
were crosslinked in solution under conditions of non-optimal stoichiometry. This idea is
supported by their significantly higher soluble fractions compared to gels prepared near r

≈ ropt. The soluble fraction is often taken as an indicator of the perfection of the network
structure. In addition, removal of the solubles by extraction likely produces pores or
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voids in the networks as unreacted precursors and microgels diffuse out of the parent
network. The increase in architectural defects and the loss of solubles both serve to
reduce the density of elastically effective network chains, decreasing the elastic
contribution to the network free energy and increasing the capacity of the network to
accommodate solvent.

Summarizing, the gels with the highest values of r are

superabsorbent at pH=7 due to a combination of factors: they contain high concentrations
of charged dendrimer amines, and they also have the lowest density of elastically
effective chains.
In contrast to the superabsorbent behavior of highly defective gels having (r >>

ropt), the equilibrium swelling of the optimal networks (r=ropt) is more typical of
conventional polymer hydrogels.

Fig. 3.4 illustrates how the PEG concentration at

preparation (φPEG) affects equilibrium swelling of optimal networks. For each series at
constant φPEG, the least highly swelling gel was chosen to represent r = ropt.

The

swelling of all gels increased steadily with decreasing φPEG, as expected, but no
"superabsorbent" samples were noted.

The optimal networks are the most tightly

crosslinked samples based upon the minimal loss of solubles, and they also contain a
relatively low mass fraction of dendrimers, both of which factors would work against
high equilibrium swelling. Qs exhibited an apparent linear dependence on log(φPEG), and
least-squares fits to the data were performed, yielding best-fit slopes given in Fig. 3.4.
The values of the slopes differ from the predictions of Obukhov et al.48 and Bastide et
al.49 for swelling of neutral polymer networks prepared in good solvents, which give

Qs~φ0-1 and Qs~ φ0, -0.40 respectively. (We note that the definitions of φPEG and φ0 differ
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slightly, but they are nearly equal for the optimal networks, which contain very low mass
fractions of dendrimers). The stronger dependence of swelling on dilution at crosslinking
observed in our system is likely another manifestation of the charging of the dendrimer
endgroups in water. Beyond dendrimer-containing networks, these ideas are broadly
applicable to the swelling of any polymer hydrogel containing amine crosslinkers or
amine functionality.

Figure 3.4: Equilibrium swelling of "optimal" networks as a function of PEG
concentration during crosslinking. The dashed lines are the best fits to the data.

3.5 Equilibrium Re-swelling of PAMAM/PEG Gels

The extracted gels were air-dried in a desiccator for at least 2 months at ambient
temperature, after which they were swollen again in distilled water until an equilibrium
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swelling ratio was reached, a procedure which is hereafter referred to as "re-swelling."
The aim of the re-swelling experiments was to characterize how the drying process
altered the gel properties. Markedly different swelling behavior was observed for the
dried and re-swollen gels compared to the gels swollen directly after end-linking.
Fig. 3.5 summarizes the dependence of the equilibrium swelling Qs and re-swelling ratio

Qr on φPEG, r, and the dendrimer Generation G. Comparing the initial equilibrium
swelling to the equilibrium re-swelling in Fig. 3.5, one observes a drastic reduction in the
magnitude of swelling after the drying process. No superabsorbent behavior was noted
for any re-swollen gels; in fact, Qr never exceeds a value of 20 among the samples
studied. (Although many of the superabsorbent samples from Fig. 3.1 are not included in
Fig. 3.5, the pronounced difference between Qr and Qs is still obvious.) We attribute this
reduction in equilibrium swelling to a secondary crosslinking reaction that occurs in the
concentrated state as water is removed.

Shorter periods of drying (several days)

produced a much weaker effect; re-swelling allowed the gels to essentially recover their
original swelling ratios in water (not shown). Thus, we concluded that the secondary
crosslinking process must be very slow, and that it occurs essentially in the dry state.
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Figure 3.5: Dependence of the re-swelling ratio Qr on the mole ratio of dendrimer
endgroups to precursor endgroups r for G0 (a), G2 (b), and G4 (c) networks prepared
with different initial PEG concentrations φPEG. The dashed lines are a guide to the eye.
(The solid symbols refer to initial swelling and the open symbols refer to re-swelling for
the following φPEG: --■-- φPEG=0.10, --●-- φPEG=0.15, --▲-- φPEG=0.20, --▼-- φPEG=0.25,
--♦-- φPEG=0.30, --◄-- φPEG=0.35).
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Given the above information, but lacking spectroscopic evidence, we propose two
possibilities for the origin of the secondary crosslinking process. One explanation is that
the end-linking reaction between amine groups and epoxide endgroups is less than
complete after the initial end-linking reaction in solution, due to kinetic limitations and/or
topological barriers to reaction. When gels are end-linked in the presence of a substantial
volume fraction of diluent, it is conceivable that local excesses of epoxide groups over
amine groups (and vice versa) arise, which would limit the extent of reaction even after a
very long reaction time.

This situation may be exacerbated by the slow kinetics

associated with steric crowding at the peripheries of the multifunctional dendrimers.
Concentration of the system during drying increases the concentrations of unreacted
amines and epoxides, and it can also remove topological barriers that precluded complete
reaction in the diluted state.

As the system is concentrated, unreacted epoxides at

dangling chain ends may bond to unreacted dendrimer amine groups that were previously
inaccessible due to the constraints of finite chain extensibility. A second possibility we
must consider is that a random crosslinking reaction occurs between adjacent PAMAM
dendrimers, in the dry state. At the present time, we are unable to present experimental
evidence, spectroscopic or otherwise, to distinguish between these possibilities, as the
concentration of epoxide functional groups remaining after the initial end-linking reaction
is too low to reliably quantify by FTIR or other spectroscopic methods. However, the reswelling results clearly indicate that a secondary crosslinking process occurs in the dry
state, which markedly affects the swelling behavior of the hydrogels.
We note that the proposed secondary crosslinking reaction need not form a large
number of new crosslinks to have a measurable effect on the equilibrium swelling.

65
Besides forming additional chemical crosslinks, crosslinking in the dry state could also
encourage formation of trapped entanglements. Trapped entanglements would not be
released upon re-swelling, but would function to increase the effective crosslink density.
Gels that had crosslinked further in the dry state would exhibit a greatly reduced capacity
to absorb water upon re-swelling, even if only a small increase in the chemical crosslink
density occurred. A secondary end-linking reaction at high polymer concentration would
also mask the effects of the initial preparation concentration, which is consistent with the
results presented in Fig. 3.5.
For porous or inhomogeneous gels, a secondary reaction between amines and
epoxides during drying could also result in a substantial reduction in the size and number
of solvent-rich voids or pores. For superabsorbent samples, after extraction in water,
some voids or pores are probably present, which are essentially pockets of water across
which no elastically effective PEG chains extend. The drying process gradually removes
the pockets of water, increasing the concentration of unreacted amines and epoxides, and
presumably increasing the rate of reaction between them. The secondary reaction would
presumably close the gaps in the network, substantially reducing the size and number of
pores or voids. This idea is consistent with the observation that no superabsorbent
behavior was observed after air-drying the samples.
Another observation from Fig. 3.5 is that Qr depends quite weakly on both
preparation concentration (φPEG) and reaction stoichiometry (r), unlike Qs. During initial
swelling, a pronounced increase in Qs is seen with increasing r and decreasing φPEG
(Fig. 3.1), but this dramatic variation is not seen for re-swelling (Fig. 3.5). The observed

Qr for re-swollen G0 gels generally increases with increasing r, but the dependence of
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swelling on r is much weaker when compared to Qs for the same samples. (An exception
to this trend is seen in the Qr data for φPEG = 0.1, which were highly defective gels
prepared at the lowest PEG concentration we attempted.) The observed increase in Qr
with increasing r is even weaker for G2 and G4 gels, and in fact may be considered
independent of r within the limits of experimental variance. Intriguingly, Qr also appears
to be weakly dependent on φPEG. Judging from the results of Fig. 3.5, the air-drying
procedure masks the effects of the initial preparation concentration and the reaction
stoichiometry, likely because of additional crosslinking in the dry state.
Considering the effects of the re-swelling experiments, it appears that one cannot
explain the "superabsorbent" behavior of the initial swelling experiments purely on the
basis of "ionic" effects arising from protonation of dendrimer endgroups.

The

superabsorbent behavior is lost upon drying and re-swelling, even though the dendrimers
are still present and the amines are presumably still protonated. Thus, we conclude that
inhomogeneity or porosity must necessarily be present in the initial gels prior to before
drying to explain the observed superabsorbency.
Besides studying the effects of the r parameter on swelling, we also examined
how the PEG concentration at preparation (φPEG) affects equilibrium swelling. Fig. 3.6
shows equilibrium re-swelling ratios plotted vs. log10(φPEG) for G0, G2, and G4 series.
Comparing Fig. 3.4 and Fig. 3.6, in general, the dependence of Qr on φPEG is much
weaker than the dependence of Qs on φPEG, consistent with our earlier statement that
drying the gels reduced or "erased" the effects of the initial preparation concentration.
The G0 series was the most sensitive to preparation concentration, with swelling
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increasing drastically at low φPEG.

Because the plot in Fig. 3.6 suggest a linear

dependence between Q and log10(φPEG) for all data series, we performed a linear leastsquares fit to the data to find the slope. Best fit values of the slopes are summarized in
the captions to Fig. 3.6. Judging from the fits, the swelling behavior of the "optimal" G0
gels was more sensitive to φPEG compared to the swelling of the optimal G2 and G4 gels.
This sensitivity is again a consequence of the lower junction functionality of the G0 gels.
Dilution during crosslinking encourages formation of loop defects, which have a
profound effect on the equilibrium swelling when the junction functionality is low. For
optimal G2 and G4 gels, the dependence of swelling ratio on φPEG is noted to be quite
weak, much like the dependence of swelling ratio on r seen in Fig. 3.5. For the gels with
high junction functionality, the suspected increase in chemical crosslinking that may have
occurred during the drying procedure apparently minimizes the effects of both
preparation concentration and reaction stoichiometry on the equilibrium swelling.

Figure 3.6: Equilibrium re-swelling of "optimal" networks as a function of PEG
concentration during crosslinking. The dashed lines are the best fits to the data.
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3.6 Equilibrium Swelling of PEI/PEG Gels

Three sets of PEI/PEG gels were prepared to compare the swelling properties with
PAMAM/PEG gels. Fig. 3.7 summarizes the dependence of Qs on structural parameters:
the PEG volume fraction at crosslinking, φPEG (0.1, 0.2 and 0.3) and the mass fraction of
PEI (wPEI), (0.02 to 0.62). wPEI is defined as (total mass of PEI in the network)/(total
polymer mass in the network), and ignores water. The deviation of Qs was not more than
5% for any of the samples examined. Therefore, a constant error bar of 5% is presented
in Fig. 3.7. For any given series at constant φPEG, the observed swelling ratio, Qs,
depends on PEI mass fraction, passing through an "optimum" point at which swelling is
minimized (wPEI,opt). For values of wPEI above wPEI,opt, Qs increases with increasing wPEI
up to a limiting value wPEI,max, above which the gel point was not reached during the 7
days allowed for the end-linking reaction to proceed.

Similarly, below wPEI,opt, Qs

increases with decreasing wPEI down to a limiting value wPEI,min, below which the gel
point was not reached.

Comparing Fig. 3.1 and Fig. 3.7, the swelling behavior of

PEI/PEG and PAMAM/PEG gels are very similar however, the swelling of the model
PAMAM/PEG gels is considerably easier to control.
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Figure 3.7: Dependence of the equilibrium swelling ratio Qs on the mass fraction of PEI.
Initial PEG concentrations in water are φPEG. The dashed lines are a guide to the eye.

3.7 Conclusions

The PAMAM-PEG hydrogels discussed herein are interesting for their
remarkable dependence of swelling behavior on both composition and pH. The ratio of
dendrimer endgroups to linear precursor endgroups, r, or equivalently the mass fraction
of dendrimers in the network, is the most significant parameter governing the equilibrium
swelling in water. Off-stoichiometric reaction between amine and epoxide groups can
produce hydrogels with exceptional swelling capacity, even when linear precursor chains
are quite short. At r>>ropt, the protonation of dendrimer endgroups, coupled with a low
density of elastically effective network chains, permits a tremendous uptake of water
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during equilibrium swelling, even for gels containing G0 dendrimers. Although the use
of dendrimers as crosslinkers provides unprecedented control over crosslink junction
functionality, the multifunctional nature of the dendrimers was not responsible for the
remarkable swelling behavior, as superabsorbent behavior was noted in all hydrogels
irrespective of dendrimer Generation. The ARS theory calculations suggest that the
superabsorbent behavior probably did not arise from a low extent of reaction of the
epoxides. Superabsorbent behavior was noted in all hydrogels at r>>ropt, irrespective of
dendrimer Generation, suggesting that large, multifunctional (G4) dendrimers did not
present any unique advantages from a practical standpoint. In fact, G0 hydrogels became
superabsorbent at a significantly lower dendrimer mass fraction. PAMAM/PEG gels
differ from most conventional polymer gels in that their swelling behavior can be tailored
to cover an unprecedented range of equilibrium swelling ratios (from ~15 to more than
1000) simply by changing the gel composition through the r parameter. The ideas
presented here are applicable to further design of end-linked hydrogel systems with
unique swelling behavior.
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Chapter 4
pH-Dependent Swelling

4.1 Introduction and Background

Hydrogels, or water-swollen polymer networks, have recently received attention
as biomedical materials,1 biomimetic materials,2 super-absorbent materials,3 and stimuliresponsive materials.4

For certain applications where pH-responsive swelling is

desirable, such as in drug delivery systems,5 weak acidic or basic functional groups are
often engineered into the elastic network chains.6-8 Dissociation or protonation of
ionizable functional groups in solution occurs over a certain range of pH, causing a
substantial volume increase in response to increased osmotic pressure. The simplest
theory to describe the swelling behavior of weakly charged ionic gels is the Donnan
equilibrium theory, in which the contribution of ionic groups to the free energy change of
swelling is ascribed to differences in the concentration of charged groups between the gel
and the outside solution.9,10 Although Donnan equilibrium theory has been remarkably
successful in describing equilibrium swelling of model ionomer gels,11 certain
simplifying assumptions may not hold in real ionomer gels. For example, clustering of
ionizable groups may significantly affect the pKa of a weak acidic group, broadening or
shifting the pH range over which dissociation occurs.

Ionizable groups may also

experience a distribution of local bonding arrangements throughout the gel, leading to a
range of effective pKas rather than a single value.
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An example of ionizable gels that may exhibit these non-idealities are those
containing high concentrations of amine functional groups. Amines are Lewis bases that
become protonated to some extent in dilute aqueous solution generally below a pH of
about 10 to 11, imparting cationic character to the network. However, in a gel containing
high concentrations of amines, the pKa of the conjugate acids may arguably decrease, as
local accumulation of positive charges might ostensibly be discouraged by electrostatic
repulsions. The pH-dependence of equilibrium swelling might therefore be affected if
the initial concentration of ionizable amine groups is high enough.

Another factor

affecting the pKas of the amines is the fact that the basicity of primary (1o), secondary
(2o), and tertiary (3o) amines generally differs depending on the degree and nature of
substitution. Polyamine gels generally contain mixtures of primary 1o, 2o, and 3o amines,
meaning protonation should occur over a broader range of pH compared to, say, a system
only containing 3o amines. This broadening has been well-documented in titrations of
polyamines in aqueous solutions, including dendrimers.12,13
Our study concerns swelling behavior of hydrogels that contain variable
concentrations of ionizable polyamine macromonomers connected by short, neutral,
linear chains. We examine how the pH-dependence of equilibrium swelling is affected
by the initial concentration of the ionizable amine groups. Gels are formed via endlinking of di-epoxide end-functionalized poly(ethylene glycol) precursor chains of molar
mass 4,000 g mol-1 (PEG di-epoxide) with multifunctional polyamines. Two types of
polyamine

macromonomers

are

examined:

amine-terminated

poly(amidoamine)

(PAMAM) dendrimers (Generation 0 and 2), and a highly branched poly(ethylene imine)
(PEI) (nominal molar mass 10 kg mol-1). The mass fraction of crosslinker in the gels is
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varied to examine whether high concentrations of amines might shift the pH range over
which maximum swelling is observed.
In aqueous solution, PAMAM dendrimers acquire cationic character by
protonation of both primary amine endgroups and the tertiary amines in their interiors.
Previous studies examined how the degree of ionization and the hydrodynamic size of
PAMAM dendrimers vary with external pH.13-16

The dependence of the degree of

ionization on pH is now known to vary with the dendrimer Generation.

In larger

dendrimers (higher Generation number), protonation of the primary and tertiary amines
occurs almost concurrently, whereas for smaller dendrimers, the core tertiary amines
become protonated at significantly lower pH compared to their endgroups.13 Higher
Generation dendrimers contain large numbers of ionizable amine endgroups that
presumably form a highly charged shell when fully protonated, though the most probable
location of these endgroups (at the surface or within the interior) has been debated. In
this study, we use PAMAM dendrimers of G=0 (theoretically having 4 -NH2 endgroups
and 2 internal 3° amine functional groups) and G=2 (theoretically having 16 -NH2
endgroups and 14 internal 3° amine functional groups) as one type of multifunctional
macromonomers.17
The second type of polyamine macromonomer examined here is a highly
branched poly(ethylene imine) (PEI), a randomly branched polyamine that contains a
mixture of 1o, 2o, and 3o amines prior to crosslinking. Several groups studied ionization
of PEI in aqueous solutions,12,18-23 revealing a significant difference between the titration
curves of branched PEI and linear PEI (which contains mostly 2o amines). Linear PEI
shows two distinct protonation steps in the titration curve, whereas branched PEI shows a
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smooth titration curve, as its amines experience a wide distribution of local bonding
arrangements due to the irregular branching scheme.20 Highly branched PEI, such as that
examined in the present study, is essentially unprotonated at pH>10.5 and 65 %
protonated at pH=4 in dilute aqueous solution.18,19
This work represents the first study of the pH dependence of swelling in
hydrogels containing PAMAM dendrimers or PEI as branched macromonomers. We
examine how external pH influences swelling behavior and identify an optimal value of
the pH at which swelling is maximized, denoted pH*. The concentration of amine units
in the gels is varied to probe the effects of concentrating the ionizable groups. Swelling
vs. pH curves are modeled theoretically using Donnan equilibrium theory to describe the
ion swelling pressure, using the Flory-Rehner phantom network expression to represent
the elastic and mixing contributions to the free energy. By comparing experimental
observations to simplified theoretical predictions, we deduce the extent to which the
concentration of the polyamine macromonomers affects the pH range over which
enhanced swelling is observed.

4.2 Hydrogel Preparation and Titration Experiments

Hydrogels were prepared by reaction of PEG di-epoxide with ionizable PAMAM
dendrimers or branched PEI in aqueous solution at a total PEG volume fraction of 25 %.
The compositions of the gels used for pH-dependent swelling studies are presented in
Table 4.1.
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Table 4.1: Sample compositions and soluble fractions for gels used in pH-dependent
swelling studies

All gels were formed by reaction of the endgroups of PEG di-epoxide with the
amine groups of the chosen macromonomer in aqueous solution. The volume fraction of
PEG was held constant at approximately 0.25, with the balance consisting of the
polyamine and water combined.

When PAMAM dendrimers are used as

macromonomers, the epoxide endgroups react with the dendrimer terminal 1o amines to
form a hydrolytically stable 2o amine linkage and a hydroxyl group. Reaction of an
amine group with two epoxides to form a 3o amine is also possible. PAMAM dendrimers
also contain internal 3o amines. In Chapter 3, we explored how the key adjustable
parameters in this system (reaction stoichiometry, polymer volume fraction at
crosslinking, PEG molar mass, and dendrimer Generation) affect both gelation and
swelling of the gels in neutral water.

Highly branched PEI is also examined as a

macromonomer, as an example of a structurally less well-defined, low-cost alternative to
dendrimers. When PEI is used as the crosslinker, di-epoxide groups can presumably
bond to both the terminal 1o amine groups and to the 2o amines in the backbone. For both
types of macromonomers, the resulting gels therefore contain mixtures of 1o, 2o, and 3o
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amine groups, which are connected through an array of different bonding sequences.
Hereafter, we will assume that these amine groups function as Lewis bases, the conjugate
acids of which might have a distribution of pKa values.
Following crosslinking, hydrogels were immersed in distilled water and swollen
at 23 °C until an equilibrium mass was reached. All gels were exhaustively extracted in
distilled water, during which solubles were leached from the networks into the
surrounding water. The presence of a small amount of ionizable groups in the solubles
can profoundly affect the equilibrium swelling of the gel by introducing ions into the
external solution. To obtain true equilibrium swelling in neutral conditions, the external
solution was therefore replaced with fresh water daily until equilibrium swelling was
reached. Each extracted sample was cut into several pieces of identical composition,
which were immersed in fresh distilled water (swollen gel mass : water mass = 1:40).
Stock solutions of HCl or NH4OH in water were added to the samples incrementally in
order to vary the external solution pH. Following the addition of either HCl or NH4OH,
solution pH was monitored until a steady value was reached (24 hrs.), by which time the
swollen gel mass had stabilized. After the swollen masses were recorded, the samples
were placed back into the solutions and the pH was adjusted to a new value. The
equilibrium swelling ratios (Qs) and soluble fractions of the networks (wsol) were
calculated following the same procedure explained in Chapter 3. The uncertainty in the
reported Qs values is approximately ± 10 %, based upon multiple tests with samples of
the same composition. Table 4.1 lists wsol values for the gels prepared from either
PAMAM dendrimers or PEI.
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4.3 Mechanical Analysis (DMA)

Dynamic shear tests were performed on swollen, extracted gels. Samples were
tested at 30 ºC and constant frequency of 1 Hz using a dynamic mechanical analyzer
(DMA Q800, TA Instruments) in the shear sandwich fixture. Under these conditions, the
storage modulus G'(ω) was generally two orders of magnitude greater than the loss
modulus G"(ω). The details of the mechanical characterization of our gels is discussed in
Chapter 5.

4.4 Extraction and Swelling in Water

Fig. 4.1 illustrates the dependence of the equilibrium swelling ratio (Qs) and
swollen shear modulus (Gs') on r for PEG hydrogels containing G2 PAMAM dendrimers.
Minimum swelling is observed for r=1, and the increase in Qs with increasing r is in part
due to the higher concentration of ionizable amine endgroups. However, increasing the
dendrimer mass fraction also lowers the mass fraction of linear PEG chains, and therefore
lowers the concentration of elastically effective network chains (νe). Increasing r well
beyond 1.0 also increases the probability of forming intramolecular loops and microgels
due to non-stoichiometric reaction. The enhanced fraction of solubles that leaches from
the network during extraction further decreases νe. Therefore, gels having r >> 1 not
only have higher mass fractions of ionizable groups, but also have higher concentrations
of architectural imperfections, leading to higher Qs and lower Gs'.
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Figure 4.1: Dependence of equilibrium swelling ratio Qs (water, external pH = 7) and
swollen shear modulus G' on r. The dashed lines are a guide to the eye

4.5 pH Dependence of Equilibrium Swelling

Fig. 4.2 and Fig. 4.3 summarize the dependence of Qs on pH for gels containing
PAMAM G0 and G2 dendrimers, respectively. pH measurements were repeated 3 times
for each case and the data given in Fig. 4.2 and Fig. 4.3 represents the average of the
three measurements. In none of the cases the deviation from the average was more than
0.3. For all samples except G0-1, Qs passes through a maximum value (Qmax) at a value
of the external pH of approximately 4 to 5. The swelling maximum is most pronounced
for G2-8, which has the lowest swollen modulus, lowest density of elastic PEG chains,
and the highest concentration of ionizable amine groups (in the unswollen state) among
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the G0 and G2 gels listed in Table 1. Thus, protonation of the amine groups has a more
dramatic effect on the pH dependence of the equilibrium swelling for gels having r >> 1.
Gels having a higher concentration of amine groups exhibit a more dramatic pHdependence of swelling.

Figure 4.2: Dependence of Qs on pH for gels containing PAMAM G0 dendrimers as
macromonomers. a) r=1 and b) r=2.

83

Figure 4.3: Dependence of Qs on pH for gels containing PAMAM G2 dendrimers as
macromonomers. a) r=2; b) r=6; and c) r=8.
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Fig. 4.4 presents similar swelling data for a gel prepared with highly branched
PEI as crosslinker instead of PAMAM dendrimers. The reaction between the epoxide
endgroups of the PEG and the amines of PEI is complicated by the presence of 1o, 2o, and
3o amines, such that r does not have a clear definition as it did for the PAMAM-PEG
gels. Thus, we simply present swelling behavior of gels having PEI mass fractions of
0.04, 0.56, and 0.63 in the dry state. pH measurements were repeated 3 times for each
case and the data given in Fig. 4.4 shows the average of the three measurements. In none
of the cases the deviation from the average was more than 0.3.
The swelling data for PEI-56 and PEI-63 qualitatively resemble those for the G2
dendrimer-gels with higher r values, but with a broader maximum in the equilibrium
swelling observed near (3 < pH < 6). These results confirm that the pronounced Qmax is
not unique to gels having dendritic crosslink junctions, but applies more generally to
randomly branched polyamine hydrogels. G0-1 and PEI-4 gels have the highest density
of elastic PEG chains, and the lowest concentration of ionizable amine groups (in the
unswollen state) among the gels in Table 1 and their Qs is almost independent of pH.
This result is not surprising since the pH dependence is due to protonation of amine
groups and both G0-1 and PEI-4 gels have low concentrations of amines. It is also
important to note that the swelling of G2 gels have stronger dependence on pH compared
to G0 gels. This result is again expected due to higher number of amines present in G2
dendrimers compared to G0 dendrimers.
For gels that exhibit a clear maximum in the Qs vs. pH curve, the swelling
behavior can be rationalized in terms of the relative concentrations of charged groups
inside and outside the gel. Above pH ≈ 11, few of the amine functional groups are
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protonated, so there is little ionic contribution to the driving force for water to swell the
network. The elastic free energy penalty for swelling is essentially balanced by the free
energy of mixing of the polymer segments with the solvent, as in a neutral polymer
network. As the external pH is lowered to 7.0, some fraction of the dendrimer amines
become protonated and the concentration of mobile ions (notably OH-) inside the gel
increasingly exceeds that in the external solution, increasing the driving force for water to
enter the gel. Qmax is observed at an external pH of approximately 4 to 5, under which
conditions the concentration of mobile ions within the gel greatly exceeds that in the
outside solution. Supposing that nearly all of the amine groups are protonated by HCl
when Qs=Qmax, further addition of HCl to lower the pH produces a significant increase in
the concentration of free ions in the external solution, while there is little or no increase
in the concentration of protonated amines inside the gel. Accumulation of free H+ and Clions in the external solution reduces the ionic contribution to the driving force for
swelling and therefore decreases Qs. Shrinkage of the gels is observed as the external pH
is lowered and the differential between the concentration of free ions inside and outside
the gel becomes less significant. We verify the preceding ideas in a more quantitative
fashion in the next section, where the concentrations of all ions inside and outside the gel
are calculated numerically by applying the Donnan equilibrium theory.
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Figure 4.4: Dependence of Qs on pH for gels containing PEI as macromonomers with
PEI mass fractions of a) 0.04; b) 0.56; and c) 0.63.
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4.6 Theoretical Swelling Predictions: Donnan Equilibrium

The amine functional groups are Lewis bases that are anchored to the polymer
network, increasing the driving force for swelling under conditions where protonation is
favored. The acid-base equilibria inside the gel follow Eq. 4.1:
NR x H 3− x + H + ↔ NR x H 4− x

+

[4.1]

where x= 1, 2, or 3 for primary, secondary, or tertiary amines, respectively. The -

R groups vary depending on the local bonding arrangement, but all N atoms are
considered to form only C-N or C-H single bonds. The internal amides of the dendrimers
are not considered to participate in acid-base equilibria. Although this situation gives rise
to local variations in acidity constant (Ka) of the protonated amines, we choose to
simplify the present analysis by considering a hypothetical situation where all protonated
amines have pKa=10.5, a typical value for a protonated aliphatic amine. The effects of
local variations in pKa are considered subsequently.

The acidity constant of the

protonated amines is therefore given by:

Ka =

[ B][ H + ]
= 10 −10.5
+
[ BH ]

[4.2]

where "B" represents a Lewis base site (amine). In addition, for an aqueous
solution,

K w = [ H + ][OH − ] = 10 −14

[4.3]

where all concentrations are expressed in mol L-1.
Consider the acid-base equilibrium under conditions where a strong base M+OHhas been added to the external solution to adjust the external pH. (Although NH4OH, a
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weak base, was used to adjust the external pH above 7.0 in the present study, here we
consider the simpler case for which M+ and OH- are fully dissociated in solution). Under
basic conditions, the charge balance inside the gel requires
[ M + ] + [ BH + ] + [ H + ] = [OH − ]

[4.4]

and the charge balance in the external solution (basic conditions) is:
[ M + ] + [ H + ] = [OH − ]

[4.5]

Similarly, consider conditions where a strong acid such as HCl has been added to
the external solution, such that the charge balance inside the gel is written:
[ BH + ] + [ H + ] = [OH − ] + [Cl − ]

[4.6]

The charge balance in the external solution (acidic conditions) is then given by:
[ H + ] = [OH − ] + [Cl − ]

[4.7]

Next, we predict the pH dependence of equilibrium swelling by invoking the
Donnan equilibrium theory.10 Following the discussion of Rička et al.,11 at equilibrium,
the distribution of mobile ions between the gel and the solution can be expressed as:
[i ]
= K zi
[i ]'

[4.8]

where the subscript i refers to mobile ions of type i, [i] and [i]’ are the
concentrations thereof in the gel and the external solution, respectively, K is the Donnan
ratio, and zi is the valency of species i. The ionic contribution,

ion,

to the swelling

pressure is caused by the concentration differential of mobile ions between the gel and
the outer solution:
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− π net = π ion = RT ∑ ([i ] − [i ]')
i

[4.9]

where π net is the restoring force exerted by the network defined as

π net = −

1 ∂Gnet
ν s ∂n s

[4.10]
P ,T , ni

and πnet = -πion at equilibrium. Here, ns is the number and ν s is the volume of the
solvent molecules, and ni is the number of mobile ions of type i.
Applying Eq. 4.8 to Eq. 4.4 for basic conditions,

K [ M + ]'+ K [ BH + ]'+ K [ H + ]' =

[OH − ]'
K

[4.11]

The concentration of protonated amines ([BH+]) and non-protonated amines ([B])
in the gel, is related to the initial concentration of amines in the dry gel, [B]0, by:

[ BH + ] + [ B ] = [ B]0 / Qs

[4.12]

Using Eq. 4.2 , it is possible to show that
[ BH + ] =

[ B ]0 / Qs
K a / K [ H + ]' + 1

(

)

[4.13]

Combining Eq. 4.3 and Eq. 4.5 , the charge balance in the external solution
becomes:

[ M + ]' =

10 −14
− [ H + ]' = 10 pH −14 − 10 − pH
[ H + ]'

[4.14]

Inserting Eq. 4.13 and Eq. 4.14 into Eq. 4.11, the charge balance becomes

10 pH −14 ( K − K −1 ) +

[ B ]0 / Qs
=0
Ka
+1
K ⋅ 10 − pH

[4.15]
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Solving for the solution pH, the charge balance equations for basic conditions
yield:
1/ 2
⎧⎪
⎡ 4 ⋅ 1014 K a [ B]0 / K ⎤ ⎫⎪
⎛ 2K a ⎞
pH = log10 ⎨− 1 + ⎢1 −
⎟
⎥ ⎬ − log10 ⎜
−1
K ⎠
Qs ( K − K ) ⎦ ⎪
⎝
⎪⎩
⎣
⎭

[4.16]

We next relate the solution pH to (πion/RT). Combining Eq. 4.8 and Eq. 4.9
yields

π ion
RT

= [ H + ]' ( K − 1) + [ M + ]' ( K − 1) + [OH − ]' ( K −1 − 1)

[4.17]

Substituting Eq. 4.3 and Eq. 4.14 for [M+]' and [OH-]' and simplifying,

π ion
RT

(

= 10 pH −14 K + K −1 − 2

)

[4.18]

Substituting Eq. 4.16 for the pH,
⎛ 1 1 ⎡ 4 ⋅ 1014 K [ B] ⎤ 1 / 2 ⎞
10 −14 K
−1
a
0
⎟
=
K + K − 2 ⎜ − + ⎢1 −
⎥ ⎟
2
⎜
RT
Ka
2 2⎣
Qs ( K − 1) ⎦
⎝
⎠

π ion

(

)

[4.19]

Eq. 4.19 relates the ion swelling pressure to the equilibrium swelling ratio and the
Donnan ratio, K for basic conditions.
Starting from the charge balances for acidic conditions (Eq. 4.6 and Eq. 4.7) and
following a similar approach we can derive similar equations for acidic conditions.
Applying Eq. 4.8 to Eq. 4.6 for acidic conditions,
K [ BH + ]'+ K [ H + ]' =

[OH − ]' [Cl − ]'
+
K
K

[4.20]

91
The concentration of protonated amines in the gel, [BH+], is related to the initial
concentration of amines in the dry gel, [B]0, by:
[ BH + ] + [ B ] = [ B]0 / Qs

[4.21]

where [B] is the concentration of non-protonated amines in the swollen state, and
Qs is the equilibrium swelling ratio. Using Eq. 4.2 , it is possible to show that Eq. 4.22
[ BH + ] =

[ B ]0 / Qs
K a / K [ H + ]' + 1

(

)

[4.22]

Combining Eq. 4.3 and Eq. 4.7, the charge balance in the external solution
becomes:
[Cl − ]' = [ H + ]'−

10 −14
− = 10 − pH − 10 pH −14
[ H + ]'

[4.23]

Inserting Eq. 4.22 and Eq. 4.23 into Eq. 4.20 , the charge balance becomes
10 − pH ( K − K −1 ) +

[ B]0 / Qs
=0
Ka
+1
K ⋅ 10 − pH

[4.24]

Solving for the external solution pH, the charge balance equations for acidic
conditions yields:

K ⎞
⎛ − [ B ]0
− K a + a2 ⎟
⎜
Qs
K ⎟
pH = − log10 ⎜
−1
⎜
⎟
K −K
⎜
⎟
⎝
⎠

[4.25]

Combining Eq. 4.8 and Eq. 4.9 yields

π ion
RT

= [ H + ]' ( K − 1) + [Cl − ]' ( K −1 − 1) + [OH − ]' ( K −1 − 1)

[4.26]

92
Substituting Eq. 4.3 and Eq. 4.23 for [Cl-]' and [OH-]' and simplifying,

π ion
RT

(

= 10 − pH K + K −1 − 2

)

[4.27]

Substituting Eq. 4.25 for the pH,
K ⎞
⎛ − [ B]0
− K a + a2 ⎟
⎜
Qs
π ion
K ⎟
= K + K −1 − 2 ⎜
−1
⎟
⎜
RT
K−K
⎟
⎜
⎠
⎝

(

)

[4.28]

In order to predict the dependence of Qs on external solution pH, an expression
relating πion/RT (or -πnet/RT) to Qs is needed. We choose to relate the elastic restoring
force of the network to Qs using the Flory-Rehner "phantom" network expression,24
which is more appropriate than the affine model for networks undergoing large
deformations. A similar approach has been used by Brannon-Peppas and Peppas to
model the equilibrium swelling behavior of ionizable hydrogels containing carboxylic
acid functional groups, though the affine network approximation was chosen instead.25
The elastic restoring force exerted by the swollen phantom network is taken as:
⎛ V
⎛π ⎞
2
− V1 ⎜ net ⎟ = ln(1 − φ 2 s ) + φ 2 s + χφ 2 s + ⎜⎜ 1
⎝ RT ⎠
⎝υ M c

⎞⎛ 2M c
⎟⎟⎜⎜1 −
Mn
⎠⎝

⎞ ⎛ φ2s
⎟⎟φ 2 r ⎜⎜
⎠ ⎝ φ2r

⎞
⎟⎟
⎠

1/ 3

[4.29]

where Mc is the average molecular weight between crosslink junctions, υ is the
specific volume of the polymer, V1 is the molar volume of the swelling agent, φ2s is the
polymer volume fraction in the swollen system, equal to 1/Qs, φ2r is the polymer volume
fraction in the relaxed state (after crosslinking but before swelling), χ is the FloryHuggins polymer-solvent interaction parameter, and Mn is the number-average molar
mass of the polymer prior to crosslinking. In the present study, since the network is
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formed from short, linear PEG chains, we neglect trapped entanglements and take Mc =
4,000 g mol-1 for simplicity. In addition, we assume Mn→ ∞, which is equivalent to
assuming that the gels contain only elastically effective chains. This approximation is
justified for "model" networks by the high degree of epoxide end-functionalization found
in the linear PEG di-epoxide precursor chains, but may fail for networks having r>>1,
which have high soluble fractions and numerous architectural defects.17

Values of

1.802⋅10-5 m3/mol and 1.0⋅10-3 m3/kg were assumed for V1 of water and υ of the
polymer, respectively.
In order to use Eq. 4.29 effectively, a value for χ is necessary, which presents a
complication in the present study, where the gels consist of PEG-polyamine copolymers,
and the mass fraction of the polyamine varies between samples. Thus, we estimate a
value of χ experimentally for each gel according to the following procedure. We note
that the equilibrium swelling of the gels reaches a nearly constant value above pH≈10,
under which conditions the gels are assumed to behave essentially as neutral polymer
networks, such that πion/RT≈0. For each gel, a value of the swelling ratio Q0 was
estimated from the experimental data at high pH. The χ parameter is then calculated from
Eq. 4.24 by setting φ2s=1/Q0 and setting πion/RT=0. Assumed values of Q0 and calculated
values of χ are listed in Table 2, along with assumed values of [B]0 for each gel, which
are referenced to the dry state. The value of χ decreases with increasing mass fraction of
PAMAM dendrimers (decreasing mass fraction of PEG), and the values found for χ lie
within the ordinary range expected for polymers in thermodynamically "good" solvents.
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Using the calculated values of χ, it is then possible to plot the function πion/RT
(=-πnet/RT) vs. Qs (= 1/φ2s) for each gel. Fig. 4.5 shows such a plot for the G2-8 gel
having Q0=24. The ion swelling pressure is set to 0 under neutral conditions (Qs=Q0),
but increases steeply with increasing Qs, at least initially. After passing through a
maximum, -πnet/RT actually decreases slightly with increasing Qs, as the phantom
network model does not account for the finite extensibility of the network chains.
Tanaka and Rička experimentally determined the function -πnet/RT (Fig. 1 in Ref. 10) for
their ionizable poly(acrylate) gels,11 by following a procedure which is not directly
applicable to the polyamine gels studied here. However, it is interesting to note that a
similar dependence of -πnet/RT on Qs was obtained experimentally for low Qs, though a
steep upturn is observed at high Qs resulting from finite extensibility effects that are not
captured by the phantom network model.
Using the phantom network expression in Eq. 4.29, Eq. 4.18 , Eq. 4.19 and
Eq. 4.25 , Eq. 4.28 were solved numerically to obtain values for the Donnan ratio, K. For
acidic conditions, two real roots were found for K in Eq. 4.28 for any arbitrarily selected
value of Qs. The gel can thus exhibit the same equilibrium swelling ratio at two different
values of the external pH under acidic conditions, leading to a maximum in Qs at pH<7.
The calculated values for K were substituted into Eq. 4.25 to calculate the respective
values of the external pH corresponding to the chosen Qs value. For basic conditions,
only one real root was found for K in Eq. 4.19, which was substituted into Eq. 4.16 to
obtain the external pH at which the gel swells to Qs at equilibrium.
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Figure 4.5: The function -Πnet/RT (=Πion/RT) as calculated from the Flory-Rehner
expression for a phantom network having Q0 =24 and χ=0.08, similar to gel G2-8.

Fig. 4.6, Fig. 4.7, and Fig. 4.8 show the theoretical dependence of Qs on external
pH calculated using the values of [B]0, Q0, and χ listed in Table 4.1 for G0, G2, and PEI
gels, respectively. The theory predicts that a maximum in Qs is observed near pH=4 to 5,
in reasonable agreement with experimental observations. The maximum is predicted to
occur under acidic conditions at a critical external solution pH (denoted pH*) at which
the two roots of eqn. 30 converge. Fig. 4.9 shows a plot of the calculated Donnan ratio
for the G2-6 gel, illustrating the convergence of the "high K" and "low K" roots of the
eqn. 30 near pH=4.57=pH*. Table 3 lists calculated values of pH* and compares the
theoretical (Qmax_theo) and experimental (Qmax_exp) maximum swelling ratios for all gels.
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When the external pH is close to pH*, the total concentration of mobile ions inside the
gel ( ∑ [i] ) greatly exceeds that in the external solution ( ∑ [i] '), meaning there is a
i

i

significant ionic contribution to the driving force for swelling. Fig. 4.10, Fig. 4.11, and
Fig. 4.12 show plots of the concentration differential ( ∑ [i] - ∑ [i]' ) vs. external pH for
i

i

the G0, G2, and PEI gels based upon the model calculations.
The model calculations also predict the collapse of the gel at high and low pH.
The model predicts a steep decrease in swelling as the pH increases to ≈6.5, and the weak
dependence of Qs on external pH is captured at pH above 11. However, we note a
difference between theory and experiment in that the observed maximum in swelling
occurs over a broader pH range in the experiments, and the upturn in swelling begins as
the pH drops below about 9.0 (for gels G0-2, G2-6 and G2-8) or below 10.0 (for gels
G2-2, PEI-56, and PEI-63).

This discrepancy is related to the fact that the amine

functional groups in the gels exhibit a distribution of pKas, with some fraction of the
amines becoming protonated at higher values of the external pH than expected for a
system with uniform pKa=10.5. This result is consistent with the broad titration curves
observed for PAMAM dendrimers in aqueous solutions, which result from the
protonation of 1° and 3° amines at widely different values of solution pH.13 A steep drop
in Qs at very low pH is observed in both theory and experiments, resulting from the
decrease in the concentration differential ( ∑ [i] - ∑ [i]' ), which decreases the driving
i

i

force for water to swell the network. We should also note that the measured swelling
ratios from the experiments are nearly independent of external pH for G0-1 and PEI-4
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gels whereas the theory predicts a Qmax for these gels. The Qmax values predicted from
the theory however, are much smaller compared to the other gels in Table 1 and therefore
the theory captures the fact that the gels with the least amine groups have the least
dependence on pH.
The theoretical maximum value of the swelling ratio, Qmax_theo, was generally not
in quantitative agreement with the experimentally determined value Qmax_exp, though
Qmax_theo differs from Qmax_exp by no more than a factor of 2 for all the gels studied except
PEI-56 and PEI-63. The theoretical prediction is expected to overestimate Qmax due to
neglecting the finite extensibility of the short linear PEG chains. In all of the gels
studied, except G2-8, Qmax_exp is in fact less than Qmax_theo. The G2-8 gel, which swells
slightly more than predicted is an exception, perhaps because it contains a high
concentration of architectural defects, judging by its comparatively high value of wsol. In
assuming that all PEG chains act as elastic chains (by taking Mn →∞ in eqn. 24), we
neglect the fact that the equilibrium swelling is influenced by the perfection of the
network structure. In addition, we have assumed that only PEG chains contribute to the
elastic modulus of the network by taking Mc = 4,000 g mol-1, an approximation that may
not be valid for networks having a high mass fraction of branched polyamine
macromonomers.
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Figure 4.6: Theoretical dependence of Qs on external solution pH for gels prepared with
PAMAM G0 dendrimers.

Figure 4.7: Theoretical dependence of Qs on external solution pH for gels prepared with
PAMAM G2 dendrimers.
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Figure 4.8: Theoretical dependence of Qs on external solution pH for gels prepared with
PEI.

Figure 4.9: Theoretical dependence of Donnan Ratio (K) on external pH for gel G2-6.

i

i
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Figure 4.10: Relationship between external pH and the difference between total
concentrations of mobile ions inside ∑ [i] and outside ∑ [i ]' of the gels prepared with
i

PAMAM G0 dendrimers.

i

i

i
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Figure 4.11: Relationship between external pH and the difference between total
concentrations of mobile ions inside ∑ [i] and outside ∑ [i ]' of the gels prepared with
i

PAMAM G2 dendrimers.

i

i

i
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Figure 4.12: Relationship between external pH and the difference between total
concentrations of mobile ions inside ∑ [i] and outside ∑ [i ]' of the gels prepared with
i

i

PEI.

4.7 Summary and Conclusions

End-linked PEG hydrogels containing high mass fractions of polyamine
macromonomers, either PAMAM dendrimers or highly branched PEI, exhibit strongly
pH-dependent swelling in aqueous solutions. Equilibrium volume swelling ratios reach a
value Qmax at an external pH* of about 4 to 5, but these gels behave essentially as neutral
polymer networks at pH greater than 11. At pH*, the majority of amine functional
groups are protonated, and there is a large differential in the concentration of mobile ions
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inside and outside the gel. This behavior is not unique to gels having dendritic crosslink
junctions, similar swelling behavior was found in the gel PEI-56 and PEI-63 gels, which
contain a randomly branched polyamine macromonomer instead.

The swelling

maximum is most pronounced for gels having high concentrations of ionizable amine
groups (in the dry state), with the gel G2-8 exhibiting Qmax/Q0 ≈5.5. However, no
evidence was found to support the supposition that the initial concentration of amine
groups might affect the value of pH* due to electrostatic repulsions between charged
groups. The experimentally determined swelling curves did not reveal a significant shift
in pH* as the value of [B]0 increased, within the limits of experimental uncertainty.
These observations are reasonable given that the amine groups are highly diluted when
Qs≈Qmax, under which conditions electrostatic repulsions between neighboring
macromonomers may not play a large role in establishing the swelling equilibrium, even
though the concentration of amines was as high as 5.8 M in the dry state.
The Donnan equilibrium theory captures the key feature of the pH-dependent
swelling in that the maximum in swelling is predicted near pH*= 4 to 5, with the
simplifying assumption that all protonated amine groups have pKa=10.5, a typical dilutesolution value for an aliphatic amine group. It might be possible to more accurately
capture the pH dependence of swelling by assuming a more realistic mixture of 1°, 2°,
and 3° amines with separate pKa values assigned to their conjugate acids. However, this
approach was not attempted here for the sake of simplicity, given that the degree of
substitution of the amines is difficult to determine quantitatively after reaction with the
epoxide functional groups. The accuracy of the theoretical swelling predictions is also
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limited by the need to assume a functional form for the elastic restoring force exerted by
the network, which balances the swelling forces arising from mixing and ionic effects. In
using the Flory-Rehner phantom network expression representing the elastic and mixing
contributions to the free energy, Qmax is usually overestimated due to neglecting the finite
extensibility of the network chains. More quantitative agreement between theory and
experiment might be obtained (though at the expense of simplicity) by choosing an
expression relating πnet/RT to Qs that better accounts for non-idealities such as varying
junction functionality, architectural defects, and finite chain extensibility.
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Chapter 5
Mechanical Properties

5.1 Introduction and Background

Knowledge of mechanical properties of networks is of interest for both design
purposes and for establishing a fundamental understanding of structure-property
relationships. One of the most useful methods to determine viscoelastic behavior of
networks and gels is the measurement of dynamic mechanical properties.

During

dynamic mechanical testing, an oscillatory stress is applied to the sample. The frequency
of the oscillation can be varied or kept constant depending on the purpose.
For a perfectly elastic sample, if a tensile stress is applied and varied sinusoidally,
the strain will be completely in phase with the applied stress and would vary as:

γ = γ 0 sin(ωt )

[5.1]

where ω is the angular frequency of the applied stress given as ω = 2πf .

Similarly, when a sinusoidal shear stress is applied to an elastic sample, the shear
stress can be represented as:

τ (t ) = τ 0 sin(ωt )

[5.2]

When a sinusoidal tensile stress is applied to a Newtonian viscous liquid, the
resulting strain will be 90° out-of-phase with the stress. For a viscoelastic material, the
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strain will lag behind by a phase angle, δ, and the phase angle is related to the dissipation
of energy (viscous type response) relative to its storage (elastic type response)1:

γ = γ 0 sin(ωt − δ )

[5.3]

Similarly, when a sinusoidal shear stress is applied to a viscoelastic sample, the
stress can be represented as:

τ = τ 0 sin(ωt − δ )

[5.4]

Hooke’s Law can be written as follows for experiments involving shear stresses
and strains and small amplitudes of vibration:

τ (t ) = Gγ 0 sin(ωt )

[5.5]

where G is the storage modulus.
The relationship between stress and strain can be defined in terms of in-phase and
out-of-phase components as follows:

τ (t ) = γ 0 [G ' (ω ) sin ωt + G ' ' (ω ) cos ωt ]

[5.6]

where
G ' (ω ) =

τ0
cos δ
γ0

[5.7]

G ' ' (ω ) =

τ0
sin δ
γ0

[5.8]

and

Here, G ' (ω ) is the in-phase component called the storage modulus and G ' ' (ω ) is
the out-of-phase component called the loss modulus.
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Various expressions of the modulus have been calculated and are applicable to
either dry or swollen states of networks. In the dry state, the classical affine approach
yields2-4:
E af = RTν

[5.9]

and the phantom model yields5:
E ph = RT (ν − μ )

[5.10]

where ν is the number of elastically effective chains and μ is the number density
of effective crosslinks (number of moles of junctions per unit volume of the network),
and E is the Young’s modulus. Using the affine model, Flory and Rehner6 derived an
expression for the modulus of a network swollen to equilibrium:
E af = RTν eφ 21 / 3

[5.11]

If there is a solvent present during the crosslinking reaction, the polymer fraction
at preparation φ0, has to be taken into account. Then the above equation becomes:
E af = RTν eφ 21 / 3φ 0−1 / 3

[5.12]

E ph = RT (ν e − μ e )φ 21 / 3φ0−1 / 3

[5.13]

for an affine network and

for a phantom network.7
De Gennes8 describes highly swollen gels in terms of completely disinterspersed
chains between junctions and regards the concentration where precursor chains begin to
interpenetrate in solution (c*) as the reference state irrespective of the preparation
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condition. According to the c* theorem, the swollen subunit (blob) and the swollen
elastic chain between crosslinks are identical and the elastic chains do not interact. De
Gennes idea was later extended by Panyukov9 who defined blob size as the length scale
beyond which segments of a chain are entangled with each other. He related the elastic
modulus and swelling ratio of polymeric networks prepared in solutions for the case
where the elastic strand size N is independent of the precursor concentration. This
approach is applicable to very highly crosslinked networks in which the crosslinks
dominate entanglements. For the cases where the physical behavior is dominated by
entanglements rather than crosslinks, the de facto elastic strand size is the size between
entanglement points Ne(φ0), which depends on the precursor preparation concentration

φ0.10,11 The dependence of Ne on φ0 in good solvent and θ solvent conditions is given
by8,12:
⎧(a / b) 2 φ 0−5 / 4
N e (φ 0 ) ≅ ⎨
2 −4 / 3
⎩(a / b) φ 0

for

T 〉〉θ

for T = θ

[5.14]

In these equations, a represents the tube diameter in the melt and b is the
monomer size (Kuhn length).
Using the above equation, Obukhov et al.13 proposed scaling laws for modulus
and swelling behavior of polymer networks (with well-defined molar mass between
crosslinks, Mc) prepared either by end-linking or by random crosslinking in solution.
They found the following scaling laws relating the elastic modulus G and the equilibrium
swelling ratio Q to the initial preparation concentration φ0 and polymer volume fraction

φ2 for good solvent (T>>θ) and θ solvent (T=θ) conditions:
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3
⎧ 5 / 3 7 / 12 T 〉〉θ
Gb
2 φ0 φ 2
≅ (b / a) ⎨ 2 1 / 3
kT
T =θ
⎩ φ0 φ 2

[5.15]

⎧ φ −1 T 〉〉θ
≅ (a / b)6 / 5 ⎨ −03 / 4
φ2
T =θ
⎩φ0

[5.16]

and
Q=

1

This theory has been used to explain results obtained for polyurethane networks
prepared in xylene14 and polystyrene gels in benzene.15 In addition, Dubrovskii and
Rakova16 observed agreement with the theory for neutral polyacrylamide gels (at
monomer concentrations < 10 wt %) in water and water-acetone mixtures. Thus, the
model of Obukhov et al.17 was shown to be valid at low polymer concentrations when
relatively long network strands are present.16
Eq. 5.15 and Eq. 5.16 can be combined for the dry condition (φ2=1) to yield a
power law relating Gdry and φ2 that is independent of initial polymer concentration φ0:
⎧φ 5 / 3 T 〉〉θ
≅ b −3 ⎨ 2 8 / 3
kT
T =θ
⎩φ 2

Gdry

[5.17]

Likewise, Eq. 5.15 and Eq. 5.16 can be combined at the equilibrium swelling
condition (φ2=1/Q) to yield a power law relating Gs and φ2: Eq. 5.18
⎧ φ 9/4
Gs
≅ b −3 ⎨ 2 3
kT
⎩ φ2

T 〉〉θ
T =θ

[5.18]

Eq. 5.17 and Eq. 5.18 illustrate that both Gdry and Gs can be expressed in terms of

φ2, eliminating the explicit dependence on the preparation concentration φ0, meaning that
a single power law exists for gels prepared at any initial concentration φ0. Experimental
studies have confirmed the scaling predictions of both Eq. 5.17 and Eq. 5.18 for
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homopolymer gels swollen in good solvents. The prediction of Gdry ≅ φ 2

5/3

in Eq. 5.17

for swelling in a good solvent has been confirmed for gels of polyurethane/xylene14 and
polystyrene/benzene,15 for example.

The prediction of

Gs ≅ φ2

9/4

in Eq. 5.18 was

confirmed by Miklds et al.,18 who studied poly(vinyl acetate) gels swollen in toluene and
found the scaling exponent to have an essentially temperature-independent value of (2.23
to 2.29). Richards et al.19 made polystyrene gels by random irradiation crosslinking, and
found G s ≅ φ 2

2.4

for gels swollen in cyclohexane.

Sivasailam et al.20 studied the scaling behavior of end-linked PDMS networks
prepared in a θ solvent (PDMS oligomers) in terms of precursor concentration and
molecular weight.

They confirmed that the experimental power law exponents are

functions of the molecular weight of the precursor chains. They also showed that the
scaling exponents increase with increasing molecular weight and illustrated the
importance of trapped entanglement contribution to mechanical properties for high
molecular weight precursors.

Their study also confirmed that the relation between

moduli of the dry and swollen networks and the degree of swelling is independent of
precursor molecular weight and preparation concentration.
It has been proposed that electrostatic interactions can affect the magnitude of the
elastic modulus of polymer gels.21-25 To simplify the complexity inherent in ionic gel
systems, a scaling theory has been proposed by Rubinstein et al.24 to represent different
physical situations involving polyelectrolyte gels.

The theory predicts that the gel

modulus will depend on the elongation of the network chains and therefore on the
swelling degree of the gel. Three different stretching regimes (representing weakly,
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intermediately, and highly swollen samples equilibrated in a monovalent salt solution)
have been proposed. The scaling exponent was also predicted to depend on the salt
concentration of the system. Exponents varying from 1/6 to 5/6 were expected, depending
on the degree of swelling and the salt concentration in the system. The theory also
predicted that the modulus may increase as the salt concentration in the system is
increased and the modulus may vary with the quality of the solvent for highly swollen
networks.
The prediction of an increase in modulus as salt is added to an ionic gel system
has been observed experimentally, but the measured dependence of the modulus on
charge concentration is weaker than that predicted theoretically, possibly due to
counterion condensation effects.24 In the limit of low swelling, experimental studies in
gels with high crosslink densities and high monomer concentration (>15 wt %) at
preparation have yielded results that show more consistent dependence of the modulus on
the polymer concentration with the prediction from classical Gaussian theory,
Eq. 5.15.16,23,26 However, for poly(acrylamide) gels prepared at low monomer
concentration (<15 wt %) and containing relatively long polymer chains, Dubrovskii and
Rakova16 observed the agreement between the experimental data and the theoretical
predictions for weakly swollen networks at low salt concentration.
Oliveira et al.27 studied the swelling and mechanical properties of polyallylamine
and poly(α-L-lysine) gels over a wide pH range. They found that the isothermal shear
modulus of polyallylamine gels exhibits a single scaling relationship with respect to
polymer volume fraction over the entire pH range examined. The scaling exponent was
found to be 0.31≤0.01 which is in excellent quantitative agreement with Obukhov’s
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predictions of a scaling exponent of 1/3 for networks composed of flexible chains. This
behavior is similar to that of other vinyl hydrogels such as polyacrylamide, poly(acrylic
acid), and poly(vinyl alcohol). They found that poly(α-L-lysine) hydrogels obeyed the
same scaling relationship, with a scaling exponent of 0.33≤0.02, when the samples are
swollen below pH of 11.0.
Our investigation represents the first systematic study of the mechanical
characteristics and scaling behavior of dendrimer-containing gels prepared by end-linking
in water. This study will advance the current understanding of how crosslinking in
solution affects elasticity of end-linked polymer hydrogels with very high junction
functionality.

No other study has examined mechanical behavior of networks that

contain dendrimers as crosslink junctions. The scaling laws presented in this section
were previously shown to hold for simpler networks with low junction functionalities.
These studied networks did not have an ionic character.

Examining the effect of

ionizable groups on mechanical properties is not the purpose of this work. Rather, we
aim to study the mechanical properties of our gels under the same conditions and
examine whether the proposed simple scaling laws are applicable to our system. In
addition, our study will also examine whether the increased amounts of soluble fraction
present in some of our gels have an effect on mechanical properties and the applicability
of the scaling laws.

115
5.2 Shear Modulus of Unextracted and Extracted Dry Networks

To examine interrelationships between dry modulus, swollen modulus, and
equilibrium swelling, we prepared PAMAM/PEG networks with PEG di-epoxide of
Mn=4,000 and 20,000 g mol-1 and varied r and φPEG. For PEG 4,000 g mol-1 in water,
*
c*=0.02 g/cm3 and φPEG
=0.019 (details of the calculations can be found in the Appendix

attached to this chapter).

We note that earlier studies on swelling of end-linked

elastomers showed that trapped entanglements screen the effects of precursor molar mass
for precursor chains substantially longer than the critical molar mass for entanglement,11
Me, which is about 4,410 g mol-1 for poly(ethylene oxide).28 Trapped entanglements act

as temporary physical crosslinks, effectively dividing elastic network chains into shorter
elastic chains. However, because the gels in this study were crosslinked in solution, the
effects of trapped entanglements would be less significant than in a network prepared by
end-linking in bulk. Unextracted and extracted gels were characterized by dynamic
mechanical testing in a shear sandwich fixture. Modulus measurements were carried out
in both dry state and in re-swollen state after drying. We will refer to the storage moduli
of unextracted dry, extracted dry, and re-swollen gels as Gd’, Ge’, and Gs’, respectively.
The dry state measurements presented a problem, as the dried samples were found to be
semicrystalline, despite the presence of the non-crystallizable PAMAM dendrimers. The
solids obtained by air-drying were slightly opaque, mechanically rigid, and tough, and
thin sections thereof appeared birefringent when viewed between crossed polarizers in an
optical microscope. The birefringence disappeared upon heating to temperatures above
about 60 to 65 °C, confirming that the materials were semicrystalline. The presence of
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the crystal lamellae would certainly obscure the subtle interrelationships between
network architecture, modulus, and swelling. However, if one heats the samples to a
temperature of 70 °C, which is slightly above the equilibrium melting temperature of
linear poly(ethylene oxide), the dry networks soften and behave as elastomers, permitting
the desired modulus measurements.
Dynamic shear tests were performed on unextracted dried PAMAM/PEG
networks at 70 ºC and 1 Hz using a dynamic mechanical analyzer (DMA Q800, TA
Instruments) to obtain storage and loss moduli (Gd’ and Gd”) of the samples above the
melting temperature of the semicrystalline PEG.

Dynamic shear tests were also

performed on networks that had been dried for at least 2 months after extraction. Same
procedure was followed for these extracted dry networks to measure storage and loss
moduli (Ge’ and Ge”) at 70 ºC. Dynamic shear tests were also carried out on the swollen
gels at 35 ºC to measure storage and loss moduli (G’s and G”s).
The shear modulus of dry samples was therefore measured at 70 °C over a
frequency range of (0.01 < ω < 100) Hz. Moduli of both unextracted and extracted
samples are considered separately here, in order to examine the potentially complicating
effects of the soluble fraction. Gels which cracked or shattered during swelling could not
be reliably characterized by DMA, so the modulus measurements for extracted gels were
limited to samples that maintained their mechanical integrity throughout the extraction
procedure. Unfortunately, many of the superabsorbent samples cracked during swelling
and could not be characterized reliably in the dry state, so not all of the dry gels could be
considered in our analysis of extracted materials. Fig. 5.1 (top) shows the frequency
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dependence of the storage modulus G’(ω) and loss modulus G”(ω) of a representative
unextracted dry gel (r=2, φPEG=0.35, G2, and precursor Mn=4,000 g mol-1). Fig. 5.1
(center) shows the complex modulus components for a representative extracted gel (r=3,

φPEG=0.3, G2, Mn=4,000 g mol-1). In both cases, the values of G’(ω) approach a constant
value in the limit of low frequency, and this limiting value was taken as the equilibrium
storage modulus of the network. The frequency-independent behavior of G’(ω) at low ω
for this sample was typical of all of the dried gels characterized, although the upturn in
G’(ω) was typically more pronounced for highly swelling (more defective) samples.
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Figure 5.1: Frequency dependence of the storage and loss moduli G'(ω) and G"(ω) for
an unextracted dry gel (r=2, φPEG=0.35, G2, Mn=4,000 g mol-1), an extracted dry gel
(r=3, φPEG=0.3, G2, Mn=4,000 g mol-1), and a re-swollen gel (r=2, φPEG=0.35, G2,
Mn=4,000 g mol-1).
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The dependence of Gd’ on r for unextracted dry networks (dried immediately after
curing, with soluble fraction remaining) is shown in Fig. 5.2 for G0, G2, and G4 gels
prepared with 4,000 g mol-1 PEG precursor chains. The dependence of Ge’ on r for
extracted dry networks (soluble fraction removed) is shown in Fig. 5.3 for the subset of
the samples that retained mechanical integrity during extraction. Although the measured
values of the modulus were not exactly the same for unextracted and extracted samples,
presumably due to removal of the solubles, similarities exist in the trend of dry modulus
with increasing r. For G2 and G4 samples, G’ increases with increasing r over the range
of r values studied. As r increases, the mass fraction of dendrimer in the network
increases, so the proportion of monomers belonging to dendrimers increases with respect
to that belonging to linear PEG chains. Increasing the fraction of branched monomers at
the expense of the linear monomers would presumably cause an increase in the elastic
modulus that might offset the effects of defects introduced by the off-stoichiometric endlinking reaction. Setting r>1 results in many unreacted dendrimer endgroups, reducing
the average junction functionality (favg ≡ the average number of PEG chains emanating
from a given dendrimer, which has a maximum value of fmax=2Z). However, in the limit
where favg >> 1, meaning the number of chains emanating from a given junction is very
large, reducing favg by a small amount is unlikely to have a measurable effect on the
modulus. Therefore, for networks with a very large favg, it is not surprising that the
modulus increases as r increases above 1. For networks containing G2 (fmax=32) or G4
(fmax=128) dendrimers, setting r>1 does increase the concentration of elastically effective
junctions, and the observed storage modulus increases, at least over
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Figure 5.2: Dependence of the storage modulus (Gd’) on the mole ratio of dendrimer end
groups to precursor end groups, r, for unextracted dry G0 (a), G2 (b), and G4 (c)
networks prepared with different initial precursor concentrations φPEG. The dashed lines
are a guide to the eye.
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the range of r values tested. If r was increased further, resulting in a substantial amount
of elastically ineffective junctions, we would expect the observed storage modulus to
decrease. For the G0 series of elastomers, which have a much lower value of fmax=8,
such a decrease is observed at r values only slightly greater than 1. Because fmax is
substantially smaller in G0 networks than in the G2 or G4 series, the defects caused by
off-stoichiometric end-linking should have a more profound effect on the network
modulus, and r cannot be increased much above 1 without creating some elastically
ineffective junctions. There may also be a decrease in modulus when r is reduced below
1, presumably caused by an increase in the amount of pendent chains with respect to
elastic network chains.
We also studied the mechanical properties of hydrogels prepared from PAMAM
G2 dendrimers and PEG precursors with 20,000 g mol-1. Fig. 5.4 shows the dependence
of Gd’ on r for these hydrogels at varying φPEG. Comparing Fig. 5.3 and Fig. 5.4, the
hydrogels prepared with higher molar mass precursors have lower storage modulus (Gd’).
It is also important to note that unlike the networks prepared from 4,000 g mol-1 molar
mass precursor samples whose Gd’ increases over the entire range of r values studied, for
the networks prepared from 20,000 g mol-1 precursors, Gd’ initially increases with r,
passing through a maximum value and then decreases when r is increased further.
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Figure 5.3: Dependence of the storage modulus (Ge’) on the mole ratio of dendrimer end
groups to precursor end groups, r, for extracted dry G0 (a), G2 (b), and G4 (c) networks
prepared with different initial precursor concentrations φPEG. The dashed lines are a guide
to the eye.
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Figure 5.4: Dependence of the storage modulus (Gd’) of unextracted dry networks on the
mole ratio of dendrimer end groups to precursor end groups, r, prepared from 20,000
g mol-1 precursors and G2 dendrimers at different initial precursor concentrations φPEG.
The dashed lines are a guide to the eye.

5.3 Shear Modulus of Re-swollen Networks

The swollen storage modulus G's(ω) was characterized for re-swollen gels.
Dynamic shear tests were performed on swollen gels at 35 ºC, the lowest temperature that
could be reliably maintained with our DMA instrument, and were typically completed
quickly enough so that evaporation of water could be neglected. No evidence was found
to suggest that the gels slipped against the surface of the shear sandwich fixture; removal
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of the solubles by extraction may have helped in this respect, as swollen gels were
rubber-like to the touch, as opposed to slippery. Fig. 5.1 (bottom) shows the frequency
dependence of the swollen storage modulus Gs’(ω) and loss modulus Gs”(ω) for the same
sample shown in Fig. 5.1 (top). The low-frequency limit of Gs’(ω) was again taken as the
equilibrium storage modulus Gs’ of the network.
The dependence of Gs’ on r is shown in Fig. 5.5 for the G0, G2 and G4 gel series.
For all gels that were tested, not surprisingly, Gs’ is smaller than Gd’ and Ge’. The water
acts as a diluent, decreasing the effective crosslink density, reducing the overall stiffness
of the gel and lowering Gs’ compared to Gd’ and Ge’. In contrast to Gd’ and Ge’, which
increased with increasing r (at least for the G2 and G4 series), Gs’ decreases with
increasing r for all series. However, the volume fraction of solvent at equilibrium
swelling is also a function of r, generally increasing weakly with increasing r.

This

observation is seemingly at odds with the measurements of "elastomer" modulus.
However, these data are complicated by the fact that as r increases, the mass fraction of
dendrimer in the network increases with respect to the mass fraction of PEG, so the
chemical composition and degree of branching of the network are not fixed.
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Figure 5.5: Dependence of the storage modulus (Gs’) on the mole ratio of dendrimer
endgroups to precursor endgroups r for swollen G0(a), G2(b), and G4(c) networks
prepared with different initial PEG concentrations φPEG . The dashed lines are a guide to
the eye.
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An apparently counter-intuitive result is seen by comparing the equilibrium
swelling ratio and dry moduli for extracted G2 and G4 gels (Fig 3.7 and Fig. 5.3). As r
increases, the dry modulus of extracted networks increases strongly, but the equilibrium
swelling of these networks in water also increases with increasing r (albeit somewhat
weakly).

This result may also be rationalized in terms of the change in chemical

composition of the networks with increasing r. The PAMAM dendrimers represent a
significant fraction of the networks by mass in most of the samples. Some of the dry
networks with r >> 1 were as much as 70 % PAMAM dendrimers by mass, so it would
be a gross oversimplification to expect the gels to behave like PEG homopolymer gels.
In the dry state, increasing r would result in more highly branched networks with higher
concentrations of PAMAM units, which might explain the increase in dry modulus with
increasing PAMAM content. However, it is possible that the gels having high PAMAM
content also have a more favorable interaction with water due to protonation of the amine
endgroups of the dendrimers. Although the dry modulus increases as PAMAM content
increases, the free energy of mixing with water becomes more favorable as PAMAM
content increases due to ionic effects. The driving force for water to diffuse into the gels
is significantly higher for gels with higher PAMAM content, despite their increased
degree of branching.
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5.4 Scaling Behavior: Modulus and Swelling

The dependence of dry modulus on preparation concentration was examined for
extracted and unextracted gels. Fig. 5.6 shows log10(Ge'/RT) vs. log10(φPEG) for G0, G2
and G4 networks, where the r parameter is held fixed within each series.
Similarly, Fig. 5.7 shows log10(Gd'/RT) vs. log10(φPEG) for G0, G2 and G4
networks, where r is held fixed within each series (lines are a guide to the eye). The
dependence of dry modulus on φPEG is complicated, and no universal trend could be
established that would describe the behavior of all data series. For some of the G0 and
G2 series, the log10(Ge'/RT) vs. log10(φPEG) and log10(Gd'/RT) vs. log10(φPEG) data seems
to follow a simple linear trend, with modulus increasing as preparation concentration
increases. However, for G4 networks (all values of r) and a portion of the G2 networks,
the dry modulus data pass through a maximum, suggesting the existence of an optimal
value of φPEG. It is intuitive that the dry modulus would increase as log10(φPEG) increases
and the gels are expected to be less defective (contain more elastic chains in relation to
loops).

However, the observed maximum in the dry modulus data is less easily

rationalized. In the absence of a clear justification for the observed behavior, we note
only that the dry modulus was found to depend both on r and on φPEG, rather than
following a simple trend.
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Figure 5.6: Log-log plots of equilibrium storage modulus (Ge’) vs. initial PEG (4,000
g mol-1) concentration at preparation (φPEG) for extracted, dry G0, G2 and G4 networks.
The dashed lines are guides to the eye.
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A similar analysis was carried out for the samples prepared using PEG precursors
of 20,000 g mol-1 and PAMAM G2 dendrimers.

Fig. 5.8 shows log10(Gd'/RT) vs.

log10(φPEG) for these networks, where r is held fixed within each series (lines are a guide

to the eye). The dependence of dry modulus on φPEG for these samples is complicated,
just like the networks with 4,000 g mol-1 precursors, and no universal trend could be
established that would describe the behavior of all data series.
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Figure 5.8: Log-log plots of equilibrium storage modulus (Gd’) vs. initial PEG (20,000 g
mol-1) concentration at preparation (φPEG) for unextracted, dry G0, G2 and G4 networks.
The dashed lines are guides to the eye.
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a

b

c

Figure 5.9: Correlations of (a) unextracted dry storage modulus (Gd’ ), (b) extracted dry
storage modulus (Ge’) and (c) re-swollen storage modulus Gs’ with the polymer volume
fraction at equilibrium swelling, φ2. The dashed line is the best fit to the data with a slope
of 2.47
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In contrast, a better correlation was found between storage modulus and the
equilibrium polymer volume fraction after swelling in water, (φ2 ≡ 1/Q). One can fit the
correlation between Gdry' and φ2 to a scaling law of the form
'
⎛ Gdry
⎜
⎜ RT
⎝
'
⎛ Gdry
⎜
such that a plot of log10
⎜ RT
⎝

⎞
⎟ ~ φ2α
⎟
⎠

[5.19]

⎞
⎟ vs. log10 (φ 2 ) has a slope equal to the scaling
⎟
⎠

exponent α.
Fig. 5.9 (a) shows such a plot, where the relation between (Gd'/RT) for
unextracted, dry networks and φ2 (calculated from initial swelling of the samples) is
analyzed. Similarly, Fig. 5.9 (b) is a plot, where the relation between (Ge'/RT) for
extracted, dry networks and φ2 (calculated from re-swelling of the samples) is analyzed.
All data points obtained for the networks are plotted in Fig. 5.9, irrespective of the
preparation concentration φPEG or the value of r. Despite some scatter in the data, the
general trend indicates that equilibrium polymer volume fraction after swelling is higher
for networks of higher dry storage modulus, as expected.

It is not clear whether it is

appropriate to fit these data to a simple scaling law ignorant of φPEG. Since the data is
scattered we did not consider a best fit value for the scaling exponent α. A similar
approach can be taken to examine the correlation between re-swollen modulus Gs to
equilibrium swelling, according to a power law of the form
⎛ G s' ⎞
β
⎜
⎟
⎜ RT ⎟ ~ φ 2
⎝
⎠

[5.20]
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In Eq. 5.20 Gs' is measured at equilibrium re-swelling, φ2 is calculated from the
equilibrium re-swollen ratio, and β is a scaling exponent. Fig. 5.9 (c) shows a plot of
⎛ G' ⎞
log10 ⎜⎜ s ⎟⎟ vs. log10 (φ 2 ) for all swollen gels studied. It is remarkable that these data can
⎝ RT ⎠

be well-represented by a simple scaling law, irrespective of dendrimer Generation, φPEG,
and r.
The simple scaling relationship observed in Fig. 5.9 inspires a comparison to both
the predictions of scaling theory and to experimentally observed swelling behavior for
other polymer gels. Obukhov et al.13 proposed scaling laws for modulus and swelling
behavior of polymer networks (with well-defined molar mass between crosslinks)
prepared either by end-linking or by random crosslinking in solution as discussed in
Section 5.1 (Eq. 5.15 and Eq. 5.16). It is important to note that φ0 in these equations
refers to the initial total polymers concentration in the network, including the precursor
polymer and the crosslinker. The discussions in this paper involve φPEG, which is the
initial PEG concentration in water. Nevertheless, it is useful to do the scaling analysis and
calculate scaling exponents as Obukhov et al. suggested.

Interestingly, while the

PAMAM/PEG gels in our study are architecturally more complex than the simple gels
considered by these authors, the concept of a single power law relating Gs’ to φ2 seems to
hold for our system, at least within the limits of experimental uncertainty.
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5.5 Summary and Conclusions

We examined the effects of initial preparation conditions on the mechanical
properties of PAMAM dendrimer-containing polymer networks in a more systematic
fashion than any previous study. We measured the storage modulus of unextracted and
extracted dry samples, and also re-swollen samples that had varying initial preparation
conditions. We also investigated the applicability of simple scaling laws to our complex
hydrogel system. For dried and re-swollen gels, the network modulus (in either the
elastomeric or re-swollen state) was found to depend on the preparation parameters r,

φPEG, and dendrimer Generation.
As discussed in the introduction section, it is predicted that Gdry and Gs can be
expressed in terms of φ2, eliminating the explicit dependence on the preparation
concentration φ0, meaning that a single power law exists for gels prepared at any initial
concentration φ0. Experimental studies have confirmed the scaling predictions of both
Eq. 5.17 and Eq. 5.18 for homopolymer gels swollen in good solvents. Our hydrogel
system is more complex than these homopolymer gels due to the ionic character of
dendrimer amine groups. It is remarkable that the swollen modulus of our complex
hydrogel system appeared to be related to the polymer volume fraction at equilibrium
swelling by a single power law, at least within the limits of experimental uncertainty.
Therefore, the relation between swollen moduli and equilibrium swelling was
independent of end-linking reaction stoichiometry, precursor concentration, and junction
functionality (dendrimer Generation), although the scaling exponents obtained showed
deviations from the predictions of scaling arguments for simple homopolymer networks
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in good solvents.

However, we did not observe a universal scaling law for the

dependence of dry modulus on φ2 even for the cases where the soluble fraction was not
extracted from the networks. Therefore, the relation between dry modulus and φ2 was
found to depend on r. The most important reason for these deviations from theory is the
presence of ionizable amine groups in our hydrogel system.
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5.6 Appendix (Overlap concentration (c*) calculation)

Overlap concentration is defined as the concentration of a polymer in a solution at
which the molecules begin to interpenetrate each other and become entangled. Since
entanglements have an effect on the mechanical properties of networks, it is important to
analyze what regime the preparation conditions fall into.
Radius of gyration (Rg) of a PEG chain with molar mass of 4,000, corrected by
characteristic ratio C∞ is as follows:
4000
⋅ (11) 2
Nb
2
44
.
05
< R g > ⋅C ∞ =
⋅ C∞ ≈
⋅ 4 = 7325.2 Å
6
6
2

ο

< R g >= 85.59 Α = 8.56 nm

[5.21]

[5.22]

where N is the number of monomers in a chain, and b is the Kuhn length. C∞, the
characteristic ratio, is taken to be 4.0, its reported value for PEO.29
From here, we can calculate c* for PEG 4,000 in water: Eq. 5.23
c∗ =

ρNv mon
V

=

M mon Nv mon
Mw
=
=
v mon N AvV
N AvV

= 1.90 ⋅ 10 − 27 g / Å 3 = 0.002g/cm 3

Mw
4000
=
4
⎛4
⎞
23
3
N Av ⎜ πR g3 ⎟ (6.02 ⋅ 10 )( ⋅ π ⋅ 85.59 )
3
⎝3
⎠

[5.23]
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where r is the density, nmon is the volume, Mmon is the molar mass of a monomer,
NAv is Avogadro’s number, and V is the volume of a chain. Using c* we can calculate
*
the critical PEG volume fraction ( φPEG
) in water: Eq. 5.24

*
=
φPEG

c*

ρ

=

0.002
= 0.002
1.064

[5.24]

From the above calculations, we can conclude that when φ PEG > 0.002 , the
precursor chains begin to interpenetrate each other and become entangled.
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Chapter 6
Use of PAMAM/PEG Hydrogels as Bacterial Scaffolds

6.1 Introduction and Background

During the past two decades, cell immobilization technology has attracted
significant attention with rapid advances in the fields of tissue engineering,1-3
fermentation processes,4-10 and wastewater treatment.8,11,12 As early as the 1960s, Hattori
and Furusaka reported that Escherichia coli cells could be bound to an ion exchange
resin.13 After their work, a variety of microorganisms were immobilized by adsorption
on solid supports such as wood, glass, ceramics, and plastic materials.8

Recently,

immobilization of bacteria on solid supports has emerged as a technique for producing
heterogeneous bio-catalysts for dark fermentations, wastewater treatment, and other
continuous-flow processes. Gels and synthetic polymer matrices (polyacrylamide, kcarrageenan, agar, agarose, gelatin, etc.) have been successfully used to immobilize
Escherichia coli,14 Brevibacterium flavum,15 Kluyveromyces fragilis,4 and nitrifying

bacteria.8,11,12 Biohydrogen production via immobilized bacteria has been demonstrated,
using substrates including gelatin,4 natural gels such as alginate or agar,6,7,10 brick dust,7
lignocellulose16,17 and cellulose,18 synthetic polymers such as composites19 and silicone
gel,20 and glass beads.10,21,22
For dark fermentation and other bacteria-based processes, a continuous-flow,
gel-immobilized bioreactor system offers several compelling advantages over batch
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processes. Cell lysis due to agitation is potentially reduced by surface immobilization or
encapsulation, improving cell viability and maintaining high cell density for longer
periods of time. In fermentations, immobilization has been shown to increase the molar
yield of products (e.g. H2)6,7 per unit of substrate and/or enhance the reaction rate.23
Continuous removal of waste products can sometimes shift the fermentation equilibrium
toward producing more of the product. Accumulation of waste products such as butyrate
or ethanol in batch systems can also be fatal to the cells, and immobilization provides a
simple way to remove wastes continuously without losing cells. The substrate and trace
elements are continuously refreshed while waste materials are removed, presenting the
possibility of maintaining steady-state conditions for long periods of time. Thus, design
and optimization of effective immobilization systems remains a significant materials
research challenge in bioreactor process design.
An effective immobilization material should accommodate a high density of cells
to minimize the total bioreactor volume required, while providing minimal resistance to
mass transfer (transport of substrate, nutrients, and wastes in and out of the system) and a
reasonable operation pressure gradient, (ΔP)/L. Previous studies primarily examined
immobilization on readily available, low-cost solid scaffold materials such as calcium
alginate gels and natural polymers, but little attention has been given to optimization of
artificial scaffold materials for bacteria. While synthetic polymer scaffolds have received
much attention in tissue engineering research, their use in bacterial bioreactor systems
remains underexploited.
This chapter deals with the potential use of synthetic polymer gels as
immobilization materials, with a focus on identifying structural factors that maximize cell
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density. As a representative microorganism, we examine R. leguminosarum, a nitrogenfixing soil bacterium that forms symbiotic associations with leguminous plants. Besides
possible use in producing ammonia and hydrogen biologically, which is virtually
unexplored, rhizobia are also cultivated commercially as soil inoculants. Gel matrices
may potentially offer some advantages for cell culture, such as high cell density and
viability in long-term storage, compared to other immobilization methods. Previous
studies examined immobilization of rhizobia on solid supports such as peat,24,25 but the
use of synthetic polymer gels as immobilization scaffolds is novel. From the standpoint
of developing novel cell culture techniques, synthetic polymer gel scaffolds offer purity,
simplicity, and versatility in tailoring mechanical properties, swelling behavior, and
porosity.
This study examines highly swelling, ionizable hydrogels based upon
poly(ethylene glycol) (PEG) as scaffolds to support growth of rhizobia. PEG is watersoluble, biocompatible, and hydrolytically stable, and its functional end-groups permit
formation of structurally well-defined gels by end-linking chemistry.

From the

PAMAM/PEG gels characterized in the previous chapters, we select samples with
different equilibrium volume swelling ratios in water, which also differ in their content of
extractable polymeric material (soluble fraction). In addition, we illustrate a simple
method to increase the soluble fraction by addition of polymeric solubles to the gels prior
to crosslinking, followed by extraction. Rather than encapsulating cells in the gel prior to
crosslinking, we explore the possibility of allowing the bacteria to spontaneously
colonize the gels by entering through pores or cracks in the gel surface from an aqueous
suspension.

The cell density vs. depth profile beneath the hydrogel surface is
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characterized by confocal laser scanning microscopy.

Deliberate addition of an

extractable polymer fraction to the gel prior to crosslinking is shown to be a simple and
effective approach for increasing the cell density in the hydrogels. Also, we consider
how the depth of surface colonization in the gels affects key bioreactor design
parameters, the bulk cell density and the operating pressure gradient in a packed bed.
Finally, we used a bioreactor system to investigate the effect of immobilization on growth
of R. leguminosarum. We inoculated our bioreactor with R. leguminosarum in two
different cases; in the first case the bioreactor vessel contained liquid media only, and in
the other case the vessel contained cubes of PAMAM/PEG hydrogel packed in a bed,
swollen in liquid media.

6.2 Nitrogen Fixation

Nitrogen is an essential component of many cellular constituents among which
the proteins and nucleic acids are the most important. Although the Earth’s atmosphere is
nearly 79% nitrogen, free gaseous nitrogen (N2) cannot be utilized by most of the
organisms. N2 molecule is chemically very stable and must be “fixed” into compounds
such as nitrates or ammonia before it can be assimilated.
In nature there are two main ways of fixing nitrogen, atmospheric and
biological.26 Biological nitrogen fixation, mostly carried out by soil bacteria that absorb
atmospheric N2 gas and convert it into ammonium, is the most important source of fixed
nitrogen. Bacteria capable of fixing N2 can either be free-living in soil or grow in
symbiotic associations with plant roots.

The most common symbiosis is between
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legumes and N2 fixing soil bacteria of the broad group called rhizobia. Although fixed
nitrogen is a necessary nutrient for all plants, most of the plants are not capable of
associating with nitrogen fixing bacteria and therefore need to obtain fixed nitrogen from
the soil. Some of the needed fixed nitrogen is supplied from organic matter as a result of
autolysis, decay, and putrefaction. However, these processes usually do not provide a
sufficient source and thus there is a need for nitrogenous fertilizers. The commercial
ammonia synthesis for fertilizers is carried out by the Haber-Bosch process in which N2
gas and H2 gas are combined under high temperature (400-650 °C) and pressure (200-400
atm) in the presence of an iron based catalyst to form NH3.27 The nitrogen needed for the
process is obtained from air and the hydrogen is generated from water and natural gas in
steam reforming. Production of ammonia for fertilizers is thus dependent upon nonrenewable fossil fuel. To produce the hydrogen gas together with the high temperatures
and pressures needed for this chemical process, about 1% of the world's total annual
energy supply has to be consumed.28
In marked contrast to the production of ammonia by Haber process, a similar
chemical process requiring only atmospheric temperature and pressure is carried out by
rhizobia by the help of an enzyme, nitrogenase. It would be worthwhile to investigate
ways to make use of rhizobia to fix nitrogen outside legume nodules and use this method
as a substitute to the Haber process. This could be possible by facilitating a way to mimic
the environment in a legume nodule and inoculate this environment with rhizobia. A
promising way to achieve this goal might be to accommodate the rhizobia in hydrogels in
a bioreactor, a controlled environment that could be adapted to mimic root nodules.
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6.3 Hydrogel Preparation

Two series of hydrogels, Series A and B, were prepared using PAMAM
Generation 0 (G0) dendrimers. "Series A" hydrogels (samples A1, A2, and A3) were
prepared by end-linking PEG di-epoxide and dendrimers in aqueous solution as described
in the Chapter 2. Series A hydrogels with different equilibrium swelling ratios were
prepared by varying the initial polymer concentration in the system (φPEG) (0.1 to 0.35
volume fraction) and mole ratio of -NH2 endgroups to epoxide endgroups (r) (0.3 to 3.4).
"Series B" hydrogels (samples B1, B2, and B3) were prepared by similar procedures, but
a certain fraction of unreactive PEG-diol was substituted for PEG di-epoxide. The PEGdiol serves to increase the extractable polymer fraction of the network that can be leached
out during swelling. Compositions of all gel samples are presented in Table 6.1.
Table 6.1: Compositions, swelling ratios (Qs), mass fractions water (φ1), swollen storage
moduli (G’), and soluble fractions of the hydrogels after extraction.
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Following crosslinking, hydrogels were swollen and extracted in distilled water at
23 °C until an equilibrium mass was reached, from which equilibrium swelling ratios, Qs,
were calculated. At the equilibrium swelling condition, the thickness of all hydrogels
was approximately 0.5 mm.

Only extracted gels were used for immobilization

experiments.

6.4 Dynamic Mechanical Analysis (DMA)

Dynamic shear tests were performed on swollen hydrogels at 35 ºC at constant
frequency ω=1 Hz and a low strain amplitude (γ0 = 0.5%) using a TA Instruments DMA
Q800 to obtain the reported storage moduli (G’) of the samples, which were obtained at a
frequency of ω=1 Hz. Dynamic shear tests were performed on swollen gels at 35 ºC, and
were typically completed quickly enough so that evaporation of water could be neglected.
No evidence was found to suggest that the wet gels slipped against the surface of the
shear sandwich fixture, which would produce inconsistent modulus measurements.

6.5 Immobilization Experiments

Extracted hydrogels were sterilized by γ-irratiation at the Radiation Science and
Engineering Center at the Breazeale Nuclear Reactor facility at Penn State. Sterilized
gels were transferred aseptically to an aerated flask containing yeast-mannitol broth with
the following composition: 1g/L of yeast extract, 10 g/L of mannitol, 0.5 g/L of K2HPO4,
0.2 g/L of MgSO4, 0.1 g/L of NaCl, and 1 g/L of CaCO3. The culture medium was
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autoclaved at 121 °C for 15 min. and the final pH was 7.0 ± 0.2 prior to the introduction
of hydrogels.

Freeze-dried R. leguminosarum was obtained from Ward’s Natural

Science. The strain was thawed and cultured on yeast-mannitol-agar (YMA)
(Biochemika) with the following composition: 15 g/L of agar, 1 g/L of yeast extract, 10
g/L of mannitol, 0.5 g/L of K2HPO4, 0.2 g/L of MgSO4, 0.1 g/L of NaCl, 1 g/L of CaCO3
at 25 °C for 7 days. From this culture, a 10 μl aliquot was aseptically transferred to the
stirred, aerated flask containing the sterilized gels and medium, and the contents were
kept under continuous aeration with gentle agitation for 6 days.

6.6 Staining, Confocal Laser Scanning Microscopy and Image Processing

Hydrogels were removed from the aerated flask after 6 days and placed in 500 µL
of phosphate-buffered saline (PBS) containing 0.5 µL of SYTO® 13 green fluorescent
nucleic acid stain and 0.3 µL of Live/Dead® Fixable Red Dead Cell Stain, which were
prepared following the manufacturer’s instructions (Invitrogen Corporation).

The

hydrogels were incubated at room temperature in the stain solution for 30 min. and
subsequently fixed with 3.75 % paraformaldehyde solution.

The stained and fixed

samples were examined in an Olympus FluoView 300 Confocal Laser Scanning
Microscope with a 40x long working distance objective. The z-scan slices were then
processed with Auto Deblur-Auto Visualize software (AutoQuant Imaging, Inc.) to
obtain three-dimensional reconstructions of the images.
COMSTAT image processing software (v.1.1)29 was modified to calculate the %
area occupied by viable bacteria in each z-scan slice, using the data from the green
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fluorescent stain only. Because the contrast between the background and the bacteria
varied significantly among the images, the original software was modified to perform
adaptive thresholding. An estimate of the threshold intensity level was computed under
the assumption that the fraction of high-intensity pixels (corresponding to bacteria) was
<< 1.0, which was true for all images. The arithmetic mean ( I ) and standard deviation
(σ) of the intensity were computed for each image. All pixels having intensity less than
or equal to ( I + 3σ) were assumed to correspond to background, whereas all remaining
high-intensity pixels were assigned to bacteria.

This procedure provided a more

objective framework for background subtraction compared to manual thresholding.

6.7 Bioreactor Runs

The bioreactor runs were performed with a New Brunswick Scientific BioFlo 310
bioreactor that has a 2.2L vessel.

Freeze-dried R. leguminosarum was thawed and

cultured on yeast-mannitol-agar (YMA) (Biochemika) at 25 °C for 7 days as described in
Section 6.5. From this culture, a 10 μl aliquot was aseptically transferred to a stirred,
aerated flask that contained autoclaved 200 mL of yeast-mannitol-broth (YMB), and the
contents were kept under continuous aeration with gentle agitation for 4 days.
For the first case where the vessel contained only liquid medium, the bioreactor
vessel was filled with a glycerol-yeast extract medium proposed by Bioardi et al.30 with
the following composition: 1g/L of yeast extract, 10 g/L of glycerol, 4 g/L of yeast
extract, 0.75 g/L of K2HPO4, 0.6 g/L of KH2PO4, 0.2 g/L of MgSO4⋅7H2O, 0.1 g/L of
NaCl, 0.005 g/L of MoO4Na⋅2H2O, 0.1 g/L of MnSO4⋅4H2O (10% w/v in distilled water),
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and 0.1 g/L of FeCl3⋅6H2O (10% w/v in distilled water). The final pH of the medium was
6.9± 0.2. In another run that contained only liquid medium, we used a mannitol-yeast
extract medium with the following composition: 1g/L of yeast extract, 10 g/L of
mannitol, 4 g/L of yeast extract, 0.75 g/L of K2HPO4, 0.6 g/L of KH2PO4, 0.2 g/L of
MgSO4⋅7H2O, 0.1 g/L of NaCl, 0.005 g/L of MoO4Na⋅2H2O, 0.1 g/L of MnSO4⋅4H2O
(10% w/v in distilled water), and 0.1 g/L of FeCl3⋅6H2O (10% w/v in distilled water).
The vessel containing the medium was autoclaved at 121°C for 45 min. After the
medium cooled down,

the vessel was inoculated with 25 mL of R. leguminosarum

containing YMB from the aerated flask using a sterile syringe.
For the second case where the vessel contained PAMAM/PEG hydrogels in a
packed bed swollen in the mannitol-yeast extract medium, A3 hydrogels were used. The
hydrogels were cured in Teflon ® vials and after curing, they were sliced into cubes with
approximate dimensions of 0.5cm x 0.5cm x 0.5cm. Pictures of the gels after curing and
following the slicing can be seen in Fig. 6.1 and Fig. 6.2. After slicing, the gels were
extracted and γ-irradiated for sterilization. Since our hydrogels are not autoclavable due
to oxidative and hydrolytic instability of PEG at 121 °C, we could not sterilize the
medium and the gel together with the vessel. Instead, we packed the γ-irradiated gels in a
bed in the vessel and filled the vessel with 70% ethyl alcohol/30% water. Fig. 6.3 shows
pictures of the sliced hydrogels packed in a bed in the bioreactor vessel. The vessel was
agitated with alcohol for one day, the alcohol was drained, fresh alcohol was added and
the procedure was repeated 3 times. After we drained the alcohol for the third time, we
flushed the vessel continuously with autoclaved distilled water until no ethyl alcohol was
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detected by Gel Permeation Chromatography (GPC).

Once the ethyl alcohol peak

disappeared, we filled the bioreactor vessel with autoclaved mannitol-yeast extract
medium described by Bioardi et al.30 and inoculated the medium with 25 mL of R.
leguminosarum containing YMB from the aerated flask using a sterile syringe.

For both cases we initially started our runs in the “batch mode”. During the batch
mode runs, we took 4 mL samples from the liquid medium at various intervals. In order
to keep the total volume constant, we aseptically added 4 mL of sterile fresh medium
each time a sample was taken. The samples taken were used in GPC and UV-Visible
Spectrophotometry characterizations to confirm mannitol consumption and turbidity
increase, respectively.

After several days of batch mode runs, we persisted with

“continuous mode” runs. During the continuous mode runs, we continuously added fresh
sterile medium from a carboy and removed the same volume of liquid medium from the
vessel to keep the total volume constant. 4 mL samples were taken from the liquid
medium at various intervals for GPC and UV-Vis measurements.

Figure 6.1: Gel after cured and removed from the Teflon ® vial
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Figure 6.2: Sliced gels

Our bioreactor system enabled us to control and monitor the pH, temperature, and
dissolved oxygen (DO) inside the vessel. Liquid media could be added or removed
through peristaltic pumps at desired rates. Air flow was controlled by the built-in thermal
mass flow controllers within the bioreactor system. We set the air flow rate as high as
possible (1-1.5 SLM) to keep DO as close to 100% as possible however, we had to limit
the flow rate to avoid excess foaming. The vessel was agitated at 200 rpm at all times.
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Figure 6.3: Sliced gels packed in the bioreactor vessel.
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We monitored the mannitol concentration in the vessel by Gel Permeation
Chromatography (GPC). We measured the relative concentration of mannitol by mixing
the sample with an ethyl alcohol (EtOH) solution of known concentration. Mannitol and
EtOH gave out two separate peaks in the GPC output. The two peaks were integrated
and the ratio of the integrations were taken for comparison at different times. We
allocated 1.5 mL of each sample for GPC characterization. The allocated sample was
syringe filtered with a 0.2 μL filter. We prepared a 5% by volume solution of ethyl
alcohol (EtOH) in GPC buffer (0.1% triethylamine (TEA) in distilled water). 150 μL of
the filtered medium sample was mixed with 30 μL of the EtOH solution. 100 μL of the
mixture was injected to the GPC for measurements.
The absorbance of the medium was measured by UV-Vis Spectrophotometry with
a Varian/Cary 100 UV-Vis Spectrometer at 560 nm. In cases where the absorbance was
higher than 1.0, the sample was diluted to get an absorbance between 0.5 and 1. The
actual absorbance was calculated by multiplying the measured absorbance by the dilution
factor. Absorbance is a measure of optical density or turbidity of the medium. As the
bacteria in the medium multiply and produce biomass, the turbidity of the medium
increases. As a result, higher absorbance values are measured. The measured absorbance
is due to both true absorbance of the incident beam and scattering of the beam by cells
and floc.
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6.8 Equilibrium Swelling and Swollen Modulus

The equilibrium swelling ratios (Qs) of the ionizable gels depend on both the PEG
volume fraction at crosslinking (φPEG) and the end-linking reaction stoichiometry (mole
ratio of -NH2 groups to epoxide groups (≡ r/2)) as discussed earlier. Compositions near
the stoichiometric ratio of amines to epoxides (r ≈ 1) produce gels that swell the least (Qs
≈ 10), whereas off-stoichiometric compositions (r >> 1) produce superabsorbent gels (Qs

> 1000).

Gels having higher values of r have higher concentrations of structural

irregularities (due to the stoichiometric excess of amines over epoxides), and also contain
higher concentrations of ionizable amine groups. As discussed in Chapter 4, the amine
groups of the crosslinker become protonated in water below pH of about 10, increasing
the driving force for water to swell the network. Structural irregularities and solubles
reduce the density of elastically effective network chains, lowering the gel modulus.
Removal of the soluble fraction from a highly swelling gel by extraction may produce
pores or voids in the gels as unreacted polymers and microgels diffuse out of the material.
In addition, internal stresses in the highly swelling, ionized gels may encourage
microscopic cracking, judging by the observed fragmentation of gels having Qs > 1000 in
earlier chapters. Porosity or compositional inhomogeneities in a swollen hydrogel are
difficult to characterize quantitatively, as the interfaces between the polymer-rich regions
and polymer-poor regions may not be sharp or well-defined. We were not able to directly
observe macroscopic surface porosity in the swollen state by optical microscopy for any
of the samples studied. In addition, environmental SEM (ESEM) failed to reveal any
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porosity in swollen gels. Fig. 6.4 shows representative ESEM images for a swollen
hydrogel prepared with PAMAM G2 dendrimers and with r=4 and φPEG=0.2.

Figure 6.4: Environmental SEM images of a swollen gel prepared with PAMAM G2
dendrimers (r=4, φPEG=0.2)

Table 6.1 presents Qs, the mass fraction of water (φ1) at equilibrium swelling, and
the soluble fraction for six hydrogel compositions studied here. Sample A1 has the
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smallest swelling ratio (Qs = 11) and lowest water content (φ1 = 0.832) while sample A3
has the highest swelling ratio (Qs =146) and highest water content (φ1 = 0.985). Gel A1,
which has r=1 and φPEG = 0.35, can be considered a "model" gel, which exhibits the
lowest achievable swelling ratio and has a low wsol of about 2 mass %.
Compositions of samples B1, B2, and B3 were initially similar, except that a
portion of the PEG di-epoxide was replaced by PEG-diol for samples B2 (10 % diol) and
B3 (25 % diol). The PEG-diol has unreactive alcohol endgroups, acting only as a
polymeric diluent during crosslinking. PEG-diol is subsequently removed from the gel
during the extraction process. Although samples B2 swelled only slightly more than
sample B1, the swelling ratio roughly doubled for sample B3, which therefore has the
lowest concentration of elastic chains among the Series B samples. For a gel having a
high fraction of unreactive chains, such as B3, microscopic voids or compositional
irregularities (polymer-deficient regions) may be generated as solubles are leached from
the network, an idea we pursue here to increase the capacity of the gels to hold bacteria.
Table 1 also presents the storage moduli (Gs’) for the swollen hydrogels measured at
35 °C at a frequency of ω = 1 Hz.

6.9 Maximum Colonization Depth (Dmax)

After 6 days of immersion in the R. leguminosarum culture, hydrogels were
examined by CLSM to identify bacteria on or beneath the surface. Live/Dead® Fixable
Red Dead Cell Stain is amine-reactive, so it stains both the bacteria and any unreacted
amine groups in the gel. The staining of the gel by the red dye aided in locating the
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surface plane in the confocal images, but increased the background intensity in the
images, especially near the gel surface. Images were taken at intervals of 0.7, 1.5 or
2.5 μm to a total depth of 100 μm or more at several different surface locations for each
hydrogel. Fig. 6.5 shows the 1.5 μm z-slices obtained for sample A2 (Qs=55). The z
positions on the slices are referenced to the gel surface that was in contact with the
culture. From Fig. 6.5, the rhizobia are not only capable of attaching (adsorbing) to the
hydrogel surface, but also migrating well beneath the surface. The intensity of the red
background

is

inhomogeneous,

providing

direct

evidence

for

compositional

inhomogeneities in the gels. Darker areas represent voids having low concentrations of
the amine-functionalized G0 crosslinker, which represent polymer-deficient regions.
Fig. 6.6 shows three-dimensional reconstructions of the 0.7 μm slices for sample
A1 (Qs=11), 1.5 μm slices for sample A2 (Qs=55), and 2.5 μm slices for sample A3
(Qs=146). (The right hand side of each reconstruction represents the gel surface that was
in contact with the culture, and the z-axis passes from right to left). In all samples, a
surface layer exists which is populated with live bacteria, but a well-defined "depth of
colonization" (Dmax) exists, beneath which there exist very few viable cells, if any.
Measured values of Dmax after 6 days of immersion in the culture were approximately
6 μm, 25 μm and 125 μm for samples A1, A2, and A3, respectively. Both Dmax and cell
density clearly depend upon hydrogel composition, with lower values of Dmax
corresponding to gels with lower Q and wsol. In sample A1, which was a "model" gel,
bacteria were primarily localized in a shallow layer on or near the surface, but it is clear
that cells could enter the more highly swelling gels A2 and A3 and remain viable well
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beneath the surface. The off-stoichiometric reaction of the PEG-epoxide with the G0
crosslinker, which generates structural imperfections in the gels, is therefore one effective
method to increase Dmax for R. leguminosarum.

Figure 6.5: 1.5 µm z-slices of gel A2 (r=2, Qs = 55) obtained by CLSM. Live bacteria
are stained green, while the matrix (hydrogel) and dead bacteria are stained red.

To further test the idea that extraction of the soluble fraction from the hydrogels
generates pores that allow entry of bacteria, we prepared gels containing an unreactive,
extractable PEG-diol fraction. Gels B1, B2, and B3 were prepared with 0%, 10% and
25% unreactive PEG-diol, respectively, but were otherwise similar in composition. After
the extraction of the soluble fractions, these gels were inoculated with rhizobia under the
same conditions employed for samples A1, A2, and A3.

Fig. 6.7 shows three-
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dimensional reconstructions of the 1.5 μm slices for samples B1 and B2 (Qs=23 and
Qs=25), and 2.5 μm slices for sample B3 (Qs=53). Measured values of Dmax were

approximately 36 μm, 40 μm, and 68 μm for samples B1, B2, and B3, respectively. As
with the "A series" gels, Dmax increases significantly with increasing Q and wsol.
Extraction of greater amounts of solubles increases the probability of forming
interconnected voids, facilitating entry of the bacteria from the surface.

A1

0 10
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A2

0

A3

50
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0

100
Microns

Figure 6.6: Three-dimensional reconstruction of cell density vs. depth in samples A1,
A2, and A3 after 6 days. The original surface of each gel is at the right hand side, and
depth beneath the surface (z) increases in going from right to left.
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B1
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B3

Figure 6.7: Three-dimensional reconstruction of cell density vs. depth in samples B1,
B2, and B3 after 6 days. The original surface of each gel is at the right hand side, and
depth beneath the surface (z) increases in going from right to left.

The observation that the cells occupy a discrete surface layer of thickness Dmax is
significant from a practical standpoint, as it impacts bioreactor design markedly. The
simplest explanation might be that interconnected voids or cracks are needed in order for
bacteria to enter the gel, and the length scale of the connectivity is markedly higher for
the structurally imperfect gels such as B6. Another explanation might be that the 6 days
allowed for colonization were insufficient to reach steady state. A third possibility one
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must also consider is that the cells can actually venture deeper into the gels, but cannot
remain viable below a certain depth due to insufficient dissolved O2.

As R.

leguminosarum is an aerobic organism, it is possible that Dmax might be governed by the

permeation of dissolved O2.

Because cells near the surface continuously consume

dissolved oxygen, there may not be a high enough flux of O2 below a certain depth in the
gel to support cell growth. If the diffusivity of O2 in the gel is enhanced by pores or
voids, then it is possible that the structural imperfections enhance the depth at which
bacteria can survive.

These ideas could be tested in the future by considering

colonization of the gels by obligate anaerobic bacteria to establish whether oxygen
diffusion may be a limiting factor.

6.10 Cell Density Fluctuations

The fractional area occupied by bacteria, A(z), in each z-scan slice is a relative
measure of cell density. Fig. 6.8 and Fig. 6.9 illustrate the dependence of A(z) on depth
for all gels. Samples A1, A2, and B1 had nearly constant A(z) in the layer near the
surface (z < Dmax). The occupied surface layer in the "model" gel A1 was only 6 μm
thick, which is perhaps consistent with a layer of adsorbed cells resting on its surface. In
contrast, gels A3, B2, and B3 exhibited fluctuations in A(z) with depth, a signature of
their highly inhomogeneous structures. A(z) is less than 2.5 % of the total area in samples
A1, A2, A3, B1, and B2, but exceeds 6 % in some layers of sample B3, which lost a large
amount of polymeric solubles during extraction. The A(z) vs. z profile varies from point
to point across the gel surface, given the random nature of porosity in these materials.
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Each A(z) profile in Fig. 6.8 and Fig. 6.9 represents a measurement at a single location on
the surface, rather than an averaged profile from multiple observations.

Data are

presented in this fashion to illustrate the large fluctuations in cell density found in B3
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Figure 6.8: Percentage of image area occupied by bacteria vs. depth (z) for A gels.
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Figure 6.9: Percentage of image area occupied by bacteria vs. depth (z) for B gels.

Although the absolute cell density cannot be quantified directly from these results,
due to aggregation of the cells, one can compute a comparative measure of the total
number of immobilized cells by integrating A(z) from the gel surface (z=0) to the point
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beyond which essentially no cells were detected (z=Dmax). By numerical integration, an
estimate of the total number of immobilized cells in the volume of observation can be
calculated. Let the observed volume V have a top surface area A (equal to the field of
view of the image), and a depth Dmax. The fraction of the observed volume occupied by
cells (φc
ells)

is approximated by

φ cells = ∑
i

Ai ( z ) Δz
⋅
A Dmax

[6.1]

where Ai(z) is the area covered by cells in slice i and Δz is the spacing between
slices. Then the average cell density in the volume of observation ( N ) is given by
N = kφ cells = k ∑
i

Ai ( z ) Δz
⋅
A Dmax

[6.2]

where k is an unknown proportionality constant having units of (cells/volume)
that converts occupied volume fraction to absolute cell concentration. Taking the volume
of a single bacterium to be about 0.5 μm3, k is on the order of 2 cells/ μm3 or 2*1015
cells/L (the hypothetical value of cell density that would occur if 100 % of the available
space was occupied by bacteria). With this approximation, comparative cell densities
(ρc) in the gels were computed (Table 6.2). Calculated values of ρc correspond only to
the topmost surface layer (0 < z < Dmax), and do not include the portion of the gel deeper
than Dmax, where a negligible concentration of cells was found.

Interestingly, the

estimated cell density is of the same order of magnitude for all gels, except ρc for sample
B3 is significantly higher than the others.
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Table 6.2: Calculated cell densities (ρc) in the surface layer of each hydrogel (thickness
Dmax)

6.11 Hydrogel Bioreactor Design Considerations

The existence of a surface layer populated by cells has significant implications in
packed bed bioreactor design.

Consider the use of cell-impregnated hydrogel as a

heterogeneous bio-catalyst in a continuous flow, packed bed bioreactor, where the packed
bed consists of a large number of approximately spherical gel granules of radius R. The
system must exhibit low enough resistance to mass transfer to allow percolation of the
aqueous medium through the packed bed with feasible pressure drop (ΔP/L) per unit
reactor length, while maintaining high cell density to minimize total bioreactor volume.
The gel may take the form of finely divided, free-standing granules. A polymer gel
having a high water content (95+ %) will be nearly neutrally buoyant in an aqueous
suspension, so we need not concern ourselves with compression or crushing of the gel
under hydrostatic pressure, and assume that the aqueous phase percolates freely
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throughout the system. Alternatively, the gel could be applied as a surface coating or
film on a rigid scaffold that provides additional mechanical support, such as glass beads
or glass wool, though we will consider free-standing gel granules here.
Because the cells occupy a layer near the gel surface for z < Dmax, gel granules
having a radius R > Dmax can be expected to have some "dead volume" in their centers
where cells are not able to survive or not able to access. Let ε be the aqueous phase
volume fraction in the packed bed, so the volume fraction of the gel phase is φgel = (1-ε).
We now assume that a surface layer exists in the gel that is populated with bacteria,
having an average cell density ρc (~cells/unit volume) that does not depend on the gel
granule radius. For the system with spherical gel particles, the surface layer is estimated
to be on the order of Dmax. By simple geometry, the volume fraction of the gel phase
populated by cells is approximately φpop, where

φ pop

⎛ R − D max ⎞
≈ 1− ⎜
⎟
R
⎝
⎠
φ pop ≈ 1

3

if R > Dmax

[6.3]

if R ≤ Dmax

The overall volume fraction of the bioreactor occupied by cells is equal to
(1-ε)⋅(φpop), meaning the bulk cell density in the bioreactor volume is equal to
3
⎛ R − Dmax ⎞ ⎤
⎟ ⎥
R
⎠ ⎦⎥
⎣⎢ ⎝
= ρ c (1 − ε )

⎡

ρ c ,bulk = ρ c (1 − ε ) ⎢1 − ⎜
ρ c ,bulk

if R > Dmax

[6.4]

if R ≤ Dmax

From Eq. 6.4, the bulk cell density decreases significantly if the gel granule radius
increases much beyond Dmax, which is undesirable from the standpoint of minimizing
bioreactor volume and cost. However, the value of (ΔP/L) in the reactor increases as gel
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granule size decreases, which is important to minimizing bioreactor cost, so there exists a
trade-off between minimizing pressure drop and maximizing cell density. The value of
(ΔP/L) is estimated from the classical Ergun eqn. for packed columns:31
⎛ μG
ΔP
= 150⎜⎜
2
L
⎝ kgρD

⎞⎛ (1 − ε )2
⎟⎟⎜
3
⎜
⎠⎝ ε

⎞
G2 ⎛1− ε ⎞
⎟ + 1.75
⎜
⎟
⎟
kgρD ⎝ ε 3 ⎠
⎠

[6.5]

In Eq. 6.5, ΔP is the pressure drop in psi./ft., L is the length of the reactor in ft., μ
is the viscosity of the fluid medium taken as 2.42 lb./ft. hr. for water, k is a conversion
factor equal to 144 (in.2/ft.2), g is the gravitational constant (4.17⋅108 lb.ft. /lb.hr.2), D is
the granule diameter in ft., ε is the aqueous phase (inter-granule) void fraction, ρ is the
density of the aqueous medium, taken as 62.3 lb./ft.3, and G is the mass velocity of the
aqueous medium in lb./ft.2hr., equal to the product of fluid density and average velocity.
Fig. 6.10 illustrates the estimated (ΔP/L) for reasonable operating conditions in a
continuous flow, packed bed hydrogel bioreactor. In Fig. 6.10, values of (ΔP/L) are
presented for an assumed aqueous phase volume fraction (ε=0.4) for gel granule
diameters of 200 μm, 500 μm, and 1000 μm. The overall pressure rise is reasonably low
over the range of mass velocities considered, approaching 1.0 psi./ft. only for the smallest
gel size (D=200 μm) and largest mass velocity (200 lb./ft.2 hr.). The effect of the
aqueous phase volume fraction (ε) is seen from Eq. 6.4. Significant reductions in the
pressure drop over the reactor can be achieved by a slight decrease in ε, whereas the
value of ρc,bulk is only slightly reduced, according to Eq. 6.4. Note that in a system where
the gel particles are not neutrally buoyant, it may not be straightforward to control ε
under laminar flow conditions, where settling or floating of the gel phase may occur.
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Figure 6.10: Estimated (ΔP/L) (Ergun eqn.) for a continuous flow, packed bed
bioreactor containing hydrogel granules of diameter D, for reasonable values of the mass
velocity (G). The aqueous phase volume fraction is taken to be ε = 0.4.

The preceding analysis considered the effects of gel granule size only on two
design variables, bulk cell density and pressure drop, which are important in a packed bed
hydrogel bioreactor. The gel granule size will also affect mass transport characteristics of
the system, which, of course, significantly impacts reactor operation.23 For example, the
diameter of the gel granules will affect the residence time of the feedstock in the reactor,
the rate of gas (e.g. N2, O2), substrate, and nutrient transport to the immobilized cells, and
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the possible hold-up of evolved gases in the system. The volume fraction and size of
pores or cracks in the gel particles will also affect internal mass transfer, meaning
diffusion of nutrients into the gels and diffusion of products and wastes out. The ultimate
choice of the gel granule size will therefore depend not only on the desired pressure drop
and cell density, but whether mass transfer resistance is rate-limiting, or if the
fermentation or other reaction is rate-limiting.23

6.12 Bioreactor Runs

Our colonization experiments showed that there is a well defined depth of
colonization, Dmax for each hydrogel beneath which there exists very few viable cells, if
any. Considering this depth, one might use small gel particles with diameter~2Dmax as
packing material in order to have the gel completely colonized. However, we should also
consider that the mobile phase in the vessel (gases and medium) should flow through the
voids in between the gels. The packing material is confined between two stainless steel
sieve plates with 2 mm holes that allow liquid to pass through, which prevents pieces of
the packing material from clogging the waste outlet tube and the sampling tube. The gels
used should be larger than these holes. Also, the design of gels should allow liquid and
gases to flow through with minimal back-pressure build up. Therefore, due to practical
limitations, instead of using gels with very small diameters, we decided to use larger
cube–shaped gel pieces with approximate dimensions of 0.5cm x 0.5cm x 0.5cm. The
bioreactor can be redesigned to use a mesh with smaller openings than the current
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stainless steel sieve plates that were used. This would allow the use of smaller gels with
dimensions closer to 2Dmax.
We initially performed a control bioreactor run with the glycerol-yeast extract
medium30 (10 g/L glycerol) without a gel. The inoculation procedure is described in
detail in Section 6.7. After inoculation, samples were taken at certain intervals and GPC
characterization was performed to measure glycerol concentration. After 196 h when the
reactor was populated with a high density of cells, the glycerol concentration was raised
to 80 g/L by the addition of autoclaved glycerol in minimal distilled water.
Sample preparation procedure for the GPC measurements is described in detail in
Section 6.3. The chromatographs yielded two peaks, the shorter retention time peak
belonging to the glycerol and the longer retention time peak belonging to the ethyl
alcohol. The ethanol was an internal concentration standard. A representative GPC
elution curve is shown in Fig. 6.11. We integrated both peaks and took the ratio of the
integrations as a measure of concentration. The initial ratio at 0 hours was taken to
correspond to initial glycerol concentration (10g/L) and the concentration of glycerol at
different times was calculated by comparing to the 0-hour ratio. Fig. 6.12 shows the
glycerol concentration at different times. From Fig. 6.12 (a), the glycerol concentration
started to decrease after 60 hours and decreased from 10 g/L to 3.7 g/L in 196 hours.
Fig. 6.12 (b) shows the glycerol concentration in the bioreactor after the concentration
was increased to 80 g/L. The concentration dropped to 46 g/L at 527 h and remained
roughly constant until we terminated the run at 682 h.
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Figure 6.11: Gel permeation chromatograph of a representative sample (509 h)

Fig. 6.13 shows the absorbance data from the UV-Vis measurements. The optical
density of the medium increased until 68 h which roughly corresponds to the time when
glycerol concentration started to decrease dramatically. The absorbance between 68 h
and 196 h approached a constant value within experimental uncertainty.
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a

b

Figure 6.12: Glycerol concentration at different times a. initial concentration (10 g/L)
b. after the addition of 80 g/L of glycerol

The bioreactor control run with glycerol medium was repeated two more times.
Unfortunately, we were not able to get reproducible results with respect to glycerol
consumption. Therefore, although glycerol is an economically attractive carbon source,
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we continued our experiments with mannitol based media, which we hoped would
produce more consistent results.

Figure 6.13: Absorbance at different times for the glycerol-yeast extract medium run.
(Dashed lines are a guide to the eye)

We performed a bioreactor control run with the mannitol-yeast extract medium30
(10 g/L mannitol) without any gel present. The inoculation, sampling and GPC and UVVis characterization procedures are described in Section 6.7.
Fig. 6.14 shows the mannitol concentration at different times as measured by
GPC. From Fig. 6.14, the mannitol concentration started to decrease after around 68 h
and decreased from 10 g/L to 3.3 g/L in 147 h. After 147 h, we started a continuous run
and pumped in fresh medium containing 10 g/L of mannitol at a rate of 4 mL/h. This rate
corresponds to the mannitol consumption between 101 h and 147 h. We continued
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medium addition at this rate between the 147 h and 319 h. Fig. 6.14 shows that the
mannitol concentration continued to decrease even though the medium was being
continuously replenished. Therefore, we prepared a fresh medium containing 50 g/L of
mannitol keeping all the other ingredients at the same concentration. We continued the
continuous run with this medium composition between 323 h and 382 h pumping in
medium at a rate that corresponds to mannitol consumption between 278 h and 319 h.
During this interval of continuous run, the mannitol concentration continued to increase
and reached 9.9 g/L at 382 h. We stopped medium addition and continued in the batch
mode between the 382nd and 475th hours to test mannitol consumption. Unfortunately,
the mannitol concentration remained roughly constant so, we terminated the run at 475 h.

Figure 6.14: Mannitol concentration at different times.
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Fig. 6.15 shows the absorbance data from the UV-Vis measurements.

The

absorbance increased until 101 h. The absorbance between 101 h and 268 h roughly
remained constant. Between 268 h and 323 h the absorbance decreased, possibly because
the cell concentration was diluted by the continuous addition of medium. After the 323rd
hour, the absorbance remained constant within the limits of experimental errors,
indicating that consumption of the medium had ceased.

Figure 6.15: Absorbance at different times for the mannitol-yeast extract medium run

We tried repeating the same bioreactor run with mannitol containing medium
three more times. Unfortunately, we were not able to get reproducible results with
mannitol consumption. Nevertheless, we used the same medium to repeat the experiment
in the presence of a hydrogel packed in a bed in the bioreactor vessel.
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After sterilization by the procedure described in Section 6.7, we followed the
same procedures for sampling and characterization with GPC and UV-Vis. Fig. 6.16
shows the mannitol concentration at different times for the gel-packed reactor. From
Fig. 6.16, the glycerol concentration started to decrease after around 66 h and decreased
from 10 g/L to 0.3 g/L in 137 h. After 137 h, we started a continuous run and pumped in
fresh media containing 10 g/L of mannitol at a rate of 5.2 mL/h. This rate corresponds to
the mannitol consumption between 84 h and 137 h. We continued medium addition at
this rate between the 147 h and 192 h. Fig. 6.16 shows that the glycerol concentration
continued to decrease after an initial increase even though we kept adding fresh medium.
Therefore, we increased the pumping rate to 26.1 mL/h.

Since the mannitol

concentration kept increasing we gradually decreased the pumping rate to 20.9 mL/h and
then to 15.7 mL/h. The mannitol concentration kept increasing at these rates too. We
stopped the continuous run between 276 h and 306 h to confirm mannitol consumption.
At this interval, we observed a decrease in mannitol concentration that confirmed the
consumption of mannitol. Then, we started the continuous run again with a pumping rate
of 2.61 mL/h. We ran the bioreactor at this rate between 329 h and 780 h and we were
roughly able to get a steady mannitol concentration.

Finally, we stopped medium

addition before terminating the run and continued in the batch mode between 835 h and
854 h and observed a slight decrease in mannitol consumption.
Fig. 6.17 shows the absorbance data from the UV-Vis measurements.

The

absorbance increased until 109 h. After the continuous run was started, the absorbance
decreased due to the dilution of the medium due to constant fresh medium addition.
After the 385 hour, some time after the medium pumping rate was reduced to 2.61 mL/h,
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the absorbance remained constant within the limits of experimental errors. Both the GPC
and UV-Vis measurements confirmed that at this dilution rate, we achieved a steady
state.

Figure 6.16: Mannitol concentration at different times for the bioreactor run with a
packed gel present

Upon the termination of the run, we opened the vessel. We observed that only a
small percentage of the gel remained intact. The few gels that remained still had sharp
edges but were cloudy and less stiff compared to their initial state.
Overall comparison of the GPC results for the three bioreactor runs shows that the
mannitol consumption started at around 60-68 h in all cases. Total consumption at the
end of the initial batch run mode was roughly the same for the control runs without a gel
present. For the glycerol based medium, the glycerol concentration decreased to 3.7 g/L
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in 154 h and for the mannitol based medium, the mannitol concentration decreased to
3.3 g/L in 147 h. For the run where a packed gel was present in the bioreactor, the
mannitol concentration decreased to 0.3 g/L in 137 h. This consumption rate is much
faster compared to the other runs and it might be due to bacteria immobilization in the
packed gel. It is possible that the bacteria might multiply faster or metabolize mannitol
faster when attached to a surface rather than being suspended in a liquid under shear
forces due to agitation. However, the PAMAM/PEG gels examined in this thesis were
clearly not optimal materials for this study due to their unfortunate tendency to degrade
during the runs.

Figure 6.17: Absorbance at different times for the mannitol-yeast extract medium run
with a packed gel present.
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6.13 Conclusions

Synthetic polymer hydrogels are versatile immobilization scaffolds for
continuous-flow bioreactors due to their adjustable equilibrium swelling and soluble
fraction, parameters which clearly affect their ability to support bacteria. We have
demonstrated a systematic approach for preparing gels that can accommodate high
densities of viable cells. Crosslinking of the gel under conditions favoring a high soluble
fraction, followed by leaching of solubles, generates surface pores or cracks that allow
entry of bacteria from free-cell suspensions. This approach permits a wide range of
crosslinking chemistries and/or high temperatures to be used to prepare gels, without the
concern that the crosslinking reaction conditions may be harmful to the cells, which are
added after crosslinking and extraction. Gels having high soluble fractions may be
obtained either by off-stoichiometric reaction between polymer and crosslinker as in gels
A1-A3, or by addition of an inert, extractable polymeric diluent prior to crosslinking as in
gels B1-B3.

The latter methodology should be broadly applicable to other gel

compositions besides the ionizable PEG hydrogels studied here.
The present study illustrates that R. leguminosarum colonizes a surface layer of
the ionizable PEG gels having thickness Dmax that increases as Qs and wsol increase.
Although it was not possible to separate the effects of Qs and wsol, which are coupled to
one another in the present system, it is clear that "imperfect" gels with inhomogeneous
structure and high extractable content are more effective as scaffolds compared to
structurally perfect "model" gels. Although it is not yet clear what physical factors
govern Dmax, the existence of a surface layer populated by cells has clear implications for
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bioreactor design. In order to achieve maximum cell density, the gel should be finely
divided such that the thickness of the gel granules is of the order of ~2Dmax or less.
However, a trade-off exists between minimizing gel granule size and maintaining a
reasonable pressure drop per unit bioreactor length.
We have also used our hydrogels as immobilizers in a bioreactor system and
compared carbon source consumption between two cases. In the first case there was only
liquid medium present and in the second case, a gel was packed in the medium. We
showed that initial carbon source consumption rate in the batch mode was much higher
when a gel was present, though our study suffered from reproducibility issues. We were
also able to achieve a steady state of mannitol consumption but the rate was very low.
Our bioreactor runs showed that PAMAM/PEG hydrogel system is not optimal
for this study due to their tendency to degrade during the runs. Use of this system is also
not practical since it is not autoclavable. To overcome these problems, one should design
an autoclavable gel material that maintains its mechanical integrity and does not degrade
during the runs. In addition, the packing material may consist of a single piece of
sponge-like material with large enough pores to allow liquid to flow through with
minimal back-pressure. This would eliminate the time-consuming slicing process we
followed, and eliminate any associated reproducibility issues.

As an example, we

propose a porous gel system prepared by simple urethane chemistry.

Hydrophilic

polyurethane gels can be prepared by fusing together reactive polyol precursors and
diisocyanate monomers, followed by swelling and extraction in water. It is possible to
make gels with interconnected macroscopic pores with this chemistry, producing a
sponge-like material. The presence of large pores allows flow of the reaction medium
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through the interconnected pore network, and creates a large amount of surface area for
mass transfer. The polyurethane gels offer better mechanical durability and significantly
better ability to withstand autoclaving compared to the PAMAM/PEG gels, although their
equilibrium swelling in water is lower, meaning that more polymer is needed to fill the
bioreactor. Another alternative could be the use of poly(2-hydroxyethyl methacrylate)
(pHEMA) based hydrogels crosslinked with ethylene glycol dimethacrylate (EGDMA).
This system is hydrolytically stable and can be autoclaved. Another advantage is that the
EGDMA crosslinker is significantly less expensive than PAMAM dendrimers. However,
these gels swell considerably less than the PAMAM/PEG gels, so a larger mass of
polymer is needed to fill the bioreactor volume with gel. A gel with higher polymer
fraction will be less cost effective and will also likely to be occupied with lower cell
density. Swelling of these gels may be improved by the introduction of ionizable groups
such as methacrylic acid groups.
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Chapter 7
Influence of DGEBA Crosslinking on Li+ Ion Conduction in Poly(ethyleneimine)
Gels

7.1 Introduction

Compared to conventional nickel-cadmium (Ni-Cad) batteries, rechargeable
lithium-ion batteries offer higher energy density, longer lifetimes, and lighter weight.1
Because of these technological advantages, materials research efforts of the past 25 years
have been directed toward developing and improving safe, commercially feasible lithium
ion batteries for use in portable electronics. Recent efforts have focused on developing
safe electrolyte materials that exhibit minimal flammability and toxicity while preserving
high DC ionic conductivity (typically 10-3 S cm-1 < σ0 < 10-2 S cm-1) and lithium
transference number over the widest possible temperature range. Commercial liquid
electrolyte formulations generally contain a mixture of a lithium salt with solvents,
polymers, and fillers, but liquid formulations pose the risk of leakage from a punctured or
ruptured cell. Plasticized polymer electrolytes, including solid polymers and lightly
crosslinked gels, offer ionic conductivity approaching that of polymer solution
electrolytes, while solid or rubber-like mechanical properties reduce the likelihood of
leakage from a ruptured cell.

Widespread efforts have therefore been devoted to

development of readily processable plasticized polymer electrolytes that offer safe
performance, thermal and electrochemical stability, high ionic conductivity, and good
mechanical strength over a broad temperature range.2
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Previous studies of plasticized polymer electrolytes have considered numerous
systems

based

upon

polymers

including

poly(ethylene

oxide)

(PEO),3-9

poly(acrylonitrile) (PAN),10-21 poly(methyl methacrylate) (PMMA),22-32 poly(vinylidene
fluoride) (PVdF),33-41 and others.2,8 Among the numerous "gel" formulations studied, one
must distinguish between 1) plasticized semicrystalline polymers, where crystal lamellae
serve as physical crosslinks; 2) two-phase electrolytes where the solvent fills a network
of pores in a solid, insoluble polymer scaffold; and 3) solvent-swollen, chemically
crosslinked polymer networks. Covalently crosslinked gel electrolytes are attractive
because the solvent or plasticizer increases the mobility of the Li+ cations, while crosslink
junctions maintain rubber-like mechanical behavior. In crosslinked gels, the conductivity
is not hampered by the presence of crystalline microdomains as in plasticized
semicrystalline solid polymers, and no continuous pathways exist for possible lithium
dendrite growth as in porous "gel" electrolytes.8,42,43 However, excessive dilution of
crosslinked gel electrolytes also generally degrades mechanical properties, so there exists
a trade-off between maximizing conductivity (increasing solvent content) and
maintaining desirable mechanical behavior.8
Among

numerous

studies

of

gel

electrolytes,

those

based

upon

poly(ethyleneimine) or PEI,44,45 a polyamine having (-CH2CH2NH-) backbone repeat
units, are promising due to their low glass transition temperatures, high ionic
conductivities, and ease of random crosslinking via primary and secondary amine groups.
The amines in the backbone and endgroups of PEI coordinate with the Li+ cation,
reducing the binding energy between Li+ and the counter-anion (e.g. SbF6-, CF3SO3-),46,47
and increasing the concentration of loosely bound Li+ cations available for conduction.
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Several studies of PEI-based electrolytes have appeared recently.

Glatzhofer et al.

studied electrolytes of poly(N-(2-(2-methoxyethoxy)ethyl)ethylenimine), a PEO-PEI
copolymer, which exhibited σ0 as high as 7·10-5 S cm-1 at 60 °C.48

Frech et al.

characterized PEI gel electrolytes crosslinked by tetraethylene glycol diacrylate with
diglyme as solvent, which had σ0 as high as 2·10-4 S cm-1 at 20 °C.49 Armand et al. have
examined solid PEI-PEO-PEI triblock copolymer electrolytes, which serve as a dual
matrix for Li+ and Cu2+ ions.50,51
Random crosslinking of PEI in solution is an attractive and economical
processing strategy to produce rubber-like electrolytes, an idea first pursued by
Glatzhofer et al., who crosslinked PEI by a Michael addition reaction between acrylates
and the amines of PEI.45 However, no previous study has systematically examined how
crosslink density influences ionic conductivity of PEI gel electrolytes, a key concept that
is broadly applicable to optimization of any crosslinked polymer gel electrolyte system.
Our study characterizes both PEI solutions and gels prepared in 50 mass % N,Ndimethylformamide (DMF) by random crosslinking with the diglycidyl ether of
bisphenol-A (DGEBA), a standard epoxide-amine reaction. After characterizing the
influence of LiCF3SO3 (LiTf) concentration on DC conductivity in solutions, we examine
how DC conductivity is affected by crosslink density (DGEBA concentration), and
propose a physical interpretation of the observed trend.
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7.2 Solution and Gel Electrolyte Synthesis

Randomly branched PEI (nominal molar mass = 10,000 g mol-1, 99 %) was
obtained from Alfa Aesar (Stock # 40331, Lot # J16R012). NMR characterization of the
PEI used was discussed in detail in Chapter 2. PEI was dried under vacuum for 18 h or
more at 70 °C prior to use to remove traces of water. Diglycidyl ether of bisphenol-A
(DGEBA), N,N-dimethylformamide (DMF), and anhydrous, electronics-grade lithium
triflate (LiTf) (99.995 %) were obtained from Sigma-Aldrich and used as received.
Synthesis of the PEI solutions and gels was conducted in a glovebox under anhydrous
nitrogen atmosphere.
System I: Solution electrolytes containing LiTf. LiTf was added to a stock

solution of 50 mass % PEI and 50 mass % DMF. The mixture was stirred for 5 min.,
then allowed to stand for an additional 24 h before characterization of dielectric
properties. Several solutions were prepared, each containing a different concentration of
LiTf. The LiTf concentrations are reported in terms of the [N] : [Li] ratio, defined as the
ratio of the moles of (-CH2CH2NH-) units to the moles of LiTf salt. The number of
moles of (-CH2CH2NH-) units was calculated by dividing the mass of PEI by 43.0
g mol-1. The compositions of all System I solution samples are quoted in Table 7.1.
System II: Crosslinked gel electrolytes without LiTf. Neat DGEBA was added to

a homogenized solution of PEI in DMF, followed by stirring for 5 min. at 20 °C. The
homogenized mixture was cured in a sealed container at 100 °C for 4 h. The overall
DMF concentration was held fixed at 50 mass % for all gels, with the remaining 50 %
consisting of polymer. Samples were cured between glass plates to produce flat sheets of
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1.25 mm thickness for mechanical characterization, or in sealed glass vials with minimal
air space to produce cylindrical samples for swelling measurements. Samples were
labeled A through I in order of increasing DGEBA content.

The compositions of all

System II gel samples are quoted in Table 7.2.
Table 7.1: Compositions of non-crosslinked solution electrolytes (System I).

Table 7.2: Compositions of gels (without LiTf salt) prepared for swelling and modulus
measurements (System II)

System III: Crosslinked gel electrolytes containing LiTf.

LiTf was added to a

homogenized solution of PEI in DMF, and the mixture was stirred for 5 min. to dissolve
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the salt. The amount of LiTf added was held fixed at 0.121 g LiTf per 1.0 g PEI, giving
[N] : [Li] = 30:1. Neat DGEBA was added to this solution, and the mixture was stirred
for an additional 5 min. at 20 °C. Samples were labeled A' through I' in order of
increasing DGEBA concentration and the compositions of all samples are quoted in
Table 7.3.

The reaction mixture was cured at 100 °C for 4 h.

For mechanical

measurements, samples were cured between glass plates to produce flat sheets of
1.25 mm thickness.

For dielectric measurements, the reaction mixture was cured

between aluminum electrodes separated by 535 μm

polytetrafluoroethylene (PTFE)

spacers.
Table 7.3: Compositions of gels (with LiTf salt) prepared for mechanical measurements
and dielectric spectroscopy (System III), and the estimated glass transition temperature
for each (DMA, 1 Hz).
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7.3 Swelling Experiments

Swelling experiments were performed on System II gels (without LiTf) to
examine the crosslinking reaction without the complicating effects of added salt. Each
gel contained equal mass fractions of DMF and polymers, so DMF concentration during
crosslinking was held constant.

Swelling of gels in DMF was accomplished by

completely submerging cylindrical gels of initial diameter D0 = 0.94 cm and initial length
L0, in DMF for one week, during which time the DMF was replaced with fresh solvent
daily. The equilibrium degree of swelling was defined as Eq. 7.1
DS=(Le/L0)(De/D0)2

[7.1]

where Le and De are the length and diameter of the swollen cylinder at
equilibrium.

DS is a volume swelling ratio referenced to the original gels, which

contained 50 mass % DMF, and is not referenced to the "dry" state. DS=1.0 corresponds
to a gel that underwent no additional swelling upon immersion in DMF.

7.4 Dynamic Mechanical Analysis (DMA)

Modulus measurements were performed on a TA Instruments Q800 DMA in
oscillatory shear at 30 ºC at 1 Hz and strain amplitude of 0.5 %. At ω=1 Hz, G"(ω) <<
G'(ω) for all samples studied, so the shear modulus was taken as G ≈ G'(ω). Data were
acquired and analyzed by the TA Instruments Universal Analysis software.

Glass

transition temperatures of System III gels (with added salt) were measured by performing
a constant-frequency temperature ramp over the range (-90 °C < T < 30 °C). The peak
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value of the mechanical loss tangent at a frequency of 1 Hz, tan δ ≡ G"(ω)/G'(ω), was
taken as an approximation to Tg.

7.5 FTIR Spectroscopy

Polymer films were cast between 2 mm thick ZnSe windows and characterized in
transmission using a Digilab FTS 800 (Scimitar Series) FTIR spectrometer from 500 cm-1
to 4,000 cm-1 at intervals of 1.0 cm-1. A nitrogen purge was maintained to eliminate as
much moisture and carbon dioxide as possible.

25 transients were collected and

combined, and all spectra were corrected for background by subtracting a reference
spectrum obtained with clean ZnSe windows in the beam.

7.6 Broadband Dielectric Spectroscopy

Dielectric (impedance) spectra were collected isothermally using a Novocontrol
GmbH Concept 40 broadband dielectric spectrometer in the frequency range 101 to
106 Hz with an applied voltage of 1.5 V. Non-crosslinked solution electrolytes (System
I) were characterized in a liquid cell, which consisted of a bottom "cup" electrode and a
top plate separated by a PTFE spacer. Crosslinked gel electrolytes (System III) were
confined between polished aluminum electrodes kept at constant separation by a PTFE
spacer of 535 μm thickness and 20 mm diameter. Temperature was held constant for
each measurement while a frequency sweep was performed.

Temperatures were

controlled to within 0.2 oC over the range -20 °C to 60 °C. Conductivities were measured
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at 20 oC before and after the dielectric measurement procedure to ensure that no thermal
or electrochemical processes altered the sample properties during measurement. Data
was collected on the WinDETA program and fitted by the Novocontrol WinFit program.
Values of DC conductivity σ0 were obtained by fitting the dielectric loss in the
conductive regime by
⎛ σ
ε ' ' (ω ) = ⎜⎜ 0
⎝ ωε vac

⎞
⎟⎟
⎠

n

[7.2]

where ω is the radial frequency and εvac is the vacuum permittivity.

7.7 Characterization of Solution Electrolytes (System I)

Solution electrolytes having [N] : [Li] mole ratios of 30:1, 20:1, 10:1, 5:1, and 4:1
were prepared, where [N] is defined as the calculated molar concentration of PEI repeat
units, and excludes the nitrogen from DMF. FTIR spectra for these non-crosslinked
solutions are presented in Fig. 7.1 over the region (1010 cm-1 to 1060 cm-1). Curves are
plotted as continuous lines rather than discrete data points for clarity. The band centered
near 1033 cm-1 is attributed to the SO3 symmetric stretch of the Tf counterion, and the
shoulder peak near 1042 cm-1 is attributed to formation of LiTf contact ion pairs.47,52-64
Formation of ion pairs and/or triple ions is also observed in DMF/LiTf solutions (without
polymer), and contact ion pairs are favored over free ions as LiTf concentration
increases.52 Formation of contact ion pairs at high LiTf concentrations was also observed
by Frech et al. in solvent-free mixtures of PEI/LiTf47 and by Glatzhofer et al. in PEI gel

193
electrolytes.49 Thus, it is not surprising that Fig. 7.1 shows the fraction of free ions is
highest at the lowest LiTf concentration.

[N]:[Li] = 4:1

Absorbance (A.U.)

[N]:[Li] = 5:1

[N]:[Li] = 10:1
[N]:[Li] = 20:1
[N]:[Li] = 30:1

1060

1050

1040

1030

1020

1010

-1

wavenumber (cm )

Figure 7.1: FTIR spectra (SO3 symmetric stretch region) for non-crosslinked solution
electrolytes (System I).
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Figure 7.2: Dielectric constant ε'(ω) and loss ε''(ω) for System I solution electrolyte with
[N] : [Li] = 30:1. Lines are least squares fits to eqn. 2 (used to determine σ0).
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Dielectric spectra of a non-crosslinked solution electrolyte having [N] : [Li] =30:1
are presented in Fig. 7.2. Spectra were also collected for [N] : [Li] = 4:1, 5:1, 10:1, and
20:1. The dielectric loss ε"(ω) exhibits a linear dependence on ω at high frequencies,
which is assumed to arise from the motion of Li+ and Tf- ions. At lower frequencies,
electrode polarization screens the dielectric response of the material.

The DC

conductivity σ0 determined by eqn. 2 is plotted vs. the [N] : [Li] ratio in Fig. 7.3,
illustrating that σ0 decreases strongly at low [N] : [Li] ratios. Some of the solution
electrolytes exhibited ionic conductivity exceeding 10-3 S cm-1 at 20 °C, close to the
desirable range for battery electrolytes. The lower values of σ0 for samples having
[N] : [Li] = 5:1 and 4:1 suggest that the concentration of "free" Li+ ions available for
conduction decreases at high LiTf concentrations due to formation of contact ion pairs
and/or triple ions.

Figure 7.3: Fitted values of DC conductivity (σ0) for System I solution electrolytes.
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7.8 Characterization of Crosslinked Gel Electrolytes without LiTf (System II)

Gels were prepared via epoxide-amine random crosslinking in DMF, a simple and
versatile reaction that produces stable covalent C-N bonds (Fig. 7.4). Only 1o and 2o
amines can participate in the crosslinking reaction, and 1o amines can presumably react
twice with epoxide groups.65 The 1o amines are the least sterically hindered, and perhaps
the most likely to undergo reaction with an epoxide group. Crosslinking is slow enough
at ambient temperature to permit thorough mixing without gelation, but the gel point is
reached within a few minutes at 100 °C. DMF is a good solvent for both PEI and
DGEBA at 20 °C, and it offers a relatively high dielectric constant (38.3), which
encourages separation of the Li+ cations from the Tf- counterions. Compositions of
System II gel samples (designated A-I) are presented in Table 2. The ratio of PEI repeat
units (moles -CH2CH2NH-) to moles DGEBA was varied from 190 (sample A, least
densely crosslinked) to 32 (sample I, most densely crosslinked). All samples reached the
gel point, producing optically transparent, slightly yellow, rubber-like networks. As
DGEBA content increased, samples varied from pliable and tacky (sample A) to rubberlike and quite stiff (sample I). In no case did we observe any visual evidence of
macroscopic phase separation or inhomogeneity after cure.
Equilibrium swelling experiments were conducted in pure DMF using System II
gels without salt to verify that the gel point had been reached, and to provide a
comparative measure of the effective crosslink density.

All samples reached an

equilibrium degree of swelling (DS) in DMF (Fig. 7.5), unlike the non-crosslinked PEI,
which dissolved readily.

The most weakly crosslinked gel (sample A) fragmented
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extensively during swelling, precluding accurate measurement of DS, but all others
remained intact.

Sample A may closely approximate the minimum DGEBA

concentration for gelation. DS is quite low (about 1.1 or less) for samples E, F, G, H, and
I, which absorbed very little DMF beyond that already present at crosslinking. These
densely crosslinked networks have very short elastic chains between junction points.

Figure 7.4 Crosslinking reaction between DGEBA and PEI. Reaction of epoxides with
secondary amines in the PEI backbone is also possible.

The shear storage moduli (G') of System II gels were measured by DMA at a
frequency of 1 Hz immediately after crosslinking (Fig. 7.5). Measured values of G'
ranged from 0.018 MPa (sample B) to 0.31 MPa (sample I). Increasing the DGEBA
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concentration strongly enhances the storage modulus, as expected for a random
crosslinking process.

The average molar mass between crosslink junctions (Mc)

decreases with increasing chemical crosslink density. The modulus of a rubber-like
network with short elastic chains is expected to scale as (G/RT) ~ ν ~ (1/Mc), where ν is
the number density of elastically effective network chains. (G/RT) is approximately
proportional to the concentration of chemical crosslinks for a densely crosslinked
network where entanglement effects are not significant. Note that the total crosslink
density in a given sample may exceed the concentration of DGEBA units due to the
presence of 3o amines in the original PEI, which can potentially serve as additional
effective crosslink junctions.

Figure 7.5: Shear storage moduli of System II and System III gels measured at 30 °C
and ω=1 Hz, and equilibrium swelling of System II gels in DMF at 23 °C.
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7.9 Characterization of Crosslinked Gel Electrolytes Containing LiTf (System III)

Based upon the measured DC conductivities of the solution electrolytes and the
evidence of contact ion pair formation from FTIR spectroscopy, crosslinked gels having
[N] : [Li] = 30:1 were chosen for further study.

Gel formulations (A' through I'),

described in Table 3, were identical to formulations (A through I) described in Table 2,
except LiTf salt was added prior to crosslinking. The shear storage moduli determined
by DMA for System III gels are plotted in Fig. 7.5 for comparison to System II gels. The
storage moduli of the System III gels are generally higher than the corresponding System
II gels. This apparent enhancement of the storage modulus at ω= 1 Hz may be attributed
to the interactions of Li+ cations with PEI segments, which affects the relaxation time
spectrum of the network chains. Addition of LiTf salt (≈ 5 mass %) did not adversely
affect macroscopic gelation or mechanical properties for any of the samples studied.
Fig. 7.6 presents dielectric spectra for gel I' (most densely crosslinked). The
spectra are qualitatively similar to those of the non-crosslinked solution electrolyte
having [N] : [Li] = 30:1 (Fig. 7.3). Fig. 7.7 is a plot of the fitted values of σ0 for both
non-crosslinked liquids and crosslinked gels as a function of the mole ratio of epoxides to
amines, illustrating that σ0 decreases strongly with increasing DGEBA content. The most
densely crosslinked gel, sample I', had σ0 less than 1 % of the value measured for the
non-crosslinked solution.

Thus, from an engineering standpoint, a trade-off exists

between maintaining high conductivity and achieving high storage modulus by
crosslinking for this system. Fig. 7.8 plots the dependence of conductivity on inverse
temperature for the same group of samples. The downward trend of σ0 with increasing
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(1/T) is similar for all samples studied, but the conductivity is substantially attenuated as
crosslink density increases.

Figure 7.6: Dielectric constant ε'(ω) and loss ε"(ω) for gel electrolyte (System III, Gel I')
having [N] : [Li] = 30:1. Lines are least squares fits to Eq. 7.2 (used to determine σ0).
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Figure 7.7: Fitted values of the DC conductivity (σ0) for System I solution electrolyte
and System III gel electrolytes, all of which have [N] : [Li] = 30:1.

The observed depression in σ0 with increasing crosslink density may be attributed
to a reduction in the mobility of charge carriers following crosslinking. Reaction of
terminal 1o amines of PEI with DGEBA to produce crosslink junctions reduces the
overall concentration of PEI chain ends, and segments in chain ends lose translational
degrees of freedom. Dangling chains are known to enhance Li+ ion mobility in (solventfree) polyether networks.66,67 It is plausible that the concentration of chain ends may also
affect ion mobility in PEI gel electrolytes, assuming the motion of charge carriers is
coupled to the segmental motions of the network chains. Although segmental motion in
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the crosslinked gels is increasingly restricted as crosslink density increases, the resulting
depression of σ0 cannot be directly ascribed to an increase in the glass transition
temperature following crosslinking. The measured values of Tg (by DMA at ω=1 Hz)
were quite close to T = -30 °C for all samples (Table 7.3). This apparent lack of variation
in Tg is most likely due to the high solvent content of the gels. Despite the lack of
variation in Tg, the loss of fast segmental motions associated with numerous chain ends,
which become tethered to the network upon crosslinking, may be responsible for the
observed drop in conductivity. The concentration of chain ends does not necessarily have
a measurable effect on Tg in a crosslinked electrolyte, especially in the presence of a
solvent. In addition to arguments based upon changes in the mobility of charge carriers,
one must also consider the possibility that crosslinking with DGEBA reduces the
concentration of charge carriers in some capacity. However, it seems unlikely that the
addition of DGEBA units at an overall mass fraction of 10 % or less would cause a
drastic change in the dissociation of LiTf, especially given the high concentration of
DMF. Unfortunately, a strong absorbance near 1036 cm-1 in the FTIR spectrum of
DGEBA overlaps the SO3 symmetric stretch band of the Tf- anion, preventing direct
comparison with the FTIR spectra for System I solution electrolytes presented in Fig. 7.1.
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Figure 7.8: Dependence of DC conductivity (σ0) on inverse temperature for System I
solution electrolyte and System III gel electrolytes, all of which have [N] : [Li] = 30:1

7.10 Summary and Conclusions

We characterized the DC conductivity (σ0) of solution electrolytes prepared by
adding LiCF3SO3 (LiTf) salt to a (50/50 w/w) solution of branched poly(ethylene imine)
(PEI) in N,N-dimethylformamide (DMF). The value of σ0 increases with decreasing LiTf
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concentration over the range of compositions studied due to the formation of contact ion
pairs at higher LiTf concentrations, with the highest value of σ0 exceeding 10-3 S cm-1 at
20 °C. Random crosslinking of branched, low molar mass PEI with a difunctional
epoxide (DGEBA) is a simple and effective means to obtain gel electrolytes with high
solvent content, high ionic conductivity, and rubber-like mechanical properties. DGEBA
crosslinking provides a simple means to obtain rubber-like electrolytes with adjustable
storage modulus. Holding the [N] : [Li] mole ratio fixed, increasing the crosslink density
dramatically decreases σ0 at all temperatures studied.

Therefore, a trade-off exists

between high storage modulus and low ionic conductivity with DGEBA as crosslinker.
The decrease in σ0 cannot be attributed to an increase in the glass transition temperature,
as little variation in Tg is noted amongst the samples due to their high solvent content.
The reduction in conductivity upon crosslinking is attributed in part to a reduction of
segmental mobility by tethering of chain ends to the network, which reduces the mobility
of charge carriers. From the standpoint of battery applications, this system might be
optimized by selecting the lowest chemical crosslink density that provides desirable
mechanical behavior. We did not quantitatively characterize impact resistance and energy
of failure, mechanical properties which are important for battery electrolyte applications,
but the gels were mechanically robust and could survive routine mechanical testing
without fracturing. It may also be possible to further increase the conductivity of these
gels by increasing the solvent content and optimizing the [N] : [Li] mole ratio. With
suitable optimization and testing of electrochemical and thermal stability, PEI gel
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electrolytes are promising materials for battery electrolytes that may be competitive with
the more widely studied systems based upon other polymers.
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