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ABSTRACT
Electrolytes currently used in commercial lithium ion batteries have led to leakage
and safety issues. Solvent-free solid polymer electrolytes (SPEs) offering high energy
density are promising materials for lithium battery applications. SPEs require high
modulus to separate the electrodes and suppress lithium dendrite growth. Microphase
separation of the hard segments in amorphous polyureas (PUs) yields materials with
higher moduli than typical low glass transition temperature (Tg) polymers. In this
dissertation, several families of solution polymerized polyether-based PU ionomers were
synthesized and their thermal, morphology and dynamic properties characterized as a
function of chemical composition.
In the initial phase of this investigation, polyethylene oxide (PEO) diamines
(with molecular weights = 200, 600, 1050, 2000, 3000 and 6000 g/mol) were
polymerized with 4,4’ methylene diphenyl diisocyanate (MDI). PUs with 200 and 600
g/mol PEO soft segments are amorphous and single phase. The amorphous PU having
1050 g/mol PEO segments exhibits a small degree of phase separation, as demonstrated
by X-ray scattering. PUs with 2000, 3000 and 6000 g/mol PEO soft segments are semicrystalline and their melting points and degrees of crystallinity are lower than those of the
precursor PEO diamines due to their attachment to rigid hard segments.
Even though polypropylene oxide (PPO) does not dissolve cations as efficiently
as PEO, PPO is not crystallizable and was chosen to create a second family of amorphous
PUs. PPO-containing diamines ((Jeff400 (MW = 400 g/mol) and Jeff2000 (MW = 2000
g/mol)) and MDI were chosen as the neutral soft segment and the hard segment,
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respectively. 2,5-diaminobenzene sulfonate was successfully synthesized and used for
preparing ionomers. The amount of ionic species in these ionomers was varied and
quantified using 1H-NMR. Single Tgs were observed and they increased with increasing
ionic content. No X-ray scattering peaks corresponding to microphase separation of hard
and soft segments were detected, nor were ordered hydrogen bonded carbonyl bands in
FTIR spectra, demonstrating that the Jeff400 PUs are single phase. Using dielectric
relaxation spectroscopy (DRS), segmental relaxation temperatures also increase with
increasing ionic species content.. Increasing the number of ionic groups increases the
hard segment content, which results in higher DSC Tgs and slower fmaxs for the segmental
relaxation processes.
For the non-ionic and all of the ionic Jeff2000 PU samples that contain some nonionic soft segments, low temperature Tgs were observed that arise from microphase
separated soft phases. X-ray scattering peaks related to microphase separation and
ordered hydrogen bonded carbonyl bands were observed, reinforcing the conclusion of
hard/soft segment segregation. The DRS segmental relaxation is associated with soft
phase relaxation, with some of the ion dipoles participating in this process for the ionic
samples. The ionomers could not be dialyzed due to water insolubility, but were purified
by multiple precipitation in deionize water. Nevertheless, the findings suggest that the
observed conductivity primarily arises from ionic impurities.
A third family of PU ionomers was synthesized using an amorphous
polypropylene oxide-b- polyethylene oxide-b-polypropylene oxide diamine (ED900, MW
= 900 g/mol, 68% EO) and 2,5-diaminobenzene sulfonate. Hexamethylene diisocyanate
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was utilized as the hard segment as its high packing efficiency is known to facilitate
microphase separation. The non-ionic ED900 PU and its ionomers with various ion
contents were successfully synthesized. Low Tgs due to segregation of soft segments, Xray scattering peaks related to microphase separation between segments, and ordered
hydrogen bonded carbonyl bands were detected. Tapping mode atomic force microscopy
was also used to explore the morphology of these microphase separated materials. DRS
segmental relaxations are associated with soft phase. These materials were extensively
dialyzed and their low conductivities suggest that the lithium ions are primarily trapped
in hard domains.
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Chapter 1

Introduction and Motivation

Various energy storage technologies such as batteries have been developed and
used in recent decades.1 A number of different battery systems have been introduced and
a comparison of energy densities is illustrated in Figure 1.1.2 Lead acid batteries are the
oldest rechargeable batteries. Their low cost makes them attractive, but they offer low
energy density and have some safety issues. Nickel–cadmium batteries are useful for
applications requiring high discharge rate but they require appropriate handling and do
not have such high energy density. Nickel-metal hydride batteries have significant
disadvantages; the high rate of self discharge and low energy density. Lithium metal and
lithium ion based batteries offer relatively high energy densities, but special handling is
needed for lithium metal due to its high reactivity.3-4 Since lithium-ion batteries consist of
stable lithium ion-containing electrode, development of lithium ion polymer batteries has
drawn intensive interest from many researchers.

2

Figure 1-1 Comparison of energy densities of different battery systems.3 Lead-acid,
nickel-cadmium, nickel-metal hydride, commercial polymer separator battery with liquid
electrolyte, lithium metal and solid polymer electrolyte are abbreviated as Lead-acid, NiCd, Ni-MH, Li ion, Li metal and PLiON, respectively.

1.1 Lithium Ion Batteries
Offering the advantage of a very high energy density, lithium ion batteries have
been extensively studied, developed and widely used in portable electronic devices.4-6 In
commercial lithium ion batteries, an organic liquid electrolyte (i.e., a mixture of small
molecule carbonates with dissolved lithium salts) is contained in a porous polymer
separator. However, these flammable liquid electrolytes have led to safety and leakage
issues.7 Replacement of the liquid electrolytes with solid polymer electrolytes (SPEs) is
desirable. In 1973, Fenton, et al first reported that polyethylene oxide (PEO) was capable
of dissolving metal salts via formation of solvent-free polymer-salt complexes.8 Polymers
containing electron donor atoms such as oxygen, nitrogen or sulfur in their chemical
structures are capable of dissolving salts and most SPEs under investigation are systems
containing polyether segments. The oxygen atoms of polyethers form a complex structure
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with cations and segmental motion of polyether chain segments promotes ion transport as
shown in Figure 1-2.4, 9-10

Figure 1-2 Segmental motion assisted diffusion of a lithium ion in the polyethylene
oxide (PEO) matrix. The ether oxygens of PEO are represented as the open circles.4,10

Figure 1-3 Diagram of a lithium ion battery in which the SPE acts as a separator between
electrodes and a medium for ion transport.11

For successful use in lithium ion batteries, SPEs must serve two important roles
(See Figure 1-3).11 SPEs function as an electrolyte allowing ions to transport between
electrodes and as a separator insulating the cathode from the anode. Within the range of
anticipated temperature use, SPEs must be mechanically stable.4
Ether-based polymers such as polyethylene oxide (PEO), polypropylene oxide
(PPO) and polytetramethylene oxide (PTMO) are well known to solvate salts/ions and

4

facilitate lithium ion transport.10 When compared with PEO, methyl groups on PPO
reduce the effeciency of oxygens in PPO repeating units forming complexes with
ions/salts.2 Lower ether oxygen content per repeating unit of PPO and PTMO also leads
to poorer ion solvation ability compared to PEO. Additionally, PEO can form a crownether structure around lithium ions that places 4 EO within 2 Å of Li+. PPO and PTMO
cannot form this structure. Therefore, PEO-based polymer electrolyte systems have
been the most extensively studied in the literature.12-14
Lithium dendrite growth is another issue that needs to be considered for lithium
ion batteries. Over many battery charge/discharge cycles, microscopic dendrites of
lithium can grow from the surface of the lithium-containing electrode and spread across
the electrolyte. An electrical current flowing through these dendrites can short-circuit the
battery. Monroe and Newman used a kinetic model to investigate the deformation of
electrolyte membranes and proposed that the electrolyte shear modulus should be greater
than 7 GPa in order to prohibit dendrite formation.15 One approach that has been used in
an attempt to solve the dendrite growth problem is the incorporation of high modulus
structures in polymer electrolytes. For example, Balsara and co-workers designed
mechanically rigid (storage modulus, G′ > 0.1 GPa at 90oC) microphase-separated
polystyrene-b-poly(ethylene oxide) (PS-b-PEO) block copolymers. These copolymers
offer relatively high resistance to lithium dendrite growth.16

1.2 Single Ion Conductors (SIC)s
Single ion conductors (SIC)s are ionomers in which either the cations or anions
are covalently bonded to the polymer backbone or to a pendent group covalently bonded
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to the backbone. Immobilization of these ionic species prevents concentration
polarization. Only the non-covalently bonded ion can transport and contribute to
conductivity.17-19 For example, anions can be chemically attached to the polymer chains
and the immobilized anions would be expected to eliminate anion polarization gradient
across the electrolyte. Strong interaction between anions (such as carboxylate or
sulfonate) and cations may reduce maximum conductivity and several approaches have
been applied for improving the conductivities of SICs at ambient temperature.20-22 Strong
electron-withdrawing groups can be attached for decreasing the electron density on the
anions and increasing the ionic conductivity through increased number of conducting
cations. In addition, modifying the host polymer structure to lower its Tg leads to highly
flexible segments whose faster segmental motion enhances ion transport. Table 1-1 lists
some selected examples of SICs, their counterions and conductivities. A variety of
polymer backbones including polyethylene oxide, polysiloxane, and polyborate have
been used for preparing SICs. For example, Dou and coworkers synthesized polyether
based ionomers via condensation polymerization and investigated the relationship
between chemical structure, morphology, and polymer (and ion) dynamics.23-28 X-ray
scattering experiments showed that the morphology of these ionomers depends on
counterion type.29-30 Aggregation at room temperature and the temperature dependence of
ion aggregation depend on the nature of the cation.30 The length of PEO segments in the
Dou et al ionomers plays a key role in determining the morphology of these ionomers.
Increasing the PEO segment length beyond ~900 g/mol results in crystallization of PEO
segments and reduces cation conductivity. The highest conductivity (10-6 S/cm) at room
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temperature in their studies was achieved for a sodium ionomer with PEO (Mn = 900
g/mol) spacer.23
Liang et al. successfully synthesized novel polysiloxane-based single-ion
conductors containing weak-binding borates and cyclic carbonates with lithium
counterions. The maximum ambient temperature ionic conductivity values were in the
range of 1.3x10−7 S/cm.31 Adding a low volatility plasticizer (e,g, polyethylene glycol
(PEG)) to Dou et al ’s and Liang et al’s SICs lowers Tg appreciably (increase segmental
motion) and PEG serves to increase cation solvation. The conductivities of these
plasticized SICs can be as high as 10-5 S/cm at room temperature.32-33
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Table 1-1 Selected examples of SICs
Name and chemical structure of SIC
PEO- polyester ionomers

Counter
ion
(wt %)
+

Li (0.9)
+

Na (3.1)
+

Cs (11.2)

+

Comb polysiloxanes with CECA and boron anion as
side chainse

Li (0.8)

Lithium bis(oxalato) borate crosslinked SICs

Li (0.3)

+


o
at 25 C
(S/cm)a
3.0 ×10
9.1×10
1.2×10

1.3x10

-9
-8

-7

1.0 x10

a: conductivity at room temperature
b: glass transition (Tg) by DSC
c: cyclic [(allyloxy) methyl] ethylene ester carbonic acid (CECA)

-8

-6

Tgb

Ref

o

( C)
-15
-6
-3

-16

23

31

34
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1.3 Ion-Containing Block Copolymers (BCP)s
Strategies for augmenting the structural properties of SPEs have been reported
and include crosslinking, clay and fiber fillers and the use of block copolymers (BCP)s.3536

BCPs contain covalently bonded blocks of different polymerized monomers.

Incompatibility between different blocks drives these copolymers to microphase separate.
Moreover, the ability of block copolymers to self-assemble into a variety of periodic
nanoscale morphologies has received much attention.37 The nature of the morphology is
dependent on many factors such as the degree of polymerization of each block,
interactions between blocks and the self-interactions of each block.38 Since these factors
can be varied, BCPs can be engineered to obtain particular properties. In addition, BCPs
having a hard phase with high Tg to enhance modulus have been specifically designed for
ion conduction. Importantly, continuous phases (e.g. lamellar and gyroid) are developed
to conduct ions in BCPs and the soft phase is usually composed of ethylene oxide
containing segments.39 For example, Panday and coworkers studied lamellar
poly(styrene-b-ethylene oxide) (PS-b-PEO) doped with bis (trifluoro- methane)
sulfonimide lithium salt (LiTFSI) in which the PS blocks provide modulus and PEO
blocks facilitate lithium transport. Increasing the molecular weight of the PEO block
leads to greater conductivity since longer amorphous PEO blocks lead to better ion
dissociation in the temperature range between 80 and 120 oC.40 Cho et al and Young et al
studied lithium trifluoromethanesulfonate (LiCF3SO3)-doped poly(ethylene-b-ethylene
oxide) (PE-b-PEO) and lithium perchlorate (LiClO4)-doped PS-PEOs and reported that
the morphology played an important role on overall conductivity.41-42

9

In addition, BCPs containing ionic liquids (ILs) in their soft blocks have drawn
attention due to distinctive IL properties including good conductivity, low vapor pressure
and good thermal stability.39 Singh et al. prepared ion gels through the self-assembly of
PS-PEO-PS triblock copolymers and 1-butyl-3-methylimidazolium hexafluoro-phosphate
(BMIm-PF6), which is preferentially dissolved in the PEO phase. The maximum
conductivity of these polymer electrolytes was reported to be ~10-3 S/cm at room
temperature.43 Furthermore, a system composed of polystyrene-b-methylmethacrylate
(PS-PMMA) and 1-ethyl-3-methylimidazolium bis(trifluoro- methylsulfnyl)imide (EMITFSI) IL was used to explore the relationship between the morphology and ionic
conductivity.44 Elabd et al also reported the relationship between the morphology and the
ionic conductivity of polymerized ionic liquid diblock copolymers.45 This work reported
gyroid morphologies showing higher ionic conductivity than lamellar and hexagonal
morphologies.45-47

p O

O

S
N-

O

O

p

n

O

Li+

S
CF3

O

S
N-

O

O

Li+

S

O

CF3

Figure 1-4 Chemical structure of poly(styrene trifluoromethanesulphonylimide of
lithium) P(STFSILi), P(STFSILi)-(PEO)-P(STFSILi)48
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Finally, Bouchet et al designed triblock copolymers comprising a block of PEO
capped with blocks of polystyrene (PS) segments with bis(trifluoromethane)sulfonimide
(TFSI) anions covalently bonded in the hard block and with lithium ion as the mobile
species (See Figure 1-4).48 Dissociation between the cation and anion is more facile due
to delocalization of the anion negative charge. In addition, cations for conduction can be
accessed by the soft phase near interfaces. The modulus at 40oC for the triblock is greater
than the neutral triblock due to strong ionic crosslinking and the addition of ionic
interactions in the already rigid hard block increasing the modulus of the BCP. The
maximum Li+ conductivity for the triblock with TFSI anions is around 10-5 S/cm at 60
o

C.

1.4 Polyurethanes, Polyureas and Their Ionomers
Polyurethanes and polyureas (PU)s are able to microphase separate and their
glassy (sometimes semi-crystalline) hard domains provide mechanical reinforcement.
These polymers are usually prepared via condensation polymerization (Figure 1-5) and
their urethane or urea containing segments can self-assemble. Additionally, when
compared to BCPs, the other advantage of polyurethanes and PUs are their chemical
versatility. The hydrogen bonding types in segmented polyurethanes and PUs are often
referred to as monodentate and bidentate, respectively.49 Urea bidentate hydrogen
bonding (Figure 1-5) with bond energy of 21.8 kJ/mol is stronger than urethane
monodentate hydrogen bonding with a bond energy of 18.4 kJ/mol.49-52
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Figure 1-5 Synthesis and formation of hydrogen bonding between urethane and urea
linkages for polyurethanes and PUs, respectively.49-50

Quantum mechanical calculations (QMC)s and dissipative particle dynamics
simulations can be used to understand the nature of hydrogen bonding systems in both
polymer classes.53 With everything else being equal, the distance between hydrogen
bonded ureas is closer than that between hydrogen bonded urethanes from QMCs.53-55
Stronger hydrogen bonding between urea linkages vs. urethane linkages can lead to the
formation of well-ordered hard domains resulting in comparatively greater microphase
separation in PUs.53

1.4.1 Non-Ionic Polyureas
Non-ionic PUs have been used for many years in various commercial applications
such as liners and coatings and have been of recent interest for their remarkable ballistic
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and shock energy absorption characteristics.56-57 However there has only been a modest
amount of research on the relationship between PU chemical structure, phase separated
morphology and functional properties. For example, Castagna et al reported that the
extent of hard and soft segment segregation of bulk polymerized PUs increased with
PTMO soft segment molecular weight.58 Das et al. and He et al revealed that an increase
in the symmetry of the diisocyanates used in the polymerization lead to more efficient
hard segment packing and greater microphase segregation.49,

59-61

Some PUs exhibit

remarkable microphase separated morphologies, an example of which is seen in the AFM
phase image presented in Figure 1-6. For certain PU compositions and preparation
methods, high Tg ribbon-like hard domains appear to be co-continuous with a low Tg soft
phase.

Figure 1-6 500 × 500 nm tapping mode AFM phase image of PU (rsp ∼ 0.72). This PU
was polymerized using a modified MDI and a 1000 g/mol PTMO diamine.56
Bright and dark regions correspond to the hard and soft phases, respectively.
1.4.2 Polyurethane Ionomers
Since the late 1980’s, polyurethane ionomers have been synthesized and
characterized for the purposes of modifying their mechanical properties62-64 and
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somewhat later for their ion-conducting properties.13-14,

65-69

Table 1-2 lists selected

examples of polyurethane ionomers reported in the literature to date. For example, Lee et
al studied sulfonated PTMO-MDI polyurethane ionomers with ionic species chemically
attached in the hard segments.62 Tgs of these ionomers do not change with ionization
level due to aggregation of the ionized MDI units. In addition, modulus was increased
with increase in ionization level due to ionic groups aggregating to form physical crosslinks.
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Table 1-2 Selected examples of polyurethane ionomers and their properties.
Polyola

Diisocyanateb Fixed
ionsc

Counter ion
(wt %)d

(g/mol)

e

(S/cm)

Tgf

Ref

(K)

PTMO (1000)

MDI

-SO3- Na+ (1.5)
Na+ (1.6)
Na+ (2.6)

14
20
102

-61
-64
-71

62

PTMO (1000)

TDI

-SO3- Na+ (1.4)
Cs+ (1.2)
Ca2+ (0.7)
Zn2+ (0.7)

26
3
23
9

-68
-69
-70
-70

63

PTMO (1000)

TDI

-SO3-CO2-SO3-CO2-SO3-CO2-SO3-CO2-SO3-CO2-

54
56
14
6
24
5
6
8
21
---

-76
-67
-80
-79
-52
-43
-62
-63
-45
-35

64

PEO (1000)

MDI

-CO2- Na+ (0.5)
Na+ (0.6)
Na+ (0.7)

1.5x10-10
2.2x10-9
1.1x10-8

-55
-55
-59

65

PEO (1500)

MDI

-CO2- H+
Na+ (0.5)
H+
Na+ (0.5)

7.6x10-7
2.7x10-7
8.0x10-8
2.5x10-9

MDI

-CO2- Na+ (0.4)
Na+ (0.5)
Na+ (0.6)
Na+ (0.7)
Na+ (0.8)

2.7x10-7
4.4x10-8
1.3x10-7
7.5x10-7
4.0x10-8

PTMO (2000)
PPO (1000)
PPO (2000)
PEO (1000)

PTMO (1000)
PEO (1500)
PTMO (1000)

a

Young's
modulus at
RT (MPa)

PEO (1000)

MDI

PEO (600)

pPDI

:
:
:
d
:

Na+ (1.3)
Na+ (1.5)
Na+ (0.9)
Na+ (0.6)
Na+ (1.3)
Na+ (1.3)
Na+ (1.6)
Na+ (2.6)
Na+ (0.9)
Na+ (1.0)

Na+ (0.6)
Na+ (0.6)g
-CO2- Na+ (2.2)
Me4N+ (7.2)
BuMeIm+ (13.5)
(MOE)MeIm+(13.7)
(EOc)2Me(MOE)N+(32.8)
Bu4N+(23.5)
Bu4P+(25.2)
Bu3(MOE)P+(25.4)
(MOEOE)3MeN+(15.5)

67

-28
-44
-44
-59
-67

3.4x10-6
2.2x10-7

68

69
50
35
31
25
18
16
0
11
-9
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Polytetramethylene oxide (PTMO), polypropylene oxide (PPO) and polyethylene oxide (PEO)
Methylene diphenyl diisocyanate (MDI), toluene diisocyanate (TDI) and para phenylene diisocyanate (pPDI)
Sulfonate (-SO3-), and carboxylate (-CO2-)
Sodium ion (Na+), Cesium ion (Cs+), Calcium ion (Ca2+), Zinc (Zn2+), tetramethylammonium (Me4N+), butyl-methyl-imidazolium
(BuMeIm+), methoxyethyl Methyl Imidazolium ((MOE)MeIm+), N-(2-methoxyethyl)-N-methylmorpholinium
((EOc)2Me(MOE)N+),tetrabutyl ammonium (Bu4N+), tetrabutyl phosphonium (Bu4P+), (2-Methoxyethyl)-tributylphosphonium
(Bu3(MOE)P+), and Tris[2-2(methoxyethoxy)ethyl]methyl ammonium ((MOEOE)3MeN+ )
e: conductivity at room temperature
f: determined by DSC
g: Crosslinked polyurethane ionomer
b
c
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Shilov et al investigated the structure - property relationships of PTMO-and PEObased polyurethane ionomers with sodium cations in the soft segments.65 The coexistence
of both segment microphase separation and ionic group segregated morphologies was
observed in PTMO-based ionomers. Soft segment crystallization in PEO-based ionomers
(MWPEO = 1547 g/mol) was found. The reported conductivity was ~10-7 S/cm for PTMO
soft segment ionomers. The conductivity of the PEO ionomers measured above the
melting point of PEO segments (50 oC) is in the range of 10-4 S/cm.66-67
Polizos et al also investigated PEO soft segment polyurethane ionomers, whose
morphology and crystallization were dependent on the choice of cation, degree of
neutralization and hard segment content.68-69 More recently, Wang et al. designed and
successfully synthesized polyurethanes with ions placed in hard segments, as well as in
soft segments.14 These ionomers were composed of p-phenyl diisocyanate (pPDI) as the
hard segment and ethylene oxide soft segments. Polyurethane ionomers with ionic
species in the soft phase were microphase separated when there was greater than or equal
to 23 weight% hard segment content.13-14 The highest ionic conductivity achieved was
around 3x10-8 S/cm at room temperature.13 Even when ions are placed in the middle of
the soft PEO segments, significant quantities of counterions are effectively trapped in the
hard domains. Cations in the hard segment hinder microphase separation of these
polyurethane ionomers.

1.5 Motivation
Previous studies on polyurethane ionomers as well as work on BCPs were used as
a foundation for the creation of PU ionomers. Although a systematic comparison of the
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degree of hard segment segregation in polyurethanes, polyurethaneureas (PUUs) and PUs
has not been conducted on polymers with similar chemistry, relatively high degrees of
microphase separation reported for PUs with modest hard segment content leads to the
expectation of greater degrees of hard segment segregation.53, 70 This thesis is the first to
report the synthesis and characterization of PU ionomers. These materials are potential
candidates for SPEs, in which hard domains provide mechanical reinforcement, while
electron donor atoms in the soft segments are capable of solvating cations or salts.71

1.6 Dissertation outline
In this dissertation, PUs were chosen as the polymer host for new SICs.
Sulfonated groups were chemically bonded to an aromatic ring on polymer backbones in
order to eliminate anion polarization. Polyether based diamines having different
molecular weights and repeat unit chemistries were chosen to prepare segmented PUs and
ionomers. MDI and hexamethylene diisocyanate (HDI) were selected as the hard
segments. Polyether PUs and their lithium ionomers were synthesized and their
microphase separated morphology and dynamics were investigated.
Due to the greater number of oxygen atoms per repeating unit and less steric
hindrance than other possible polyether soft segment chemistries, PEOs were chosen
initially as the soft segment.2 In Chapter 3, PEO diamines were solution polymerized
with MDI and the role of PEO soft segment molecular weight on microphase separation
was studied. PUs with lower molecular weight PEO soft segments do not microphase
separate and those with ≥ 2000 g/mol PEO soft segments crystallize extensively. Various
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attempts were made to synthesize PEO PU ionomers, but they were proved to be
unsuccessful.
Polypropylene oxide (PPO) does not solvate cations as well as PEO, but avoids
the crystallization problem when incorporating higher molecular weight PEO segments.
In Chapter 4, PPO PU ionomers were prepared using amorphous polypropylene oxide
diamines and an ionic 2,5-diaminobenzene sulfonate. Two PPO diamines with different
molecular weights were used in this chapter in order to study the role of soft segment
MW on microphase separation. MDI was used as the hard segment.
The ionic 2,5-diaminobenzene sulfonate was also used to prepare ionomers in
Chapter 5. A polypropylene oxide-b-polyethylene oxide-b-polypropylene oxide (PPOPEO-PPO)- diamine was chosen for the soft segment since it is amorphous and PEO is a
major component. HDI was used as the hard segment due to higher packing efficiency
than MDI.72 Non-ionic and ionic PPO-PEO-PPO PUs were prepared.
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Chapter 2

Characterization Techniques

In this dissertation, alternating polyurea (PU) copolymers and ionomers were
designed and synthesized, and their phase transitions, microphase-separated morphology
and ionic conductivity were investigated as a function of copolymer composition. The
PUs in this thesis were polymerized from diisocyanates and oligomeric diamines,
yielding uncrosslinked linear polymers. Diamine molecular weight as well as
diisocyanate chemical structure and packing efficiency influence the degree to which the
chemically dissimilar components microphase separate.1-4 Synthesis of the PU
copolymers and ionomers is described in Chapters 3-5.
Proton nuclear magnetic resonance (1H-NMR) and differential scanning
calorimetry (DSC) were used to confirm the intended chemical structures and to monitor
polymer transitions, respectively. X-ray scattering and tapping mode atomic force
microscopy (AFM) were used to investigate microphase separated morphology in the
range of 0.1 nm - 40 nm. Local molecular environments were investigated using Fourier
transform infrared spectroscopy (FTIR). Finally, broadband dielectric relaxation
spectroscopy (DRS) was conducted to explore polymer dynamics and ionic conductivity
of the synthesized PU copolymers and ionomers.

22

2.1 Proton Nuclear Magnetic Resonance Spectroscopy
1

H-NMR spectra were collected using a liquid state spectrometer, a Bruker DRX

400 (DRX-400, 9.4 tesla field strength). Deuterated solvents such as acetone-d6,
chloroform-d and dimethyl sulfoxide-d6 (DMSO-d6) were used and properly selected for
each sample. For sample preparation, 5-10 milligram samples were added to NMR tubes
and dissolved in appropriate deuterated solvents.

2.2 Differential Scanning Calorimetry
The thermal response of the synthesized PU copolymers and ionomers was
collected using a TA Q2000 differential scanning calorimeter.

The response was

measured over a temperature range of -90 °C to 200 °C at a heating of 10 °C/min under a
dry nitrogen flow of 50 mL/min. Glass transition temperatures (Tg) and melting
temperatures (Tm) of the synthesized materials were taken as the inflection point in the
heat capacity change and the endotherm peak maximum in the DSC thermograms,
respectively.

2.3 X-ray Scattering
X-ray scattering was used to investigate hard/soft segment segregation, the
possibility of ion aggregation and to probe crystalline polymeric structures. Small and
intermediate angle X-ray scattering (SAXS and IAXS, respectively) patterns were
collected under vacuum using a Molecular Metrology instrument with pinhole-collimated
Cu-Kα radiation (λ = 1.54 Å). The sample-to-detector distance is either 1.5 m (chamber 1
for SAXS) or 0.5 m (chamber 2 for IAXS). The q ranges interrogated are in the range of
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0.008-0.15 Å-1 for SAXS and 0.016-0.45 Å-1 for IAXS, respectively. Samples were ~1
mm thick. A silver behenate standard was used for wavevector calibration. In some cases,
a pre-calibrated polyethylene secondary standard (S-2907)6 was used for determining
absolute scattering intensities. Background subtraction was conducted using SAXSGUI
software. Additionally, a flat field correction and a mask were applied. The flat-field
correction was used to compensate for variation in detector sensitivity, calibrated using
isotropic radiation from a radioactive Fe-55 sample. The mask was created to exclude the
beamstop. From the experimental X-ray profiles, the peak positon is related to the
interdomain spacing as expressed in Eq. 2.1.

𝑑=

2𝜋
𝑞max

(2.1)

where d is the interdomain spacing and qmax is the position of maximum intensity (Å-1).
In one case, degrees of microphase separation were quantified from the SAXS invariant
(i.e., the total scattering intensity). The methodology used here was the same as that used
previously for microphase-separated polyurethanes, polyurethaneureas and other
PUs.1,4,7-12 This approach utilizes the ratio of the experimental to a hypothetical electron
density variance, the latter calculated for complete segment demixing and sharp
interfaces. The electron density variance (c2) of a completely phase separated twophase system can be estimated from the ideal volume fractions () and electron densities
( and is given by equation (2.2). For PUs in this investigation, the urea linkage and the
aromatic-based structure are defined as the hard segment (hs) and the aliphatic-based
structure are defined as the soft segment (ss), respectively. To estimate volume fractions
and electron densities of completely demixed systems, the molar volume and the electron
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density of each atom in both segments was determined from a group contribution
method.13

chssshsss)2

(2.2)

Experimental variances are related to the SAXS invariant by a constant (c) and
the total scattered intensity (Q):
∞

2′= 𝑐𝑄 = 𝑐 ∫0 [I(𝑞) − Ib(𝑞)]𝑞 d𝑞
𝑐=

1
2

2π ie 𝑁A

2

= 1.76 x 10-24 mol2/cm2

(2.3)

(2.4)

where  2′ is experimental variances from SAXS profiles, I(q) is the scattered intensity,
Ib(q) is the background intensity subtracted from sample intensity, ie is Thompson’s
coefficient for the scattering from one electron (7.94 × 10-26 cm2) and NA is Avogadro’s
number. The ratio of the experimental to the hypothetical variance for a completely
demixed system (2′/c2) can vary between 0 and 1, ranging from complete unlike
segment mixing to complete demixing.
WAXD profiles from wide-angle X-ray diffraction were collected in transmission
geometry using a Rigaku DMAX/RAPID instrument with pinhole-collimated Cu-Kα
radiation (λ = 1.54 Å), a beam collimated to 0.8 mm, and an image-plate detector.
Corrections for line integration and an estimated dark count were automatically applied to
the raw 2D diffraction data. Isotropic 2D scattering profiles were then used to create 1D
WAXD profiles by using MDI Jade 5 software.
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2.4 Tapping Mode Atomic Force Microscopy
In a few cases, phase separated morphologies were characterized using a Bruker
Icon atomic force microscope in tapping mode. Images were collected at room
temperature using Nanosensors PPP-NCH AFM probes (spring constant 10-130 Nm-1,
resonance frequency 204-497 kHz). Data were analyzed with NanoScope Analysis
software. Variable tapping forces were used in the experiments, defined as equation (2.5):

rsp=

𝐴
𝐴𝑜

(2.5)

Where rsp is a measure of the tapping force, A is the set point amplitude and A0 is the free
amplitude of tip oscillation.

2.5 Fourier Transform Infrared Spectroscopy
Infrared spectra were collected on a Thermo Scientific Nicolet FTIR spectrometer
in the range of 4000-400 cm-1. A wavenumber resolution of 2 cm-1 was used and 100
scans were signal averaged. From FTIR spectra, N-H stretching and carbonyl stretching
bands at 3200-3550 cm-1 and 1620-1780 cm-1 were used to explore the local hydrogen
bonded environment. In addition, states of ions/ion aggregation were considered in the
wavenumber range of 1000-1100 cm-1.
Different sample preparation methods were chosen based on sample properties. In
Chapter 3, non-ionic PU samples were prepared by directly spreading onto KBr windows.
In Chapters 4 and 5, the PUs and ionomers in the form of thin films were prepared by
solution casting in dimethyl formamide (DMF). However, a few samples could not form
films. They were prepared in the same fashion as those in Chapter 3. For all thin film
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samples, the solvent used in the casting process was first removed slowly at ambient
temperature for a week. Samples which were on KBr windows and in the form of thin
films were then dried at 100oC for an hour and maintained under vacuum overnight prior
to FTIR measurements.

2.6 Broadband Dielectric Relaxation Spectroscopy (DRS)
Dielectric relaxation spectra were collected using a Novocontrol GmbH Concept
40 broadband dielectric spectrometer using the frequency and temperature ranges of 10-1
Hz to 107 Hz and -120oC to170oC, respectively. Temperature was controlled by a Quatro
temperature control system and temperature stability was + 0.2oC. Sample thicknesses
were typically in the range of 18-20 microns. In order to control the sample thicknesses,
three small pieces of 18 micron thick Teflon film were used as spacers. The samples were
firmly sandwiched between two cleaned brass electrodes.
Using DRS, the conductivity, and segmental and local relaxations for the PU
copolymers and ionomers can be extracted. Figure 2.1 illustrates the dielectric constant
ε’, loss ε”, derivative loss εder and the real part of the conductivity σ′ for a non-ionic PU
sample at -5oC. εder is described later in this chapter.
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Figure 2-1 Isothermal plot of the dielectric constant (ε′), dielectric loss (ε″), derivative
loss (εder), and the real part of the conductivity (σ′) for the non-ionic PU sample
synthesized from a PPO diamine (MW = 2000 g/mol, Jeff2000) and MDI at -5oC.

Segmental and local relaxations are analyzed by fitting the dielectric loss curve
with the Havriliak-Negami (HN) equation (2.6):14
∗ (𝑓)
𝜀𝐻𝑁
=

∆𝜀
[1 + (𝑖𝑓/𝑓𝐻𝑁 )𝑎 ]𝑏

(2.6)

where ∆𝜀 is the relaxation strength, 𝑓𝐻𝑁 is the characteristic frequency related to the peak
frequency of the relaxation, a and b are the symmetric and asymmetric broadening
parameters, and 𝑓𝐻𝑁 is related to the loss peak maximum 𝑓𝑚𝑎𝑥 :15

𝑓𝑚𝑎𝑥 = 𝑓𝐻𝑁 (𝑠𝑖𝑛

𝑎𝜋 1/𝑎
𝑎𝑏𝜋 −1/𝑏
) (𝑠𝑖𝑛
)
2 + 2𝑏
2 + 2𝑏

(2.7)

However, at higher temperatures, ion conduction often masks the segmental relaxation. In
order to resolve overlapping contributions to the loss at these temperatures, Wübbenhorst
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and coworkers developed an alternative to the Kramers-Kronig approximation to
eliminate the conductivity contribution from dielectric loss spectra (See equation 2.8).16
"
𝜀𝑑𝑒𝑟
=−

𝜋 𝜕𝜀 ′ (𝑓)
2 𝜕𝑙𝑛𝑓

(2.8)

Figure 2.2 displays dielectric loss (open light blue and light green symbols) and
derivative spectra (open dark blue and dark green symbols) as a function of frequency for
a PU ionomer with 57 mol% of salt at 17oC and 77oC. Due to conduction losses, which
set in after the start of the α process (polymer segmental motion), the α relaxations at
higher temperatures are not clearly resolved. Using the derivative method to eliminate
conduction losses, the segmental relaxation is uncovered and used for further data
analysis including evaluating relaxation parameters via the HN function, as demonstrated
in the plot. A representative HN fit is also provided in Figure 2-2.

Figure 2-2 Dielectric loss (open light blue and light green symbols) and derivative (open dark
blue and dark green symbols) spectra at 17 and 77 oC for the Jeff 2000 PU ionomer with 57 mol%
Li+. The solid black curve is a representative fit of the (appropriately transformed) HavriliakNegami function to the segmental relaxation at 17 oC.
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The segmental relaxations are described by the Vogel-Fulcher-Tammann (VFT)
equation:

𝑓𝑚𝑎𝑥 = 𝑓0 exp(−

𝐷𝑇0
𝑇−𝑇0

)

(2.9)

where 𝑓𝑚𝑎𝑥 is the peak frequency, 𝑓0 is a constant, 𝑇0 is the Vogel temperature, and D is
the strength parameter, inversely related to fragility.17-18
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Figure 2-3 In-phase part of the conductivity as a function of frequency for the
synthesized Jeff 2000 ionomer with 57 mol% Li+ at 87-107oC

Finally, the dc conductivity (DC) is defined as the frequency-independent value
of the AC conductivity (σ’), which is independent of frequency over approximately a
three decade range.19 Figure 2-3 is a plot of σ’ vs frequency in the range of 87oC to 107oC
for a representative PU ionomer. dc conductivity at each temperature was evaluated from
the middle of the plateau of the σ’ vs frequency plot.
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Chapter 3

Poly(ethylene oxide)-Based Polyureas

3.1 Introduction
Alternative chemical architectures to consider for conductive SPEs are segmented
polyureas and polyurethanes, whose hard segments self-assemble and microphase
separate from a soft low Tg phase. The self-organized structures arise from strong
hydrogen bonding between urea or urethane linkages, and provide mechanical
reinforcement and increased modulus compared to non-crystalline polymers above Tg.
Among polyethers used in SPEs, ethylene oxide (EO) segments are well known to
dissolve salts/ions and impart relatively high segmental mobility at room temperature.1-6
As described in Section 1.4.2, polyurethane ionomers have been synthesized and
studied as potential candidate SPEs.7-11 For example, Wang, et al. designed and
successfully placed ions in the hard segment and in the EO-containing soft segment of
polyurethane ionomers, and the maximum conductivity of these ionomers was 10-8 S/cm
at room temperature (See Chapter 1).7-8 With similar chemistry, polymers with urea
containing hard segments would be expected to exhibit a greater degree of phase
separation when compared to polymers with urethane containing hard segments, arising
from stronger urea bidentate hydrogen bonding (21.8 kJ/mol) compared to urethane
monodentate hydrogen bonding (18.4 kJ/mol)12-21
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Polyureas containing oligomeric PEO soft segments (or PEO containing polyurea
ionomers) have not been reported previously in the literature. In this chapter, the
synthesis and characterization of non-ionic PEO soft segment PUs are reported. PEO soft
segment molecular weight was varied from 200-6000 g/mol. Each oligomeric PEO
diamine was solution polymerized with 4, 4’ methylene diphenyl diisocyanate (MDI) and
the role of PEO molecular weight was investigated.

3.2 Experimental Methods
3.2.1 Materials
Polyethylene glycols (200, 600 and 1050 g/mol) were purchased from Sigma
Aldrich and dried at 80oC overnight. Poly(ethylene glycol) bis(amine)s (2000, 3000 and
6000 g/mol) were purchased from Sigma Aldrich. Dimethylformamide (DMF),
tetrahydrofuran (THF) and dichloromethane (DCM) were purchased from Sigma Aldrich
and dried over 4 Å molecular sieves for 2 days. MDI, composed of 4,4-methylene
diphenyl diisocyanate (98%) and 2,4-methylene diphenyl diisocyanate (2%), was
purchased from Sigma Aldrich and purified by sublimation at 80oC under vacuum.12
Dicyclohexylcarbodiimide (DCC), 4-dimethylamino pyridine (DMAP), and di-tert-butyl
dicarbonate were purchased from Sigma Aldrich and used as received. Ethyl acetate,
hydrochloric acid (HCl), anhydrous magnesium sulfate (MgSO4) and methanol were
purchased from Sigma Aldrich and used as received. Acetone d-6 and deuterated
chloroform from Sigma Aldrich were used to prepare NMR samples.
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3.2.2

Synthesis of non-ionic PUs
As noted above, PEO-bis(amine)s (2000, 3000 and 6000 g/mol) are available

commercially, but PEO diamines with molecular weight lower than 2000 g/mol are not.
Consequently, lower molecular weight PEO diamines (MW 200, 600 and 1050 g/mol)
were synthesized using the following procedure. PEG was converted to the corresponding
diamine using the procedure summarized in Figure 3-1.22
O
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Figure 3-1 Synthesis of PEO-based diamines 3a-c

3.2.2.1 4-[(tert-butylcarbonyl)amino] benzoic acid (1).
A solution of di-tert-butyl dicarbonate (12.80 g, 0.058 mol) in 150 ml anhydrous
THF was added dropwise to 4-aminobenzoic acid (8.0 g, 0.058 mol) in THF (200 mL) at
6 °C. Then the mixture was stirred and refluxed for 24 h. After removing THF using a
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rotary evaporator, a yellow solid was obtained and dissolved in ethyl acetate. The organic
layer was washed with an HCl solution (5%) in distilled water and then dried over
anhydrous MgSO4. The remaining organic layer was removed by a rotary evaporator. A
pale yellow solid was obtained and dried in a vacuum oven.

3.2.2.2 PEG-bound N-BOC-aniline: PEG 200 (2a), PEG 600 (2b) and PEG 1050 (2c)
Poly(ethylene glycol) (PEG, Mw = 200 g/mole) (1.5 g, 7.5 mmol) and 4-[(tertbutoxycarbonyl) amino]benzoic acid 1 (6.27 g, 30 mmol) were dissolved in anhydrous
DCM (50 mL). DMAP (0.48 g, 3.9 mmol) was added to the solution as a catalyst, and
DCC (8.04 g, 39 mmol) was added as a coupling agent. The mixture was kept in an argon
environment at room temperature (RT). After 30 min, a clear dicyclohexylurea (DCU)
precipitate formed as an undesired byproduct. The reaction mixture was stirred for 12 h
and then the precipitated DCU was filtered off. The filtrate was concentrated and cold
diethyl ether (50 mL) was added to the concentrated solution with vigorous stirring. The
white precipitate was filtered and collected. The crude product was redissolved in DCM
and precipitated in a mixture of diethyl ether and methanol (9/1, V/V) (20 mL) for
purification. The purified product, 2a, was dried in a vacuum oven for 24 h.
PEG (Mw = 600 g/mole) (1.5 g, 2.5 mmol) and 1 (2.09 g, 10 mmol) were
dissolved in anhydrous DMC (70 mL). DMAP (0.16 g, 1.3 mmol) was added to the
solution as a catalyst and DCC (2.68 g, 13 mmol) was added as a coupling agent. The
reaction mixture was stirred at RT for 12 h under the argon atmosphere and then purified
following the preparation of 2a, yielding 2b as the final product.
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PEG (Mw = 1050 g/mol)) (1.58 g, 1.5 mmol) and 1 (1.25 g, 6 mmol) were
dissolved in anhydrous DCM (70 mL). DMAP (0.10 g, 0.8 mmol) was added to the
solution as a catalyst and DCC (1.65 g, 8 mmol) was added as a coupling agent. The
reaction mixture was stirred at RT for 12 h under the argon atmosphere and purified as
described in the preparation of 2a.

3.2.2.3 PEG-bound to aniline (PEG 200, 3a), (PEG 600, 3b) and (PEG 1050, 3c)
PEG 200-bound N-BOC-aniline (2a) (2.0 g, 3.2 mmol) and TFA (4 ml) were
dissolved in DCM (6 mL). The mixture was refluxed for 5 h. Cold diethyl ether (50 mL)
was added to the solution with vigorous stirring to produce a yellow precipitate, which
was filtered and collected. Then triethylamine (2 mL) and DCM (8 mL) were added to
the yellow precipitate and the mixture was stirred at room temperature for 15 min. Again
cold diethyl ether was added to the mixture, the yellow product was precipitated and then
dried at 80oC in a vacuum oven for 24 h.
PEG 600-bound N-BOC-aniline 2b (2.6 g, 2.5 mmol) and TFA (4 ml) were
dissolved in DCM (6 mL). The reaction mixture was refluxed for 5 h and purified as
mentioned in the preparation of 3a.
PEG 1050-bound N-BOC-aniline 2c (2.1 g, 1.4 mmol) and TFA (3 ml) were
dissolved in DCM (6 mL). The reaction mixture was refluxed for 5 h and purified as
mentioned in the preparation of 3a.

36
NH2
O
O
O

n

3a: n= 4 O
3b: n= 13
3c: n= 22

H2N

DMF, RT, 12 h
+
OCN

O
H2N

NCO

NH2

n

3d: n= 44
3e: n= 67
3f: n= 135

H
N

H
N

H
N
O
O

O
O

n
O

H
N

H
N

H
N

4a: n= 4
4b: n= 13
4c: n= 22

N
H

H
N
O

n
O

4d: n= 44
4e: n= 67
4f: n= 135

Figure 3-2 Synthesis of PUs 4a-f

3.2.2.4 Solution polymerization of 4a-f.
PUs were prepared by solution polymerization using equimolar amounts of MDI
and the respective oligomeric PEO diamine 3a-f. The percent solids of the reaction
mixture were kept in the range of 10-15%. A solution of amine end-capped PEG in dry
DMF was added dropwise to MDI in dry DMF. Polymerization was carried out at room
temperature under an inert atmosphere. Completion of the reaction was determined by
monitoring the disappearance of the isocyanate absorption peak around 2270 cm-1 by
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FTIR spectroscopy.23 The synthesized products were precipitated in methanol and the
precipitate was dried at 80 oC under vacuum.

3.2.3

Synthesis of Ionic PUs
PEO-based polyurea ionomers can be potential candidates for SPEs since hard

segment segregation would provide improved modulus and the PEO soft phase facilitates
ion transport. Synthesis methods to prepare PEO-based polyurea ionomers are provided
in the Appendix but these were unsuccessful due to synthesis difficulties and purification
issues. However, polyurea ionomers were successfully synthesized using other polyether
soft segments as described in Chapters 4 and 5.

3.3 Results and Discussion
3.3.1

Synthesis of PEO-based diamines and PEO-based PUs
Three oligomeric PEO diamines were designed and successfully synthesized as

depicted in Figure 3-1. Firstly, the amine group of 4-aminobenzoic acid was successfully
protected by di-tert-butyl dicarbonate and confirmed by 1H-NMR spectroscopy (See
Figure 3-3). The peak at 1.51 ppm corresponds to the three methyl groups belonging to
di-tert-butyl dicarbonate and the peaks at 7.78 ppm and 8.01 pm arise from aromatic
protons. In addition, the peaks at 1.5 ppm and 7.8-8 ppm are assigned to the nine
protons of the protecting group and the four protons of the aromatic ring, respectively.
Secondly, the acid group of 4-[(tert-butylcarbonyl)amino] benzoic acid 1 was reacted
with the two PEG hydroxyl groups in order to obtain the PEG bound N-BOC-anilines 2ac.
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2.15 ppm assigned to residual protonated acetone24
Figure 3-3 1H-NMR of 4-[(tert-butyxycarbonyl )amino] benzoic acid in actone-d6
Figure 3-4 demonstrates that PEGs were capped by 1. Benzylic protons,
protecting group protons and PEO protons are observed at 7.32-7.76 and 7.97-8.01 ppm,
and 1.52-1.53 ppm and 3.3-4.5 ppm, respectively. Thirdly, the BOC protective group was
removed by using TFA to obtain the PEO diamines 3a-c. Figure 3-5 demonstrates the
disappearance of the peak at 1.52-1.53 ppm corresponding to removal of the protecting
groups. The 1H-NMR spectra confirm that the deprotection reactions of 2a-2c were
completed. Amino protons for 3a-3c could not be quantified. These are expected to
appear at ~1-4ppm25 but are obscured by the peaks associated with EO protons (the major
component of 3a-3c) at 2.5-4.0 ppm. For clarity, oligomeric diamines 3a-3f will
frequently be referred to by their total MW, i.e., 440, 840, 1290, 2000, 3000 and 6000
g/mol.
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5.3 ppm corresponds to CH2Cl2 used in reaction
7.26 ppm peak is assigned to residual protonated chloroform in CDCl324
Figure 3-4 1H-NMR of PEO bound N-BOC-aniline in chloroform-d.

5.3 ppm corresponds to residual CH2Cl2 used in reaction
7.26 ppm corresponds to residual protonated chloroform in CDCl324
Figure 3-5 1H-NMR of PEO-based diamines in chloroform-d
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Solution polymerization of 3a-f with MDI was conducted in dry DMF. The
polymerization reaction was completed after 12 hours, which was confirmed by the
disappearance of the isocyanate absorption peak near 2270 cm-1 (see Figure 3-6). NMR
spectra of this series of PEO PUs (4a-4f) could not be acquired due to insolubility after
purification and drying, presumably due to a combination of strong urea hydrogen bond
formation and the crystalline nature of 3d-3f. As a consequence, FTIR spectroscopy was
used to generally assess the products of the polymerization processes. The major
absorbance bands in N-H and carbonyl regions at 3600-3200 cm-1 and 1720-1600 cm-1
confirm urea formation. In addition, peaks in the frequency range from 1200-800 cm-1
correspond to PEO soft segments. Some detail of these bands is provided FTIR section.

Figure 3-6: FTIR spectra of solution polymerized polyurea samples after the reactive
isocyanate groups of diisocyanate at 2270 cm−1 completely disappeared.
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The chemical structures of PEO polyureas 4a-f are illustrated in Figure 3-2. The
PUs will hereafter be referred to by the molecular weights of the PEO diamine used in the
synthesis (440 to 6000 g/mol). In this investigation, the urea linkage and the aromatic
structure are considered to be the hard segment while the other carbonyl in the diamines
and the aliphatic structure are defined as the soft segment. For ease of comparison to
other polyurethanes and polyureas in the literature, the calculated hard segment weight
fractions for 4a-f are listed in Table 3-1.

Table 3-1 Summary of compositions of the materials synthesized.
Sample

Hard Segment Content (wt%)

Soft Segment MW (Avg.)

Polyurea 440 (4a)

61

440

Polyurea 840 (4b)

37

840

Polyurea 1290 (4c)

26

1290

Polyurea 2K (4d)

10

2000

Polyurea 3K (4e)

7

3000

Polyurea 6K (4f)

4

6000

3.3.2

Thermal Properties and Crystallinity
DSC traces of the oligomeric PEO diamines and corresponding PUs are depicted

in Figure 3-7, and a summary of the transition temperatures are provided in Table 3-2.
The DSC results demonstrate that PEO diamines 3a-c are amorphous and their Tgs are 10 oC, -20 oC and -30 oC, respectively. Recall that synthesis of 3a-c involves
phenylamine end-capped PEG, which is relative rigid compared to flexible EO segments.
As the fraction of the aromatic ring-containing end groups decreases as EO segment
length increases, it is natural to expect the Tg of 3a-3c to decrease. 26-28
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Figure 3-7 DSC traces for PEO diamines (top) and synthesized polymers (bottom).

No Tg was detected for diamines 3d-f since they are highly crystalline; their Tms
are observed to be ~56-60 oC. Their crystal mass fractions (Hfobserved/Hfo x 100%) were
calculated using the heat of fusion of high MW PEO (Hfo = 202 J/g)29 and are 85, 96
and 93% for 3d, 3e and 3f, respectively. Finally, transitions were also detected at 80oC
and 110oC for 3b and 3c, respectively. Based on indications from the literature

30-31

, it

has been proposed that these may be associated with rearrangement of intra- and
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intermolecular hydrogen bonding between terminal primary amines and ether oxygen
atoms.

Table 3-2 Thermal properties of the PEO diamines and PEO PUs.
Sample

Tg
( C)
o

3a
3b
3c
3d
3e
3f
Polyurea 440
Polyurea 840
Polyurea 1290
Polyurea 2K
Polyurea 3K
Polyurea 6K

Tm
(oC)

Heat of Fusion
(J/g)

Crystallinity
(%)

56
60
60

175
194
186

85
96
93

Tg
( C)
Fox-Flory Eq.
o

-10
-20
-30

-4
0
-4
42
50
56

92
114
125

45
56
62

79
29
3
-47
-49
-51

After polymerization, single Tgs for polyureas 440, 840 and 1290 are detected at 4 oC, 0 oC and -4 oC, suggesting mixing between the hard and soft segments, i.e., no
microphase separation. The Fox-Flory equation was used to determine how closely the
measured Tgs correspond to those predicted from this standard approach:
1
Tg

=

w1
Tg1

+

w2
Tg2

(3.1)

where Tg is the predicted Tg, w1 and w2 are the weight fraction of component 1 and
component 2 and Tg1 and Tg2 are the glass transition of component 1 and component 2,
respectively. DSC Tgs for the diamines were used to approximate the Tgs of the soft
segments in the polyureas. Tg for the homopolymer containing MDI and urea linkages
has not been reported. Pathak et al. studied the structural evolution of PUs in which a
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polycarbodiimide-modified diphenylmethane diisocyanate was used as the isocyanate.32
The Tg of the predominately MDI urea hard domains was reported to be ~175oC in their
work and was used for the Fox-Flory estimation herein. As seen in Table 3-2, the
predicted Tg for polyurea 1290 is close to the measured Tg, but the Fox-Flory estimates
for polyureas 440 and 840 are much higher than the measured values. The experimental
Tg increases by only 4 degrees when increasing hard segment content from 26 to 61
weight% suggesting that there is another important factor governing the Tg that is not
captured by the simple Fox Flory approach. The origin of this behavior is unclear at the
present time but some residual DMF from the polymerization (see more detail in Section
3.3.4) might be trapped in the samples and if so, would plasticize and reduce Tgs of these
polyureas.
Like their PEO diamine precursors, the PEO soft segments in polyureas 2K, 3K
and 6K are semi-crystalline and the (soft phase) Tgs of these polymers were not detected.
Since these three PUs have relatively high soft segment crystallities, the heat capacity
change is expected to be much lower due to the small fraction of amorphous soft
component and also that the motions of the remaining amorphous soft phase would be
expected to be restricted by the presence of the crystals. Both the Tm and degree of
crystallinity of the PEO segments of polyurea 2K, 3K and 6K are lower than those of the
precursor PEO diamines (45, 56 and 62%, respectively, based on PEO content in the
polymers; see Table 3-2). Attachment of crystallizable oligomeric soft segments to rigid
hard segments in segmented copolymers is well known to slow crystallization rate and
reduce crystallinity.33-34
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3.3.3

Wide Angle X-ray Diffraction (WAXD)
In the wide-angle region, a broad amorphous halo at 2= 21.0o (4.2 Å) is observed

for polyurea 1290 as shown in Figure 3-8.35 For polyureas 2K, 3K and 6K, the
amorphous halo is difficult to observe due to the relatively high PEO crystallinity. The
diffraction peaks at 2= 19.1, 23.1 and 26.2 for polyureas 2K, 6K and 6K correspond
very well with reported diffraction for the semi-crystalline PEO homopolymer
(monoclinic unit cell).33-34,

36-37

These peaks correspond to diffraction from the (120),

(032), and (024) planes, respectively. Since the purified polyureas 440 and 840 cannot
form robust films and be mounted on a sample holder of a Rigaku DMAX/RAPID
instrument, their X-ray scattering profiles are not presented.

Figure 3-8 WAXD profiles for polyureas 1290, 2K, 3K and 6K.

3.3.4

State of H-bonding Associations from FTIR
FTIR spectroscopy has proven to be insightful for characterizing the local state of

hydrogen bonding in PUs and polyurethanes, in particular the relationship between the
observation of ordered hydrogen bonded carbonyls (and N-H) and hard segment phase
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separation.

20, 27, 38-44

. In general, the N-H region of FTIR spectra of polyureas is well

known to exhibit bands due to free, disordered and ordered hydrogen bonded N-H groups
located near ~3460 cm-1, ~3360 cm-1 and ~3310 cm-1, respectively. In addition, N-H
groups hydrogen bonded to soft segment ether oxygens is detected at ~3260 cm -1. As is
typical for polyurethanes and PUs however, the observed bands in the spectral region
from ~3200–3450 cm-1 are quite broad and do not lend themselves to a clean
interpretation of the hydrogen bonding environments for these PUs. The C=O region of
the FTIR spectrum is typically much clearer and this will be the focus of the discussion in
the next paragraph. Having said this however, one can observe in Figure 3-9 (a) that there
is appreciable absorbance near where the hydrogen bonded N-H–EO absorbance has been
reported in the literature, and is likely indicative of significant hard and soft segment
mixing.
(b)

6K

Absorbance (a.u.)

Absorbance (a.u.)

(a)

6K
3K
2K
1290

3K
2K
1290

840

840

440

440
3500

3400
3300
-1
Wave number (cm )

3200

1760

1720

1680
-1
Wave number (cm )

1640

Figure 3-9 FTIR spectra of PEO polyureas in the (a) N-H and (b) carbonyl stretching
regions at room temperature.

In the C=O region of the spectra of polyureas 440 and 1290, two bands are
observed, and in the literature have been identified as being associated with the vibrations
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of free C=O’s and disordered hydrogen bonded C=O’s (near 1710 cm-1 and 1673 cm-1,
respectively). The absence of any observable absorbance for ordered hydrogen bonded
C=O is in keeping with the DSC results that these PUs are not significantly microphase
separated. The spectrum of polyurea 840 exhibits similar absorbances from free and
disordered C=O’s, but a third band is observed in this spectral region at 1735 cm-1. Given
that this band is not detected for other PUs and polyurethanes in the literature and that it
is only observed in the spectrum of polyurea 840 it is hypothesized that this absorbance is
due residual DMF (whose carbonyl stretching band has been reported at ~1730 cm-1
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)

Free and disordered C=O stretching bands for polyurea 1290 were found at 1716 cm-1
and 1673 cm-1, respectively. For semi-crystalline polyureas 2K, 3K and 6K, only one
band in this spectral region is detected at 1690 cm-1, between the frequencies usually
expected for the free and disordered hydrogen bonded C=O. Given the evidence currently
available, it is not possible to assign this absorbance to free or disordered C=O’s or a
mixed vibration of the two.
Bands corresponding to vibrations in crystalline PEO (i.e., vibrations associated
with the preferred crystalline conformation) in polyureas 2K, 3K and 6K were detected in
the range of 1500-800 cm-1 and are displayed in Figure 3-10. These consist of the CH2
scissoring mode (1467 cm-1), the CH2 wagging mode (1413, 1359, and 1344 cm-1),
the CH2 twisting mode (1280, 1241, and 1234 cm-1) and the combination of the
stretching and rocking modes (962, 947 and 842 cm-1).47 In addition, the bands
associated with PEO preferred crystalline conformations for polyurea 6K become sharper
than those of polyureas 2K and 3K whose PEO crystallinity are lower than that of
polyurea 6K.
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Figure 3-10 FTIR spectra of polyureas 2K, 3K and 6K in the range of 1500-800 cm-1.
Finally, a band near 1120 cm-1 was observed in the spectra of polyureas 2K, 3K
and 6K. From the literature, an absorbance ~1112 cm-1 has been proposed to be
associated with a combination of ether group and methylene group stretching.

3.3.5

Small Angle X-ray Scattering (SAXS)
Absolute-intensity SAXS profiles for the polyureas are presented in Figure 3-11.

For polyureas 440 and 840, no scattering peak is detected in the SAXS angular region
and confirms their single phase nature. For polyurea 1290, a very weak scattering peak is
observed at q = 0.7 nm-1 (d = 9 nm; see the inset in Figure 3-11). This is indicative of a
very small degree of hard segment microphase separation. The degree of microphase
separation ( 2′/c 2, refer to Section 2.3) is ~0.01, is much smaller than that reported
for PUs with other polyether soft segments (e.g. poly(tetramethylene oxide)) of similar
molecular weight (0.19-0.36).31 The small degree of segregation for polyurea 1290 is a

49

reflection of the greater degree of compatibility between MDI hard segments and PEO
soft segments. The polyureas with longer PEO soft segments (2K, 3K and 6K) exhibit
clear scattering maxima which are assigned to the periodicity between crystalline lamella.
The mean spacings between lamellae are 11, 12 and 16 nm for polyureas 2K, 3K and 6K,
respectively. In addition, a second scattering peak is observed for polyurea 6K at higher q
and is assigned to a 2nd order crystalline reflection, indicating a very well ordered
lamellar morphology for this PU.

440
840
1290
2K
3K
6K

Figure 3-11 Absolute intensity small-angle X-ray scattering profiles for PEO PUs.

3.4 Summary
In this investigation, low molecular weight PEO diamines were successfully
synthesized. FTIR spectra confirm solution polymerized PEO-based polyureas were
successfully synthesized with a variety of PEO diamines (400-6000 g/mole) and MDI.
The influence of PEO molecular weight on the morphology of the solution polymerized
polyureas was investigated. DSC indicates that polyureas 440 and 840 are amorphous and
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single phase. DSC and WAXD experimental results also demonstrate that polyurea 1290
is amorphous while SAXS analysis suggests there is a very small degree of phase
separation. PUs with 2K, 3K and 6K molecular PEO soft segments are semi-crystalline.
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Chapter 4

Poly(propylene oxide)-Based Polyureas and Their Lithium Ionomers

4.1 Introduction
In the previous chapter, synthesis and characterization of non-ionic segmented
PEO polyureas were described, as well as unsuccessful attempts to synthesize PEO-based
PU ionomers whose ionic groups were intended to be located in the hard segments and
the soft segments (see detail in Appendix). Additionally, even without ionic species along
the PU chains, shorter PEO soft segments were found to be miscible with urea-containing
hard segments and incorporation of higher molecular weight PEO segments led to
extensive PEO crystallization. An alternative strategy was developed to encourage hard
segment microphase separation, to inhibit soft segment crystallization, and to provide a
more facile synthetic route for synthesizing PU ionomers.
Polypropylene oxide (PPO) is well known to be less efficient at solvating cations
compared to PEO, but PPO is not crystallizable and has comparable static dielectric
constant to PEO (́PPO = 5.5 and ́PEO = 7 at 25oC).1-6 In addition, the reported
homopolymer Tg of PPO (~ -72 oC) is comparable to that of PEO (~ -67oC).7-10
As a compromise, commercially available PPO diamines were selected to avoid
crystallization. For this purpose, PPO diamines (MW = 400 g/mol and 2000 g/mol) and
MDI were chosen as the soft and the hard segments for synthesis of PUs, respectively.
Preparation of 2,5-diaminobenzene sulfonate used in ionomer synthesis is described. The

53

synthesis and characterization of PPO PUs and their ionomers are presented in the
following sections.

4.2 Experimental Methods
4.2.1

Materials
2, 5-diaminobenzene sulfonic acid and lithium hydroxide (LiOH) were purchased

from Sigma Aldrich and used as received. The PPO diamines used in this investigation
were obtained from Huntsman: Jeffamine D400 (Jeff400, MW 400 g/mol) and Jeffamine
D2000 (Jeff2000, MW 2000 g/mol).11 Jeff400 and Jeff2000 were dried at 80oC overnight
before use. Commercial MDI (Sigma Aldrich, chemical composition referred to in
section 3.2.1) was purified by sublimation at 80oC under vacuum as described in the
literature.10,12 Dimethylformamide (DMF, Sigma Aldrich) was dried over 4 Å molecular
sieves for 2 days. Deionized (DI) water was used for synthesis and purification. Dimethyl
sulfoxide-d6 (DMSO-d6) from Sigma Aldrich was used for NMR sample preparation.

4.2.2

Materials Synthesis
For preparing the ionomeric diamine, a molar ratio of 2,5-diaminobenzene

sulfonic acid and LiOH of 1:2 was used for synthesizing 2,5-diaminobenzene sulfonate
(see Figure 4-1).13 First, 2,5-diaminobenzene sulfonic acid was dissolved in the mixed
solvent of DMF and DI water with a ratio of 1:1 (v/v), and LiOH was dissolved in DI
water, respectively. The solution of 2,5-diaminobenzene sulfonic acid was cooled in an
ice bath for 15 minutes. Afterwards, the LiOH solution was drop-wise added to the
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cooled 2,5-diaminobenzene sulfonic acid solution and stirred vigorously. The reaction
mixture was stirred overnight. 2,5-diaminobenzene sulfonate as the reaction product was
obtained by using a rotary evaporator to remove the reaction solvent and subsequently
dried at 80oC under vacuum for 24 hour. 2,5-diaminobenzene sulfonate was synthesized
by Dr. Siwei Liang.

Figure 4-1 Preparation of 2,5-diaminobenzene sulfonate

All solution polymerized PPO PUs and PPO PU ionomers (see Figure 4-2) were
prepared by the reaction of equimolar amounts of MDI and the corresponding diamine(s).
The ion content in the PU ionomers was varied by changing the feed mole ratio between
the PPO diamine (either Jeff400 or Jeff2000) and the diamine salt. The percent solids of
the reaction mixture were kept in the range of 10-15%. Polymerization was carried out at
room temperature under an inert atmosphere. Completion of the reaction was determined
by monitoring the disappearance of the isocyanate absorption peak at 2270 cm-1 by FTIR
spectroscopy.12
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Dialysis is a critical purification method, which is usually used to remove the
significant majority of ionic impurities/species from ionomers to be investigated for their
ion conducting properties. However, since the Jeff400 and Jeff2000 ionomers are not
water soluble, they could not be readily dialyzed. Alternatively, all products were
precipitated in deionized water 3 times and the precipitate was dried at 80 oC under
vacuum for 24 hours. All of the Jeff400 PUs and the Jeff2000 ionomers were prepared by
Dr. Siwei Liang.
In the following, the experimental findings for the Jeff400 and Jeff2000 PU
materials are discussed separately.
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Figure 4-2 Synthesis of the PPO PUs and their lithium ionomers
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4.3 Results and Discussion
4.3.1

Jeff400 PU and Jeff400 PU ionomers

4.3.1.1 Ion Content and Glass Transition Temperature
1

H-NMR spectra, proton types and peak assignments collected from 2,5-

diaminobenzene sulfonic acid and 2,5-diaminobenzene sulfonate are shown in Figures 43 and 4-4, respectively. The disappearance of the peak of the acidic proton at 8.27 ppm
(See Figure 4-4) confirms 2,5-diaminobenzene sulfonate was successfully prepared via
this one-step reaction, in which the acidic protons of 2,5-diaminobenzene sulfonic acid
were replaced by a lithium ions.
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2,5-diaminobenzene sulfonic
Hydrogen type
Ar-Ha

d
NH2

Chemical shift (ppm)
7.36

Ar-Hb

6.91

Ar-Hc
N-H2d
SO3-He

6.73
3.35
8.27

e
SO3 H

b
c

a
NH2

d

c
a

f
b
d

e
ppm 10

8

6

4

2

0

f

: 2.50 ppm assigned to residual protonated DMSO in DMSO d-614
Figure 4-3 1H-NMR spectrum of 2,5-diaminobenzene sulfonic acid

Hydrogen type

d

Chemical shift (ppm)

Ar-Ha

6.85

Ar-Hb

6.42

N-H2c

4.87

: 2.50 ppm assigned to residual protonated DMSO in DMSO d-614
: 8.03, 2.92 and 2.75 ppm corespond to DMF used in the polymerization reaction
Figure 4-4 1H-NMR spectrum of 2,5-diaminobenzene sulfonate
e
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The non-ionic Jeff400 PU and several Jeff400 PU ionomers were successfully
synthesized. As noted earlier, ion content was controlled by changing the ratio between
the neutral Jeff400 diamine and the diamine salt. Figure 4-5 includes NMR spectra,
proton types and peak assignments for the Jeff400 PU samples. By using NMR peak
integrations (PI)s, the actual mol% of the ionic diamine compared to total diamine is
calculated in Eq (4.1) and reported in Table 4-1.
mol% Li+ =

𝑃𝐼 𝑎𝑡 8.07 𝑎𝑛𝑑 8.55 𝑝𝑝𝑚
𝑃𝐼 𝑎𝑡 8.07 𝑎𝑛𝑑 8.55 𝑝𝑝𝑚+𝑃𝐼 𝑎𝑡 6.01 𝑝𝑝𝑚

x 100

(4.1)

where PIs at 8.07 and 8.55 ppm are assigned to urea protons of the ionic diamine and the
one at 6.01 ppm corresponds to urea protons of the neutral diamine, respectively. For the
Jeff400 PU ionomers, the fraction of Li+ in the polymers was varied from 0 mol% to 11
mol%, 15 mol%, 24 mol% and 100 mol%.
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Hydrogen type
-(O-CH(CH3a)-CH2)-(O-CHb(CH3)-CH2b)-R-NHc-CO-NH
R= PPO, MDI
-R-NHd-CO-NH R= diamine salt
Ar-He from MDI
Ar-Hi from diamine salt

Chemical Shift (ppm)
1.03
3.49, 3.78
6.01PPO, 8.38MDI
9.07, 9.50
7.07, 7.29
7.05, 7.35, 7.72, 7.85, 8.26, 8.48

f

: 2.50 ppm assigned to residual protonated DMSO in DMSO d-614
g
: 8.03, 2.92 and 2.75 ppm corespond to DMF used in the polymerization reaction
Figure 4-5 NMR spectra, proton types and peak assignments for the Jeff400 PUs.

The urea linkage and the aromatic structure including the aromatic salt are defined
herein as the hard segment and the aliphatic structure is defined as the soft segment,
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respectively. The hard segment contents of the synthesized Jeff400 materials are listed in
Table 4-1. In addition, ion contents were determined in two ways and reported in Table
4-1: (a) the fraction of PPO units relative to the Li+ content and (b) ion concentration per
unit volume.

Table 4-1 Mol% of aromatic salt, weight% of hard segments, [PPO]/[Li+] and ion
concentration per unit volume of all Jeff400 samples
ion concentration

Sample

mol% Li+

weight% hard segment

[PPO]/[Li+]

Jeff400-0

0

43

0

0

Jeff400-1

11

48

48.5

6.4E+18

Jeff400-2

15

49

34.0

8.7E+18

Jeff400-3

24

53

19.0

1.4E+19

Jeff400-4

100

100

0

6.0E+19

(ions/cm3)

Tgs were determined by DSC and their thermograms are displayed in Figure 4-6.
For the non-ionic Jeff400 PU, a single Tg was detected at 61oC which is considerably
higher than that of the neat Jeff400 diamine (-77oC).9 Single Tgs (79-118oC) are also
detected for the ionomers and increase progressively with increasing ionic content. These
initial observations strongly suggest mixing between the hard and soft segments.
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Figure 4-6 DSC traces of the Jeff400 PU samples with various aromatic salt contents.

4.3.1.2 Fourier Transform Infrared Spectroscopy
FTIR was used to monitor the state of urea hydrogen bonding in carbonyl and NH regions and in an attempt to characterize the state of the ionic species in these
materials.i As also noted in Chapter 3 and in the literature, bands in the N-H region of
polyureas and polyurethanes are quite broad and overlapped. Consequently, the carbonyl
region of the FTIR spectra is the focus of the following.
The carbonyl region of the spectra is depicted in Figure 4-7 (a). For the non-ionic
Jeff400 PU, the free and the disordered hydrogen bonded carbonyl bands were observed
at 1695 cm-1 and 1648 cm-1, respectively.15-17 The ordered carbonyl band, which has been
correlated with microphase separation of urea hard segments, was not detected and this is
i

The ionomer with 100 mol% of ionomeric diamine was not soluble and neither
transmission nor ATR FTIR could be conducted.
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in keeping with the DSC results presented in the last section that the non-ionic Jeff400
PU is not microphase separated.18-20 The carbonyl stretching bands for the ionic samples
are rather similar to the non-ionic sample; the free carbonyl absorbance is observed at
1696-1698 cm-1, the disordered H-bonded carbonyl is observed at 1652-1657 cm-1, and
no ordered carbonyls are detected.15-17 When the mol% of the ionic species is increased,
the disordered H-bonded carbonyl absorbance shifts to higher wavenumber, indicating
that the strength of these hydrogen bonds becomes weaker.
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Figure 4-7 FTIR spectra in regions from (a) 1620-1750 cm-1 and (b) 1000-1100 cm-1 for
the Jeff400 PU samples
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Figure 4-8 A representative example of the curve resolved spectrum of the Jeff400 PU
ionomer with 24 mol% Li+ in the FTIR carbonyl region; free carbonyl (green), disordered
hydrogen bonded carbonyl (red); experimental spectrum (black).

The ratio of the bands in the carbonyl region was determined to provide some
insight into changes in C=O environments as a function of ionic content. Origin Pro 15
was used for curve resolving. Baseline subtraction was first applied to spectra and curve
resolving was used to deconvolute the free and the disordered bands (as a first
approximation, band shapes were assumed to be Gaussian).21-22 The ratio of the free and
disordered carbonyl band area was compared with the total integrated area in the
carbonyl region:
% of free C=O (or disordered C=O) =

𝑃𝐼 𝑜𝑓 𝑓𝑟𝑒𝑒 𝐶=𝑂 (𝑜𝑟 𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟𝑒𝑑 𝐶=𝑂)
𝑃𝐼𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒 𝐶=𝑂+𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟𝑒𝑑 𝐶=𝑂

x 100 (4.2)

Figure 4-8 provides an example of the curve resolved spectrum of the Jeff400
ionomer containing 24 mol% Li+, and the approximate fractions of free and disordered
carbonyls are listed in Table 4-2. For the non-ionic Jeff400 sample, the free carbonyl
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constitutes 27% of the total absorbance, and increases to 32, 33 and 46 for the ionomers
with 11 mol%, 15 mol% and 24 mol% Li+, respectively. This suggests that the additional
aromatic salt perturbs hydrogen bonding between urea linkages.

Table 4-2 Fraction of free and disordered carbonyl bands for all Jeff400 samples
Sample

% of free C=O

% of disordered C=O

0 mol% Li+

27

73

11 mol% Li+

32

68

15 mol% Li+

33

67

24 mol% Li+

46
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Since sulfonate (SO3-) groups are the anions in the Jeff400 ionomers, SO3vibrational bands in the range of 1100-1000 cm-1 were investigated. Frech, et al reported
three SO3- bands for the PEO−LiCF3SO3 system and assigned these to free SO3- anion
ions (no cation state), cation-anion pairs (one cation state) and ion aggregates (two
(or more) cations state). These were located near 1035 cm-1, 1042 cm-1 and 1050 cm-1
(higher aggregates ~1059 cm-1), respectively.23
Figure 4.7 (b) displays FTIR spectra of the Jeff400 samples in the region of 11001000 cm-1. The bands near 1098 cm-1 and 1019 cm-1 are associated with different
stretching modes of two connected PPO units and stretching of the PPO unit itself,
respectively.9, 20,22 For the Jeff400 PU ionomers with 11 mol%, 15 mol% and 24 mol%
Li+, the peaks corresponding to the vibration of PPO units were detected at 1083 cm-1 and
1019 cm-1. The band at 1083 cm-1 in the spectra of the ionomers is shifted to lower
frequencies by 10 cm-1 compared to the non-ionic polymer and this spectral region
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becomes sharper for the ionomers. This likely arises from interaction between lithium
cations and lone electron pairs in PPO.24 Bands arising from free SO3- and SO3- lithium
ion pairs were not detected in the spectra of any of the ionomers. The ion concentration
of the 24 mol% Li+ ionomer which incorporates the highest ionic species among Jeff400
samples is 1.4E+19 ions/cm3. Presumably the ion concentrations in the Jeff400 ionomers
are too low to be detected. A shoulder is observed in the ionomer spectra around 1050
cm-1. From the literature, an absorbance near 1050 cm-1 has been noted for ion aggregates
in sulfonated ionomers.21,24 However, a small shoulder in this spectral region is also
detected in the non-ionic sample. Consequently, even though the shoulder around 1050
cm-1 is in the same position expected for ion aggregates, this absorbance is attributed to
the PPO soft segment.

4.3.1.3 X-ray Scattering
X-ray scattering was used to confirm that the non-ionic and the ionic Jeff400PU
samples are not microphase separated. Single plots are displayed by merging WAXD and
SAXS profiles in the region of q overlap. These patterns are displayed in Figure 4-9. The
only scattering peaks detected for all samples are at q = 1.4 Å-1 (4.5 Å) and q = 0.6-0.7 Å
-1

(9.0-10.5 Å). Based on the literature, the scattering maximum at q = 1.4 A-1 (4.5 Å) is

assigned to the amorphous halo.16 In a previous study, the peak at q = 7.7 to 10.1 nm-1
(6.3-8.1 Å) was proposed to be related to the distance when two methyl groups from
different PPO units face each other.25 No other scattering peaks are detected, either from
hard domain periodicity or scattering from ion pairs or aggregates.
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Figure 4-9 X-ray scattering profiles from the Jeff400PU samples: data collected from
SAXS and WAXD

4.3.1.4 Dielectric Relaxation Spectroscopy
The isochronal dielectric loss spectra for the various Jeff 400 polymers at 1 KHz
are plotted in Figure 4-10. The  relaxation is related to local motions in the glassy state
while the  relaxation is associated with segmental motion. The steep rise in the
dielectric loss at temperatures above the process is associated with conductivity and
electrode polarization contributions to the dielectric loss.
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Figure 4-10 Isochronal plots of dielectric loss as a function of temperature for Jeff400
samples at 1 KHz.

An example of the dielectric loss as a function of frequency at selected lower
temperatures is provided in Figure 4-11 for the non-ionic Jeff400. The origin of the
process is likely local glassy state motions of ether oxygen containing groups in the soft
segments.16-17, 26-27 These local relaxations can be described by the Arrhenius equation:28

𝑓max = 𝑓0(−

𝐸a
𝑅𝑇

)

(4.3)

where fmax is the peak frequency, f0 is a constant, Ea is the activation energy, R is the
universal gas constant, and T is absolute temperature.
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Figure 4-11 Representative dielectric loss in the frequency domain at selected
temperatures for the non-ionic Jeff 400 PU. The solid black line is the HN fit to the data
at -73 ˚C.

fmax for all samples were obtained from HN fitting (see Section 2.6) and are
plotted as a function of reciprocal temperature in Figure 4-12. Ea and log f0 for the
process of each sample are listed in Table 4-3. Approximate activation energies are in
the range of 11-16 kJ/mol, typical of local glassy state processes. Note that there is
another contribution to the dielectric loss spectra in Figure 4-11 at lower frequencies,
which becomes more evident as temperature is raised. This contribution is associated
with the  process, which is discussed below.
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Figure 4-12 fmax obtained from HN fits of the dielectric data of the Jeff 400 samples
plotted as a function of temperature, for the and  processes. Solid lines corresponding
to Arrhenius fit for  relaxation and VFT fit for relaxation.
Table 4-3 Arrhenius and VFT fitting parameters for the  and  relaxations of the
Jeff400 polymersii
Sample
0 mol% Li+
11 mol% Li+
15 mol% Li+
24 mol% Li+

 relaxation
log f0
Ea
Hz
kJ/mol
12.5
13.9
11.8
15.8
11.4
11.1
12.4
14.1

log f0
Hz
8.8
7.8
7.2
7.1

D
3.0
3.1
3.1
3.3

 relaxation
T0
Tg
Tg-T0
o
o
o
C
C
C
34
59
25
47
74
27
49
76
27
52
80
28

Tg, DSC
o
C
62
79
91
91

As the relaxation is not well resolved in the measured dielectric loss due to
overlap with the contribution to the loss from conductivity, the derivative method (refer
to Section 2.6) was used to resolve this relaxation process.
ii

The ionomer with 100 mol% of ionomeric diamine was not soluble and it was not
possible to prepare a film to measure its dielectric properties.
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Figure 4-13 Representative derivative dielectric spectra as a function of frequency for the
non-ionic Jeff400 PU in the temperature range of the  relaxation

Figure 4-13 is a representative example (i.e., the non-ionic Jeff400 PU) of the
derivative dielectric spectra in the frequency domain at selected temperatures. The large
increase in der at lower frequencies is associated with the contribution from electrode
polarization. The frequency maxima of the segmental relaxations (see Figure 4-13) are fit
to the Vogel-Fulcher-Tammann (VFT) equation29-30:

𝑓max = 𝑓0exp −

𝐷𝑇0
𝑇−𝑇0

(4.4)

where fmax is the peak frequency, f0 is a constant, T0 is the Vogel temperature and D is the
strength parameter, inversely related to fragility. The VFT fitting parameters for the
segmental relaxations of the non-ionic and the ionic Jeff 400 polymers are listed in Table
4-3. Initially, note that the  relaxation temperatures are generally observed to increase
with increasing aromatic salt content, as expected from the DSC measurements (see
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4.3.1.1). Extrapolating the relaxation maxima to 100 s using the VFT expression has
been shown for many polymers to result in Tg,DRS that is near Tg,DSC. Considering the
uncertainty in measured Tg by DSC and extrapolated Tg,DRS, values of Tg,DRS in Table 4-3
are not very different from those measured from DSC.
Relaxation strengths of the  processes for non-ionic PUs have not been reported
in the literature previously, the same being true of PU ionomers. A relatively large dipole
moment for the urea linkages (4.6D) has recently been reported.31 Also, for the
ionomers, motion of ion dipoles would be expected to contribute to the static dielectric
constant. Measured values of relaxation strengths for the non-ionic and the ionic PUs
were found to vary in a non-systematically fashion. In addition, the non-ionic and the 11
mol% Li+ samples have very high apparent values (as high as 100-200). Fitting of the HN
function to these relaxations was conducted a number of different times and via different
approaches, but these large values were always found, independent of the procedure used.
Also, for these two materials, the apparent strengths increase with increasing temperature,
as opposed to the usual expectation from the Onsager equation. These peculiar findings
suggest that there is another contribution to the apparent strength. A significant
contribution from Maxwell-Wagner-Sillars interfacial polarization might be a possible
origin if these materials were multiphase, but all other results suggest they are not
microphase separated. At this writing, these large relaxation strengths remain
unexplained.
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Figure 4-14 DC as a function of reciprocal temperature for the Jeff400 PUs
As noted earlier, the Jeff400 PUs could not be dialyzed due to their water
insolubility, but were purified by alternative means (see Section 4.2.2). Measured ion
conductivities are displayed vs 1/T in Figure 4-14. The conductivity observed for the
non-ionic PU undoubtedly arises from residual ionic impurities. σDC for two of the
ionomers (11 and 24 mol% Li+) are very similar to that of the non-ionic PU in this
temperature range, while σDC of the 15 mol% ionomer is about 2 orders of magnitude
higher.
Barton−Nakajima−Namikawa (BNN) relation32 is expressed in Eq 4.5.

DC = B0smax α

(4.5)

where B is a dimensionless empirical number that can range from 0.3 to 30 for ionomers
with no ion aggregates to strongly aggregated ions, respectively. B = 1 corresponds to
ions moving one Debye length in their ion rearrangement time (τα2 ≡ ωmax α

−1

). ε0 and εs
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are the permittivity of free space and the static dielectric constant, respectively. The test
of the BNN relation for Jeff400 PU ionomers is displayed in Figure 4-15. The value of B
for Jeff 400 PU ionomers increases from 0.15 for 11 mol % Li+ to 0.35 for 15 mol % Li+
and 10 for 24 mol % Li+ which suggests Debye length shorter than an exchange distance.
However, it is important to emphasize again that the Jeff400 PU ionomers could
not be dialyzed with water. Consequently, the residual amount of ionic species in these
materials is unknown and could vary between samples in an unknown fashion. No further

DC0 (rad/s)

discussion of σDC is provided.
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Figure 4-15 Test of the BNN equation (eq 4.5) connecting the product of ionic segmental
relaxation (ion rearrangement) frequency and dielectric constant to ionic conduction rate.

4.3.2

Jeff2000 PU and Jeff2000 PU ionomers
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Even though a series of Jeff400 ionomers were successfully prepared, all of the
experimental findings demonstrate the Jeff 400 PU and its lithium ionomers are not
microphase separated. Considerably high molecular weight Jeff2000 was consequently
used to synthesize a second series of PPO soft segment PU materials. The lower entropy
of mixing associated with the longer PPO segments in Jeff2000 provides a greater driving
force for microphase separation.

4.3.2.1 Ion Content and Glass Transition Temperature
Solution polymerized Jeff2000 PU and Jeff2000 PU ionomers were successfully
synthesized and the ion content for the ionomers was tuned by changing the molar ratio
between the neutral diamine and the ionic diamine. Figure 4-16 displays NMR spectra,
proton types and peak assignments for all of the Jeff2000 PU samples. The same peak
assignments and methodology were used as for the Jeff 400 PUs (see 4.3.1.1). The mole
fraction of the synthesized salt incorporated spanned the range from 0 to 57mol%. The
weight% hard segments in each Jeff2000 polymer (defined in 4.3.1.1) is reported in Table
4-4.
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Hydrogen type
-(O-CH(CH3a)-CH2)-(O-CHb(CH3)-CH2b)-R-NHc-CO-NH

R= PPO, MDI

-R-NHd-CO-NH

R= diamine salt

Ar-He from MDI
Ar-Hi from diamine salt
f

Chemical Shift (ppm)
1.03
3.49, 3.78
6.01PPO, 8.38MDI
9.07, 9.50
7.07, 7.29
7.03, 7.39, 7.67, 7.87, 8.26, 8.51

: 2.50 ppm assigned to residual protonated DMSO in DMSO d-614
g
: 8.03, 2.92 and 2.75 ppm correspond to DMF used in polymerization reaction
Figure 4-16 1H-NMR spectra, proton types and peak assignments for Jeff2000 samples
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Table 4-4 Mol fraction of salt, weight% hard segments, [PPO]/[Li+] and ion
concentration for Jeff2000 PUs.
Sample

mol% Li+

weight % hard segments

[PPO]/[Li+]

Jeff2000-0

0

13

0

ion concentration
(ions/cm3)
0

Jeff2000-1

2.9

14

1070

3.4E+17

Jeff2000-2

35

22

61.3

4.1E+18

Jeff2000-3

57

32

24.9

6.7E+18

Figure 4-17 DSC traces for the Jeff2000 PU and its ionomers

Figure 4-17 displays the DSC traces of the Jeff2000 PUs. For the non-ionic
Jeff2000 PU, a low temperature Tg was detected at -52oC. As the Tg of the neat Jeff2000
diamine is reported to be approximately -70oC9 and soft segment segmental motion can
be restricted in phase-separated copolymers through attachment to hard domains, this Tg
is assigned to that of a segregated soft phase. Tgs in the range of -50oC were also detected
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for the ionic Jeff2000 PUs. Tgs of conventional single-phase ionomers are observed to
increase significantly with increasing ion content, due to ion aggregation and interaction
of ionic species with ion-solvating segments in the polymer backbone or pendant
groups.31 The implication from the measured low Tg of the Jeff2000 ionomers is that
there are relatively few ions in the low Tg phase, with most ionic species likely located in
or in proximity to hard domains. As typical for segmented polyurethanes and PUs, no
hard phase DSC Tg is detected for any of the Jeff2000 polymers. This frequently arises
because either the Tg of the hard domains is too high to be detected prior to polymer
degradation and/or the heat capacity change associated with the hard phase Tg has been
proposed to be very small.33

4.3.2.2 Morphology
X-ray scattering was used to investigate the morphology of the Jeff2000 PUs.iii
SAXS, IAXS and WAXD patterns of the Jeff 2000 samples were combined and are
depicted in Figure 4-18. In wide angle range, the peaks at 1.40-1.45 Å-1 (4.3-4.5 Å) were
detected in the synthesized ionomers with 35 mol% and with 57 mol% Li+, respectively.
These are associated with the amorphous halo and also consistent with those observed at
1.4 Å-1 detected for amorphous Jeff400 samples (Refer to 4.3.1.3).15-17 In addition, there
is a contribution around 0.7-0.8 Å-1 (7.9-9.0 Å) similar to that detected in the Jeff400

iii

For WAXD measurements, a self-supporting film is required to be mounted on a
standard sample holder of the Rigaku DMAX/RAPID instrument. The Jeff2000 samples
with 0 mol% Li+ and 2.9 mol% Li+ do not form solid films and their scattering at larger
q’s are not presented.
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samples (Refer to 4.3.1.3). The origin of this contribution has been proposed to be related
to the distance between two methyl groups on different PPO units facing each other.25
2
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Figure 4-18 X-ray scattering profiles for the Jeff2000 PU and its ionomers

One scattering peak at q= 0.15 A-1 (4.2 nm) was observed for the non-ionic
Jeff2000 PU. Based on the literature, this is very likely associated with the mean
interdomain spacing between hard domains. Two scattering peaks in the small-angle
range are observed for the ionomer with 3 mol% Li+ (q = 0.02 A-1 (31 nm) and q = 0.12
A-1 (5.2 nm). In previous studies, average spacings between ion aggregates in polyetherbased ionomers are in the range of 1-4 nm.37-40, and one might at first propose an
assignment for the scattering peak at q = 0.12 A-1 (5.2 nm) as inter- ion aggregate
spacing. However, this is not likely to be the case since a scattering peak in a similar
location is observed for the non-ionic Jeff2000 PU. Consequently, it is speculated that
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both scattering peaks in the small angle region for the ~3% ionomer arise from two hard
domain spacings. Typical PU interdomain spacings are reported to be in the range of 20
to 3 nm.15-17, 34 , but hard domain spacings in certain PUs have occasionally been reported
to be larger than 20 nm.35-36
The peaks at 0.023 A-1 (28 nm) and 0.037 A-1 (18 nm) for the Jeff2000 ionomers
with 35 mol% and 57 mol% Li+ also are proposed to arise from inter hard domain
scattering. The hard segment content in the PU is increased as additional aromatic salt
(See Table 4-4) replaces the neutral Jeff2000. With equimolar amounts of MDI and
diamines, the shorter spacer length between hard domains would likely be manifested in
smaller average distances between hard domains.
The Jeff2000 PUs with 0 mol% Li+ and 2.9 mol% Li+ are a viscous liquid and soft
solid, respectively. Since these samples are too adhesive, tapping mode (TM)-AFM could
not be used to follow their surface morphology. Even though the Jeff2000 PU ionomer
with 35 mol% Li+ could form a film, its severe roughness was a barrier to TM-AFM
imaging. However, a low roughness film could be prepared from the Jeff2000PU with 57
mol% Li+. Representative AFM surface images of this ionomer are displayed in Figures
4-19 (a) and (b). By comparison to the literature, the brighter regions correspond to areas
of the sample with higher modulus (hard domains).and the darker regions with the lower
modulus soft phase41 As seen in Fig 4-19, the hard domains of the 57 mol% ionomer are
dispersed in a soft matrix. By using Nanoscope software, the estimated width of the hard
domains is ~20 nm.
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(a)

(b)

Figure 4-19 TM-AFM phase images for the Jeff2000 PU ionomer with 57 mol% Li+ with
scan sizes (a) 1x1 m2 and rsp=0.82 and (b) 500 x 500 nm2 and rsp=0.84.

4.3.2.3 Fourier Transform Infrared Spectroscopy
FTIR spectra of the Jeff2000 samples in the carbonyl and N-H regions are
presented in Figures 4-20 (a) and (b), respectively.
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Figure 4-20 State of hydrogen bonding for Jeff2000 PU samples (a) in the N-H region
and (b) in the carbonyl region.

Significant overlap of the disordered and the ordered H-bonded carbonyl and N-H
bands prevent quantitative analysis. However, in the carbonyl region, the absorption at
low frequency are evidence of the existence of ordered hydrogen bonds, which have been
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shown to be indicative of hard segment segregation into hard domains. When comparing
the carbonyl spectral regions of the Jeff2000 samples with those of the Jeff400 samples
(refer to Figure 4.7 (a)), the The band in the 1640 – 1680 cm-1 region is significantly
broadened at lower frequency for the Jeff2000 samples, but this broadening is not
observed in the Jeff400 spectra. The absorbance at lower frequencies is indicative of
some fraction of ordered carbonyl hydrogen bonded and suggests that the Jeff2000 PU
polymers are phase separated, in keeping with the X-ray scattering and DSC results..
When ionic species are incorporated in the Jeff2000 PU backbone, the contribution from
ordered hydrogen bonded carbonyls is shifted to the higher wave number or reduced,
suggesting that the lithium salt perturbs the nature of the hydrogen bondeding in these
materials.
Figure 4-21 displays FTIR spectra for Jeff2000 PU and the ionomers in the range
of 1100-1000 cm-1 where vibrational modes of the sulfonate group are located.22-23 For the
non-ionic Jeff2000 PU, bands near 1093 cm-1 and 1015 cm-1 are associated with different
conformations of two chemically bonded PPO units and stretching of the PPO unit itself,
respectively.15, 33
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Figure 4-21 FTIR spectra of the Jeff2000PU samples from 1000-1100 cm-1

The PPO stretching peak in the spectrum of the 2.9 mol% Li+ ionomer (1017 cm1

) is shifted to slightly higher wave number when compared to the one of the non-ionic

sample (1015 cm-1). When the amount of aromatic salt was increased to 35 mol% and 57
mol%, the vibrational bands corresponding to the various conformations of two
connected PPO units and PPO stretching were shifted to 1085 cm-1 and 1018 cm-1,
respectively. Similar low frequency shifting of the C-O-C absorbance band of PEO soft
segments in ionomers has previously been associated with the complexation of PEO ether
oxygens with lithium cations.24 Bands associated with free SO3- or ion pairs were not
detected in the spectra of the Jeff2000 ionomers, arising from the low ion contents of
these materials (refer to Table 4.4). In addition, the shoulders observed at 1050 cm-1 in
ionomer spectra cannot be assigned to ion aggregates, since a similar shoulder was
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detected in the non-ionic sample. The absorbance at 1050 cm-1 may arise from the PPO
segments, although the exact assignment does not appear in the literature.

4.3.2.4 Dielectric Relaxation Spectroscopy
Figure 4-22 displays isochronal plots of the dielectric loss of the Jeff2000 samples
as a function of temperature at 1 kHz. The  processis assigned to a local relaxation and
the relaxationis associated with segmental motion.

Figure 4-22 Isochronal dielectric loss spectra as a function of temperature for the
Jeff2000 samples at 1 KHz
Figure 4-23 displays representative dielectric loss spectra ( relaxation) at low
temperatures for the non-ionic Jeff 2000 PU. The local relaxation frequencies can be
described by the Arrhenius relationship (see Eq 4.3).28 fmax was extracted from HN fits
and plotted as a function of reciprocal of temperature in Figure 4-24. log f0 and Ea were
also be obtained and are summarized in Table 4-5.
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Figure 4-23 Representative dielectric loss spectra of the non-ionic Jeff2000 PU as a
function of frequency. The solid line is the HN fit to the data at -70 ˚C.

Figure 4-24 Relaxation map for the non-ionic and ionic Jeff2000 polymers, displaying
fmax for the  and́ relaxation processes. Solid lines correspond to Arrhenius fits to
the  relaxation and VFT fits for and ’relaxations.
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Table 4-5 Arrhenius fitting parameters for  relaxations of Jeff2000 PUs
 relaxation
Sample
0 mol% Li+
2.9 mol% Li+

log f0
Hz
12.0
11.6

Ea
kJ/mol
12.0
13.3

35 mol% Li+
57 mol% Li+

11.6
10.6

13.6
13.2

Similar to the Jeff400 PUs, the local relaxation processes of the Jeff2000 PUs are
associated with local glassy state motions of ether oxygen containing groups in the PPO
segments.42 It has been proposed previously that this relaxation also contains a
contribution from local motions of NH2 end groups.43 The Eas for the  relaxation of the
Jeff2000 polymers are found to be in the typical range of 12 to 14 kJ/mol. Very
significant slowing of the gamma process is observed with increasing ionic species. The
origin of the slowing is not completely understood, but is proposed to arise from
increasing interactions between lithium ions and PPO segments, which is supported by
the observed shifting of the FTIR absorbance of PPO interacting with Li cations (see
Section 4.3.2.3).
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Figure 4-25 Representative derivative dielectric spectra of non-ionic and ionic Jeff2000based PU with 2.9 mol% Li+ as a function of frequency at selected temperatures.
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The soft phase alpha (and slower) relaxations are superimposed with conduction
losses, so the derivative method (Chapter 2) was used to remove the contribution from
conductivity in an attempt to resolve these processes. Figures 4-25 (a) and (b) are
examples of representative derivative dielectric spectra at selected temperatures for the
non-ionic sample and the ionomer with 2.9 mol% Li+, respectively. Three relaxation
processes are observed for the non-ionic Jeff2000 PU (Figure 4-25 (a)): a faster 
relaxation process, a dominant  relaxation and a small slower process ’. The frequency
maxima of the  processes vs 1/T for the various Jeff2000 PUs are displayed in Figure 424, and follow the VFT form (Eq. 4-4). By extrapolating to 100 s, soft phase Tgs of
Jeff2000 PUs can be estimated and those from DRS (-59oC to -46oC) are comparable to
Tgs (-52oC to -49oC) from DSC (see Table 4-6). The DSC and DRS Tgs indicate that the
presence of ions and higher hard segment concentrations leads to a very small increase in
soft phase Tg, with many of the ions presumably located in the hard phase. It is proposed
that some modest fractions of ions are in the soft phase and this is consistent with FTIR
observations (refer to 4.3.2.3).
The α relaxation strength of the non-ionic PU decreases with increasing
temperature (from 10 to 4, from temperature = -23oC to 123oC). However, the 
relaxation strengths of the ionomers are in the range of 10-70, but do not change
systematically with ion content. Note that high strengths for ionomers are proposed to
arise from the motion of ion pairs or ions changing states in pairs in the literature.39 In
some previous studies of ionomers, this motion can be separated from  relaxation and is
referred to as the 2 process.42,44 However, the motion of ion dipoles is frequently not
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resolved from the segmental motion. The strengths (10-70) suggest that the origin of 
relaxation for the Jeff2000 ionomers is a combination of segmental motion and ion dipole
motion. The non-systematic change in the strength with composition is likely due to
different extents of ion aggregation (with ion aggregates considered to have very small or
zero dipole moment). However, there is no direct evidence on ion states due to the
relatively low ion content of these materials.
α’ relaxation process was also observed in recent research on phase separated PUs
and proposed to arise from soft segment motion restricted by connection to the hard
domains.17

Table 4-6 VFT fitting parameters for and the higher temperature relaxation process of
Jeff2000 PUs
 relaxation
log f0

Sample

Hz
0 mol% Li

+

D

T0

Tg

o

o

C

C

’ relaxation

Tg-T0 Tg,DSC

log f0 D

o

o

C

Hz
7.3

C

9.2

12 -110 -57

53

-52

2.9 mol% Li+ 9.4

12 -104 -50

54

-51

35 mol% Li+ 8.4

11 -107 -51

56

-50

57 mol% Li+ 9.4

12 -106 -46

60

-49

T0

Tg

o

o

o

-83

-40

43

C

8

C

Tg-T0
C

For the Jeff2000 PU ionomers, a process slower than  was observed, having
strengths ranging from 100 to 165, which is generally much higher than what one sees for
strong ion dipoles and ion dipole motion was invoked to explain in strength of the 
relaxation. As these are microphase separated materials, Maxwell-Wagner-Sillars (MWS)
interfacial polarization takes place due to charge accumulation at the interfaces.41, 45-47 It
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is therefore hypothesized that MWS is the origin of this slow process for these phase
separated ionomers.

Figure 4-26 dc conductivity for non-ionic and ionic Jeff2000 samples as a function of
inverse temperature

Due to their insolubility in water, the Jeff2000 samples could not be dialyzed.
However, an alternative purification method was applied (see Section 4.2.2). The
temperature dependence of DC for the Jeff2000 PUs is depicted in Figure 4-26. The
conductivities of the materials are 10-11-10-6 S/cm in the range of 5 - 180oC.
Conductivities of the ionomers are comparable, the 2.9 mol% Li+ ionomer being
somewhat higher than the others. It is clear that conductivity is dominated by impurities
in these materials.
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Figure 4-27 Test of the BNN equation (eq 4.5) connecting the product of ionic segmental
relaxation (ion rearrangement) frequency and dielectric constant to ionic conduction rate
for Jeff2000 PU samples.

Figure 4-27 displays a test of the BNN relation (refer to Eq 4.5) for the Jeff2000
PU ionomers. The B value for these ionomers decreases from 0.45 for 2.9 mol % Li+ to
0.02 for 35 mol % Li+ and 0.01 for 57 mol % Li+. The B value of these ionomers suggests
that ion motions are restricted. However, the measured DC for Jeff2000 PU samples is
domainted by impurities, as mentioned above. Although these materials were nominally
extensively purified, this is another example of why it is critical to dialyze exhaustively
to solubilize and remove the great majority of ionic species that might remain from
polymerization.
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4.4 Summary
Jeff400 PU and Jeff400 PU ionomers were successfully prepared from the Jeff400
diamine, a diamine salt and MDI, via solution polymerization. The lithium ion content in
the ionomers was controlled by the fraction of aromatic diamine salt used in the
polymerization. Tgs increase with increasing lithium ion content due to miscibility
between the hard and the soft segments. Likewise, the increasing presence of aromatic
diamine salt results in slower dielectric relaxation processes. Introduction of ionic
species results in a change in hydrogen bonded N-H and carbonyl FTIR bands. There is
no evidence of microphase separation from SAXS.
Jeff2000 PU and Jeff2000 PU ionomers were successfully prepared from the
neutral Jeff2000 diamine, a diamine salt and MDI, via solution polymerization. The
varied ionic content was confirmed using NMR peak integrations. Low soft phase Tgs
were detected for all Jeff2000PUs. The similar soft phase Tgs for all samples indicate that
the aromatic diamine salts are located in or in proximity to hard domains. X-ray
scattering profiles and AFM images demonstrate that the ionomers are microphase
separated. FTIR bands in carbonyl region also suggest hard segment segregation.
Dielectric  relaxation processes arise from soft phase relaxation for the non-ionic
sample and a combination of soft phase segmental and ion motions for the ionic samples.
An ’ relaxation was observed for the non-ionic Jeff2000 PU, and is proposed to be
related to restricted motion of soft segments attached to hard domains. A slower
relaxation was observed for the ionomers, and based on its high relaxation strength is
proposed to arise from MWS interfacial polarization. Measured DC conductivities at
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room temperature of all Jeff2000 ionomers around 10-9.7-10-9.5 S/cm and, although
purified, the conductivity is dominated by ionic impurities remaining from the
polymerization process.
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Chapter 5

Polypropylene Oxide-b-Polyethylene Oxide-b-Polypropylene Oxide Based
Polyurea and Its Lithium Ionomers

5.1 Introduction
In Chapter 4, PU ionomer microphase separation was demonstrated for polymers
derived from MDI, PPO (Jeff2000) soft segments and 2, 5-diaminobenzene sulfonate.
Due to the nature of the polymerization process, the ionic species are attached to ureacontaining hard segments and likely phase separate along with the MDI-urea into hard
domains. As the hard domains have relatively high Tg, ion motion would be restricted.
However, if some fraction of the ionic species are in proximity to the hard/soft interfaces,
ions could be solvated in an ion-solvating soft phase near the interfaces resulting in
enhanced conductivity.1 As described in Chapter 4, PPO was chosen for the soft
segments because it does not crystallize, is able to dissolve salts/ions, has comparable
dielectric constant to EO and has comparable Tg that of PEO (Section 4.1).2-8 However,
PPO does not dissolve cations nearly as efficiently as EO.9 In this chapter, polypropylene
oxide-b-polyethylene

oxide-b-polypropylene

oxide

(PPO-PEO-PPO)

containing

approximately 68% EO was selected for the soft segment.8 The shorter EO in this
triblock does not crystallize and the presence of PPO can assist in phase separation.
Furthermore, to enhance the possibility for hard/soft segment segregation, a
symmetric diisocyanate was used as the hard segment. Generally, more symmetric
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diisocyanates lead to greater hard segment packing efficiency and encourage microphase
separation.10-11
As described below, the other advantage of the PUs and ionomers synthesized
herein is that they are water soluble and can be extensively dialyzed in the hope of
removing most of the ionic impurities remaining in the synthesized polymers after
polymerization. Synthesis, morphology, and dynamics of a non-ionic PPO-PEO-PPO soft
segment PU and its lithium ionomers are presented in the following sections.

5.2 Experimental Methods
5.2.1 Materials
Jeffamine ED900 (ED900, MW=900 g/mol), a PPO-PEO-PPO diamine, was
purchased from Sigma Aldrich. 2, 5-diaminobenzene sulfonate (synthesized by Dr. Siwei
Liang; see Chapter 4) was used for preparing ionomers.12 Hexamethylene diisocyanate
(HDI) was purchased from Sigma Aldrich. HDI, ED900 and 2, 5-diaminobenzene
sulfonate were dried at 80 oC overnight before use. Dimethylformamide (DMF) from
Sigma Aldrich was dried over 4 Å molecular sieves for 2 days. Diethyl ether and nhexane from Sigma Aldrich were used as received. Deionized water was used for
purification. Dimethyl sulfoxide-d6 (DMSO-d6, Sigma Aldrich) was used for NMR
sample preparation.

5.2.2

Synthesis
Solution polymerized ED900 PU and ED900 PU ionomers (see Figure 5-1) were

prepared by the reaction of equimolar amounts of HDI and diamines. For ionomer
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preparation, the feed molar ratio between ED900 and 2,5 benzodiamino sulfonate was
varied. The percent solids of the reaction mixtures were kept in the range of 10-15%.
Polymerization was carried out at room temperature under an inert atmosphere.
Completion of the reaction was determined by monitoring the disappearance of the
isocyanate absorption peak around 2270 cm-1 by FTIR spectroscopy.13 The reaction
solutions were washed with n-hexane and diethyl ether.

Figure 5-1 Synthesis of ED900-based PU and ionomers.

5.2.3

Sample Preparation and Dialysis
For characterization, films of the purified samples were prepared by solution

casting 10 wt% solutions in DMF. The solvent was first removed slowly under ambient
conditions for 1 week. Then samples were dried in a vacuum oven at 120 °C for 1 hour
and the heat was turned off. The samples were kept under vacuum condition overnight.
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Since the synthesized ED900 PUs are water soluble, dialysis was used to remove
many of the ionic impurities from the samples. One gram of the ED900 samples was
extensively dialyzed in a dialysis cassette (MW cutoff = 2000) in deionized water. The
dialysis of each sample was completed when conductivity of the dialysate was 0.6-0.8
S/cm. The dialyzed product was then dried at 80 oC under vacuum.

5.3 Results and Discussion
5.3.1

Synthesis, Ion Content and Glass Transition Temperature
The same methodology used for the Jeff 400 PUs and the Jeff 2000 PUs (see

4.3.1.1 and 4.3.2.1) was applied for the synthesized ED900 samples. The reported mol%
Li+ is the mol% of the diamines that are sulfonated. NMR spectra of the ED900 PU
samples are displayed in Figure 5-2, and the mol% of the ionic species is determined
from:
mol% of Li+ =

𝑃𝐼 𝑎𝑡 6.00 𝑝𝑝𝑚
𝑃𝐼 𝑎𝑡 5.84 𝑝𝑝𝑚+𝑃𝐼 𝑎𝑡 6.00 𝑝𝑝𝑚

x 100

(5.1)

where peak integration (PI) at 6.00 ppm and PI at 5.84 ppm are assigned to urea proton
from the diamine salt and the urea proton from the neutral diamine, respectively.
According to the NMR spectra, the fraction of salt was varied from 0 mol%, 29 mol%, 57
mol%, 67 mol%, 86 mol% and 100 mol%. Table 5-1 also includes the weight% of the
hard segment, [PEO]/[Li+] and ion concentration for all of the synthesized ED900
samples, as defined in Section 4.3.1.1.
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Hydrogen type
-(O-CH(CH3a)-CH2) from PPO-PEO-PPO

Chemical Shift (ppm)
1.08

-( CH2 CH2b CH2b CH2b CH2b CH2)-

1.38, 1.43

-(O-CHc(CH3)-CH2c)-(O-CHc-CH2c)-(O-CHc(CH3)-CH2c)-

3.00-3.78

-R-NHd-CO-NH;

R= PPO-PEO-PPO

5.64

R= HDI

5.86

R= diamine salt

6.00

Ar-He from 2, 5-diaminobenzene sulfonate
-( CH2hCH2CH2CH2CH2CH2 h)-

7.03, 7.39, 7.67, 7.93, 8.36, 8.91
2.90

f

: 2.50 ppm assigned to residual protonated DMSO in DMSO d-614
g
: 8.03, 2.92 and 2.75 ppm correspond to DMF used in polymerization reaction
Figure 5-2 NMR spectra, proton types and peak assignments for the ED900 samples
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Table 5-1 Mol% of aromatic salt, weight% of hard segment, [PEO]/[Li+] and ion
concentration of each ED900 PU
ion concentration

Sample

mol% Li+

wt% hard segment

[PEO]/[Li+]

ED900-0

0

14

-

0

ED900-1

29

24

30.6

6.4E+18

ED900-2

57

39

9.4

8.7E+18

ED900-3

67

47

6.2

1.4E+19

ED900-4

86

70

2.0

6.0E+19

ED900-5

100

100

0

7.2E+19

(ions/cm3)

Figure 5-3 DSC traces of ED900, the non-ionic ED900 PU and the ED900 ionomers

Figure 5-3 displays DSC traces collected from the ED900 soft segment precursor,
the non-ionic ED900 PU and the ED900 ionomers. For the non-ionic ED900 PU, a Tg is
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detected at -50 ˚C and is assigned to the Tg of the ED900 PU soft phase (Tg of neat
ED900 diamine is around -55 oC). As expected, the Tg of the soft segment in the polymer
is higher than the neat ED900 diamine due to added contraints on the mobility from
attachment to hard segments/domains. An endotherm was also detected around 50 oC for
the ED 900 polymers, which decreases in magnitude with increasing ion content.
Although the synthesis and characterization of HDI hard segment PUs have not been
reported previously, Fernández-d’Arlas and coworkers reported a Tg for HDI/butanediol
(BD) hard domains in segmented HDI polyurethanes at ~38-52 oC.10-11 However, the
endotherms associated with the ED900 PUs do not have the appearance of an excess
enthalpy event at Tg, and Tgs for HDI urea-containing hard domains would be expected to
be considerably higher than HDI-BD polyurethane hard domains. A more likely origin for
the observed endotherms in the ED 900 polymers is hard domain rearrangement
involving reorientation of some hydrogen bonding groups, as has been proposed
previously.15-18
For the ionomers containing 29 mol%, 57 mol%, 67 mol% and 86 mol% of the
aromatic salt, Tgs observed in the range of -48 oC to -45 oC correspond to the Tg of the
ED900 soft phase. This finding consequently suggests that the ionomers are microphase
separated. As noted above, endotherms were observed at ~35-50 oC for some of the
ionomers and their magnitudes decrease with increasing ion content. If the assignment
that this transition arises from rearrangement of hard segment shorter-range order is
correct, the observed behavior implies that this process is progressively disrupted by the
presence of increasing aromatic salt. Finally, an additional transition was detected in the
range of 96 oC to 118 oC for the ionomers with 67 mol%, 86 mol% and 100 mol% Li+.
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These small apparent changes in heat capacity have the appearance of a (hard domain)
Tg, and an increase in hard domain Tg with increasing aromatic salt content would be
expected.

5.3.2

Morphology
X-ray scattering profiles of ED900 PU samples collected from small, intermediate

and wide angle ranges are combined and shown in Figure 5-4. In wide angle range, peaks
at q = 1.40-1.42 Å-1 (4.4-4.5 Å) were detected for all the PUs and are assigned to the
amorphous halo.15-18 Absence of crystalline reflections indicates that the ED900 PU and
its lithium ionomers are amorphous and confirms that the endotherms from 36-50 oC are
not associated with Tm of low molecular weight PEO crystals. 19-21
In the small angle range, no scattering peaks were detected in the samples with 0
and 29 mol% of ionic species, although their Tg values indicate soft segment segregation.
It is concluded that interdomain spacings are too large to be detected by the
instrumentation used in these experiments. However, scattering peaks at q = 0.014 Å-1
(45 nm), q = 0.015 Å-1 (42 nm) and q = 0.017 Å-1 (37 nm) were detected for the
ionomers with 57 mol%, 67 mol% and 86 mol% Li+, respectively. These large
interdomain spacings (37-45 nm) are similar to the average distances between hard
domains of the Jeff2000 PU samples (20-30 nm, Section 4.3.2.2) and some PUs in
previous studies.22-23 Furthermore, the spacings of these three ionomers decrease with
increasing the aromatic salt content (replacing the ED900 soft segment), which was also
observed for the Jeff2000 ionomers. With equimolar amounts of the HDI and diamines,
the hard segment content increases with additional ionic species, and smaller interdomain

104

spacings would be expected. Finally, the absence of a scattering peak at low angles for
the 100 mol% Li+ ionomer is in keeping with its single phase nature.

0 mol% Li+
29 mol% Li+
57 mol% Li+
67 mol% Li+
86 mol% Li+
100 mol% Li+

2

10

1

Intensity (a.u.)

10

0

10

-1

10

-2

10

0.01

0.1

1
-1

q (A )

Figure 5-4 X-ray scattering profiles of the ED900-based PU and ionomers

An additional scattering maximum at q = 0.65-0.75 Å -1 (8.4-9.7 Å) was detected
in this PU sample series, in the same location as observed for the Jeff400 (section 4.3.1.3)
and Jeff2000 materials (section 4.3.2.2). This scattering peak is not associated with ion
aggregates or pairs, as it is observed for all non-ionic polymers in Chapters 4 and 5.
Although the precise origin of these scattering maxima remains unclear, a hypothesis in a
previously published study suggests that a scattering peak in this q range is associated
with a characteristic distance between segments in PPO soft segments.24
AFM phase images of each ED900 PU are displayed in Figure 5-5. As in the
literature, the bright and the dark regions from AFM phase images of PUs correspond to
the hard domain and the soft phase, respectively.15-18, 25 It is important to note initially
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that free surface morphologies are not necessarily indicative of those in the bulk, as they
can be influenced by the precise nature of the sample preparation. The AFM phase
images displayed in Figure 5-5 are principally utilized to confirm phase separation and to
provide some indication of possible microphase separated morphologies for these
materials. Figure 5-5 displays a selection of representative surface images from the
ED900 series of materials.
The AFM phase image of the non-ionic ED900 PU (Figure 5-5, top left) is
indicative of irregularly shaped hard domains dispersed in a softer phase. Examination of
the topological profile in the same region demonstrates that the tapping mode image is
not an artifact associated with specimen surface roughness. The 29, 57 and 67 mol% Li+
ionomers exhibit thread-like hard domains (of width ca. 8-10 nm), although the 57 mol%
Li+ ionomer exhibits shorter ribbons. The phase image of the 86 mol% ionomer indicates
dispersed hard domains whose diameter is ~9 nm. Finally, the AFM image of the single
phase 100 mol% ionomer displays a speckled pattern, a typical observation for materials
with no phase separation.
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Figure 5-5 Representative AFM phase images for the non-ionic and the ionic ED900based samples.
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5.3.3

State of Hydrogen Bonding
The FTIR spectra of the ED900 PUs in the carbonyl (a) and N-H (b) regions are

shown in Figure 5-6. Typical FTIR bands in N-H region of PUs are inherently broad and
overlapped. However, the bands in carbonyl region, which are more distinct, are
considered and used for quantitative analysis. Free, disordered hydrogen bonded and
ordered hydrogen bonded carbonyls were detected for the ED900 series at 1700-1695 cm1

, 1675-1672 cm-1 and 1645-1641 cm-1, respectively. These peaks are relatively distinct,

except for the sample with 100 mol% Li+. Simple curve fitting, similar to that applied to
Jeff400 FTIR spectra in this region (see Section 4.3.1.2) was used to deconvolute
overlapping peaks.25-26

Figure 5-6 FTIR spectra of the ED900 PU samples in carbonyl (a) and NH (b) regions.
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Figure 5-7 An example of the curve resolved spectrum for the non-ionic ED900 sample.
Resolved bands for disordered (red), ordered (blue) and the spectrum (black).
An example of the resolved curve for the non-ionic ED900 PU spectrum is
displayed in Figure 5-7. Assuming that the absorptivity of all 3 carbonyl vibrations is the
same, fractions of free, disordered and ordered C=O are extracted from FTIR spectra of
this series of materials by curve resolving and are listed in Table 5-2. For the non-ionic
ED900 sample, ~46% of the ordered hydrogen bonded carbonyl indicates that a fraction
of hard segments segregates into hard domains, in agreement with other evidence in this
chapter. When the concentration of lithium salt is increased in the backbone, the fraction
of the free carbonyl band progressively increases from 2% to 29% and the fraction of the
ordered hydrogen bonded carbonyl band decreases from 29% to 0%. For all of the ED900
samples, fractions of the disordered band are in the range of 65-70%. This suggests that
hard segment microphase separation is progressively disrupted with increasing benzene
sulfonate content. Nevertheless, the presence of ordered hydrogen bonded carbonyl bands
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in all but the 100 mol% Li+ sample are in keeping with a microphase separated structure,
in agreement with other findings in this chapter.

Table 5-2 Percent of free, disordered, ordered carbonyl bands of all ED900 PUs after
curve resolving
Sample

% of free C=O

% of disordered C=O

% of ordered C=O

0 mol% Li+

0

54

46

29 mol% Li

+

2

69

29

57 mol% Li

+

4

68

28

67 mol% Li+

10

70

20

86 mol% Li+

17

65

18

+

29

71

0

100 mol% Li

Figure 5-8 FTIR spectra from each ED900 sample in the region of 1120-1000 cm-1
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Figure 5-8 shows FTIR spectra in the range of 1120 cm-1 to 1000 cm-1 for the
ED900 series samples. For the non-ionic ED900 PU, a broad band at 1115 cm-1 is
assigned to C-O-C stretching mode from the ED900 soft segment.28-30 The C-O-C
stretching bands were also observed at ~1113-1115 cm-1 for all ionomers except the 100
mol% Li+ ionomer. The absence of this absorbance in the spectrum of the 100% Li+
ionomer is expected since this polymer contains no ED soft segment. The band at 1040
cm-1 is associated with the vibration of different conformations of CH2-CH2-O-CH2-CH2
species.28 and its intensity gradually decreases as the amount of ED900 in the polymer
decreases.
Two bands in this spectral region increase in absorbance with increasing benzene
sulfonate content: the bands at 1085 cm-1 and 1030 cm-1 are associated with in-plane
aromatic C–H bending. Similar to the other ionomers synthesized in this dissertation, the
ion concentrations of ED900 ionomers (4.7x1018 ions/cm3 for the 86 mol% Li+ ionomer)
are low and the SO3- vibration bands cannot be detected in the current experiments.

5.3.4 Dielectric Relaxations and Ionic Conductivity
Isochronal plots of dielectric loss as a function of temperature for the ED900
samples at 1KHz display in Figure 5-9.
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Figure 5-9 Temperature dependence of the dielectric loss at 1 KHz for all ED900
samples



Figure 5-10 Representative dielectric loss as a function of frequency at selected low
temperatures for the non-ionic ED900 PU. The solid red line is the HN fit to the data at 85 ˚C.

Figure 5-10 displays representative dielectric loss data in the glassy state for the
non-ionic ED900 PU as a function of frequency at selected temperatures. For all of the
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ED900 samples, the  relaxations were fit with the HN function and fmaxs and dielectric
strengths were extracted. Figures 5-11 shows the relaxation frequencies as a function of
reciprocal temperature for the ED900 samples. The  relaxation can be described by the
Arrhenius equation (4.3.1.4).33 For the non-ionic ED900 PU, the origin of this local
relaxation is the same as the ones of which were found in Jeff400 and Jeff2000 samples
in Chapter 4 (see Sections 4.3.1.4 and 4.3.2.4), i.e., motion of ether oxygens in the soft
segment. In addition, its calculated Ea is 13 kJ/mol. Interestingly, a local relaxation is also
observed in the 100 mol% Li+ sample. Kyritsis and coworkers proposed a local relaxation
in PUs arising from the motions of NH2 end groups.34 The estimated Ea of the 100 mol%
Li+ ionomer around 15.3 KJ/mol is not different from that of the proposed motion (12-15
KJ/mol). For the samples with 29-86 mol% Li+, the local relaxation is proposed to be a
combination of the motion of ether oxygens in the soft segment and the motion of NH2
end groups and their Eas are in the range of 14-15 KJ/mol (see Table 5.3). Additionally,
fmaxs for the samples with 0-86 mol% of ionic species are not significantly different. fmax
for the 100 mol% Li+ sample (which has no ED900 soft segment) is slower than the other
samples, suggesting that perhaps this motion is dominated by motion of NH2 end groups.
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Figure 5-11 Relaxation frequencies as a function of inverse temperature. Solid lines
indicate fittings to the Arrhenius and VFT equations.
Table 5-3 Arrhenius and VFT fitting parameters for ,  and ’ relaxation processes of
the ED900 samples
 relaxation
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Figure 5-12 Representative derivative dielectric spectra as a function of frequency at
selected temperatures for the samples with (a) 0 mol% and (b) 86 mol% Li+, respectively.
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At higher temperatures, the  and any other relaxation processes cannot be
distinctively seen in dielectric loss spectra due to overlap with conduction losses (see
Figure 5.9). The derivative method (see Section 2.6) was used to reveal these relaxation
processes. Figure 5-12 (a) displays,  and ’ processes for the non-ionic ED900 sample
as a function of frequency at different temperatures. The process in the non-ionic PU
arises from segmental motion of the soft phase and it has been proposed previously that
the slower’ relaxation arises from restricted motion of soft segments connected to hard
domains.15 Although processes were resolved in derivative spectra, there is no evidence
for an ’ relaxation for the ED900 PU ionomers and it is possible that this slower process
is hidden by strong dielectric loss associated with electrode polarization (see Figure 5-12
(b)).
Frequency maxima of the segmental relaxations for the ED900 PUs were fitted
with the VFT equation (Eq 4.4) and the fitting parameters are displayed in Table 5-3.36-37
For the non-ionic sample, the extrapolated soft phase Tg (-50oC) is the same as that
measured Tg by DSC. The ’ relaxation extrapolates to -42 ˚C at 100 s, although there is
no evidence of a second soft phase transition in DSC. For the ED900 ionomers with 29
mol%, 57 mol%, 67 mol% and 86 mol% Li+, the extrapolated DRS Tgs (see Table 5-3)
are comparable to their measured DSC Tgs, particularly considering the relatively modest
number of data points available for the VFT fit.
Maxwell Wagner Sillars (MWS) relaxation process can sometimes be detected in
multiphase polymer systems, typically with high dielectric strengths (> 100). However,
this process is frequently not detected as it presumably occurs at rather low frequency.
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For the non-ionic ED900 PU, the dielectric strengths are 45 for  process and 25 for
’ process, respectively (refer to Appendix B). The strengths for these processes are quite
large for a non-ionic polymer since the non-ionic sample is composed of a rather modest
concentration of urea linkages in the soft phase.
For the ED900 ionomers, most ionic species are expected to be primarily
associated with the hard phase. The soft phase relaxation strength for the ionomers
changes in a non-systematic fashion, and that of the homopolymer (100 mol% Li+) seems
to increase with temperature (opposite to that expected from the Onsager equation).

Figure 5-13 DC of the ED900 samples as a function of reciprocal temperature.

All ED900 PUs were purified by dialysis(see 5.2.3). Figure 5-13 shows the
temperature dependence of DC for the dialyzed ED900 samples. The maximum
conductivity of the non-ionic sample is 2x10-7 S/cm at room temperature, but the
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ionomers have comparable, and in a few cases lower, conductivity than the non-ionic
polymer. Clearly, for these materials extensive dialysis did not remove the majority of,
the ionic impurities. The 100 mol% Li+ ionomer exhibits VFT behavior above 105110˚C (slightly lower than the DSC Tg (115oC)) and measurable ion conductivity in the
glassy state which follows Arrhenius behavior.

5.4 Summary
ED900 PU and its Li ionomers were successfully prepared via solution
polymerization from ED900 diamine, a synthesized diamine salt and HDI. The variation
of ion content for these ED900 ionomers could be quantified using NMR peak
integration. Low soft phase Tgs were detected in the samples with 0-86 mol% Li+.
Endotherms in the temperature range from 36-49 oC are proposed to be associated with
rearranging hard segment order. A higher temperature transition was observed for the
ionomers with 67-100 mol% Li+ (at 96-118 oC) and presumably corresponds to the Tg of
the HDI urea hard domains. X-ray scattering results also demonstrate the samples with 086 mol% Li+ are microphase separated. AFM phase images show that the hard domain
shape varies non-systematically with varying ion content. Ordered hydrogen bonded
carbonyls in FTIR spectra indicate phase separation and the presence of ionic species was
found to have a significant effect on hydrogen bonding. Soft phase segmental dynamics
were analyzed for all members of the ED900 family. Even though the non-ionic polymer
and ionomers were extensively dialyzed with DI water, the conductivity is dominated by
ionic impurities.
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Chapter 6

Summary and Suggestions for Future Work

6.1 Summary
In this dissertation, various polyether-based PUs and PU ionomers were designed,
synthesized and characterized. Chemical structures and thermal transitions were
examined using

1

H-NMR and FTIR spectroscopies. and DSC, respectively. The

morphology of the non-ionic and ionic PU materials was investigated principally by Xray scattering and in some cases by TM- AFM. The states of local urea hydrogen bonding
were investigated by FTIR. Ionic conductivity and polymer relaxation behavior were
elucidated by DRS.
In Chapter 3, PEO diamines (of molecular weights ranging from 440 to 6000
g/mol) and MDI were solution polymerized. The three lowest molecular weight PEO
diamines (MW = 440, 840 and 1290 g/mol) were synthesized. The results demonstrate
that PUs 440 and 880 form single phase amorphous materials. PU 1290 was determined
by SAXS to exhibit a small degree of hard segment segregation. PUs composed of PEO
soft segments greater than or equal to 2000 g/mol were found to crystallize significantly.
Various attempts were made to synthesize PEO PU ionomers with ionic species in hard
segments and soft segments, but as summarized in the Appendix A these proved to be
unsuccessful. Using a model reaction, sulfonation of the phenyl rings in the PTMO with
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di(phenylamine) end groups (Versalink P1000) was not successful (i.e., it was not able
possible to convert sulfonate-centered PEG diol to a diamine).
Even though PPO cannot dissolve cations as well as PEO, PPO is not
crystallizable. Amorphous PPOs [Jeff400 (MW =400 g/mol) and Jeff 2000 (MW = 2000
g/mol)] and MDI were used as the neutral soft segment and the hard segment,
respectively. 2,5-diaminobenzene sulfonate was synthesized and used to prepared PU
ionomers. PPO soft segment PU ionomers were synthesized by varying the feeding ratio
of the neutral and the ionic diamines. The experimental findings confirm the Jeff400 PU
and ionomers are not microphase separated.
Jeff2000 was subsequently used as the soft segment in a successful attempt to
increase degree of demixing between the two unlike segments. Low temperature DSC Tgs
and X-ray scattering demonstrate that the Jeff2000 samples are microphase separated.
The shifted carbonyl bands observed in FTIR spectra of the ionomers indicate that
addition of ionic species perturbs hydrogen bonding. From DRS experiments, the local 
relaxation was found to be affected by the presence of ionic species. The origins of the
observed  relaxation process are: soft phase segmental motion for the non-ionic sample
and a combination of segmental and ionic dipole motions for the ionic samples. The
slower relaxation process observed for the non-ionic Jeff2000 PU is proposed to be
associated with restricted motion of the soft phase. Tgs extrapolated from DRS data are
comparable to those measured by DSC. Due to their insolubility in water, Jeff2000
samples were purified by an alternative approach. The ionic conductivity of the Jeff2000
ionomers with different ionic diamine fractions are in the range of 10-9 S/cm at room
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temperature, and comparison with the non-ionic PU suggests that lithium ions are not the
dominate species participating in ion conduction.
As

another

alternative,

polypropylene

oxide-b-polyethylene

oxide-b-

polypropylene oxide (PPO-PEO-PPO or ED900, MW 900 g/mol) containing
approximately 68% EO was chosen as the soft segment. The relatively short EO
segments in this triblock are not crystallizable and PPO can encourage phase separation.
HDI was selected as the hard segment due to its higher packing efficiency than MDI. As
in Chapter 4, 2,5-diaminobenzene sulfonate was used as the ionomeric diamine for
preparing a series of PU materials with varying ion content. The results demonstrate that
the ED900 PU and its ionomers are microphase separated. The ionic aromatic groups are
connected to HDI and based on the experimental findings, they are likely part of the hard
domains. From DRS measurements, the  processes are associated with soft phase
segmental motions. For the non-ionic ED900 PU, the ’ relaxation process is again
assigned to restricted segmental motion of soft segments attached to the hard domains.
Lithium cations are likely associated with hard domains, in keeping with DSC and FTIR
evidence. Even though these materials are water soluble and were extensively dialyzed,
the conductivity of these ionomers were found to be dominated by residual ionic
impurities.

6.2 Suggestions for Future Work
As the conductivity of all of the phase separated ionomers synthesized in Chapters
4 and 5 are dominated by impurities, the first path forward in future research would be to
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devise alterative purification procedures to remove the vast majority of these extraneous
species. One possibility is even more exhaustive dialysis of the ED900 ionomers.
In addition, conductivities of the 86 mol% Li+ and the 100 mol% Li+ ED900
ionomers are very different (refer to Figure 5-13). With the same sample preparation
(refer to Section 5.2.3), synthesis of the ED900 ionomers which are composed of diamine
salt in the range of 86-100 mol% will be proposed.
Another possible path forward is to synthesis polyureaurethane (PUU) ionomers
via a 2 step reaction. The first step would be the reaction of the sulfonate centered diol
(refer to Appendix A) and the diisocyanate. This product could then be reacted with short
diamine chain extender like ethylene diamine (EDA).
Another direction for future research on PU ionomers is to employ an ionic soft
phase diamine. Scheme 6-1 displays the synthesis protocol for the ionomeric diamine.
This diamine can be synthesized from a sulfonate centered diol incorporated PEG (MW
=600 g/mol, see Appendix A)1 via a three step procedure2 including tosylation,
nucleophilic substitution with azide followed by Staudinger reduction.
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Then, the diamine salt can be reacted with diisocyante. Figure 6-2 shows an
example of the synthesis of a PU with ions placed in the soft segment via reaction of the
suggested ionomeric diamine and HDI.
Assuming one or more series of PU ionomers can appropriately purified, another
direction for future work is to plasticize the ionomers to lower Tg and further solvate
cations. PEG is an excellent choice for a plasticizer,3 but there is a possibility that it may
interact with hard segments as well, liniting hard segment segregation.
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Appendix A

Poly(ethylene oxide)-Based Polyurea Ionomers

A.1 Introduction
Polyethylene oxide (PEO) is well known to solvate cations in a more efficient
way than other polyethers. Two approaches were used in attempts to prepare PEO PU
ionomers: by adding sulfonated aromatic end groups on a PEO diamine and by placing
ionic species in the middle of a PEO diamine. Even though these approaches were proved
to be unsuccessful, a summary of the procedures utilized are provided below in order to
guide future research in this area.

A.2 Attempted Synthesis of PEO PU Ionomers
A.2.1 Materials
As the quantity of PEO-based diamines 3a-3c (Chapter 3) was limited,
commercially available Versalink P1000, whose chemical reactivity is comparable to 3a3c (see Figure A-1), was used as a model compound to assess the viability of sulfonating
the aromatic rings on the end groups. Versalink P1000 was purchased from Air Products
and Chemical and degassed before use.
O
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C O CH2CH2O C
n

3a-3c

O

O
NH2

H2N

C O CH2CH2CH2CH2O C
n

NH2
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Figure A-1 Comparison of chemical structures of synthesized PEO diamines 3a-3c and
Versalink P1000
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Trimethylsilyl chlorosulfonate and trifluoroacetic acid from Sigma Aldrich were
used

as

received.

Dimethylformamide

(DMF),

tetrahydrofuran

(THF)

and

dichloromethane (CH2Cl2) (Sigma Aldrich) were dried over 4 Å molecular sieves for 2
days and 4,4’ methylene diphenyl diisocyanate (MDI) was purchased from Sigma
Aldrich and purified by sublimation at 80oC under vacuum as in literature.1 Methanol
(Sigma Aldrich) was used as received for purification. Dicyclohexylcarbodiimide (DCC),
4-dimethylamino pyridine (DMAP), phthalimide, hydrazine and lithium methoxide were
purchased from Sigma Aldrich were used as received.

A.2.2 Challenges for Sulfonating Aromatic End Groups on Polyether Diamines
Model Reaction
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Figure A-2 Synthesis plan for preparing PEO soft segment PUs with ions at the interface
between hard and soft segments. For exploring the possibility of preparing the ionic
diamines, the model reaction (in the red frame) was selected, with Versalink P1000 as a
model compound.
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Preferentially sulfonating the aromatic end groups of PEO diamines was planned
as displayed in Figure A-2 by adding trimethylsilyl chlorosulfonate.2-3
(a)

(b)

Absorbance (a.u.)

Versalink p1000: Starting material
Reaction product

4000

3600

3200

2800

2400

2000

1600

1200

800

400

-1

wave number (cm )

Figure A-3 (a) NMR spectra and (b) FTIR spectra for Versalink P1000, used as the
starting material, and the reaction product, respectively.

After Versalink P1000 was reacted with trimethylsilyl chlorosulfonate in the
model reaction, the product was characterized by 1H-NMR. The 1H-NMR spectrum (see
Figure A-3a) shows that protons of trimethylsilyl chlorosulfonate are detected at 0 ppm,
suggesting that protons of -CH3 groups attached to Si as intended. FTIR was also used to
characterize the reaction product. FTIR spectra of Versalink P1000 and the reaction

129

products are shown in Figure A-3 (b). In the literature, vibrational bands of trimethylsilyl
chlorosulfonate are reported at 2980, 2920, 625 and 405 cm-1.4 No FTIR bands for
trimethylsilyl chlorosulfonate were found in the reaction product. The conclusion is that
the sulfonate groups were not chemically bound to the aromatic rings of Versalink P1000
and the model reaction was not successful. Consequently, the observed proton peak at 0
ppm likely corresponds to a trace amount of trimethylsilyl chlorosulfonate trapped in the
NMR sample.

A.2.3 Challenges for Synthesizing Diamines with Ions Placed at the Middle of
PEO Soft Segments
Attempts were made to synthesize two ionomeric PEO-based diamines, intended
for the preparation of PEO PU ionomers with ions placed at the middle of the soft
segments. Polyethylene glycol (MW = 600 g/mol) was firstly chosen for preparing an
ionomeric PEO diamine due to its capability of dissolving salts/ions.1, 2-3, 5, 6-13

Figure A-4 1H-NMR spectrum of sulfonate-centered diol 600 (SC diol 600)
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A sulfonate-centered diol 600 (SC diol 600), which was previously introduced
into polyurethane ionomers, was successfully prepared and its structure confirmed by 1HNMR.2-3 Figure A-4 shows the 1H-NMR peaks at 4.65 (s, 2H), 4.23 (s, 1H), 3.30-4.63
(m, PEG) and 2.71-2.98 (m, 2H) ppm. The SC diol 600 was selected as the starting
material in an attempt to synthesize diamine 6. SC diol 600 was reacted with phthalimide
as displayed in Figure A-5.16
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Figure A-5 Two steps of converting SC diol 600 to the sulfonate centered diamine 600
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Figure A-6 1H-NMR spectrum of phthalimide capped SC diol 600
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The first step of converting the alcohol to amine was the reaction between
phthalimide and the hydroxyl groups of SC diol 600.2-3 The 1H- NMR spectrum of the
purified product (see Figure A-6) was compared with the NMR spectrum of the SC diol
600. The disappearance of the peak at 4.65 ppm indicates that the hydroxyl groups were
reacted. However, the integrated peak areas (7.41-7.85 ppm) associated with the
aromatic protons on phthalimide were quantitatively incorrect. This evidence suggests the
product may be a mixture of the product from the complete reaction and an undesired
product. Even though purification of the mixed product was attempted several times, the
desired product could not be separated from the mixture.
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Figure A-7 Synthesis of aniline-capped SC diamine 600

Secondly, an attempt was made to prepare an aniline-capped SC diamine 600,
shown in Figure A-7. SC600 bound to N-Boc-aniline was prepared via the esterification
between the hydroxyl groups of SC diol 600 (Figure A-4) and the acid group of 1 (See
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Chapter 3). SC600 bound to N-Boc-aniline was successfully prepared and confirmed by
1

H- NMR as demonstrated in Figure A-8. From the 1H-NMR spectrum, Ha, Hb and Hf

correspond to protons of 1 and Hc, Hd and He are associated with protons of the SC diol
600.

Figure A-8 NMR spectrum of SC600 bound to N-Boc-aniline

Figure A-9 NMR spectrum of synthesis of aniline-capped SC diol 600
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Then, the deprotection of the Boc group was attempted by addition of TFA in
DCM in order to obtain 7.2-3 The 1H- NMR spectrum after the deprotection step (Figure
A-9) shows that the integrated areas of Hd and He do not correspond to these two protons
quantitatively.2-3, 17 The deprotection reaction was attempted several times. Unfortunately,
the integrated area of the product from the second step still did not correspond to the
number of expected protons. Separating the desired reaction product 7 from presumably a
mixture of products was unsuccessful.

A.3 Summary
PEO ionomeric diamines were designed and intended to be used in the synthesis
of polyurea ionomers. The ions were intended to be placed between the hard and soft
segments, as well as in the middle of soft segments. However, purification and synthesis
difficulties were a barrier to preparation of both ionomeric diamines.
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Appendix B

Dielectric constant data from DRS for all Jeff400 PU, Jeff2000 PU and ED900
PU samples

Dielectric constants of all of the polyether-based PU ionomers studied in this
dissertation are plotted as a function of temperature at selected frequencies. The
isochronal plots of dielectric constant of Jeff400 PU, Jeff2000 PU and ED900 PU
samples are provided in Figures B-1 (a) - (d), Figures B-2 (a) - (d) and Figures B-3 (a) (f), respectively.
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Figure B-1 Isochronal plots for dielectric constant of Jeff400 PU samples with (a) 0
mol% Li+ (b) 11 mol% Li+, (c) 15 mol% Li+ and (d) 24 mol% Li+, respectively.

138

(a)
+

0 Mol% Li
10

2

10

1

10 Hz
4
10 Hz
3
10 Hz
2
10 Hz
10 Hz
1 Hz

-150

-100

'

5

-50

0

50

100

150

100

150

Temp (oC)
(b)
+

2.9 Mol% Li
2

'

10

5

10 Hz
4
10 Hz
3
10 Hz
2
10 Hz
10 Hz
1 Hz

1

10

-150

-100

-50

0

50

Temp (oC)

139

(c)
+

35 Mol% Li
10

2

10

1

5

'

10 Hz
4
10 Hz
3
10 Hz
2
10 Hz
10 Hz
1 Hz

-150

-100

-50

0

50

100

150

100

150

Temp (oC)
(d)
+

57 Mol% Li
10

2

10

1

'

5

-150

10 Hz
4
10 Hz
3
10 Hz
2
10 Hz
10 Hz
1 Hz

-100

-50

0

50

Temp (oC)
Figure B-2 Isochronal plots for dielectric constant of Jeff2000 PU samples with (a) 0
mol% Li+ (b) 2.9 mol% Li+, (c) 35 mol% Li+ and (d) 57 mol% Li+, respectively.
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Figure B-3 Isochornal plots for dielectric constant of ED900 PU samples with (a) 0
mol% Li+ (b) 29 mol% Li+, (c) 57 mol% Li+ (d) 67 mol% Li+, (e) 86 mol% Li+ and
(f) 100 mol% Li+, respectively.
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