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Abstract

Poly(ethylenimine) (PEI) is an ion conducting polymer with great potential for
applications in lithium batteries and proton exchange membrane fuel cells. Branched
poly(ethylenimine) was N-methylated via an Eschweiler-Clarke reaction to produce
branched poly(N-methylethylenimine), BPMEI. Novel alkylated linear poly(N-
ethylethylenimine), LPEEI, and linear poly(N-butylethylenimine), LPBEI, were
synthesized from linear poly(ethylenimine), LPEI, via reductive amination of aliphatic
aldehydes. Differential scanning calorimetry was used to determine the glass
transition temperature, T, of neat BPMEI (T, = -91°C), LPEEI (7, = -80°C) and
LPBEI (Tg = -50°C). Tys of various N-alkylated PEI-lithium triflate complexes with
different salt concentrations were determined. BPMEI exhibited a greater T4 change
upon lithium triflate addition (from -91°C to 13°C) than that of LPMEI complexes
(from -93°C to -14°C). It was found that LPEEI complexes showed higher Tgs at all
salt concentrations than the corresponding LPMEI-LiSO3;CF3 system. IR and Raman
spectroscopy were used to study complexes of these polymers with lithium triflate for
battery applications. Vibrational spectra of BPMEI-LiSO3;CF; complexes revealed
that aggregate formation is not observed until salt concentration reaches 5:1 (N:Li
molar ratio). Additionally, a decrease in the relative concentration of “free” ions,
compared to equivalent linear systems, was observed. LPEEI’s spectra presented
few changes upon salt addition, suggesting that salt addition causes less disruption
of the local polymer microstructure than that observed in LPMEI systems in previous

studies.
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Linear poly(ethylenimine) hydrochloride, LPEI-HCI, was successfully crosslinked
using malonaldehyde generated in situ, and the degree of crosslinking was
determined from the ratio of crosslink to polymer backbone hydrogens obtained
using 'H NMR spectroscopy. The ionic conductivity was highest at intermediate
degrees of crosslinking (ca. 0.45), approximately 1.0x10 S/cm at room temperature
and 75% relative humidity. IR and Raman spectroscopy were used to characterize
the crosslinked network. The presence of p-amino-ethenyliminium crosslink units
was identified through a series of bands between 1570 and 1640 cm™. lonic
conductivity studies were performed on crosslinked LPEI-HCI as a function of relative
humidity, degree of crosslinking, temperature and phosphoric acid content. Results
showed that the dependence of the conductivity on these factors is complex and that
it involves a drastic transition in which the conductivity increases by several orders of
magnitude. The onset of this transition appeared to be related to the composition of
the polymer membranes. Membranes with ionic conductivities as high as 0.16 S/cm
at 130°C and 20% RH were obtained. Crosslinked LPEI-HCI/H3PO4-based
membranes were used in membrane electrode assemblies, MEAs, for proton
exchange membranes fuel cells. MEAs were tested at temperatures ranging from 60
to 130°C and 30% RH. Upon comparison, LPEIl-based MEAs exhibited better
performance than Nafion® 117-based MEAs tested under the same conditions. PEI-
based MEAs with 2.0 P:N and 0.66 degree of crosslinking produced 0.30 mA/cm? at
0.38 V at 90°C and 30% RH. Nafion® 117-based MEAs produced 0.047 mA/cm? at

0.34 V under the same conditions.
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Chapter 1: Introduction

In a time when oil prices reach record highs and attention is being paid to the
effects of human activities on our environment, a revision of our energy
technologies is needed. In 1998, global leaders created a protocol to reduce
significantly the amount of green house gases (GHG) emitted in each of their
countries.’

The use of alternative energy sources and the implementation of new
technologies that reduce the amount of GHG emissions while improving the
efficiency of fuel consumption is key for the success of these types of initiatives.
Companies such as General Motors,?2 Honda,® and Toyota,4 have already
introduced technologies that store energy produced by the engine in lithium ion
batteries that can be used later to power the drive train of an electric motor.
These companies have also started to work on prototypes that use hydrogen fuel
cells to power vehicles.?*

Additionally, the surge of portable devices that the electronic industry has
developed in recent years has imposed new needs on the battery industry. The
goal is to develop batteries that would supply the amount of energy required for
the operation of devices for longer periods of time. Environmental concerns have
also pushed forward the use and implementation of rechargeable battery
technologies. Improvements in battery and fuel cells technologies are directly

related to advances in the chemistry of their different components.



While fuel cells generate energy and batteries store it, both of them are
electrochemical devices that take advantage of the energy released during a
chemical reaction to power a process. In both of these devices an active material
is oxidized in one of the electrodes and ions are produced while generating a
current. In order for the electrochemical cell to work properly, the ions produced
must travel to a second electrode.

The medium that allows ion transport from one electrode to the other is called
an electrolyte. Regardless of the processes that take place at the electrodes,
improving the ion movement through the electrolyte is key for the advancement
of battery and fuel cell technologies and has received significant attention.

Poly(ethylenimine) is a versatile material that could be tailored to
accommodate the needs not only of the battery industry, but also those of the
emerging fuel cell industry. The research presented here focuses on those two
significant aspects: a) the synthesis of functionalized poly(ethylenimine) materials
to study their interactions with lithium salts; and b) the synthesis and
characterization of poly(ethylenimine)-based systems that can be used as proton
exchange membranes in polymer electrolyte membrane fuel cells (PEMFC).

A more detailed description of relevant aspects of lithium-polymer batteries
and proton exchange membranes fuel cells is needed to fully comprehend the

work presented in the following chapters and is given here.

1. Batteries

Winter and Brodd,” defined batteries as self-contained units that store



chemical energy and convert it into electrical energy when needed to power
different applications. There are two types of batteries: primary or non-
rechargeable batteries and secondary or rechargeable batteries. Assembled in
the charged state, primary batteries are intended to be used until the active
material is completely exhausted; discharge is the primary process during the
operation of these electrochemical devices. Secondary batteries, once
discharged, can be restore to their charged state by an electric current flowing in
the direction opposite to the electric current resulting from the discharge of the
battery. Secondary batteries, also known as accumulators, are usually
assembled in the discharged state, requiring users to charge the device before

the battery can be discharged in a secondary process.’

Primary Battery Systems Secondary Battery Systems

@® Carbon-zinc ® Lead Acid
® Alkaline ® Lithiumion
Lithium, military, medical, etc. Nickel metal hydride
@® Nickel cadmium
@® Other

Figure 1.1. Estimated battery market in 2003 ($ Billions of Dollars).’

In 2003, reports estimated that the value of the battery market was $48.2

billion, with the rechargeable battery segment contributing over $25 billion to the



total value (see Fig. 1.1). It is not surprising that a lot of effort is put into

developing cheaper, more reliable and durable batteries.>®

1.1. The electrochemical cell
In order to understand the way a battery works it is useful to consider a simple
voltaic cell, i.e. a Daniell cell, developed by John Frederic Daniell in 1836 (see

Fig. 1.2).

Anode Zn(s) —- Zn2+(aq) + 2¢ E°=0.76 V
Cathode  Cu®(yq) + 2¢ === Cu(, E°=0.34V

Zni) + Cu®* () =™ Cug+ Zn* ;) E°=1.10V

26; |_ Q aDZe-

Porous membrane +

Figure 1.2. A schematic view of a Daniell cell.”

Fig. 1.2 shows a simple schematic view of a Daniell cell. This cell consists of a
zinc electrode immersed into a zinc sulfate solution and a copper electrode
immersed into a cupric sulfate solution. A porous membrane keeps both of these

solutions separated. However, ion exchange is a possibility between both



solutions, as shown in Fig. 1.2 for Zn** and SO,*. This ion exchange can hurt
the performance of the electrochemical cell, e.g. the flow of Cu?* into the ZnSO,
solution, not shown, can result in Cu° plating out onto the zinc electrode,
effectively stopping the flow of electrons through the circuitry.

When the cell is set up, the zinc of the electrode is oxidized into Zn** and the
electrons are conducted through an external circuit into the copper electrode,
where Cu?* ions in solution get reduced and plate out as Cu° onto the surface of
the electrode. The reducing zinc electrode is called the anode, while the oxidizing
copper electrode is called the cathode. The solutions that allow the movement of
ions between the anode and the cathode are called electrolytes.” Most
electrolytes are liquids with dissolved salts, acids or bases to make them ionic
conductors.®

The actual design and materials used in cells have been improved significantly
since batteries were first conceived. However, the functioning principles remain
the same, with slight variations according to the specifics of any given system. A
proper battery consists of a combination of cells connected in series or in parallel
or both to achieve a certain voltage and current level.?

Batteries are classified as primary or secondary depending on their ability to
receive electrical charge. Primary batteries are non-rechargeable. The redox
reaction that allows the discharge is not efficiently reversible, making it unable to
regenerate the active material to repeat a discharge cycle. Secondary batteries

are rechargeable electrochemical devices in which the active material can be



regenerated by applying an electrical current of opposite polarity to that of the
discharge current.® This type of battery is widely used in portable consumer
electronics, power tools, etc., due to its ability to deliver power beyond the
capability of a primary battery and because of the reduced cost by being
reusable.®

Active materials for batteries are selected to achieve the highest energy
density possible. Lead-acid (1859), nickel-iron (1908), nickel-cadmium(1909) are
some of the materials originally used in the development of secondary batteries,
and the lead-acid battery is still widely used in automotive SLI (starting-lighting-
ignition) battery applications, while the nickel-cadmium battery was later
developed for widespread use in portable electronic devices and other
applications.®

Newer secondary battery systems include the silver-zinc, the nickel-zinc,
nickel-hydrogen, and lithium ion batteries. While the specific energy of nickel-
cadmium batteries has not changed significantly in the last decade and was, as

of 2002, at 35 Wh/kg, better performance has been obtained with other systems.

1.2. Lithium ion batteries

Lithium rechargeable batteries are batteries that have a lithium metal or
lithium-alloy negative electrode which functions as the anode during discharge.
Solid intercalation compounds, as well as soluble inorganic cathodes and

polymeric materials can be used for the positive electrode, while aprotic liquid



organic electrolytes and solid polymer electrolytes can be used in these batteries.
Polymer electrolytes are popular in the cell design due to their lower reactivity
towards lithium, providing a safer battery."°

The safety concerns associated with the use of lithium metal as the anode
material for rechargeable batteries arise from its reactivity with the electrolyte and
the changes that the lithium metal electrode suffers after repetitive charge and
discharge cycling.”® During recharge, lithium ions are electroplated onto the
metallic lithium electrode, forming a “mossy and in some cases a dendritic
deposit”,’® which has a larger surface area than that of the original film and
increases its overall reactivity, thus rendering the battery thermally unstable. This
has prompted government agencies and international organizations to regulate
the shipment, use and disposal of rechargeable lithium batteries.®

Lithium ion batteries (LIB), first introduced by Sony in 1991, have an important
safety advantage over their lithium counterparts, these batteries do not contain
lithium in a metallic form,'® and since they were introduced they have captured
over half of the sales value of the secondary battery consumer market, with a
production capacity that was estimated to be 75 million/cells per month in
2001.%%"" This economic success is closely related to the great performance of
lithium ion batteries. LIBs have a specific energies that range from 100 Wh/kg up
to 175 Wh/kg at 20°C, higher than any other alkaline rechargeable battery in the

market with the exception of lithium metal batteries.® Additionally, LIBs offer

longer cycle life, generally over 1000 cycles at 80% depth of discharge, and they



operate over a wide range of temperatures (-25°C to 45°C).° Figure 3 shows a
schematic illustration of a typical lithium ion battery.

As illustrated in Figure 1.3, typical commercial lithium ion cells have a
carbon/graphite anode, a lithium-cobalt oxide cathode, and an organic electrolyte

of lithium hexafluorophosphate (LiPFs) solution in ethylene carbonate.’

Cathode LiCoO, Li1.,CoOz + xLi* + xe

Anode 6C + xLi* + xee ———= Li,Cq

Total Reaction 6C + LiCoO, Li;.,CoO, + Li,Cq
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Figure 1.3. Schematic diagram of a lithium ion cell.'®'®

The cell operates by shuttling Li ions from one electrode to the other, with no
electroplating involved.'® Solid solutions of lithium ions in some form of carbon
are typically used as negative electrode in rechargeable LIBs.'%">'* Lithium can
be intercalated into graphitic carbon in ratios up to one lithium ion for six carbon

atoms, giving a nominal composition of LiCg, with a theoretical maximum capacity



of 372 mAh/g. However, the values obtained for lithium cells are typically
between 300 and 350 mAh/g."*

Rechargeable batteries that use lithium metal as the negative electrode have
not been commercialized yet, mainly due to safety concerns. Lithium electrodes
react with the electrolyte, forming a passivating film. The formation of this film
during the charging and discharging cycles consumes fresh lithium and makes it
necessary to include an excess of lithium in order to achieve a specific capacity.
This process hinders the ability of the cell to achieve a 100% of its cycling
efficiency.™®

Other materials are also being studied to substitute for LiCs as the anode
material. New materials could improve the ability to operate safely at higher
current densities, reduce the capacity losses upon cycling, and lower the aspect
ratio of the cells as well as lower costs.'® A variety of transition metal compounds
with layered structures in which lithium can be intercalated and deintercalated
during the operation cycles could be used as negative electrodes'®: tin oxides
(SnOy) prepared by sol-gel methods and tin oxides doped with aluminum have
been proposed. Compounds using tungsten and molybdenum oxides, such as
LixWO,, LiyM0oO., and LixTiS, have also been studied as possible anode

materials.'°

1.3. Electrolytes

Electrolytes provide a medium for ions to diffuse between the cathode and the



anode of an electrochemical cell.° The flow rate of ions through the electrolytes,
known as ionic conductivity, o, limits the amount of current generated by a cell.
The conductivity is a function of temperature and pressure as well as the density
of carriers (n;), their charge (g;) and their mobility in the electrolyte («;) as shown

in Eq. 1.1.

o(T.P)= qunjuj
j (1.1)

While the number of carriers is important for electron conductivity, in the case
of ionic conductors, the mobility of the ions is extremely important.'

Electrolytes must have an ionic conductivity high enough to satisfy the current
requirements for the cell (> 10® S/cm from -40 to 90°C);'° they must be
electrochemically stable within the redox potentials used during the operation of
the cell (up to 5 V vs. lithium); they should be thermally stable at least up to 70°C
and they should be compatible with other components in the cell as well."°

Lithium ion batteries have used four different types of electrolyte systems:
liquid electrolytes, gel electrolytes, polymer electrolytes and ceramic
electrolytes.'? The typical activation energy of lithium ion conduction is in the

range of 0.2 to 0.6 eV (5 to 18 kcal/mol)."®

1.3.1. Liquid electrolytes
Organic carbonates have been used widely in the battery industry because

they offer excellent stability, good safety properties and compatibility with
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electrode materials.' Conventional organic liquid electrolytes show lithium ion
conductivity of 102 S/cm at room temperature, which is between one and two

orders of magnitude lower than that of aqueous electrolytes.'®'®

Ethylene
carbonate, propylene carbonate, dimethyl carbonate, diethyl carbonate and
ethylmethyl carbonate are some of the most common solvents used for lithium
ion rechargeable batteries. All of them exhibit dielectric constants that range
from 3 to 90, and solvate lithium salts at high concentrations.'® However, is it
typical to find electrolyte formulations that use a mixture of two to four different
solvents to enhance cell performance.'?

Lithium hexafluorophosphate (LiPFg) is currently the most common lithium salt
used in lithium-ion batteries. LiPFs solutions provide high ionic conductivity, >107
S/cm, high lithium ion transference numbers (~ 0.35), and acceptable safety
properties.12 Other lithium salts have been used in industry, i.e. LiClO4, LiAsFs3,
LiBF4. Organic lithium salts such as LiCF3SOs (LiTf) and LiN(CF3SOz), (LiTfsi)
have also attracted a fair amount of attention from the battery industry.'? Lithium
bisperfluoroethanesulfonimide (LiTfsi) has received significant attention as it is

more stable to water than LiPFs, making it easy to handle, can be easily dried,

and it does not cause aluminum corrosion.'?

1.3.2. Gel electrolytes

The first generation of Sony’s lithium ion batteries used electrolyte solutions of

lithium hexafluorophosphate in organic solvents such as ethylene carbonate.’
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However, the use of these solutions has given rise to a major problem: electrolyte
leakage. This has pushed scientists to find ways to immobilize the electrolyte
inside the battery to reduce leakage.

Gelled polymer electrolytes have been used in Sony’s second generation of
lithium ion batteries. Gel electrolytes are made by impregnation of organic liquid
electrolytes and lithium salts into a host polymer matrix.'® Electrolyte solutions
normally consist of a solvent mixture such as ethylene carbonate and propylene
carbonate, while the polymer matrix consists of materials such as
poly(acrylonitrile),  poly(vinylidene fluoride), or block copolymers of
poly(vinylidene fluoride) and poly(hexafluoropropylene).>'® The activation energy
for lithium conduction in gel electrolytes is around 0.2 eV, which is comparable to
that of organic liquid electrolytes. The ionic conductivity of these systems
depends on the weight ratio of host polymer / organic liquid electrolyte.
Increasing the amount of liquid electrolyte on the formulation increases the ionic

conductivity, but it also raises safety problems.'®

1.3.3. Polymer electrolytes
While liquid electrolytes exhibit high ionic conductivities and maintain constant
contacts with the electrodes, they also introduce disadvantages that engineers
have to consider when designing electrochemical cells. When using liquid
electrolytes, electrochemical cells have to be designed so that the electrodes are

separated; this is accomplished by the inclusion of a separator that does this
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mechanically. Liquid electrolytes have also the potential to leak out of the cell,
creating an additional problem.

An all-solid-state electrochemical cell appeals to the battery industry because
it would eliminate the need for a separator and eradicate the leakage issue.
However, solid state ion conductor materials, such as crystalline lithium super
ionic conductors LISICONS (e.g. Lis4Sio4Vos04),'” and glass electrolytes, like
0.7Li>S-0.3P,Ss,'® are hard and brittle, making it difficult to maintain good contact
with intercalating electrodes during cycling, due to the volume changes of the
electrodes during this process.'®

Polymer electrolytes offer unique physical properties that make them the ideal
alternative to other solid and liquid electrolytes. Polymers electrolytes are rigid
enough on a macroscopic level that they can be used in the construction of all-
solid-state batteries and function as ion conductor and mechanical separator
between the electrodes, while being flexible enough, due to their viscoelastic
properties, to adjust to the volume changes of the intercalating electrodes during
operation.®

Several reviews on this topic reveal that for polymer electrolytes to be
considered a competitive alternative to their liquid counterparts they should
exhibit comparable ionic conductivities; low electronic conductivity, to avoid
internal short circuits; good mechanical properties; chemical, thermal and
electrochemical stability, the electrolyte should be inert while in contact with the

electrodes at the operation temperature and should not get reduced or oxidized
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at the potentials used while the cell is functioning.'®%°

High molecular weight amorphous polymers have the ability to behave as a
solid at a macroscopic level, while maintaining large segmental motions of chain
backbones at temperatures above their glass transition temperatures, T,.'>'®?'
The glass transition is a second order transition. Ty indicates the temperature at
which, upon cooling of a polymer liquid, the molecular motions become so slow
that an equilibrium packing of the molecules cannot be attained.?’ At the glass
transition temperature, the non-ordered chains of polymers become capable of
large segmental movement. Suddenly, the polymer chains are free to rotate and
translate, giving the polymer higher degrees of freedom and increasing the
tendency of the material to flow.?> The physical entanglements present in high
molecular weight amorphous polymers, or the crystalline domains in semi-
crystalline polymers prevent the material from flowing. Thus, these materials may
be classified as solids.'®?3

It is because of this rubbery state that polymers electrolytes are attractive for
battery applications,?® and a great amount of research has been carried out on
polymer-salt systems, particularly on poly(ethylene oxide)-lithium salts systems,
to gain a better understanding of the fundamental mechanisms that are
responsible for the properties of these complex systems.'®

As mentioned before, the ionic conductivity (Eq. 1.1) is a function of the

mobility of the ions in the system. While the ions in crystalline solid electrolytes

move through defects in the crystal structure of the material, polymer-salt
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systems exhibit a different behavior. lons in polymer-salt complexes move
through a mechanism similar to that of low molecular weight analogues, with the
exception that, in this case, the polymer itself functions as the solvent and it
cannot move in a macroscopic sense.'®
The salt has to dissolve in the polymer for these systems to work properly.
This occurs if an overall reduction of the Gibbs free energy of the polymer-salt
system is achieved upon mixing, AG <0. '®?
AG = AH - TAS (1.2)
Since AG, as shown in Eq. 1.2, depends on the enthalpy and entropy of the
system, we need to consider how these two properties change when dissolving a
salt. A positive change in entropy can be expected due to the disordering of the
ions from the crystalline lattice of the solid salt, while a negative contribution to
entropy will result from the relative ordering and stiffening of the polymer chains

as they coordinate to ions.'®'®

Enthalpy changes will be the result of the
combination of several processes. There is a positive enthalpy change due to the
lattice energy of the salt, as well as a negative change in enthalpy caused by the
solvation of cations by the appropriate atoms in the polymer chains. Additionally,
favorable electrostatic interactions between ions also decrease the enthalpy of
the system.'®?

While in hydrogen bonding systems both cations and anions are solvated by

the solvent, this is not the case in polymer-salt systems.'® It is found that, as in

aprotic liquids, the ion-ion interactions in polymer-salt systems are strong enough
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to cause the formation of ion pairs or larger ion clusters in solution,® which also
can have a significant effect on the conductivity of the polymer-salt complex.
Polymer electrolytes exhibit a complex mechanism of ionic conduction. While
there are some similarities to the way ions move in liquid electrolytes, ion mobility
in ‘dry’ polymer electrolytes is decoupled from the macroscopic viscosity of the
system and depends strongly on the ability of the polymer to move at a
microscopic level; hence the importance of the rubbery state of the polymer for

the conductivity. 8192
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Figure 1.4. Representation of cation motion in a polymer electrolyte.'®

lons dissolved in amorphous polymers, or in the amorphous domains of semi-
crystalline polymers, move through a semi-random motion of short segments of
polymer chain. For poly(ethylene oxide), a “crank-shaft torsional motion” (see fig.
1.4),"®%° around the C—C and C-O bonds would be responsible for the ability of

the polymer chain to wrap itself around the ions, to then unwrap itself, breaking
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coordination to the ions and facilitating the movement of the ion to another site.'®
lons effectively dissociate from their polymer coordinating sites during this ion-
hopping mechanism. Thus, the ion-polymer interactions have to be strong
enough to promote salt dissolution, while being weak enough to allow ion
mobility.'®

The Williams-Landel-Ferry (WLF) equation can be used to describe a number
of relaxation and transport processes in amorphous systems in the vicinity of the
glass transition temperature and can be represented in the following form (eq.
1.3), where n is the viscosity at temperature T, Ts is the reference temperature,
ns IS the viscosity at the reference temperature and C; and C are constants that

can be determined experimentally.'

Bruce and Gray,'® explain that the conductivity of polymer-salt systems can be
expressed in terms of the WLF equation. It is possible to combine the Stokes-
Einstein equation for the diffusion coefficient, D, with eq. 1.3. The resulting
expression can then be combined with the Nernst-Einstein relationship (eq. 1.4),
where q is the charge and assuming full dissociation of the salt in the polymer an

k is the Boltzmann constant, to obtain eq. 1.5.

) ce(r-n)
)] (T 1.9
u=qD/kT (1.4)
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The WLF equation, as well as the related Vogel-Tamman-Fulcher (VTF)
equation (1.6), can be used to accurately represent the variations of the ionic
conductivity of amorphous polymer-salt systems with temperature.’®?°  This
suggests that thermal motion above the reference temperature, and in particular
above Ty, contributes to relaxation and transport processes, which is consistent
with the ionic conduction mechanism previously described. However, deviations

of the models from experimental data can still be obtained.'®

(1.6)

It has been argued that these deviations correspond to the effects of other
mechanisms at play at a microscopic level, in the polymer electrolyte, that are not
considered in these equations. It has been proposed that solid ionic conductors
could be characterized by the comparison of a structural relaxation time, ts, and a
conductivity relaxation time, t,.'> This model assumes that while the transport
mechanism of cations in polymers, such as poly(ethylene oxide), is closely
related to structural relaxation processes, the movement of the counter ion relies

on a different transport process.
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Studies of the behavior of the ratio R, defined in eq. 1.7, showed that, in
polymer electrolytes, the structural and conductivity relaxations are very closely
related, resulting in R, values close to 1. As the concentration of the salt in the
polymer is increased, this ratio is found to be of the order of 0.1."° This
information suggests that even though there might be structural relaxation
through segmental motions, these are not enough to permit the ions to move,
which increases the conductivity relaxation time, decreasing R,. This may be
caused by strong interionic interactions that result in ion immobilization or
coulomb drag.’® This observation led Ratner and co-workers,'®?* to propose that
while the cations move through the electrolyte by breaking and making of
coordinate bonds, anion movement is dominated by hopping from an occupied
site to a void (free space) large enough to contain the ion.'® This model is known
as the dynamic bond percolation (DBP) theory.

The DBP theory incorporates elements that start to account for the effects that
ion association may have on the ion transport mechanisms that govern the
performance of polymer electrolytes, but it still fails to account for the possible
coulombic interactions between moving ions.'®

lon-ion interactions can lead to ion association and the number and size of
these clusters present in the polymer-salt complex affect the mobility,
concentration and charge of the charge carriers that are responsible for the ionic
conductivity of the material. Given the importance of ion association, several

studies have dedicated a lot of effort to try to understand not only how the
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polymer electrolyte coordinates to the metal cation (e.g. lithium), but also how to
identify the different ionic species present in the polymer complex and try to
correlate this information with the ionic conductivity of the different systems
studied.?°

Poly(ethylene oxide) (PEQO), 1, poly (bis(methoxyethoxyethoxy)phosphazene)
(MEEP), 2, and poly(ethylenimine) (PEI), 3, are just a few of the polymers

considered as electrolytes for batteries applications.

(l){CHgCHQO)ECHg,
—fCH,CH,01- +||°:N{; ~CH,CHNHE:
1 O{CH,CH,03; CHg 3
2

Figure 1.5. Structure of polymers considered as possible electrolytes for
lithium ion batteries: (1) Poly(ethylene oxide), PEO, (2)
Poly(bis(methoxyethoxyethoxy)phosphazene), MEEP, (3) Poly(ethylenimine),

PEI

a. Poly(ethylene oxide)

A vast number of studies on polymer electrolytes have focused on
poly(ethylene oxide), PEO, which polymer-salt systems constitute the first
examples of “dry solid” polymer electrolytes.*°

The pioneer work of Wright on PEO complexes with sodium and potassium

thiocyanate and sodium iodate®**'*? brought attention to these materials and

20



their potential use in batteries but it would not be until 1978 when these materials
were used as separators in lithium batteries.*’

PEO has been considered a very good matrix for lithium ion conduction due to
its low glass transition temperature, Tq4, and its ability to form complexes with
alkali cations.?®

High molecular weight poly(ethylene oxide) is highly crystalline and studies
have shown conductivity values of the order of 10 S/cm at ambient temperature,
therefore limiting its applications to batteries that can operate at temperatures
that range between 60°C and 100°C, where the ionic conductivity of the system
can reach values of 10™ S/cm. 0233040

Studies have shown that PEO forms stoichiometric crystalline complexes with
alkali metal salts.??**® Berthier and co-workers proposed that the ionic motion
responsible for the conductivity in PEO-LICF3SO3 and PEO-Nal systems takes
place in the amorphous phase of the polymer and not in the crystalline phase.****
The degree of dissociation of salts in the polymer host has been a concern to

several research groups,***

and different methods have been developed in an
attempt to elucidate the nature of the species, types of ions pairs and/or charge
aggregates, involved in the conductivity mechanism for these materials.?®
Petersen and co-workers studied the ion-ion interactions in poly(propylene
glycol) — lithium triflate complexes, PPG — LiCFsS0s.>** They decided to

investigate the v4 symmetric stretching mode of the SO3z™ group of the CF3SOg3’

anion. This study was able to assign each of the bands observed in the Raman
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spectra: “free” ion modes, which are not influenced by a change of cation, show
at 1033.5 cm™; ion pairs show at 1043 cm’, these are modes that are influenced
by a change of cation; and higher degree multiplets or aggregate species show at
1053 cm™.** Petersen also observed the variation of the speciation in the PPG-
LiCF3SO3; complexes with temperature.

Other studies by Frech et al. pointed out that in PEO systems the use of the
symmetric stretching mode of the SO3™ group, vs(SOs3’), can be difficult due to the

appearance of a PEO band in that particular region.*®™*®

However, ion-ion
interactions can also be studied using the symmetric deformation mode of the
CFs; group of the triflate ion, &s(CFs).***® The 6s(CFs) mode is particularly
sensitive to the shifting of the electron density between the CF3z and the SOs in
the ftriflate ion. Assignments in this region were made following the same
reasoning used to assign the bands observed for the vs(SO3) mode, for which
the assignments were based on the observation that only one of the bands, 1032
cm™ is cation independent while the other two bands centered at 1042 and 1052
cm™ are not. The multiple bands at around 752, 757, and 762 cm™ in the ds(CFs)
spectral region are assigned to the “free” ions, ion pairs, and aggregates of

47-49

triflate, respectively. Throughout these studies, evidence showed that the

ionic speciation depends on the chain length of PEO, the concentration of salt
and the temperature of the system 2834649

In a more recent s’[udy,28 Frech and coworkers showed that in the

poly(ethylene oxide)s: LICF3SO3; complex, in which there is a Li* cation for each
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three PEO repeat units, the amorphous phase has a short-range structure similar
to that of the crystalline phase by looking at the variation of the symmetric
stretching mode, vs(SOs), with temperature. The symmetric deformation mode,
0s(CF3), was used to determine the variation in ion association with temperature.
It was found that there is a single band at 760 cm™, assigned to the aggregate
species, that does not change with temperature until the onset of the melting
point is reached, at which point it shifts to 763 cm™, corresponding to a
[Li.CF3SOs]" species and giving some evidence to support the existence of a
short-range order in the amorphous phase.?®

The investigation of the variations of the 6s(CF3) mode under various
conditions to try to elucidate the ionic association in polymer salt systems can
also be used with other polymer systems. This technique has been used in
poly(ethylenimine)-based electrolyte systems for battery applications and in some
of the studies reported in chapter 2 of this dissertation.

Fundamental studies conducted on PEO-based systems indicate that
poly(ethylene oxide) forms a crystalline phase with lithium triflate, in which there
is one lithium cation for every three PEO repeat units. The Li* cations are located
within the PEO helix and is coordinated by three PEO oxygens and one oxygen
from each two different CF3SOj3™ groups located outside the helix. Each of these
CFsS0s™ anions bridges between two different Li* ions.?”*° It has been reported
that for certain dilute salt concentrations, the ionic association in PEO-LICF3SO3;

complexes changes over time.?” IR spectroscopy shows that a band at around
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760 cm™ corresponding to aggregate species increases over time due to the
formation of 3:1 O:Li crystalline domains.?” This study, along with others focused
on the elucidation of the phase diagram of PEO-LICF3SOs systems,?’?** |ed
researchers to the consideration of alternative polymer-salt electrolyte systems.
These alternative systems would be purposely designed to increase the fraction
of amorphous domains in the materials to effectively increase the ionic
conductivity. Polymer electrolyte materials were developed through two different
approaches: i) by functionalizing amorphous, flexible polymers with PEO-like
branches, like poly(bis(methoxyethoxyethoxy) phosphazene)-based systems
(MEEP),*"*" : and ij) by synthesizing polymers with backbone structures similar
to that of PEO but with a different cation-coordinating heteroatom, such as linear
poly(ethylenimine).39°254

Poly(bis(methoxyethoxyethoxy)phosphazene), MEEP, was the first polymer
material reported with a different molecular architecture based on comb-like

polymers with solvating short branches.***

Poly(phosphazene)s are
characterized by glass transition temperatures around — 80°C,>® and the ionic
conductivity of [LICF3SOs]o.25:MEEP complexes is between one and three orders
of magnitude higher than that of PEO systems.”"

A similar approach has been used with poly(dimethylsiloxane), PDMS. Short
PEO segments have been incorporated into the PDMS chain, forming a linear

copolymer in compound 4 (see Table 1.1). LiClO4 complexes with this copolymer

exhibit low Ty and, with a salt concentration of 0.4:1 Li:O, a conductivity of
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1.6x10™ S/cm at room temperature.>® Comb-branched polymer architectures are

also possible with poly(siloxane) backbones, as seen in compounds 5 and 6 in

Table 1.1.%°

Table 1.1. Chemical structure of poly(siloxane)-based solid polymer electrolyte

(SPE) materials

Compound Molecular Structure Reference

OHs

4 Jrsli—o{CHZCHon; 56
CHj,
o

5 ‘fsli‘ T 57
O{CH,CH,0}~CHg
o

6 + Sli‘oﬁ 58

CH,CH,CH;0{ CH,CH,0}—CH;

b. Poly(ethylenimine)

PEI is the nitrogen homologue of PEO. lts repeat unit is the result of

substituting the oxygen atom with an amine (NH) group. PEI has an advantage

over poly(ethylene oxide) in that it is a synthetically versatile polymer; it can be

easily functionalized through reactions on the amine groups in the polymer’s

backbone. PEI can be synthesized, as shown in Scheme 1.1, by cationic ring

opening polymerization of aziridine, but this reaction renders a highly branched

polymer.>9-¢°
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Saegusa and coworkers first presented a synthesis for linear
poly(ethylenimine)  (LPEI)  through alkaline hydrolysis of  poly(N-
formylethylenimine) obtained from isomerization polymerization of unsubstituted
2-oxazoline using trifluoroborane as initiator in dimethylformamide at 80°C. As
illustrated in Scheme 1.2, the resulting poly(N-formylethylenimine) is later

hydrolyzed under basic conditions.*?

H
AN
Hl\ll) 0.5 mol% of 1.0 N HCI X Ny ’
reflux, 2h - k/N
(S

Scheme 1.1%9%°

1) BF5-OFt,

N DMF, 80 °C &
\ 4 -
[O>_H 2) 2 M NaOH (aq) 4/\/ ]R

Scheme 1.2%2

Scheme 1.3 shows a somewhat different strategy to synthesize linear PEI,
reported by Tanaka et al. in 1983.>* LPEI is synthesized through the ring
opening polymerization of 2-phenyl-2-oxazoline (POX) using dimethylsulfate
(DMSF) or 2-phenyl-2-oxazolinium toluene sulfonate (POX-Tos) as initiator (0.2
mmol%). Acid hydrolysis can be used to effectively cleave the N-benzoyl group

to obtain LPEI.%*
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Scheme 1.3%*

Similarly, York et al. reported a synthesis of LPEI by acidic hydrolysis of

commercially available poly(2-ethyl-2-ethyloxazoline), as shown in scheme 1.4.%°

1) 7 M HCI (aq), reflux, 5d

H
MN}T} 2) NaOH (aq) ] J/VN]R

EtO” O

Scheme 1.4*°

The potential of PEI as an electrolyte for alkali metal ions has been recognized
by several studies.?"¢'%°

Chiang et al. reported that LPEI dissolves sodium iodide and forms a high
melting point crystalline complex when 0.3 moles of Nal per mol of repeat unit
are used. The dc conductivity measured on samples containing 0.1 moles of Nal
per mol of repeat unit was 5x10° S/cm at 75 °C, which was lower that the
conductivity of comparable PEO systems under similar conditions.®’ Even though
these results were disappointing, fundamental research on PEI can improve that
molecular level understanding of the different elements that control the ionic

conductivity of a material.

Further studies presented by Chiang and coworkers also showed that lithium

27



salts, in a mole repeat unit per mole of salt ratio of 10:1, would also interact with
LPEI in such a way that they could hinder crystallization of the pure polymer
when cooled at a 20°C/min rate; conductivity values for the different lithium salt
complexes were also reported.®® Harris et al. published data on LPEl-sodium
triflate complexes with repeat unit to salt ratios ranging from 6:1 to 4:1. The
conductivity values for these systems at 40 °C where around 2.4x10” S/cm for
the 6:1 complex and 5.6x10® S/cm for the 4:1 complex.®* When sodium triflate
complexes of linear and branched PEI are compared, the branched polymer-salt
complex, with a repeat unit to salt molar ratio of 20:1, shows a conductivity of
2x10°® S/cm at 40°C.%

This work encouraged others to study the conductivity behavior of branched
PEI and lithium triflate; this system achieves conductivity values as high as 10°
S/cm at room temperature for a 20:1 N:Li molar ratio.®® Even though these
values are still low when compared to systems like MEEP that show
conductivities on the order of 10° S.cm™ with salt concentrations as low as 24:1
O:Li molar ratio.’ The low conductivity of LPEI — based systems has been
blamed on the crystallinity of the system and the extensive hydrogen bonding
that takes place.*® Early attempts to improve the conductivity of PEI based
systems included the study of poly(N-acetyl-ethylenimine), partially quaternized
LPEI with ethyl and butyl groups, as well as crosslinking of the polymer with
1,2,7,8-diepoxyoctane.66 Even though the chemical functionalizations were

successful in hindering crystal formation in the polymer, they did not provide a
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significant improvement on the conductivity of the polymer. In part, these early
attempts ignored the potential role of hydrogen bonding in the conductivity
behavior of LPEIl-based systems, and the formation of ethyl or butyl quaternary
ammonium cations on the polymer chain might decrease the ability of the
nitrogen atom to coordinate the lithium cation, which would cause the
conductivity to decrease, even though the polymer-salt complexes are
amorphous.

A lot of research on LPEI-based polyelectrolyte systems has been done at the
University of Oklahoma. The focus of this work has been on two aspects:
improving the ionic conductivity and physical properties of PEl-based materials
through functionalization of LPEI, as well as increase the fundamental
understanding of these systems by evaluating particular systems.

Erickson et al cyanoethylated LPEI to form poly(N-(2-
cyanoethyl)ethylenimine), PCEEI, and studied the ionic association and
conductivity of this polymer upon addition of lithium triflate.®” The resulting
polymer exhibited a Ty of — 36°C, which is considerably lower than that of
poly(acrylonitrile), PAN (ca. 80°C).%® It was shown that the ionic conductivity of
this system is mostly independent of salt concentration in the range studied, and
that it has a conductivity value on the order of 10® S/cm at room temperature.®®
The variation of conductivity with temperature showed also that PCEEI
electrolytes can reach conductivity values of 1.45x10™° S/cm at 60°C, with a 10:1

N:Li molar ratio. This behavior is very different from PAN electrolytes with an
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equivalent salt concentration, e.g. 10 S/cm above 100°C for salt concentration
of 12:1 N:Li molar ratio.®®* When compared to poly(acrylonitrile)-LiCFzSOs;
systems, it was noted that PCEEI systems have a higher “free” ion concentration
over the range of salt concentrations used.®

Improvements on the ionic conductivity of linear PEI were made by attaching a
PEO-like side chain to the nitrogen site, to form a polymer similar to MEEP.*®
Snow et al. have reported the synthesis of such polymer. Linear poly(N-(2-(2-
methoxyethoxy)ethyl)ethylenimine) or LPEI-G2 can be synthesized by a
reductive alkylation of LPEI using 2-(2-methoxyethoxy)acetic acid and sodium
borohydride as reported in the literature.®® Spectroscopic studies revealed that
“free” ions are present in the polymer matrix and that these constitute the majority
(nearly 50%) of the species responsible for the v5(SO3) and &(CFs) bands
observed.® Even though the amount of “free” ions in the electrolyte decreases
with an increase in salt concentration, it remains a significant contributor at a salt
concentration of 5:1 O:Li molar ratio.®® The appearance of new bands in the
polymer fingerprint region upon addition of salt suggests that the local
conformation of LPEI-G2 changes due to interactions with lithium triflate.
Additionally, spectroscopic evidence indicates that the primary coordination sites
for lithium ions are the oxygen atoms on side chains rather than the nitrogen
atoms on the LPEI-G2 backbone. LPEI-G2 exhibits a conductivity of 5 x 10®
S/cm at room temperature for samples containing a lithium triflate concentration

of 20:1 O:Li molar ratio, which is closer to the benchmark for solid polymer
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electrolytes imposed by MEEP at comparable conditions.*

Hu et al. reported the synthesis of branched poly(N-allylethylenimine),
BPAEL™ The allyl side chains can be used to crosslink the polymer and improve
its physical properties. BPEI's Ty changes dramatically with the addition of lithium
triflate, from approximately — 50°C with no salt to around 50°C with a N:Li molar
ratio of 4:1; the T, of the material decreases as a result of the allylation reaction
and was found to be dependent on the amount of initiator used and it increases

with the concentration of lithium salt.”®

AC conductivity measurements of an
optimized sample (20:1 N:Li molar ratio and 60:1 N:initiator molar ratio) were
reported. The conductivity achieved ranges from 1x10® S/cm at room
temperature to 1x10° S/cm at 80°C.”° While crosslinking the system did not
improve the ionic conductivity of the system, it is a good strategy to improve the
physical properties of polymer electrolyte system.

N-Alkylation of LPEI, avoiding the formation of quaternary salts, could be a
good strategy to reduce or eliminate the hydrogen bonding in the system and
therefore, improve the conductivity. A Clarke-Eschweiler reductive methylation of
low molecular weight linear poly(ethylenimine) was first reported by Tanaka et al.
in 1978.%* This method reacted the polyamine with formic acid in excess and
formaldehyde to produce linear poly(N-methylethylenimine), LPMEL.*>®* Tanaka
and co-workers later reported the synthesis of high molecular weight LPMEI,>*

and studied the thermal ionic conductivity behavior of LPEI and LPMEI systems

with LiCIO4 and LiCF3SOs.” More recently, Sanders et al. reported a
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comparative spectroscopic study of LPMEI systems containing lithium and
sodium triflate.>” Novel N-alkylated PEls have been synthesized and studies of
their lithium triflate complexes will be reported in Chapter 2 of this dissertation.

In addition to their potential application as solid electrolytes in lithium ion
batteries, some polymeric materials have also been proposed as proton
conductors for hydrogen fuel cell applications. PEl-based materials have been

recognized as a potential proton conductors.”?"®

It was thought that using a
basic polymer, such as PEI, in combination with a mineral acid, i.e. phosphoric
acid, would provide a more “understandable” proton pool than poly(vinyl alcohol)
or poly(ethylene oxide) based systems.” Characterization and ionic conductivity

studies on crosslinked PEI-H3sPO, based systems originally proposed by

Glatzhofer and co-workers,”® will be presented in chapter 3 of this dissertation.

2. Fuel Cells

Fuel cells are electrochemical devices that, like batteries, consist of an
electrolyte in contact with an anode and a cathode. Fuel cells differ from batteries
in that the active material or fuel is not an integral part of the cell.

Fig. 1.6 shows a schematic view of a proton exchange membrane fuel cell
(PEMFC). As shown in the figure, hydrogen is fed into the anode where a
catalyst oxidizes hydrogen to generate two H* and 2e’, producing a current.
Protons must flow from the anode through the electrolyte to the cathode, where

they would participate in the reduction of oxygen by a catalytic reaction,
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producing water. A continuous fuel flow into the electrochemical cell from an
external source is needed to ensure the constant generation of electricity.®””
Similar to batteries, fuel cells can be constructed in a modular fashion,

connecting them in series to achieve the potential needed for a certain

application.””

2H, ——e 4H* + de"
02 + 4H" + 4" m— 2H20
E=123V

Figure 1.6. Schematic representation of a hydrogen fuel cell

Fuel cell technology is attractive because it is not subjected to Carnot cycle
limitations as combustion and heat engines are, making them capable of higher
energy conversion efficiencies. Nearly 80% of the chemical energy stored in the
fuel can be converted into electrical energy, which is a considerable advantage

when compared to the 40% efficiency that certain thermal power plants can
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achieve.”” The chemical energy stored in hydrogen and other hydrocarbon fuels,
like methanol, is significantly higher than that of the materials used for batteries.
Some of the advantages of using fuel cells include: efficient energy conversion;
modular construction; fuel cells are non-polluting, low maintenance, and have a
high energy density. However, they are complex to operate and commercial
applications seem to be limited to primary energy sources for stationary central
and dispersed power stations.’

Depending on the type of electrolyte used, fuel cells can be classified as
alkaline fuel cells (AFCs), with potassium hydroxide-based electrolytes; polymer
electrolyte fuel cells (PEMFCs); phosphoric acid fuel cells (PAFCs); molten

carbonate fuel cells (MCFC); or solid oxide fuel cells (SOFCs).

2.1.Hydrogen Proton Exchange Membrane Fuel Cells (PEMFCs)

First developed for the Gemini space vehicle, PEMFCs are one of the most
promising types of fuel cells for commercial applications.”” PEMFCs are unique
among other fuel cell types, with the exception of the solid oxide fuel cells,
because they possess a solid proton conducting electrolytes.

For PEMFC applications, the electrolyte material must be a good proton
conductor while being a good barrier to hydrogen and oxygen gasses, since a
cross-over of these materials would significantly lower the efficiency of the fuel

cell by lowering the amount of work that it would be able to do.°
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Figure 1.7. Structure of (a) Nafion® and (b) Poly(benzimidazole)

Nafion® is one of the polymer electrolytes used for these types of fuel cells and
its structure involves a poly(tetrafluoroethylene) backbone with a perfluorinated
side chain that is terminated with a sulfonic acid group (See Fig. 1.7(a)).>’®
Hydration of the membrane is necessary to allow proton mobility and solvation of
the acid group.® Conductivities in well-hydrated systems can be as high as 0.2
S.cm™. However, there are disadvantages to the use of this material: cost, safety
concerns due to toxic gases liberated when operated at temperatures above
150°C, and the need for a hydration system limits the applicability of this
technology on vehicles and adds complexity to the operation of the systems.
Furthermore, the conductivity of the material at 80°C is diminished as much as
ten times relative to the conductivity reported at 60°C due to dehydration of the
polymer.>’® Studies have shown that fuel cell performance improves at higher

temperatures, mainly due to an increase in the rate of the reaction and reduction

of catalyst poisoning by absorbed carbon monoxide. Operation at high
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temperatures also helps to minimize problems regarding electrode flooding,”®
which makes it desirable to have an alternative material to Nafion® for PEMFC
applications.

Mehta and Cooper have summarized some of the polymers that have been
studied has an alternative to Nafion® for the manufacturing of membrane
electrode assemblies (MEAs). "®

Fig. 1.7(b) shows the structure of poly(benzimidazole) (PBI). This polymer,
when doped with acid is considered an alternative to Nafion® thanks to its high
conductivity and thermal stability.”® However, the drawback for these systems is
the processing of the material. In order to prepare the film, PBl has to be
dissolved in dimethylacetamide and spread on a glass plate. Then the solvent is
evaporated by heating at 100°C for 5 hours and then any residual solvent is
removed by further heating the sample up to 200°C for 2 hours. The doping
process involves dipping the PBI film in anhydrous sulfuric acid or 11M
phosphoric acid solutions for at least 16 hours. The amount of acid doping
achieved depends on the ability of the acid to diffuse into the film and the time
that the film is submerged in the acid. Phosphoric acid doped systems have
shown better performance than other acids.”®®’

Acid-doped poly(ethylenimine) has also been considered an alternative to
Nafion® as proton conductor materials.”>®? The interest in PEI as an electrolyte

material for PEMFC applications was limited due to its water solubility and

concerns about its thermal stability.”®> These concerns may be addressed by
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developing a crosslinked PEI system.

74,76

Conductivity studies on crosslinked PEI-based electrolyte membranes will be

presented in chapter 4 of this dissertation. Preliminary fuel cell testing of

LPEI-HCI/HsPO4s based membrane electrode assemblies (MEAs) will be

presented in chapter 5 of this dissertation.
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Chapter 2: PEl-based electrolytes for lithium battery applications
Portions of this chapter were taken from: Frech, R.; Giffin, G. A.; Yepez
Castillo, F.; Glatzhofer, D. T.; Eisenblatter, J. Electrochim. Acta 2005, 50, 3963-

3968.

The research presented in this chapter was performed in close collaboration
with Dr. Nathalie M. Rocher and Ms. Guinevere A. Giffin in Dr. Roger Frech’s
research group at the University of Oklahoma. Part of the results presented in
this chapter have already been published elsewhere.

Even though the research on polymer electrolytes for battery application has
concentrated on poly(ethylene oxide)-based electrolytes, the conductivity of
these systems is less than ideal at room temperature due to the formation of non-
conductive crystalline PEO-lithium triflate phases.>® This fact has prompted
researchers to look for alternative polymer host materials. Linear
poly(ethylenimine), LPEI, is a polymer analog to PEO with secondary amine
groups instead of oxygen groups.® However, LPEI is highly crystalline and its
complexes with alkali metals exhibit very low ionic conductivities at room
temperature. This is due, in part, to the hydrogen bonding interactions that are
present in the material.

Branched poly(ethylenimine), BPEI, has also been studied because it is a
highly branched and amorphous type of poly(ethylenimine) and its complexes

with alkali metals, much like those of LPEI, are conductive.>® BPEI also has the
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advantage of being commercially available. BPEI has a lower T4 than that of

LPEI and that it has a primary-to-secondary-to-tertiary amine ratio of 1:2:1.°

Lithium, and sodium triflate complexes of BPEl are amorphous at salt

concentrations that range between repeat unit to salt ratios of 20:1 to 6:

156

Table 2.1 shows the Ty values BPEI and LPEI complexes with lithium and

sodium triflate.

Table 2.1. Glass transition temperatures for BPEI, LPEI and their complexes

with sodium and lithium triflate.

Ty (°C) Ref.
BPEI -47 5
N:NaSO;CF;
20:1 -31
12:1 -12
6:1 12
N:LiSO3CF3
25:1 -36 6
20:1 -31 6
16:1 -27 6
8:1 -5 6
LPEI -23 7
N:NaSO;s;CF;
6:1 -5 7
N:LiSO3CF3
15:1 ca.-19 9
10:1 ca.-12 9
6:1 ca. 12 9
4:1 ca. 25 9
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As observed with LPEI complexes, the addition of salt to BPEI increases the
T, of the resulting complex.>® In the case of BPEI complexes, changes in Ty are
more significant in magnitude than those observed in LPEI complexes. As seen
in table 2.1, BPEI complexes with lithium and sodium ftriflate at low salt
concentrations have lower Ty values than those for the LPEI. However, as the
salt concentration increases, the T, of BPEI complexes become higher than
those of linear polyimine complexes.>®

Harris et al. postulated that in BPEI the primary nitrogens at the chains ends
are the ones that preferentially coordinate the metal ions, restricting the
movements of the chain ends upon formation of polymer-salt complexes,
increasing the Ty.°> Since BPEI has a much higher content of chain end groups
than LPEI it is expected that the amount of salt added to the polymer would
cause a much bigger impact on the glass transition temperature of BPEI
complexes than in LPEI complexes.

Hydrogen bonding interactions in PEI can be reduced or eliminated through
the alkylation of secondary and primary amine groups. Tanaka et al. was the first
to report the synthesis of linear poly(N-methylethylenimine), LPMEI, through a
Clarke-Eschweiler reductive methylation of low molecular weight LPEI as shown

in scheme 2.1."°

§ _HoOH

/{/\/ JE HCHO ’{/\/ +

Scheme 2.1. Clarke-Eschweiler reductive methylation of LPEI.
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The synthesis, as described by Tanaka and co-workers, involves the reaction
of LPEI or poly(N-formylethylenimine), POXZ, with a large excess of formalin
(35% solution) — formic acid (85% assay) mixture, at 105°C for over two days.
The solvent is removed under reduced pressure and hydrochloric acid is added
to the residue in excess to form the hydrochloride salt of LPMEI."

LPMEI hydrochloride is neutralized using an anion—exchange resin to
quantitatively recover the neutral polymer.'® Conductivity and thermal data for
LPMEI complexes with LiCIO4 and LiSO3CF3; have been reported by Tanaka et

al.,’ and comparative studies of thermal and conductivity properties as well as

vibrational spectroscopy data have also been reported elsewhere."’

1. Branched PEl-based electrolytes: Synthesis of branched poly(N-

methylethylenimine), BPMEI.

While the synthesis of branched poly(N-methylethylenimine), BPMEI, has
been reported under similar Clarke-Eschweiler conditions to those used for
LPMEL' a detailed spectroscopic study of BPMEI complexes with lithium triflate
has not been published yet.

BPMEI - LiSO3CFs; complexes were studied using FT-IR spectroscopy,
differential scanning calorimetry (DSC) and impedance spectroscopy. The study
of these complexes was done in collaboration with Dr. Nathalie M. Rocher. Dr.

Rocher was responsible for IR spectra collection and analysis, as well as the
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DSC and conductivity data collection and analysis. | was responsible for the
synthesis and initial characterization of BPMEI. Some of the results from this

study are summarized in this chapter.

Branched PEI (Aldrich, M, ca. 10,000) was methylated under Clarke-
Eschweiler conditions previously reported elsewhere.”'®'" The branched poly(N-

methylelthylenimine) was a dark brown and extremely viscous material. The

M, ca. 14,000, was derived from the

molecular weight of the resulting polymer,
molecular weight of the starting BPEI, assuming no polymer degradation during
the methylation reaction. Fig. 2.1 shows the 'H-NMR spectra of BPE| and
BPMEI in ds-methanol. The reaction yielded a BPMEI residue with a 100% of
methyl substitution. This was determined by the integration of the peaks from the
methylene (CHz) and methyl (CHs) units.

As shown in Fig. 2.1, after the methylation reaction, the "H-NMR spectra of the
polymer presents several overlapping singlet peaks at 6 ~ 2.3 ppm that
correspond to the protons of the newly added methyl groups. The appearance of
more than one peak for the methyl group attached to the nitrogen atoms on the

polymer backbone is consistent with the small differences that arise from the

chemical environments of those methyl groups in the polymer backbone.
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5.0 4.5 4.0 3.5 3.0 25 2.0 ppm

Figure 2.1. '"H-NMR spectra of branched poly(ethylenimine) and branched

poly(N-methylethylenimine) in methanol-d,.

Polymer salt complexes were made with BPMEI solutions in dry acetonitrile
and various amounts of lithium triflate were added to the polymer solution. The
N:Li molar ratio for the BPMEI-LiISO3CF3; complexes ranged from 30:1 to 5:1.
Table 2.2 shows Ty values for BPMEI and LPMEI and the complexes with lithium

triflate.
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Table 2.2. Glass transition temperatures, T4 (°C) of BPMEI and LPMEI and

their lithium triflate complexes at various N:Li molar ratios.'?

Composition BPMEI-LiSO;CF; LPMEI-LiSO;CF5'

N:Li

Neat polymer -91 -93
30:1 -88
20:1 -81 -79
15:1 -43
10:1 -18 -60
5:1 13 -14

" Values for LPMEI are taken from the literature.’

11 it was found that

When compared with previously collected LPMEI data,
both polymers have similar Ty values even after adding small amounts of sal,
N:Li molar ratios 20:1 or higher. Data in table 2.2 shows that at salt
concentrations higher that 20:1 the glass transition temperature of the BPMEI-
LiSOsCF3; complexes increases dramatically compared to the values obtained
from LPMEI complexes. This trend is consistent with that observed previously for
BPEI and LPEI complexes.>®

It has been reported that primary amine groups in BPEI preferentially form
complexes with transition metal ions.”> Earlier in the chapter it was mentioned
that Harris and co-workers have postulated that this was also the case for alkali
metal ions.’ Coordination of primary amines to metal ions causes a restriction of
movements of the chain ends upon formation of the polymer-salt complex.

The trend observed in table 2.2 could be explained in terms of the branched

structure of the methylated polymer. BPMEI has only tertiary amine groups.
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There is a difference in the mobility of amine groups located on the side chains
and the ones located in the backbone of the polymer. The amine groups located
on the side chains and chain ends, like the primary amines in BPEI, would
coordinate more easily with metal cations due to their mobility and reduced steric
hindrance compared to that of nitrogen atoms along the backbone of the BPMEI.

Formation of these complexes would constrain segmental motions of the side
chains, effectively increasing the Ty of the branched system. It is found that, at
high salt concentrations, the glass transition temperature of BPMEI complexes is
consistently higher than that of LPMEI complexes of equivalent salt
concentration. This observation suggests that a “stronger” lithium—nitrogen
coordination takes place in the branched system.'?

A careful study of the infrared spectra of BPMEI — LiSO3CF3; and LPMEI —
LiSOsCF3; complexes shows that the changes seen in the spectra upon salt
addition are similar for both linear and branched polymer hosts. Figures 2.2 and
2.3 show the spectra of BPMEI and LPMEI complexes with lithium triflate (N:Li
molar ratios of 10:1 and 5:1) in the 735 — 1000 cm™ and in the 1000 — 1400 cm"
regions, respectively.

Modes in the 735 — 1000 cm™ region, illustrated in Fig. 2.2, are comprised
mainly of CH, rocking and C—N stretching motions, while bands present in the
1000 — 1400 cm™ region (see Fig. 2.3) are assigned to mixed modes with
contributions from CH, rocking and twisting, C—C and C—N stretching, and CHjs

wagging motions.'?
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Figure 2.2. IR spectra of high M,, BPMEI and LPMEI and their complexes with

lithium triflate (N:Li molar ratios 10:1 and 5:1) in the 735 — 1000 cm™" region.?

Upon addition of lithium triflate to each of the polymer hosts, a few changes in
the spectra of each of the systems become evident. For example, the addition of
salt causes a large shift and increase of intensity of a polymer band at 887 cm™
to higher frequencies; this change is common to both polymer systems.'?
Additionally, the symmetric deformation mode, ds(CFs3), of the triflate ion appears
in the 750 — 770 cm™ region of the spectra.’®' Changes in the intensities of
these bands, as well as frequency shifts, are evidence of changes in the ion-ion
coordination.”'® Tables 2.3 and 2.4 summarize the frequencies of the symmetric
deformation band of the CF3 group in the triflate anion for BPMEI-LiSO3;CF3 and

LPMEI- LiSO3CFs3, respectively.
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Figure 2.3. IR spectra of high M,, BPMEI and LPMEI and their complexes with

lithium triflate (N:Li molar ratios 10:1 and 5:1) in the 1000 - 1400 cm™' region.'?

Table 2.3. Frequencies (cm™) in the &(CFs) region for BPMEI-LiSOsCF3

complexes. Relative intensities (%) are given next to frequency.'?

Composition ds(CF3)
Aggregate Pair “Free”
20:1 756 (78%) 752 (22%)
10:1 757 (78%) 752 (22%)
5:1 762 (6%) 758 (81%) 752 (13%)

An analysis of the &(CFs) region shows that contact ions pairs are the

dominant species present in PMEI complexes with lithium triflate. However, there
is an important difference between the linear and the branched polymer system.

Aggregate formation seems to occur at lower salt concentrations and to a greater

52



extent for LPMEI complexes. Table 2.4 shows that a band at 762 cm™ appears in
15:1 LPMEI-triflate complexes, and the relative intensity of this band increases
with the salt content. A similar trend is observed in the branched system. For
BPMElI-triflate complexes, the appearance of an aggregate band in the in the

0s(CF3) region of the IR spectra does not occur until the composition reaches 5:1.

Table 2.4. Frequencies (cm™) in the &(CFs) region for LPMEI-LiSOsCF3

complexes. Relative intensities (%) are given next to frequency.'""'?

Composition ds(CF3)
Aggregate Pair “Free”
20:1 757 (64%) 752 (36%)
15:1 762 (12%) 758 (61%) 752 (27%)
10:1 762 (14%) 758 (60%) 752 (26%)
5:1 761 (20%) 758 (56%) 752 (24%)

It is possible to envision that the speciation differences between the linear and
the branched systems are related to the structure of the polymer host. As was
mention earlier in this chapter, evidence suggests that there is “stronger” lithium
coordination in the branched system. The increased number of end amine groups
in BPMEI provides more lithium coordination sites, which in turn inhibits the
formation of aggregates. However, this effect seems to be coupled to a decrease
in the relative concentration of free ions, which negatively impacts the

conductivity of the resulting electrolyte.

53



<4

4 PMEI 20:1 LiTf

]
l
|
e | mPMEI20:1 LiTr
. | i | AL
4.5 :x - | .
| S | @PMEI 10:1 LiTf
! X + e
i ™ . XBPMEI 20:1 LiTf
-5.0 | te © ‘
i . +BPMEI 10:1 LiTf
o} i X ¢ q=n
o T L
o) ! t e, &
~ 55 =
| x +
; .
6.0 | :
.01 R :
| X . i
: :
| i
| ]
6.5 t .
L
| LY
t X f
| i
7.0 -
| i
| i
: :
| i
+
75! ;
| ey
. +
| i
| i
-8.0 !

%94 25 26 27 28 29 30 31 32 33 34
1000/T (K™)
Figure 2.4. Temperature-dependent conductivity data of BPMEI-LiSO3CF3

and LPMEI-LiSO5CF3.'>18

BPMEI-salt electrolytes exhibit an overall lower ionic conductivity than that of
their linear analogs (see Fig. 2.4). BPMEI samples with a 10:1 N:Li molar ratio
shows the highest conductivity values at all temperatures studied. The
conductivity of the 20:1 sample was lower than that of the 10:1 composition,
which is surprising given that both samples exhibit similar speciation (see table 3)

and the 20:1 sample has a lower Tj.
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2. Linear PEl-based electrolytes: Synthesis of linear poly(N-ethylethylenimine),

LPEEI, and linear poly(N-butylethylenimine), LPBEI

In addition to the methylation of LPEI and BPEI, Tanaka et al. also tried to
attach longer alkyl chains onto the nitrogen atom on the backbone of
poly(ethylenimine) with little success.”® Tanaka and co-workers attempted
reductive alkylation of LPEI, via the Leuckart-Wallach reaction, using higher
aldehydes such as propanal, butanal and pentanal.'® lllustrated in scheme 2.2 is
the Leuckart-Wallach reaction. This reaction is a variation of the Clarke-
Eschweiler reductive alkylation of amines in which other carbonyl species can be

reacted with an amine to form an imine that is then reduced by formic acid."’

Ri R*  HCO,H (excess)
=0 + HN - }-N + CO,} + H,0
R2 \RS 3

Scheme 2.2. Leuckart-Wallach reaction.'”

Implementing a similar approach to that taken by Tanaka et al., the reductive
alkylation of LPEI was accomplished by using the two-step reaction shown in
scheme 2.3. First, acetaldehyde was allowed to react with a methanol solution of
the LPEI to form iminium ions that were then reduced using sodium borohydride,

in excess, to obtain neutral linear poly(N-ethylethylenimine), LPEEI. The resulting
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polymer can then be purified by filtration and extractions with non-polar solvents,

such as methylene chloride or benzene.

o e mt

(1.0eq) 2) NaBH,4 (5.0 eq)

Scheme 2.3. Synthesis of linear poly(N-ethylethylenimine), LPEEI.’

LPEEI is a viscous, light yellow-brown material at room temperature. IR
spectroscopy and 'H-NMR were used to characterize the polymer. IR spectra
showed complete disappearance of the N-H stretching bands of LPEI in the
3400-3100 cm' region, indicating that complete substitution had occurred on the

nitrogen atoms.”

B,C
(C) (C)
A{rCHz\T/CHzt
(|:H2 (B)
CHz (A)
A
| L J
ppm 1'1 1b S') é } 6 é :1 é é 1]

Figure 2.5. 'TH-NMR spectrum of linear poly(N-ethylethylenimine), LPEEI, in

CDCl; (300.1 MHz 'H).

Figure 2.5 illustrates the 'H-NMR spectrum of LPEEI in chloroform-d. The
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proton NMR shows overlapping peaks (s and q, 6H) at d ca. 2.58, corresponding
to the three methylene units around each nitrogen, and a triplet at 6 1.06 (3H)
that has been assigned to the methyl group at the end of the ethyl substituent.
This synthetic method was also used successfully to synthesize linear poly(N-
butylethylenimine), LPBEI, as shown in scheme 2.4. It was found that letting the
reaction mixture reach room temperature after the initial two hours, and allowing
it to stir for two additional hours increased the amount of alkyl substitution on

nitrogen atoms. LPBEI was an amber-brown color, very viscous material.

) CH3(CH,),CHO (1.5 eq)
ol Y Chom 26 (21 TN
-
(1.0eq)  2)NaBH, (2.2 eq) /H

Scheme 2.4. Synthesis of linear poly(N-butylethylenimine), LPBEI.

LPBEI was characterized by 1D and 2D NMR spectra in methanol-ds, and the
'H-NMR spectrum of LPBEI is shown in Fig. 2.6. As can be observed, the singlet
at 6 2.71 ppm, characteristic of the methylene protons in the backbone of LPEI, is
affected by the reaction and several broad peaks appear at 6 ca. 0.95 ppm (m

3H), 1.35 -1.5 ppm (m, 2.5H) , 2.10 ppm (m, 1H), and 2.4 — 2.7 ppm (m, 6H).
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Figure 2.6. 'TH-NMR spectrum of linear poly(N-butylethylenimine), LPBEI, in

CDsOD (400.0 MHz 'H).

'H-"H correlation spectroscopy reveals that the peak at = 0.94 ppm is
coupled to a peak at 6 = 1.35 ppm; this is consistent with the coupling expected
between the methyl group at the end of the side chain and the CH, group
adjacent to it, labeled B in Fig. 2.6. The splitting pattern of the peak from the
protons on the methyl group (6= 0.94 ppm) observed in Fig. 2.6 is not the
expected triplet. It is possible that a slower relaxation time, often observed in
polymer samples, might have caused the appearance of what seems to be
multiple peaks around 0.94 ppm.

Coupling is also observed between the methyl signal and a peak at 6 = 2.10
ppm. This coupling is unexpected. Both protons on the B position could be
considered diastereotopic and this could provide an explanation to the features
shown in Fig. 2.7. The appearance of a couple of small cross peaks off the

diagonal seems to support this hypothesis. Coupling between the peak with a
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chemical shift of 1.35 ppm and the one at 1.46 ppm was also observed.

-0.5

-1.0

-1.5

-2.0

-3.0

-3.5

4.5

ppm 411 3 2 1

Figure 2.7. 'H-'"H COSY spectrum of LPBEI in CD3;OD (400.0 MHz "H).

Cross peaks also indicate the coupling of the peak at 1.46 ppm with that at
2.47 ppm. This is consistent with the coupling that would be observed between
the proton signals of the methylene units « and g to the amine group (labeled D
and C, respectively, in Fig. 2.6).

'H NMR integration values reveal that almost a 100% substitution on the
nitrogen was achieved. IR studies indicated that a small amount of unsubstituted
amines was still present on the polymer, as was evident on the N-H stretch

region of the infrared, around 3400 — 3100 cm™.
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The synthesis of LPEEI provided an excellent opportunity to investigate the
effect of the length of the substituent alkyl chain on important properties of
several of their complexes with varying amounts of lithium triflate. This
investigation was made in collaboration with Guinevere A. Giffin, a graduate
student in Dr. Frech’s research group. Ms. Giffin was responsible for sample
preparation, as well as performing IR spectroscopy and differential scanning
calorimetry (DSC) on samples for this study. Some of the results are summarized
below.

A comparative spectroscopic study was made between linear poly(N-
methylethylenimine), LPMEI, and LPEEI. Both polymers were synthesized from
LPEI (avg. DP = ca. 2000);>'® and LPMEI was prepared as previously reported in

the literature.'®"

Differential scanning calorimetry was used to determine the
glass transition temperature of polymer electrolytes of different LiSO3;CF3
composition. Table 2.5 summarizes the values obtained for LPMEI and LPEEI —

based electrolytes.

Table 2.5. Glass transition temperature (°C) of linear poly(N-methyl
ethylenimine) (LPMEI), linear poly(N-ethylethylenimine) (LPEEI), and linear

poly(N-butylethylenimine) (LPBEI), and LPMEI| and LPEEl-based electrolytes.’

Composition LPMEI LPEEI LPBEI

Pure -93 -80 -50
20:1 -79 =77

10:1 -60 -41

5:1 -14 -4
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As can be observed in table 2.5, increasing the length of the alkyl side chain
attached to the nitrogen on the polymer backbone causes the glass transition to
take place at higher temperatures. Addition of salt to the polymer hosts
increases the Ty of the electrolyte, which is consistent with trends observed in
previous studies.

v,(SO,)

PEEI:LICF,SO,

N:Li

5:1
20:1
pure

PMEI:LiCF,SO,

5:1

20:1
pure

[
1120 1080 1040 1000

wavenumbers (cm™)

Figure 2.8. Infrared absorbance spectra from 1000 to 1140 cm™ of pure

LPMEI and LPEEI and its complexes with different concentrations of LiSO3CFs3."

Figures 2.8 and 2.9 show the infrared absorbance spectra of LPMEI and

LPEEI — based electrolytes, with different salt compositions, from 1000 — 1140

cm’" and from 700 — 1000 cm™', respectively.
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pure
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Figure 2.9. Infrared absorbance spectra from 700 to 1000 cm™ of pure LPMEI

and LPEEI and its complexes with different concentrations of LiSOsCF3."

Vibrational spectroscopy studies performed on LPMEI has shown that IR
spectra from the 1000 — 1140 cm™ region (see Fig. 2.8) contains polymer modes
that result from a complex mixture of CHs wagging, CH twisting and rocking
motions, as well as C—C and C—N stretching modes.""'?° As illustrated in figure
2.9, a band at 786 cm™ splits into three components at 781, 804 and 822 cm™,
while features in LPEEI at 764, 790 and 806 cm™ remain relatively unshifted.
This is consistent with previously reported work."”" Compared to LPMEI, LPEEI
presents fewer changes upon salt addition. Spectra in the v5(SO3) and Js(CF3)

regions indicate that the speciation in these systems is mostly as contact ion
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pairs.

LPMEI-LiSOsCF; and LPEEI-LISO3CF3; complexes showed an interesting
hysteresis effect upon thermal cycling. Figure 2.10 shows the spectra of a 10:1
N:Li molar ratio complex of LPEEI and lithium triflate at room temperature after

two heating and cooling cycles.

v,(SO;)

RT3

150°C

100°C

RT 2
150°C

100°C
RT 1

LU

1120 1080 1040 1000
wavenumbers (cm™)

Figure 2.10. Temperature-dependent infrared absorbance spectra from 1000
to 1140 cm™ of a LPEEI-LiSOsCFs complex (N:Li = 10:1). RT 1 is the initial
spectrum at room temperature; RT 2 and RT 3 are the room temperature spectra
after the first and second cycles of heating the sample up to 150°C and cooling,

respectively.

Upon heating the samples up to 150°C, the contact ion pair band around 1040
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cm™ disappears while an intense free ion band appears at 1032 cm.
Surprisingly, the contact ion pair does not reappear upon cooling. Similar
behavior was observed in a LPMEI-LiSOsCF5 complex of equal composition.’
The observed shift in ionic association was unexpected. Previous studies on
poly(propylene oxide)-based electrolyte systems indicate that salts dissolved into
the polymer tend to aggregate and phase separate at higher temperatures. It is
thought that metal cations loose their ability to coordinate to the oxygen atoms on
the polyether chains as the thermal motion of these complexes increases.'?'??

The opposite trend seems to take place in the N-alkylated polyamine systems

studied in this chapter.

3. Conclusions

The glass transition temperature of branched poly(N-methylethylenimine) is
more sensitive to salt concentration that that of LPMEI complexes of similar
composition. This is consistent with the thermal property differences observed
between BPEI and LPEI systems with both, sodium and lithium triflate. This
observation, along with the differences in speciation determined through IR
spectroscopy, suggests that the significant number of mobile short side-chains
with terminal amine groups present in BPMEI have a great impact on the amount
of lithium cations that the polymer can coordinate. The ability of the polymer host
to coordinate Li* ions seems to have decreased the amount of aggregate

formation, however, it also decreases the relative amount of “free” ions available
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in the branched polymer complex.

LPMEI-LiSOsCF3z complexes exhibit higher conductivities than those of the
branched system with comparable compositions. This may be caused by several
factors. Samples with a 20:1 composition have very similar Ty values (-79°C and
-81°C for LPMEI and BPMEI systems, respectively), which indicates that the
difference in conductivity is most likely due in the difference in the relative
concentrations of “free” ions. LPMEI samples presented a higher amount of “free”
ions over the entire range of compositions studies than that of BPMEI samples.
Samples with a 10:1 composition exhibit a comparable amount of “free” ions.
However, there is a significant difference in the thermal properties of both
polymers. The linear polymer complex has a Ty of -60°C while the branched
PMEI complex has a much higher Ty, (-18°C). Even though conductivity
measurements were made at temperatures above the glass transition
temperature for all complexes, it is still possible that the difference in T4 values
would have an impact on the ion mobility and ultimately on the conductivity of the
system.

A new method to successfully alkylate linear poly(ethylenimine) using aliphatic
aldehydes has been proposed. It was possible to synthesize and isolate linear
poly(N-ethylethylenimine) and poly(N-butylethylenimine). Differential scanning
calorimetry reveals that when compared to LPMEI, increasing the length of the
alkyl side chain on the backbone nitrogen increases the values of the glass

transition temperatures. In general, increasing the length of the side chains in
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polymers increases the free volume around the molecule, causing a decrease of
the glass transition temperature. This was not the case in this study. Increasing
the length of the alkyl group on the amine groups along the PEIl backbone
resulted in higher Tys for the modified polymers. These observations were
unexpected and could not be explained in the present study.

A spectroscopic study of LPEEI and LPMEI complexes with lithium triflate
showed that the addition of a methylene unit to the alkyl group attached to the
nitrogen on the polymer backbone rendered the polymer spectroscopic
signatures largely insensitive to the addition of the lithium salt. Upon heating and
cooling cycling, both systems showed a shift in the ion speciation from contact
ion pairs to “free” triflate upon heating. This shift was found not to be reversible

after cooling the sample back to room temperature.
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Chapter 3: Crosslinked LPEI-HCIl-based membranes for hydrogen fuel cell
applications: Structural characterization.

Portions of this chapter have been taken from Giffin, G. A.; Yepez Castillo, F.;
Frech, R.; Glatzhofer, D. T.; Burba, C. M. Polymer 2009, 50, 171-176.

Portions of the research presented in this chapter have been published
previously."? The research presented in this chapter was performed in close
collaboration with Ms. Guinevere A. Giffin in Dr. Roger Frech’s research group at
the University of Oklahoma.

Ms. Guinevere A. Giffin was responsible for the collection of vibrational
spectra as well as its analysis, while | was responsible for the collection of
solution "H NMR and impedance spectroscopy presented in this chapter, as well
as interpretation of the solution and solid-state '"H NMR data. Interpretation of
the conductivity data was done in a collaborative fashion by Ms. Giffin and
myself. HR-MAS Solid State '"H NMR data was collected by Dr. Christopher M.

Burba, in Dr. Charles Rice’s laboratory at the University of Oklahoma.

1. Introduction

Poly(ethylenimine) has great potential as proton conductor material due to its
chemical structure. The abundance of amine groups along the polymer backbone
provides sites for proton coordination that are necessary for conduction to occur.
With this in mind, acid-doped poly(ethylenimine) has been studied by several

groups around the world, including Dr. Glatzhofer’'s and Dr. Frech’s at the
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University of Oklahoma, as potential proton-conducting membrane alternative for

hydrogen fuel cells.?” Currently, membrane development has focused on

) 8,9 10-15
b

poly(perfluorosulfonic acids sulfonated poly(arenes), and acid-doped

polymer complexes.'®?'

Glatzhofer et al. proposed a crosslinked linear poly(ethylenimine)
hydrochloride/phosphoric acid doped system, using 1,1,3,3-tetramethoxypropane
as the crosslinker (Scheme 3.1).2 This system presents good conductivity,
mechanical integrity and thermal stability up to 150°C,? and while crosslinking
has a significant effect on the physical properties of the resulting material, a
thorough study to determine the nature and degree of crosslinking was not

reported in the literature. Thus, 'H NMR, IR, Raman and impedance

spectroscopic studies on these systems are presented in this chapter.

MeO OMe H* O O CHOH
o0 O LA

Cl— - 3
o o %\/NHz]\
+
cI- A ; \
NH, - \
+ — .
«  (generated in situ) S

s

Scheme 3.1. Crosslinking reaction of LPEI, using malonaldehyde as

crosslinker.
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2. Structural characterization and determination of degree of crosslinking.

Due to the complexity of proton-exchange membrane systems based on
crosslinked poly(ethylenimine) hydrochloride/phosphoric acid, it was necessary to
simplify our approach to the analysis of this system. This was accomplished by
taking two steps: (1) the crosslinked network was examined without phosphoric
acid and (2) small molecules were used to model portions of the polymer
network, which allowed the identification of various spectroscopic signatures of
the polymer network.

Glatzhofer and coworkers previously described the general process by which
crosslinking occurs in this system.? In the presence of a catalytic amount of acid,
1,1,3,3-tetramethoxypropane can be used to generate malonaldehyde in situ,
which can then react with amine sites to form p-aminoacrolein moieties.?> The p-
aminoacrolein moieties can further react with amine sites to form -
aminoethenyliminium salts.?® Thus there are three possible species that may be
found in the crosslinked membranes as illustrated in Scheme 3.1. There may be
some remaining protonated amine sites, designated by n, in addition to the new
B-aminoethenyliminium crosslinked moieties, designated by m. At high
crosslinker concentrations non-reacted p-aminoacrolein branching units may

remain, designated by p, due to the inaccessibility of the remaining amine sites.

2.1."H NMR spectroscopy and degree of crosslinking

'"H NMR spectra of g-aminoethenyliminum salts have been reported in the
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literature previously, making it possible to assign the chemical shifts observed for
this polymer system. The 'H-NMR spectrum of N,N,N’,N-tetraethyl-1,5-
diazapentadienium chloride (1, TEDCI) in CD3sOD shows resonances at 6 1.27

(6H, 1), 1.32 (6H, t), 3.56 (8H, q), 5.51 (1H, t), and 7.72 (2H, d).?*

\N/
Cl— 7
SN NN
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A 'H NMR spectrum of non-crosslinked LPEI-HCI in DO and HR-MAS 'H
NMR spectra of several crosslinked films are presented in Fig. 3.1. Similar

spectra were obtained using solution-state NMR techniques for gelled samples.

\ | \
N l / \\)
1.00 Cross-linker:2N 1\_)‘\/ .‘\\s‘_______
N
0.80 Cross-linker:2N | '/\k_j L,/ K_«
0.40 Cross-linker:2N ‘ | A, "‘\
0.25 Cross-linker:2N | v NN A
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Figure 3.1. HR-MAS Solid State 'H NMR spectra of crosslinked
poly(ethylenimine) hydrochloride (XLPEI-HCI) in water and solution 'H NMR of
linear poly(ethylenimine) hydrochloride in water-d.. The notation xlinker: 2N

designates the number of crosslinker molecules added to the solution for every

two PEI-HCI nitrogen atoms.”
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As shown in Fig. 3.1, the sharp singlet at 3.32 ppm that is characteristic of the
methylene protons in the backbone of LPEI-HCI is affected by the crosslinking
reaction. The resonance shifts downfield as the number of neighboring iminium
crosslink moieties increases and appears as a collection of overlapping peaks of

decreasing relative intensity.

Other changes in the spectra include the appearance of a new, broad
backbone hydrogen peak at 4.02 ppm, which corresponds to the ethyl
methylenes in TEDCI at 3.56 ppm, shifted further downfield by neighboring
ammonium or iminium moieties. As expected, the intensity of this peak increases
when the amount of crosslinker added in the reaction is increased. A resonance
at 5.23 ppm, corresponding to the -methine hydrogen of TEDCI, appears when
the polymer has been crosslinked. This peak appears to be a broad singlet at
lower crosslinker concentrations but at higher concentrations a broad triplet
becomes apparent. A doublet also appears around 7.65 ppm, corresponding to
the a-methine hydrogens of TEDCI, which increases in intensity as crosslinking
increases. At high crosslinker concentrations other features are visible, a broad
peak above 9 ppm is consistent with the presence of p-acrolein branching
moieties.

It has been reported that the aldehyde proton in 3-(N,N-
dimethylamino)acrolein (2) has a resonance at 9.06 ppm, while the hydrogens at
the 2 and 3 positions appear at 5.04 ppm and 7.41 ppm.?> The presence of

these branches increases the integrated area of the peaks in the region
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corresponding to the hydrogen atoms from the crosslinking substituents (6, 7.05-
7.8). Fortunately, this can be corrected by subtracting branching unit hydrogen
atoms from the integrated values as indicated by the number of aldehyde end
groups.

Other peaks around 8.37-8.62 ppm are also consistent with the formation of
the O-protonated 3-(N,N-dialkylamino)acrolein branch, but this moiety does not
have hydrogens with resonances in the region of interest in the spectra
analyzed.?®

Due to changes in chemical shift and broadening of signals as crosslinking
took place, care was taken to integrate peaks for the PEI backbone protons at ca.
3.2 — 4.5 ppm (Fig. 3.1), for the crosslink protons at ca. 7.7 ppm, and the branch
aldehyde protons at ca. 9.4 ppm over 1.100, 0.750, and 0.065 ppm ranges,
respectively. A baseline correction was applied to each integration.

The integrated 'H NMR spectra described above allow estimation of the
degree of crosslinking for different samples from the ratio of backbone hydrogen
atoms to hydrogen atoms from the crosslinking moieties. The degree of
crosslinking is defined here as the percentage of nitrogen sites that effectively
participate in the crosslinking of the polymer. A ratio of eight backbone hydrogens
to three crosslink hydrogens would indicate a 100% degree of crosslinking.
Thus, the degree of crosslinking within a particular sample may be estimated by
comparing the measured ratio to this theoretical maximum. However, it was

noted that the peak for the -methine proton at 5.23 ppm in D-O decreased in
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intensity relative to the other peaks over time, indicating exchange. The
integration for this peak was consequently considered unreliable. Therefore a
ratio of eight backbone hydrogens to the two a-methine crosslink hydrogens was
taken to indicate 100% degree of crosslinking and the degree of crosslinking was
estimated by comparing the measured ratio to the theoretical maximum.

A plot of the estimated degree of crosslinking as determined from these NMR
values versus the nominal values for the number of moles of crosslinker per two

moles of PEI-HCI nitrogen atoms is shown in Fig. 3.2.

————
1.0 F §
3 ™
14 A o - o
S o8} . 5 -
E .
£ o*
> 06 |- 5 ]
L
£
- o0
904t .
4
; 0
9 02} o Solution 'H NMR |
5 * ¢ HR-MAS 'HNMR
g ]
o
0.0 F §
1 " " " " 1 " " M " 1 " L " " 1 " " 1 " 1 i "
0.0 05 1.0 15 2.0

Mole ratio of cross-linker : 2 PEI-HCI Nitrogens

Figure 3.2. Calibration curve for degree of crosslinking determined from NMR

data: (o) Solution '"H NMR, (¢) HR-MAS 'H NMR."

At most crosslinker concentrations, the degree of crosslinking increases
roughly linearly as the number of moles of crosslinker is increased. However, at
high crosslinker molar ratios, the degree of crosslinking plateaus at ca. 0.85 —

0.90 and even decreases slightly as fresh malonaldehyde molecules compete
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with acrolein units to react with the remaining nitrogen atoms on the backbone.
Higher crosslinker concentrations promote substantial branching. Data points
from the solution NMR experiments are also shown in Fig. 3.2 and agree well
with the HR-MAS NMR results. Therefore, the plot shown in Fig. 3.2 can be used
as a calibration curve to estimate the degree of crosslinking for samples simply

from the nominal amount of crosslinker used in sample preparation.

2.2. lonic Conductivity

The conductivity of crosslinked PEI-HCI was investigated as a function of the
degree of crosslinking within the polymer films as determined by NMR
spectroscopy. The logarithm of the conductivity as a function of the degree of

crosslinking is shown in Fig. 3.3.
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Figure 3.3. Log of conductivity as a function of degree of crosslinking. Degree
of crosslinking as determined by: (¢) HR-MAS 'H NMR, (o) estimation from the

average calibration curve in Fig. 3.2.
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The conductivity is highest, approximately 1x10° S/cm, at intermediate
degrees of crosslinking (ca. 0.45) and decreases at both smaller and larger
degrees of crosslinking. Similar conductivity behavior has been seen in both non-
crosslinked linear and branched PEI-HsPO4 systems at low acid concentrations
(< 0.4 mole ratio).*”

Lassegues and co-workers studied branched poly(ethylenimine) complexes
with sulfuric and phosphoric acids of the form BPEI-xH.SO4 and BPEI-xH3PO4,
where x is the number of acid moles per BPEI repeat unit.*® Conductivity was
measured for these systems at different concentrations and temperatures. Figs.
3.4a-b illustrate the conductivity (log o) dependence on the acid concentration at
300 K and at 373 K. *

It was found that the conductivity of the mixtures increases with increasing
acid concentration. However, as can be observed in Figs. 3.4a and 3.4b, the
conductivity reaches maxima at x = 0.2 after which the conductivity, at both
temperatures, decreases until the acid concentration is increased to x = 0.35.
Higher concentrations of acid increase the conductivity of the system.* Similar
behavior was reported by Tanaka and co-workers for both linear and branched
PEI-xHsPO, systems.”

It is thought that this behavior is associated with a change in the type of proton
conduction above and below the maximum amount of protonation of PEL*>’
Tanaka et al. postulated that in the 0 < x < 0.4 region, proton hopping between

neighboring ammonium and amino groups is the most important process
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contributing to the conductivity.
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Figure 3.4. Concentration dependence of log o (S/cm) for (a) BPEI-xH>SO4

and (b) BPEI-xHsPO; at 300 K (@) and 373 K (O).*

However, once x = 0.4 is reached, nearly all the amino groups accessible in

the polymer network are depleted, forcing the conductivity to reach a minimum.

When the amount of acid is further increased, the phosphoric acid becomes the

proton source, making the protonated PEIl a mere framework in which the protons

travel via HO(PO,)-0O-H--~O(PO,’)-OH hydrogen-bond arrays.’

In the case of crosslinked PEI-HCI there are several factors that may influence

the conductivity behavior as well. The initial increase in conductivity may be the

77



result of reduced crystallinity upon crosslinking and changes in the pK, of the
ammonium groups (n, in Scheme 3.1) neighboring the positively charged
crosslinking moieties (m, in Scheme 3.1). Eventually, stiffening of the lattice and
a decreasing number of labile ion sites lead to a decrease in the conductivity at
high degrees of crosslinking. At high degrees of crosslinking, the presence of the
branching units (m, in Scheme 3.1) may also have an undetermined effect.

It should also be noted that the conductivity measurements were made at 75%
relative humidity. The absorbed water at equilibrium, which undoubtedly changes
as a function of crosslinking, certainly plays a significant role in the conduction

mechanism.

2.3. Vibrational Spectroscopy

IR and Raman spectroscopy were used to investigate the crosslinked network.
The presence of the crosslinker unit can be identified through a series of bands
between 1570 and 1640 cm™.

In the Raman spectra shown in Fig. 3.5, two bands at 1572 and 1638 cm™ can
be seen at lower crosslinker concentrations, with a third band appearing at 1602
cm™ at higher concentrations. The 1602 cm™ band is attributed to the presence
of acrolein branching units that are only found at the higher crosslinker
concentrations. This conclusion is supported by comparing the Raman spectrum
of a highly crosslinked membrane with DMAA — a small molecule model

compound for the branching units.
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Figure 3.5. Raman spectra of crosslinker stretching region. Crosslinked
poly(ethylenimine)-hydrochloride, 3-(diethylamino)-acrolein (DMAA) and linear
poly(ethylenimine)-hydrochloride (LPEI-HCI) in water. The notation xlinker: 2N
designates the number of crosslinker molecules added to the solution for every

two PEI-HCI nitrogen atoms.”

The model compound has two bands at 1651 and 1602 cm™. The bands at
1602 cm™ in both the DMAA model compound and the crosslinked membrane
are assigned to the CO stretch from the aldehyde group. The 1638 and 1572 cm’
! bands in the crosslinked membrane are primarily the result of the CC stretching

motions from the crosslinker.2®
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Fig. 3.6 shows the IR spectra of this region; the bands in the IR spectra are
more complex than in the Raman spectra. Three bands at 1638, 1608, and 1572
cm' are seen at all crosslinker concentrations. The 1608 cm™ band is
significantly broadened as the crosslinker concentration increases; this

broadening is accompanied by a slight frequency shift from 1608 to 1610 cm™.

xlinker:2N

0.62 x:2N

0.25 x:2N

Absorbance Intensity

DMAA
PEIHCI
" 1640 1600 1560 1520
Wavenumber, cm

Figure 3.6. Infrared spectra of crosslinker stretching region. Crosslinked
poly(ethylenimine)-hydrochloride, 3-(diethylamino)-acrolein (DMAA) and linear
poly(ethylenimine)-hydrochloride (LPEI-HCI). The notation xlinker: 2N designates
the number of crosslinker molecules added to the solution for every two PEI-HCI

nitrogen atoms.”
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The IR spectrum of the model compound consists of one broad asymmetric
band located at 1616 cm™ that contains coupled CO stretching modes.?” The
mixing of these modes would lead to the broadening and slight frequency shift

seen in the membrane at high crosslinker concentrations.

The stretching bands directly associated with the crosslink unit can be clearly
identified in the region between 1570 and 1640 cm™. However, the lower
frequency regions are more complicated because they contain bands that are

associated with both the polymer backbone and the crosslink unit.

1018 xlinker:2N

1100

0.44 x:2N
1064 0.25 x:2N

PEI-HClin H O

Raman Scattering

100 e e
Figure 3.7. Raman spectra of lower frequency region. Crosslinked
poly(ethylenimine)-hydrochloride and linear poly(ethylenimine)-hydrochloride
(LPEI'‘HCI) in water. The notation xlinker: 2N designates the number of

crosslinker molecules added to the solution for every two PEI-HCI nitrogen

atoms."
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Fig. 3.7 shows the Raman spectra between approximately 1100 and 600 cm™.
Bands in this region contain mixed modes that are sensitive to the conformation
of the polymer backbone.?*?°

There are three bands at 1018, 960 and 689 cm™ that appear even at low
crosslinker concentrations. These bands are probably associated with the
crosslink unit itself. Most likely, the vibrational modes resulting in these bands
are a mixture of CCC bending and CH in-plane bending motions.® In contrast,
the band at 1064 cm™ in the PEI-HCI spectrum shifts to 1100 cm™ as the
crosslinker concentration increases. The bands at 863 and 934 cm™ appear only
at high crosslinker concentrations and therefore may be attributed to the acrolein
branching units.

Similar trends can be seen in the IR spectra of Fig. 3.8, which covers
essentially the same range. Bands at 1010, 620 and 564 cm™ are most likely
associated directly with the crosslink unit, whereas the bands at 1064 and 1010

cm™ are attributed to the polymer backbone. Bands in this range of the spectrum

contain CN and CC stretching motions.

As the crosslinking reaction occurs, the nitrogen atoms of the polymer
backbone become covalently bonded to the crosslinker molecule. This will
necessarily result in a redistribution of electron density around the nitrogen and
adjacent carbon atoms on the polymer backbone, changing both the effective
force constants of the backbone CN and CC bonds as well as dipole moment and

polarizability derivatives for these modes. Those changes will appear as
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frequency shifts and intensity changes in the corresponding IR and Raman

bands. Therefore, as the amount of crosslinker increases, the intensity of the

1062 cm™' band decreases and the related band at 1010 cm™ increases.
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Figure 3.8. Infrared spectra of lower frequency region. Crosslinked

poly(ethylenimine)-hydrochloride, and linear

poly(ethylenimine)-hydrochloride

(LPEI-HCI). The notation xlinker: 2N designates the number of crosslinker

molecules added to the solution for every two PEI-HCI nitrogen atoms.

The band at 835 cm™ may be attributed to the acrolein branching units,

consistent with the assignment of the 863 cm™ band in the Raman spectrum.
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Finally, it is interesting to note that spectrum labeled 0.25:2N (crosslinker:2N)
resembles a superposition of pure PEI-HCI and the 0.50:2N spectra. This would
indicate that membranes with mole ratios less than 0.25:2N contain domains of

pure PEI-HCI in addition to the crosslinked moieties.

3. Conclusions

Membranes made of crosslinked LPEI‘HCI have been investigated as a
function of the degree of crosslinking with a number of different spectroscopic
techniques and measurements of the conductivity. The degree of crosslinking
was determined using NMR spectroscopy. The maximum degree of crosslinking
attained is approximately 85%. Above this crosslinking level, some of the
remaining sites react with one end of a malonaldehyde molecule. However,
there are no available amine sites sufficiently close to allow the malonaldehyde to
react with a second nitrogen atom. This results in an acrolein branching unit
whose presence is inferred from spectroscopic data.

Vibrational modes associated with the crosslink unit can be identified in both
the IR and Raman spectra from bands that are present even at low crosslinker
concentrations, but are not present in the pure polymer. In comparison, bands
that are present in pure PEI-HCI but exhibit shifts in frequency and intensity as
the amount of crosslinker increases are attributed to the polymer backbone.
These shifts are associated with a redistribution of electron density along the

backbone due to the reaction of the crosslinker molecule with the polymer. The
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bands associated with the acrolein branching units can be distinguished from
those associated with both the crosslinker and the polymer backbone as they are
present only at high crosslinker concentrations.

The conductivity of crosslinked PEI-HCI was highest, ~ 1x10° S/cm, at
intermediate degrees of crosslinking and may be attributed to the movement of
protons and/or chloride ions. The shape of the ionic conductivity curve observed
in this study resembles curves characteristic of almost all polymer-salt electrolyte
systems. In those systems, the ionic conductivity decreases at high salt
concentrations because of a reduction in the segmental motion and the number
of available coordination sites of the polymer. This decrease in segmental
motion is usually considered to result from an increase in the coordination of ions
between sites on the polymer chains, where the ions act as transitory
crosslinks.®’

In this case, the peak in the conductivity data may reflect a balance between
the stiffening of the polymer network and the number of labile ion sites available
but having water present during the measurements at 75% relative humidity

complicates these interpretations.
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Chapter 4: Crosslinked LPEI-HCIl-based membranes for hydrogen fuel cell

applications: lonic conductivity studies

An important amount of research has been dedicated to the development of
proton conducting materials for hydrogen fuel cell applications. Most of the
research in this area has focused on perfluoro-sulfonic acid materials (e.qg.
Nafion®), sulfonated poly(aromatics) and poly(benzimidazole)-type polymers.'™
Developing new alternative materials can offer solutions to some of the
shortcomings that these membranes possess.

Linear poly(ethylenimine), LPEI, has been recognized as a potential proton-
conducting polymer.‘c"9 However, without functionalization, the use of LPEI in
proton exchange membranes for hydrogen fuel cells is limited due to its water
solubility.®

Research done in Dr. Glatzhofer’s laboratory at the University of Oklahoma
has shown that linear poly(ethylenimine) hydrochloride, LPEI-HCI, can be
successfully crosslinked with malonaldehyde generated in situ in aqueous
phosphoric acid to form freestanding, thermally stable, homogeneous gel
membranes that exhibit ionic conductivities up to 0.01 S/cm at 150°C and 0%
relative humidity.’® The ionic conductivity of these materials depends on the
temperature, the amount of crosslinker added during the formation of the
membrane and the amount of phosphoric acid used in the formulation.®

Preliminary studies indicate that the degree of crosslinking, determined
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through 'H NMR spectroscopy, has an influence on the ionic conductivity
performance of crosslinked LPEI-HCI systems. '' A detailed study on the effects
of relative humidity, temperature, degree of crosslinking and amount of
phosphoric acid added to the system on the conductivity has not been reported

yet. Such studies are presented in this chapter.

1. Background

Complexes of poly(ethylenimine) with acids such as hydrochloric, sulfuric and
phosphoric acids, have been studied in the past and the proton conductivity of
branched PEIl:xH;PO, complexes, where x is the number of moles of acid per

mole of PEI repeat unit have been reported.>'?
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Figure 4.1. Concentration dependence of log o (S/cm) for anhydrous

BPEI-xH,SO, (a) and BPEI-xHzPO, (b) at 25°C (@) and 100°C (O)."?
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It is known that the conductivity of the complexes increases with increasing

acid concentration, to reach maxima at x ca. 0.2, after which the conductivity

decreases until the acid concentration is increased to x ca. 0.35."% Figs. 4.1a-b

illustrates the conductivity behavior of these systems.

Similar behavior was noted in samples of linear and branched PEI with

different amounts of phosphoric and sulfuric acids by Tanaka and co-workers.”®

Fig. 4.2 shows the conductivity dependence on the amount of acid in the complex

at 30, 60 and 100°C.

log (O /S<cm-1)

LPEIXH,SO, |
100°C

Figure 4.2. Composition,

X, dependence of proton conductivities of

PEI:xH3;PO, at 30, 60 and 100°C. Values for LPEIl:xH.SO, are shown for

comparison.®

Even though the actual conductivity values reported by Tanaka in his studies

varied significantly from the ones reported by Lassegues at al. the behavior of the
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samples is very similar. It is believed that the trend observed results from
changes in the proton conducting mechanism within the samples.>”% 13
At low acid concentration, ca. x < 0.4, proton conductivity takes place through

a proton hopping mechanism in which the most important contributions come

from processes that involve ammonium groups ("J‘r‘HZ") along the polymer
backbone acting primarily as proton donors, while neutral amino groups act as
proton acceptors. Upon increasing the amount of acid past this point (x > 0.4),
phosphoric acid competes with ammonium groups as the proton source.
However, higher HzPO, concentrations change the proton conduction in such a
way that the protonated polymer provides a medium in which proton conduction
occurs mainly through proton hopping via hydrogen bond arrays involving
phosphoric acid in different stages of deprotonation as shown in Scheme 4.1

below.?
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Scheme 4.1. Proposed proton hopping mechanism in PEl:xH3PO,, where x >
0.4 moles of acid per mole of repeat unit of the polymer. Arrows denote general

direction of the proton movement.

While these results are promising, PEl:xH3sPO4 complexes are water soluble at
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concentrations higher than x = 0.5, which limits its application in hydrogen fuel
cells, where water management can be challenging.

In an attempt to overcome this problem Tanaka and coworkers proposed
crosslinking PEI with ethylene glycol diglycidyl ether (EGDGE). The crosslinked
material was pulverized and soaked in a methanol solution containing the
required amount of phosphoric acid. Methanol would be then removed and the
resulting material pulverized once more and compacted.’

Conductivity studies on these materials revealed that, while the conductivity of
the crosslinked system was lower than that of non-crosslinked samples with
comparable amounts of acid, the dependence of conductivity on the sample
composition for crosslinked PEI:xH3PO,4 exhibits a similar pattern to non-

crosslinked systems previously reported in the literature.>®?

However, it was
noted that the minimum in conductivity occurred at lower acid concentrations,
indicating that crosslinking the polymer lowers the number of available nitrogens,
decreasing the upper limit of neutralization.”

These initial attempts at a viable crosslinked poly(ethylenimine) based system
rendered mechanically incoherent materials due to the way they were processed.
Research done by Dr. Michael J. Erickson, in Dr. Glatzhofer’'s group at the
University of Oklahoma, resulted in the development of new crosslinked
LPEI-HCI based materials doped with phosphoric acid.®

Linear poly(ethylenimine) hydrochloride was crosslinked with malonaldehyde,

generated in situ from 1,1,3,3-tetramethoxypropane, in water and the appropriate
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amount of phosphoric acid.’® Freestanding films were cast onto Teflon® coated
Petri dishes and sealed tightly to prevent evaporation of the crosslinker for two
days. Later, water was allowed to slowly evaporate over a period of three days."®

The possible mechanism through which the crosslinking of these systems take
place have been described elsewhere,'® and the degree of crosslinking achieved
have been determined by IR, Raman and 'H NMR spectroscopy as reported in

chapter 3 of this dissertation.

10-—

0.8 |-

0.6 -

0.4 |

0.2 o Solution 'H NMR

¢ HR-MAS 'H NMR
Boltzmann curve fitting
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Mole ratio of cross-linker : 2 PEI-HCI Nitrogens

Figure 4.3. Calibration curve for degree of crosslinking determined from NMR

data: (o) Solution '"H NMR, (¢#) HR-MAS 'H NMR."

For the purposes of this study, the degree of crosslinking of each of the
samples studied was determined by using the calibration curve shown in Fig. 4.3.
Solution '"H NMR was performed on samples with phosphoric acid and it was

found that even though the presence of acid in the polymer solution affects the
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kinetics of the crosslinking reaction, it does not change the final degree of
crosslinking (data not shown).

It is possible to fit data collected through solid-state HR-MAS 'H NMR and
solution 'H NMR to a Boltzmann-type sigmoidal model of the form

Al _Az

x=x,)/dx

=A, +
Y 2 1+ e

(4.1)
where A, is the initial y value (x = - «), A, is the final y value (x = + «), x, is the
center (point of inflection), and dx is approximately the width of range of x over
which y changes the most. These fitting constants have the following values for
our system: A, = 0.0 + 0.1, A, = 0.88 = 0.03, x, = 0.36 + 0.08, and dx = 0.19 =
0.05. For our system, y will be defined as the degree of crosslinking and x is the
mole ratio of crosslinker to 2 nitrogens in the polymer backbone. Using this
equation allows us to obtain a calibration curve that can be used to determine the
degree of crosslinking of any given sample by knowing the amount of crosslinker
used in the formulation of the membrane.

Initial studies showed that the conductivity of this system varies as a function

of acid content, degree of crosslinking and temperature.’®"

While keeping the
concentration of phosphoric acid constant and increasing the degree of
crosslinking, it was noted that the conductivity of the samples increased.
However, as can be seen in Fig. 4.4, no significant changes in the conductivity
were observed from increasing the degree of crosslinking from 0.76 to 0.84.'°

This is consistent with observations made by Tanaka et al. in which it was noted

that in crosslinked systems the minimum in conductivity was reached at lower
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acid concentrations.” It could be expected that higher degrees of crosslinking will
lead lower upper limits of neutralization, as described by Tanaka,” effectively
increasing the amount of “free” phosphoric acid contained in the sample. Higher
“free” phosphoric acid content is responsible for higher conductivity values. This
effect seems to reach a saturation point, upon which, no more “free” phosphoric
acid is produced.
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Figure 4.4. Conductivity dependence on temperature for anhydrous samples
with P:N molar ratio of 0.69 and different degrees of crosslinking. Data taken

from ref. 10.

Research showed that the conductivity of crosslinked LPEI-HCI, at a constant
degree of crosslinking and with different amounts of HsPO., would rise by
increasing the concentrations of acid.'® Fig. 4.5 illustrates the change in

conductivity as a function of the phosphorus to nitrogen molar ratio in
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LPEI-HCI:xH3PO,4 complexes over a range of temperatures.

From the data in Fig. 4.5 it is possible to determine an apparent energy of
activation, E,p for the conductivity processes by using an Arrhenius-type
expression. E,pp, values reveal that there’s a change in the amount of energy

needed for the conduction process cause by changes in the phosphoric acid

content.
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Figure 4.5. lonic conductivity of crosslinked linear poly(ethylenimine)
hydrochloride with different phosphoric acid concentration, as a function of
temperature; legend indicates the phosphorus to nitrogen (P:N) molar ratio and

apparent energy of activation derived from the plot.'

At low acid content, E,p, is 66.4 kJ-mol” and this value gradually decreases as
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the H3PO,4 concentration in the system is increased, reaching 11.7 kd-mol” at
4.16 P:N molar ratio. This trend is consistent with the proposed conduction
mechanism. As mentioned before, the conduction mechanism for membranes
with low acid content would rely strongly on ammonium-amine proton transfer,
while transport mechanisms in high phosphoric acid content membranes would
involve phosphate mediated proton hopping.® Enthalpies of dissociation of
ammonium ions in aqueous systems are in agreement with the apparent
energies of activation reported by Glatzhofer et al.,>'° supporting the mechanism

described above.

2. lonic conductivity studies

While previous studies in our group provide important insight into the
composition-property relationships for these systems, more work is needed to
fully understand the important role that water has in the proton transport
mechanism. The presence of water in these systems takes on more importance
as we consider that water is produced during fuel cell operation. Water
absorption is an important issue for existing polymer electrolyte membranes,
such as Nafion®, because water is essential for this material to achieve useful
conductivity values.

The effect of the degree of crosslinking on the conductivity of xLPEI-HCI /
HsPO4 membranes is not clear yet, and additional studies have been carried out

to improve our understanding of this system in order to be able to better tailor it to
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different applications. Additionally, films with different amounts of phosphoric
acid were evaluated at different temperatures and relative humidities to provide a
more detailed view of the system.

A.C. conductivity of xLPEI-HCI with a degree of crosslinking of 0.84 and
different amounts of phosphoric acid, 0.5 and 0.7 P:N, was measured at 25°C
using a four-probe technique as described in the literature.'®'" Two different set-
ups were used to control the relative humidity. At room temperature, the relative
humidity in the measurement chamber was controlled using a saturated salt
solution as a constant activity source.'*' Samples were allowed to equilibrate
over 24 hours prior to measuring the conductivity. For samples evaluated at
higher temperatures, from 30°C to 130°C, an in-plane conductivity test system,
model BT512, from BekkTech, LLC. was used. The system consists of a
Teflon® insert that supported a sample with longitudinal geometry. The insert
included four platinum wires evenly spaced along the sample. The testing system
allows control of the temperature of the sample. The equipment is coupled to a
dew point saturator to control the relative humidity inside the conductivity cell.
Typical sample dimensions were 2.5 cm x 0.06 cm x 0.5 cm. Fig. 4.6 shows the
conductivity as a function of relative humidity for xLPEI-HCI samples with 0.5 and
0.7 P:N molar ratios.

As can be observed in Fig. 4.6, the ionic conductivity of the samples appears
to increase exponentially when the relative humidity increases. The same

behavior is observed for both samples. However, as expected, the ionic
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conductivity for the 0.7 P:N sample is higher than that of the 0.5 P:N at

comparable relative humidities over the range evaluated.
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Figure 4.6. Conductivity as a function of relative humidity for xLPEI-HCI/H3PO4
membranes at 25°C with different phosphorus to nitrogen molar ratios, P:N. Both

membranes have a degree of crosslinking of 0.84.

Relative humidity can be considered an indirect indication of how much water
has been absorbed by the membrane. LPEI-based films are highly hygroscopic
and judging by the data shown in Fig. 4.6, no water saturation effect is observed
under these conditions.

Water molecules absorbed into the polymer matrix can participate in the
proton conduction mechanism by providing coordination sites for protons. It can

be inferred that water molecules are distributed throughout the cross-section of
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the polymer membrane, providing additional pathways through which protons can
be transferred.

Fig. 4.7 presents conductivity vs. temperature curves for a 0.5 P:N xLPEI-HCI /
H3;PO,4, and DC = 0.84, at different relative humidities. Similar curves were
obtained for samples with a 0.7 P:N molar ratio and a degree of crosslinking of
0.84 (not shown).

The conductivity of this membrane while held at constant relative humidity
changes significantly when temperature is increased. The ionic conductivity of
the samples decreases to a minimum when the temperature is ca. 50-60°C.
However, the conductivity increases again as the temperature is increased

further.
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Figure 4.7. Conductivity as a function of temperature for a crosslinked
LPEI-HCl/ HsPOs membrane with a 0.5 P:N molar ratio, and degree of

crosslinking of 0.84, at different relative humidities.
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This curious behavior might be indicative of two different conduction
mechanisms taking place in the sample. It is postulated here that water is mainly
responsible for the transport of protons through the polymer matrix at low
temperatures. This process is hindered by evaporation when temperature is
increased, causing a decrease in the conductivity values reached by the
membranes. However, phosphoric acid is known to participate in the conduction
mechanism in LPEI-based materials.

As was noted earlier by Lasségues,®'® Tanaka,”® and Glatzhofer,
conduction mechanisms involving phosphoric acid are thermally activated
processes. When the temperature is high enough, the contribution of these
processes can be significant enough to produce an increase in the conductivity,
thereby overcoming the effects of water loss.

Conductivity measurements on samples with a wider range of phosphoric acid
content at 100°C revealed that the behavior observed in Fig. 4.6 was more
complex than originally thought.

Fig. 4.8 shows that samples with different amounts of phosphoric acid present
different sensitivities to the relative humidity in their environment. Samples with
lower acid content (0.5, 0.8 and 1.0 P:N) seem relatively less sensitive to the
relative humidity, only registering a change of an order of magnitude or two at the
most, while samples with higher acid content present a more significant change

in their conductivity, similar to that seen in Fig. 4.6. However, there is a significant
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difference: the 1.5 P:N presents a significant jump in conductivity followed by a
plateau in which the conductivity increased slightly with relative humidity.
Coincidently, the 2.0 P:N presented a plateau at lower conductivity values

followed by a marked increase in the conductivity.
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Figure 4.8. Conductivity as a function of relative humidity for xLPEI-HCI films
with a degree of crosslinking of 0.84 and different phosphorus to nitrogen molar

ratios. Measurements carried out at 100°C.

Fig. 4.9 shows the conductivity as a function of relative humidity for
crosslinked LPEI-HCI / HsPO4 films with a 2.0 P:N molar ratio. Three samples
with different degrees of crosslinking were studied. As can be observed, changes
in the degree of crosslinking caused a transition from low to high conductivity
values similar to the ones seen in samples with different amounts of acid. It is

remarkable that samples with lower degrees of crosslinking, i.e. 0.46 and 0.66,
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exhibit very little sensitivity to changes in relative humidity, maintaining
conductivity values below and around 0.1 S/cm, the DOE target conductivity for
PEM fuel cell applications at 100°C. Similar transitions are observed when the
degree of crosslinking and HzPO4 content are kept constant while measuring the

conductivity at different temperatures, as evidenced in Fig. 4.10.
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Figure 4.9. Conductivity at 100°C as a function of relative humidity for
crosslinked LPEI-HCI membranes containing 2.0 P:N molar ratio. Samples had

degrees of crosslinking varying from 0.46 to 0.84.

These transitions from lower to higher conductivity values take place at
different “onset” relative humidities, depending on the degree of crosslinking,
amount of phosphoric acid in the membrane and temperature of the
measurement, which leads us to believe that the transition depends on the

formulation of the film rather than testing conditions.
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Figure 4.10. Conductivity as a function of relative humidity for a crosslinked
LPEI-HCI / HsPO4 membrane with a degree of crosslinking of 0.84 and a 2.0 P:N

molar ratio.

The ability of crosslinked poly(ethylenimine) hydrochloride-based membranes
to absorb and retain water depends strongly on its formulation . Even though the
exact relationship between the physical properties exhibited and the structure
and characteristics of the crosslinked polymer network is not known, it is possible
to recognize that the conductivity of the system shows a behavior similar to that
of other physical properties of polymers that follow a Williams-Landel-Ferry

relationship, WLF, not unlike the time-temperature superposition.'®
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Figure 4.11. WLF master curve for conductivity of crosslinked LPEI-HCI /

HsPO,4 systems.

Thus, it is possible to envision that the conductivity behavior shown in Fig. 4.6
represents only a section of the entire curve for that system, and that under the
right conditions or membrane formulation it would be possible to obtain
membranes that only exhibit high conductivities with little or no variation with
relative humidity. Evidence of such systems is easily found in Figs. 4.8, 4.9 and

4.10.

3. System optimization

In order to optimize crosslinked poly(ethylenimine) hydrochloride based
membranes, it was necessary to evaluate several formulations at temperatures
ranging from 75°C to 115°C. Formulations were changed by adjusting the
degree of crosslinking and phosphoric acid content of these membranes.

Membranes with different amounts of phosphoric acid were submerged under
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distilled water over 24 hour periods at 25°C, the water would then be removed.
Samples would then be allowed to dry over 72 hours in an oven at 45°C. The
treatment was repeated twice more and the water collected from each extraction
was evaluated separately. Silver nitrate was used in portions of the water to test
for chlorine content. *'P NMR was used to determine if there was any
phosphoric acid in the water.

Results showed that hydrochloric acid would slowly migrate out of the
membranes while no trace of phosphoric acid was observed in the water from
samples with a P:N < 2.0. Even though these results are only qualitative and
highly empirical, they are important in setting parameters to further tailor the
formulation of membranes for fuel cell applications.

Samples with phosphorus to nitrogen molar ratios going from 0.5 to 2.0 P:N
were evaluated in membranes with a degree of crosslinking, DC, of 0.46.
Membranes with a DC = 0.84 were tested with three different phosphoric acid
contents (0.2, 0.4 and 1.0 P:N). Both systems were tested at four different
temperatures.

Figs. 4.12 and 4.13 present conductivity values for the DC=0.84 and DC=0.46,
respectively. Samples from the DC = 0.84 system showed the expected
behavior: higher conductivities were obtained by increasing the amount of
phosphoric acid. Slight increases in the conductivity were observed as the

relative humidity was increased.
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Figure 4.12. Conductivity as a function of relative humidity for xLPEI-HCI
membranes with a degree of crosslinking, DC, of 0.84, and different amounts of

phosphoric acid. Samples were evaluated at 75, 90, 100 and 115°C.

Surprisingly, samples with a lower degree of crosslinking revealed a more
complex picture. The membrane containing phosphoric acid in a 0.8 P:N molar
ratio had the lowest conductivity, on average, over all the temperatures
evaluated. Additionally, this system seems particularly less sensitive to the

changes in relative humidity.

107



W 05PN
O 0.8P:N
A 10PN
& 15PN
X 2.0P:N

10" X% < ><<>>§?>< E
, X & X & x & xo % N
- A
107¢ A A 4. 4 At 4™
3 u u |
10 LT | n L ]
_ af
E 10 o
(/2] -5 9 o) o
2 0% :
s . %0 ° 0 2 e °0 0 0 ¢ 90°C
."? 10 ‘ .
> 10 ; ; ;
it
3] o 00 o O
= O X O
'§ 10 2 <>z<>i x x X . <>z§<>>< x X
. A
8 10°F 4 o o 4o A= ™ A 4o A A‘.
Sl m " [ ] n "
10 = u [ ]
10
5 o © © °
10 (@] o O O o 3 o o ©O O o E
. 100°C 115°C
10' L L L L L L L L
20 40 60 80 100 20 40 60 80 100

Relative Humidity (%)

Figure 4.13. Conductivity as a function of relative humidity for xLPEI-HCI

membranes with a degree of crosslinking, DC, of 0.46, and different amounts of

phosphoric acid. Samples were evaluated at 75, 90, 100 and 115°C.

In order to better illustrate these observations, conductivity was plotted against
the P:N molar ratio for both systems in Figs. 4.14 and 4.15. Data for 50% relative
humidity was chosen as a representative set of data for both systems. It can be

observed in Fig. 4.14 that conductivity values increase slightly with temperature

as was expected from previous reports.
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Figure 4.14. Conductivity as a function of acid content for xLPEI-HCI
membranes with a degree of crosslinking, DC, of 0.84, at 50% relative humidity.

Samples were evaluated at 75, 90, 100 and 115°C.

Fig. 4.15 reveals a similar behavior to that reported by Tanaka and
Lességues;>”®'? and later by our group."" A minimum in the conductivity is
observed for samples with phosphoric acid in a 0.8 P:N molar ratio. It is possible

"8 However, this

to explain these results in the same terms used by Tanaka.
interpretation should be made carefully as the introduction of positively charged
crosslink units certainly complicates the intricate coordination between

phosphoric acid and the host polymer network.
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Figure 4.15. Conductivity as a function of acid content for xLPEI-HCI
membranes with DC = 0.46 at 50% relative humidity. Samples were evaluated at

75,90, 100 and 115°C.

Since the polymer host is crosslinked, the mobility of the amine groups along
the polymer chain is hindered, diminishing the contribution of these groups in the
proton transport process responsible for the conductivity. Each crosslink unit
reduces the nitrogen atoms available for protonation by one, effectively reducing
the number of moles of phosphoric acid necessary to generate “free” phosphoric
acid within the host network. This could explain why a minimum in conductivity is
not observed in samples with a degree of crosslinking of 0.84. This type of
interaction results in membranes exhibiting higher conductivity values than
comparable samples with lesser amounts of “free” H3PO4 available.

Taking all these factors into consideration, a sample was prepared with
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phosphoric acid in a 1.5 P:N molar ratio and a degree of crosslinking of 0.45.
Results are summarized in Fig. 4.16. As expected, this system exhibits a slight
sensitivity to relative humidity and shows conductivity values above 0.1 S/cm, at

temperatures 90°C or higher, over relative humidities ranging from 10% to 90%.
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Figure 4.16. Conductivity as a function of relative humidity for a crosslinked
LPEI-HCI / HsPO4 membrane with a degree of crosslinking of 0.45 and a 1.5 P:N

molar ratio.

4. Conclusions

The ionic conductivity of membranes made of LPEI-HCI crosslinked with
malonaldehyde generated in situ, and doped with phosphoric acid, has been
determined as a function of the degree of crosslinking, amount of phosphoric
acid, temperature and relative humidity.

Results showed that the dependence of the conductivity on these factors is
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complex and that it involves a drastic transition in which the conductivity
increases by several orders of magnitude. The onset of this transition appears to
be related to the composition of the polymer membranes.

¥IP NMR and silver nitrate titrations were used to qualitatively determine if
phosphoric or hydrochloric acids can be leached from crosslinked membranes. It
was found that, even though HCI can be removed from crosslinked membranes
by evaporation or extraction with water, this was not the case for HzPO,4. No
traces of phosphoric acid were found in the water used in the extractions
performed on the crosslinked polymer membranes with acid contents below 2.0
P:N. It is necessary to test the materials at fuel cell operating temperatures to
know it this is still the case at higher temperatures. Results presented in this
chapter, along with strong interactions reported before in the literature,>”®12
indicate that there might be more than an acid-base interaction between
poly(ethylenimine) and phosphoric acid.

It was demonstrated that it is possible to tailor the amount of phosphoric acid
and the degree of crosslinking necessary to obtain a crosslinked LPEI-HCI based

membrane with conductivities around 0.1 S/cm over 90°C and relative humidity

as low as 10%.
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Chapter 5: Crosslinked LPEI-HCIl-based membranes: Hydrogen fuel cell

application.

Interest in the application linear poly(ethylenimine)-based systems for use in
operating fuel cells has driven Dr. Glatzhofer's group at the University of
Oklahoma to study the ionic conductivity of crosslinked LPEI-HCI membranes
and the results, some of which are included in Chapter 4 of this dissertation, have
been promising. Research on composite membrane electrode assemblies
(MEAs) containing crosslinked LPEI-HCI/HsPO, based films was initially
presented by Dr. Michael J. Erickson with interesting results based on studies on
a 0.7 P:N LPEI'‘HCI/HsPOs membrane with a degree of crosslinking, DC, of
0.84." This chapter is a continuation of his work. Two new LPEl-based systems
were used in MEAs: a 1.0 P:N LPEI-HCI / H3PO4 with DC = 0.24, and a 2.0 P:N
LPEI-HCI / H3PO4 with DC = 0.66. Their performance in fuel cells was measured
as a function of temperature at low relative humidity and compared to that of

Nafion®-containing MEAs under the same conditions.

1. Background

As mentioned in the introduction, fuel cells are electrochemical devices that
consist of an electrolyte in contact with two electrodes that is capable of
converting directly any consumable fuels to electrical energy through chemical

reactions.?
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PEMFCs operate at low temperatures (< 200°C) when compared to other
types of fuel cells, such as solid oxide or molten carbonate fuel cells, that operate
at temperatures well above 500°C.° In order to operate under those conditions,
catalysts are needed to facilitate the redox reactions that take place on each

electrode.?>*®

A large amount of research is being conducted to reduce the
catalyst loading, its CO tolerance, and to find lower cost alternatives to platinum.®
Additionally, as O, and H; dissociation kinetics are better at higher temperatures
(> 400°C), and CO sensitivity is reduced as well, there has been a lot of interest
in finding polymer electrolytes that perform well under those conditions.®
Hydrogen is fed into the cell, where a catalyst oxidizes it to generate two H*
and 2e’. Electrons are conducted through the electrical circuit to produce work,
while protons must flow from the anode, through the electrolyte, to the cathode,
where they would participate in the reduction of oxygen by a catalytic reaction
producing water. Fuel cells perform consistently, generating electricity, as long
as a continuous stream of fuel is fed into the electrochemical cell.*’
Fuel cell performance is often judged in terms of voltage-current density and

power-current density curves. Figure 5.1 shows a typical voltage-current curve

for an operating fuel cell.’
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Figure 5.1. Typical cell potential vs. current density plot for a H,/O, PEMFC.

Potential losses are indicated in the figure.

In general, operating voltages in fuel cells are significantly lower than the
theoretical open circuit voltage value (OCV), E° = 1.23 V for Hx/O, fuel cells,

determined by the formula

E°=- (5.1)

F
where AG® is the standard Gibbs energy change of the reaction occurring in the
electrochemical cell (the standard Gibbs energy of formation of HO (l) is -237.18
kJ/mol), z is the number of electrons that pass through the electrical circuit ( 2e’),

and F is the Faraday constant (96,485 C).*®

The activation, ohmic, and diffusion overpotential losses are responsible for
the shape of the voltage-current density curve of a fuel cell.>® The activation
overpotential occurs when reactions at the electrodes have slow kinetics. Part of
the potential produced during the reaction is used to drive the reaction forward.*

Ohmic or resistive losses are related to the voltage loss due to the inherent
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resistivity of the electrolyte. Electronic conduction through the electrolyte also
makes a small contribution to ohmic losses.* Finally, mass transport or
concentration losses occur at high current densities due to lower concentrations
of Hu/O; at the electrodes.?

The requirements for polymer electrolyte materials for fuel cell applications
include properties such as low electronic conductivity, good barrier to hydrogen
and oxygen gasses and good proton conductivity.” These requirements reduce
processes involved in potential losses that reduce the efficiency of an operating
cell.

Several recent reviews have summarized some of the polymers that have

been studied for the manufacturing of membrane electrode assemblies

9,10 11-16

(MEAs).®®  Poly(perfluorosulfonic acids),”'® sulfonated poly(arylenes), and
acid-doped polymer complexes,'” are some of the membrane materials currently

being studied.

Nafion® membranes require proper hydration in order to assure adequate
solvation of sulfonic acid groups, thus allowing proton mobility.° Reported
conductivity values for well hydrated Nafion® membranes can be as high as
0.144 S/cm."® However, the conductivity of the material at 80°C decreases up to
10 times relative to values measured at 60°C, due to dehydration of the
membranes.®®

Dr. Erickson, in Dr. Glatzhofer’s group at OU, conducted experiments that

revealed that MEAs, prepared in the same way, using Nafion® and a crosslinked
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LPEI-HCI/HzPO,4 with a degree of crosslinking of 0.84 and 0.7 P:N molar ratio
showed similar performances at room temperatures.’

Crosslinked LPEI-HCI/H3PO, films have shown remarkable ionic conductivities
over a wide range of temperatures and relatives humidities as evidenced in Fig.
5.2. However, little is known about the performance of MEAs containing these

materials in operating fuel cells.
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Figure 5.2. Conductivity as a function of relative humidity for a crosslinked
LPEI-HCI/HzPO4 membrane with 2.0 P:N molar ratio and 0.66 degree of

crosslinking.

2. Fuel cell testing.

MEAs were made using two high temperature ELAT® gas diffusion electrode

(GDE) microporous layers, with 0.5 mg/cm? Pt loading on a carbon woven web
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and a standard ionomer application (E-TEK, HT140EWSI), sandwiching a piece
of electrolyte. The MEA was held in place by two square self-adhesive Mylar®
gaskets, with 5 cm? holes cut in the center of them to expose the MEA, as
illustrated in Fig. 5.3. MEAs were tested in a fuel cell hardware assembly
purchased from Fuel Cell Technologies, which consisted of a pair of Poco
graphite blocks with a precision, machined serpentine flow-pattern (5 cm?), and a
pair of gold plated connectors fastened with aluminum end plates with gas inputs
and outputs, a thermocouple well and two cartridge heaters to allow temperature

control.

Carbon woven web, microporous
GDE layer with 0.5mg/cm2 Pt load

Carbon woven web, microporous
GDE layer with 0.5mg/cm-2 Pt load

Self-adhesive Mylar® gasket

Figure 5.3. Schematic view of a typical MEA (as prepared). Diagram shows

the different components of the MEA in their relative order.

Additional Teflon® coated fiberglass and Teflon® gaskets were used to avoid
leaks or fuel crossover during the operation of the fuel cell. Experimental

parameters for fuel cell testing were controlled by connecting the fuel cell to an
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in-plane conductivity test system by BekkTech, LLC, model BT512. This system
allowed thermal control of the fuel cell heating blocks, as well as the temperature
of the H; inlet and outlet. Additionally, hydrogen (99.9%) was connected to a flow
meter coupled to a needle valve that was used to regulate the flow rate of
hydrogen into the cell and a dew point saturator, that was used to humidify and
set the relative humidity of the hydrogen supplied into the fuel cell. The gas
outlet on the anode of the fuel cell was connected to a regulator valve that was
used to manually adjust the back pressure on the cell (avg. 10 psi). The
hydrogen flow rate was kept at ca. 250 standard cubic centimeters. Compressed
air was dried, filtered and injected into the cathode at constant pressure (10 psi).
Our setup did not allow for a good control of the air flow rate into the cathode, nor
did it provide an adequate way to maintain constant back pressure. Air was

supplied in excess compared with the amount of hydrogen supplied to the anode.

-

> —

0O,/
Air

<4 —>
] [

Figure 5.4. Diagram of a fuel cell setup including electrical and gas

connections.
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Resistors, with resistance values varying from 1Qto 10MQ, were used as
resistive loads. Two Kiethley digital multimeters were used to measure the
potential (V) and current output (A) of operating fuel cells. A diagram of the fuel
cell is shown in Fig. 5.4.

Even though optimization of the fuel cell set up was not within the scope of this
study, significant efforts were made to improve the performance of the fuel cell by
changing the hydrogen flow rate, as well as setting up different values for the
back pressure. These efforts were mildly successful but, as a general feature, all
the MEAs studied exhibit very low current densities relative to the values reported
in the literature. In order to make fair comparisons, an MEA using a Nafion® 117
film as the electrolyte was constructed and evaluated in our testing system as
identically as possible. The performance for this MEA was measured at 60, 90,
100, 115 and 130°C at 30% relative humidity. Figures 5.5 and 5.6 show voltage-
current density and power-current density curves for Nafion® 117 at different
temperatures and at 30% relative humidity.

The potential between the terminals of the fuel cell increases as the load
applied to the cell is increased while the current decreases. The curves shown in
Fig. 5.5 resemble the one illustrated in Fig. 5.1 above. However, it should be
noted that potential-current density curves in Fig. 5.5 do not seem to reach the
mass transport losses region characteristic of high current densities.>*

According to Fig. 5.5, activation losses appear to be the most important ones

exhibited by this system. These losses are associated with slow kinetics of the
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reactions that take place at the electrodes. In theory, this problem could be
addressed by improving the contact between the GDE layer containing the
catalyst and the electrolyte membrane. Several reviews show that these losses

can be minimized by changing the way the MEA is put together.?®®
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Figure 5.5. Potential (V) vs. current density (mA/cm?) curves for fuel cell

operating at 30% relative humidity with an MEA containing a Nafion® 117 film.

Fig. 5.6 shows power-current density curves for the Nafion® 117 MEA. As
expected, parabolic curves were obtained. Surprisingly, the performance of the
cell at 60°C is superior to the performance at all the other temperatures
measured. However, as would be expected, fuel cell performance is improved as
temperature is increased up to 130°C relative to the performance of the cell at

90°C.
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Figure 5.6. Power (mW) vs. current density (mA/cm?) curves for fuel cell

operating at 30% relative humidity with an MEA containing a Nafion® 117 film.

Two crosslinked LPEI‘HCI/HzPO4 systems were evaluated under similar
conditions: a crosslinked poly(ethylenimine) hydrochloride film containing
phosphoric acid in a 1.0 P:N molar ratio and a degree of crosslinking of 0.25; and
a similar film containing 2.0 P:N molar ratio and a degree of crosslinking of 0.66.

The rational behind the selection of these two formulations takes into
consideration that previous studies revealed that lower degrees of crosslinking
produced films with lesser sensitivity to relative humidity at elevated
temperatures, resulting in films that would exhibit little change in ionic
conductivity over a wide range of relative humidity. More importantly, this
observation would extent to relative humidities lower than 30%. Additionally,

Erickson reported that fully crosslinked membranes (degree of crosslinking ca.

123



0.84) with phosphoric acid in a 0.7 P:N molar ratio showed fuel cell performance
comparable to that of Nafion® at room temperature;' films with a higher
phosphoric acid content could potentially show better performance, especially
since higher phosphoric acid content is associated with higher conductivity
values in poly(ethylenimine)-based membranes.'®?

Figs. 5.7 and 5.8 show the potential-current density and power-current density

curves for fuel cells with MEAs containing crosslinked poly(ethylenimine)

hydrochloride electrolyte films with HsPO,4 in 1.0 P:N molar ratio.
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Figure 5.7. Potential (V) vs. current density (mA/cm?) curves for fuel cell
operating at 30% relative humidity with an MEA containing a crosslinked
LPEI-HCI / H3PO4 film with 1.0 P:N molar ratio and a degree of crosslinking of

0.24.

As can be observed on Fig. 5.7, at 60°C, current densities close to 8 mA/cm?
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were achieved before any transport losses were measured.
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Figure 5.8. Power (mW) vs. current density (mA/cm?) curves for fuel cell
operating at 30% relative humidity. Crosslinked LPEI-HCI / HsPO4 MEA with 1.0

P:N molar ratio and DC = 0.24.

The performance of this membrane showed similar features to those of the
Nafion® 117 MEA. Even though performance seems to improve with increasing
temperatures, there is a significant decrease in current density when the
temperature reaches 90°C. This is consistent not only with these two
membranes, but also with results observed in LPEI-HCI / HsPO4 membranes with
2.0 P:N molar ratio and a degree of crosslinking of 0.66 shown in Figs. 5.9 and

5.10.
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Figure 5.9. Potential (V) vs. current density (mA/cm?®) curves for fuel cell
operating at 30% relative humidity with an MEA containing a crosslinked
LPEI-HCI / H3PO4 film with 2.0 P:N molar ratio and a degree of crosslinking of

0.66.

An increase in the amount of phosphoric acid present in the polymer
electrolyte membrane is most likely responsible for the significant improvement in
the current density output of the fuel cell. Current densities of 40 mA/cm? were
obtained at 40 and 60°C with this system. However, a full characterization at
temperatures below 90°C was not possible. Fig. 5.10 shows that the power-
current density curves are incomplete. The fuel cell generates up to 20 mW at
60°C and 30% relative humidity, but it is not clear if this is the maximum point in

the curve.
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Figure 5.10. Power (mW) vs. current density (mA/cm?) curves for fuel cell
operating at 30% relative humidity with an MEA containing a crosslinked
LPEI-HCI / H3POy4 film with 2.0 P:N molar ratio and a degree of crosslinking of

0.66.

Since the details for the potential and power curves against current density for
90, 100 and 115°C cannot be seen clearly in the previous figures, Figs. 5.11 and
5.12 provide this data adequately. Performance was improved by increasing the
temperature and current densities in the order of 1.0 mA/cm? were obtained for
this system. More clearly defined potential-current density curves were obtained,

with OCV potentials closer to 0.8 V.
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Figure 5.11. Potential (V) vs. current density (mA/cm®) curves for fuel cell
operating at 30% relative humidity with an MEA containing a crosslinked
LPEI-HCI / H3PO4 film with 2.0 P:N molar ratio and a degree of crosslinking of

0.66.

Power generated by this fuel cell peaked at 130°C with 0.32 mW and a current
density of 0.34 mA/cm?. All of the power curves obtained in this study, including
those of fuel cells with Nafion® 117 MEAs were parabolic in shape, with no rapid
decrease in power after the maxima were reached. This is consistent with the
lack of mass transport loss regions in the potential-current density curves

obtained in this study.®
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Figure 5.12. Power (mW) vs. current density (mA/cm?®) curves for fuel cell
operating at 30% relative humidity with an MEA containing a crosslinked
LPEI-HCI / H3PO4 film with 2.0 P:N molar ratio and a degree of crosslinking of

0.66.

Figs. 5.13 and 5.14 show the potential-current density and power-current
density curves for both xLPEI-HCI / HsPO, studied at 90°C. Curves for Nafion®
containing MEAs are also shown to provide a good comparison between the
different systems.

Remarkably, both LPEI-HCI / H3PO4 systems provided current densities two or
three times higher than that of Nafion®. As noted above, activation overpotentials
seem to be somewhat diminished for the 2.0 P:N xLPEI-HCI / HzPO4 system
relative to the ones observed for the other two films. However, this apparent

advantage is quickly reversed when the fuel cell with a LPEI'‘HCI / H3PO4 MEA
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and 1.0 P:N slows down the potential loss and is able to deliver current densities

over 1.4 mA/cm?.
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Figure 5.13. Potential (V) vs. current density (mA/cm?) curves for fuel cells

operating at 90°C and 30% relative humidity with different MEAs.
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Figure 5.14. Power (mW) vs. current density (mA/cm?) curves for fuel cells

operating at 90°C and 30% relative humidity with different MEAs.

130



When we observe the power-current density curves on Fig. 5.14, it is easy to
notice that the poly(ethylenimine)-based MEA with higher phosphoric acid
content achieves higher power than its low acid counterpart, nearly doubling the
power generated by the 1.0 P:N LPEl-based MEA. LPEIl-based membranes
used in MEAs for hydrogen fuel cells showed better performance than Nafion® at
low relative humidity (30%). Furthermore, samples with a 2.0 P:N molar ratio,
evaluated at 90°C and 30% relative humidity, produced higher power than
Nafion® tested at the same temperature and 100% relative humidity (0.20 mW
for Nafion® compared to 0.25 mW for the LPEIl-based membrane. Data not

shown).

3. Conclusions

Crosslinked linear poly(ethylenimine) hydrochloride membranes doped with
phosphoric acid that have shown remarkable ionic conductivity values have been
incorporated in membrane electrode assemblies (MEAs) and their performance
in fuel cells have been tested. Even though overall potentials and current output
measured were very low compared to results found in the literature for tested fuel
cells, the performance of poly(ethylenimine)-based MEAs was superior than that
of Nafion® 117 MEAs tested in our system. These results are very promising
considering that no significant effort was made to improve contact between the
catalyst in the gas diffusion electrode and the electrolyte film in the MEA. Further

testing is necessary to determine if similar performance can be achieve with
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LPEI-based MEAs with lower P:N molar ratios (P:N < 2.0).
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Chapter 6: Future directions in poly(ethylenimine) research

It has been shown that poly(ethylenimine)-based materials can be used as
electrolytes for batteries and fuel cell applications. N-Alkylated PEI derivatives
have been used to study the interactions between nitrogen atoms along the
polymer backbone and lithium ions and valuable insight has been gained.

BPMEI appears to coordinate lithium ions to a greater extent than LPMEI. This
is evidenced by the absence of aggregate formation with addition of salt, as well
as a decrease in the relative concentration of “free” ions present in the polymer-
salt complexes. This is coupled to lower conductivities in BPMEI complexes.

New methods to N-alkylate PEIl have been proposed and successfully used.
Novel LPEEI and LPBEI have been synthesized. Interestingly, increasing the
length of the alkyl chain on the nitrogen atom raises the glass transition
temperature of the resulting polymer.

Spectroscopic studies of LPMEI and LPEEI showed that upon addition of salt,
LPEEI does not seem to undergo significant conformational changes. However, a
shift from ion pairs to “free” ions seems to take place upon heating and cooling
cycling of PEI-LiSO3;CF3 complexes.

LPEI can be crosslinked and doped with phosphoric acid to make proton-
conducting membranes. A series of PEl-based membranes, crosslinked with

malonaldehyde generated in situ, has been characterized. The chemical nature
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of the crosslinking unit has been probed and 'H NMR has been used to
determine the degree of crosslinking of the resulting films.

lonic conductivity experiments have been carried out on membranes with
different degrees of crosslinking and with various acid concentrations and the
effect of temperature and relative humidity on the conductivity of these
membranes has also been studied.

Crosslinked PEI/H3PO4-based membranes with ionic conductivities, ca. 3.0 x
102 - 3.0 x 10" S/cm at high temperatures (> 90°C) and over a wide range of
relative humidity, were obtained.

Membrane electrolyte assemblies were made with these materials and tested
in hydrogen fuel cells. When compared to Nafion® MEAs made in the same
way, PEl-based MEAs exhibited better performance at lower relative humidity.

These results are promising. However, further research on linear
poly(ethylenimine)-based membranes for fuel cell applications is needed to
understand the way such an intricate polymer electrolyte network functions.
Even though this work sheds light on some of the relationships between the
composition of the membranes and their physical properties, we are still far from
achieving a complete understanding of the exact role of phosphoric acid in the
proton conductivity.

%P NMR spectroscopy can be used to determine the nature of the different

phosphorus species present in crosslinked LPEI gels as well as provide some
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insight as to why no phosphoric acid is leached out of membranes with
phosphoric acid content lesser than 2.0 P:N molar ratio at room temperature.

Additional tests are also needed to determine if phosphoric acid is lost when
the membranes are submerged in water at elevated temperatures (ca. 100°C).
These tests are relevant in the context of possible use of these membranes in
fuel cell applications.

Pulse field gradient spin-echo 'H NMR measurements could be use to
determine proton diffusion coefficients in poly(ethylenimine) membranes in order
to better understand the conduction mechanisms of these membranes. Such
studies have been carried successfully on Nafion® - based systems by
Zawodzinski et al.”

LPEI-based membranes still exhibit behavior that could be considered
problematic during their use in fuel cell applications. One of the most important
ones is their hydrophilicity. Experiments should be carried to determine how
much water could be absorbed by poly(ethylenimine) membranes. Differential
Scanning Calorimetry could be used to determine how much water
poly(ethylenimine) retains after being subjected to a drying process. Similar tests
are being used by other research groups to determine how much water
poly(arylsulfonic acids) can retain and use during high temperature — low relative
humidity fuel cell operation.

Additionally, several approaches can be taken to address LPEl's

hydrophilicity. Since fully crosslinked materials are not necessary to obtain good
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proton conductivity values, researchers could take advantage of the synthetically
versatile LPEI by partially functionalizing the backbone chains to increase the
overall hydrophobicity of the material. Such chemical modifications could involve
adding perfluoronated alkyl chains onto the polymer backbone. Care should be
taken to estimate the extent to which these modifications could potentially
change the stability and reactivity of the polymer, as well as the changes in
morphology that would take place upon functionalization.

Fiberglass could be used as a reinforcing material by casting polymer
solutions onto them and allowing the crosslinking reaction to take place, thus
binding to the fiberglass. Similar approaches include the use of silica to improve
the dimensional stability of the membranes. Such additions could also enhance
the conductivity of the material and lower its final cost since less of the polymer
would be used to make the membranes. This work could also help develop
better methods to control the thickness of the finished films. Thick films increase
the ohmic losses in fuel cell applications and reduce the current density and
power that the cell is able to generate.

Finally, additional research is necessary to improve contact between the
polymer electrolyte and the catalyst layer on the electrodes. Better contact
between these elements of the MEA would facilitate the transfer of protons
resulting from the oxidation of hydrogen deposited on the catalyst surface. This
could be accomplished by casting LPEI solutions containing a crosslinking agent

directly onto the GDE. If done correctly, the solution should wet the GDE material
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and significantly improve contact with the polymer electrolyte. Other approaches
include spraying or spreading catalyst paint onto LPEI-based membranes.
Improvements on MEA manufacturing protocols will ultimately result in better fuel

cell performance.
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Experimental Section

1. Polymer Synthesis

Synthesis of LPEI'HCI: In a 3 L round bottom flask, 20 g of poly(2-ethyl-2-
oxazoline) (Aldrich, MW ca. 200,000 or 500,000) was dissolved in 1200 mL of 2.5
M HCI with stirring (magnetic). The solution was heated to reflux solvent for 5
days. Solvent was removed under reduced pressure using a rotary evaporator.
The remaining material was an off-white flaky powder and was verified to be

LPEI-HCI using '"H NMR. 'H-NMR (D20): & (ppm)- 3.57 (s, variable peak area).'?

Neutralization of LPEI-HCI: Previously synthesized LPEI-HCI was dissolved in 1.5
L of distilled water and neutralized by adding NaOH (EM Science) until the pH of
the solution was greater than 10, as determined using pH paper, causing the
neutral polymer to precipitate out of solution. The resulting mixture was heated to
ca. 75 °C to re-dissolve the neutral polymer and ensure complete neutralization.
The solution was allowed to cool down to room temperature using an ice bath
resulting in reprecipitation of neutral LPEI. The polymer was collected by vacuum
filtration using a fritted glass funnel. The polymer was washed with fresh water
until the filtrate was neutral. LPEI was dried under vacuum at ca. 50 °C for 24
hours and then at ca. 70 °C for 24 hours to ensure removal of any traces of
water. 'TH-NMR (CDzOD): & (ppm)- 2.71 (4 H); "*C-NMR (CDsOD) & (ppm)- 49.8.

Data is consistent with previously reported values.'
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Synthesis of branched poly(N-methylethylenimine), BPMEI: In a 1 L round bottom

flask, BPEI (14.84 g, Aldrich, ﬁ ca. 10,000) was added to 175 mL of distilled

water, then heated. After the BPEI dissolved, formic acid (88 %, 275 ml) and
formalin (37 %, 175 mL) were added to the solution. The solution was heated to
reflux the solvent for 24 hours and, after cooling, 300 mL of concentrated HCI
were added. The solvent was removed under reduced pressure to provide the
quaternary ammonium hydrochloride salt. The salt was dissolved in distilled
water (500 mL), and run through an ion exchange column (Amberlite® IRA—400 —
OH form). The neutralized polymer water solution was dissolved in benzene, and
any excess water was removed by azeotropic distillation. The resulting solution
was centrifuged to remove any remaining solid impurities. The solvent was
removed under reduced pressure using a rotary evaporator. The branched
poly(N-methylelthylenimine) was a dark brown and extremely viscous material.
Yield: 70%. Calculated MW ca. 14,000. 'H-NMR (CDszOD): 6 (ppm) 2.7 — 2.4 (m,

-CH2CHg- , br), 2.3 (s, -CHg, br).**®

Synthesis of linear poly(N-ethylethylenimine), LPEEI: In a 150 mL round bottom
flask, 3.03 g (0.0703 eq.) of LPEI (MW ca. 86,000) was dissolved in 120 mL of
absolute methanol. The solution was stirred (magnetic) and cooled using a dry
ice/acetone bath and 4.64 g (0.105 eq.) of acetaldehyde was added. The flask

was sealed and the solution stirred for 1 hour. Sodium borohydride (3.32 g,
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0.351 eq.) was added slowly to the solution. The solution was allowed to warm
up to room temperature over a period of several hours. The solvent was removed
under reduced pressure using a rotary evaporator. Methylene chloride was
added to the flask, and the solution was stirred for 1-2 additional hours. Inorganic
salts were removed by filtration and CH.Cl, was removed under reduced
pressure using a rotary evaporator. Benzene was use to extract the polymer,
and remaining inorganic salts were removed by filtration. On standing, salt
formation in the solution was not observed, so the benzene was removed under
reduced pressure using a rotary evaporator to give near quantitative yield of
LPEEI. LPEEIl was dried under reduced pressure at 60°C overnight and
transferred to a glove box under an argon atmosphere to prevent water uptake
before characterization. LPEEI is a viscous, light yellow-brown material.
Calculated avg. MW ca. 142,000. 'H NMR (CDCls): 6 (ppm) ca. 2.58

(overlapping s and q, 6H), 1.06 (t, 3H).*

Synthesis of linear poly(N-butylethylenimine), LPBEI: In a 150 mL round bottom
flask, 3.0 g (1 eq.) of LPEI (MW ca. 86,000) was dissolved in 120 mL of absolute
methanol. The solution was stirred (magnetic) and cooled using a dry
ice/acetone bath and 7.5 g (1.5 eq.) of butyraldehyde was added. The flask was
sealed and the solution stirred for 2 hour. Sodium borohydride (1.32 g, 2 eq.)
was added slowly to the solution. The solution was allowed to warm up to room

temperature over a period of several hours. The solvent was removed under
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reduced pressure using a rotary evaporator. The polymer was extracted with
methylene chloride as described in the LPEEI synthesis. LPBEI was dried under
reduced pressure at 60°C overnight and transferred to a glove box under an
argon atmosphere to prevent water uptake before characterization. LPBEI was
an amber-brown color, very viscous material. Calculated avg. MW ca. 200,000.
'H NMR (CDCls): 6 (ppm) ca. 0.95 ppm (m, 3H), 1.35 -1.5 ppm (m, 2.5H) , 2.10

ppm (m, 1H), and 2.4 — 2.7 ppm (m, 6H).

2. Crosslinked LPEI-HCI based polymer electrolyte membranes

Crosslinked membranes were made as previously described;’ the procedure is
briefly summarized as follows. LPEI-HCI, synthesized from poly(2-ethyl-2-
oxazoline) (Aldrich, avg. MW ca. 500,000),%® was dissolved in water (~ 1.2 M in
repeat units) and varying amounts of 1,1,3,3-tetramethoxypropane (Aldrich) were
added while stirring, generating malonaldehyde in situ. The solutions were
capped and allowed to stir for approximately 15 minutes. The solutions were
cast onto a silicone rubber substrate and covered. After two days the samples
were uncovered and placed in an oven at ~ 40°C for 72 hours to facilitate
evaporation of residual water and form a freestanding membrane. The resulting
membranes ranged in thickness from 0.3 to 0.9 mm.

Slight modifications were made to the procedure described above to prepare
crosslinked membranes with phosphoric acid. Samples were prepared by

dissolving LPEI-HCI, synthesized from poly(2-ethyl-2-oxazoline) (Aldrich, avg.
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MW ca. 500,000),>® in water (10% solution by weight), followed by addition of
varying amounts of phosphoric acid (Mallinckrodt, 98%). 1,1,3,3-
tetramethoxypropane (Aldrich), in varying amounts, was added while stirring,
generating malonaldehyde in situ. The rest of the experimental procedure to
prepare crosslinked membranes remained unchanged. Compositions of the

membranes were expressed as a nitrogen:phosphorus molar ratio.

3. Techniques
3.1. Polymer electrolyte preparation

BPMEI-salt electrolytes: Anhydrous acetonitrile (99.8%) and LiCF3SOs (LiTf)
were obtained from Aldrich. Dry acetonitrile was used as received. The LiTf was
dried under vacuum at 120 °C for 48 hours before use. All the chemicals were
stored and used in a dry argon atmosphere glove box (VAC, < 1ppm H20O) at
room temperature. All polymer — salt solutions were prepared by dissolving
weighed amounts of BMPEI and salt in dry acetonitrile and stirring for
approximately 24 h to insure a homogeneous solution before casting as films.
The compositions of the samples are reported as a nitrogen:cation molar ratio

(N:M+).9,10

LPEEI and LPBEI-salt electrolytes: Polymer electrolytes were prepared by

dissolving weighed amounts of lithium triflate and the host polymer in dry

methanol. The solutions were stirred for approximately 12 hours before casting

143



as films. All sample preparation and manipulation steps were carried out in a dry
argon glove box (VAC, < 1ppm H20) at room temperature. Sample compositions

are reported as a nitrogen:cation molar ratio.*

3.2. Vibrational spectroscopy
BPMEI-salt electrolytes: Samples were characterized using FT-IR. The FT-IR
samples were made by casting the solutions directly onto zinc selenide (ZnSe)
windows and drying under argon for 24 hours. The samples were then placed
under vacuum at room temperature for an additional 24 hours to insure solvent
removal. Infrared data were collected using a Bruker IFS66V FT-IR spectrometer
(KBr beam splitter) under vacuum (11 mbar). The data were recorded over a

range of 500-4000 cm™" with a spectral resolution of 1 cm™.%™°

LPEEI and LPBEI-salt complexes: Samples were characterized using infrared
and Raman spectroscopies. Samples for IR spectroscopic measurements were
cast from solution (PEI-HCI, ~ 0.6 M) on ZnSe windows ~1.5 hours after mixing to
form thin films. Approximately 12-24 hours after preparation, the cast films were
dried under vacuum. Infrared spectra were collected using a Bruker IFS 66v
spectrometer with a KBr beam splitter; 64 scans at a spectral resolution of 1 cm’™
were averaged for each spectrum. Spectra of cast membranes were measured
under vacuum (pressure = 11 mbar), while those of the liquid model compound,

3-(dimethylamino)acrolein (DMAA) (Aldrich, 90%), were measured under a dry
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air purge. Samples for Raman were made from the same solutions (PEI-HCI, ~
0.6 M) used for the IR experiments. These solutions were placed in glass tubes
15 minutes after mixing to form a gel. Raman spectra were collected on a Bruker
Equinox 55 FRA 106/S with a Nd:YAG laser (1064 nm) and a CCD detector.

Commercially available software (Thermo Galactic, Grams/Al 7.00) was used for

spectral analysis.

3.3.NMR spectroscopy
Solution-state NMR experiments on non-crosslinked samples were carried out
using a Varian Mercury-300 spectrometer (300.1 MHz "H). VnmrJ 1.1D software
(Varian, Inc) was used for data collection, while iINMR 2.6.1 software (Mestrelab
Research, 2008) was used for data processing. A deuterium lock was maintained
throughout data acquisition to control the field frequency ratio over the sample.

The sample temperature was controlled at 25°C.

Solution-state NMR experiments on the gels were carried out using a Varian
Mercury-300 spectrometer (300.1 MHz 'H). Crosslinked samples for NMR were
made from the same solutions (PEI‘HCI, ~ 0.6 M) used for the IR and Raman
experiments. Water was suppressed from the spectra by pre-saturation using
PRESAT pulse sequence as supplied by Varian, Inc. The spectra were collected
after 48 scans and were referenced to ds-Methanol (6 3.32 ppm). High-resolution

magic-angle-spinning (HRMAS) NMR spectra were collected with a Varian
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3C{'H} HRMAS NanoProbe® and a Mercury VX 300 MHz NMR Spectrometer.
VnmrdJ 1.1D software (Varian, Inc) was used for data collection, while iNMR 2.6.1
software (Mestrelab Research, 2008) was used for data processing. The 'H
chemical shift values were referenced to the residual water signal (HOD) at 4.79
ppm. A deuterium lock was maintained throughout data acquisition to control the
field frequency ratio over the sample. Crosslinked PEI'HCI membranes were
soaked in DO for at least 1 hour prior to data collection and then loaded into a
ceramic rotor. Subsequently, the rotor was filled with DO and spun at a rate of
2000 Hz. Sample spinning was achieved with a Torlon drive ring and dry air. The

sample temperature was controlled at 25°C.""

Degree of crosslinking: Due to changes in chemical shift and broadening of
signals as crosslinking occurs, care was taken to integrate peaks for the PEI
backbone protons at ca. 3.2 — 4.5 ppm, for the crosslink protons at ca. 7.7 ppm,
and the branch aldehyde protons at ca. 9.4 ppm over 1.100, 0.750, and 0.065
ppm ranges, respectively. A baseline correction was applied to each integration
in every spectra collected. These integrations were used to calculate the degree

of crosslinking as described in chapter 3.
3.4. Differential scanning calorimetry

BPMEI-salt electrolytes: Solutions were cast on Teflon, dried under argon for 24

hours, and placed under vacuum at room temperature for at least 48 hours. After
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drying, 20-30 mg samples were sealed in 40 uL aluminum pans under argon
atmosphere. Thermal data were collected using a Mettler DSC 820 calorimeter
under a dry nitrogen purge at heating and cooling rates of 5°C/min. The
thermograms were then analyzed using a STAR® v.6.10 software from Mettler
Toledo. Each sample was cycled three times, with the first cycle from room
temperature to 150° and then to -150°C. The next two cycles were from -150 to
50°C and back to -150°C. The reported data corresponds to an average of the

second heating cycle of at least three different samples.®'°

LPEEI and LPBEI - salt electrolytes: Thermal data were measured with a Mettler
DSC 820 calorimeter. Each sample was sealed in a 40 mL aluminum pan and
data were collected under a dry nitrogen purge. The samples were cycled three
times from -150 to 25°C at a rate of 5°C/min. Data were collected during the

heating and cooling phases.*

3.5. AC conductivity and impedance spectroscopy
Complex impedance of BPMEI — salt electrolytes: The samples were cast
directly onto a 12.5 mm diameter stainless steel electrode in an argon
atmosphere. The samples were allowed to dry 24 hours in the glove box and 48
h under vacuum at room temperature before testing. The film thickness was
measured using a micrometer built into the conductivity cell. Conductivity

measurements were made over the frequency range 0.005-10000 kHz using a
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Hewlett-Packard 4192A LF impedance analyzer with Labview 5.1 software
(National Instruments). First, the reproducibility of the conductivity data was
checked by cycling the sample between room temperature and 80°C at least
three times, collecting data at room temperature and 80°C only. Then data were
collected in a heating cycle ranging from room temperature to 160°C in 20°C
increments. Finally, measurements at room temperature 160°C were repeated.
The conductivities were not measured for compositions of 5:1 and above, due to
interfacial contact problems between the electrodes and the electrolyte. The
impedance plots were curve fitted using commercially available software

Solartron Instruments LTD, Levm 7.1v.%°

Four-probe conductivity measurements: Two different setups were used to
measure the conductivity of crosslinked LPEI-HCI based membranes.

Setup A: This setup has been described earlier.! Measurements were carried
out at room temperature. Samples were allowed to equilibrate for 24 hours
before measurements were taken. Measurements were taken in a glass tube
with two stopcocks and four platinum wires fed through the top. The four-probe
consisted of a longitudinal geometry in which two platinum wires were used to
apply current to the ends of a sample. Two more platinum wires were used to
measure the voltage drop along the film near the center of the sample. A Teflon-
coated clamp was used to compress the sample against the four wires. Typical

sample dimensions were 1 cm x 0.1 cm x 0.3 cm.
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In order to control the relative humidity inside the glass tube saturated salt
solutions were prepared and placed in the interior of the glass tube as constant
activity sources.'®'® Samples were inserted and the stopcocks were closed to
avoid solvent evaporation. A Wavetek sweep generator was used in conjunction
with a Keithley Model 175 autoranging multimeter and a Keithley Model 169
multimeter to vary the applied frequency between 100 and 500 kHz, measure the
voltage and measure the current, respectively. The impedance was plotted
versus the A.C. frequency, and the bulk resistance was taken in the frequency
independent impedance range of the plot.'* Statistical analysis of the error in the
ionic conductivity measurements was not done. In general, measurements were
repeated once. Reported data were not greater than a half order of magnitude off
from the initial measurement.

Setup B: The conductivity of each sample was determined under a constant flow
of nitrogen (ca. 80 sccm) using an in-plane conductivity test system by BekkTeck,
model BT512. The system consists of a pair of Poco Graphite Blocks with a
precision, machined serpentine flow-pattern, and a pair of gold plated connectors
fastened with aluminum end plates with gas inputs and outputs, a thermocouple
well and two cartridge heaters to allow temperature control, as well as a
poly(tetrafluoroethylene) insert that supports a sample with longitudinal geometry.
The insert includes four platinum wires evenly spaced across the sample. The
testing system allows control of the temperature of the sample, as well as the

flow rate and temperature of the gas used. The equipment is coupled to a dew
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point saturator to control the relative humidity inside the conductivity cell. Typical

sample dimensions were 2.5 cm x 0.06 cm x 0.5 cm. The temperature range was

between 30°C and 130°C. A Keithley 2400 Source meter was used to measure

current and voltage across the platinum electrodes in a similar fashion to setup A.

BekkTech LabView VlIs software was used to automate tests as well as data

acquisition.

3.6. MEA preparation and fuel fell tests: See chapter 5.

References

Erickson, M. J. Ph. D. Dissertation, The University of Oklahoma, 2004.

York, S.; Frech, R.; Snow, A.; Glatzhofer, D. Electrochim. Acta 2001, 46,
1533-1537.

Saegusa, T.; Ikeda, H.; Fujii, H. Macromolecules 1972, 5, 108.

Frech, R.; Giffin, G. A.; Yepez Castillo, F.; Glatzhofer, D. T.; Eisenblatter,
J. Electrochim. Acta 2005, 50, 3963-3968.

Sanders, R. A.; Snow, A. G.; Frech, R.; Glatzhofer, D. T. Electrochim. Acta
2003, 48, 2247-2253.

Tanaka, R.; Koike, M.; Tsutsui, T.; Tanaka, T. J. Polym. Sci. Polym. Lett.
1978, 16, 13-16.

Glatzhofer, D. T.; Erickson, M. J.; Frech, R.; Yepez, F.; Furneaux, J. E.
Solid State lonics 2005, 176, 2861-2865.

Tanaka, R.; Ueoka, |.; Takaki, Y.; Kataoka, K.; Saito, S. Macromolecules
1983, 16, 849-853.

Rocher, N. M. Ph.D. Dissertation, University of Oklahoma, 2006.

Rocher, N. M.; Yepez Castillo, F.; Frech, R.; Glatzhofer, D. T. to be
submitted for publication.

150



Giffin, G. A.; Yepez Castillo, F.; Frech, R.; Glatzhofer, D. T.; Burba, C. M.
Polymer 2009, 50, 171-176.

Greenspan, L. J. Res. NBS A: Phys. Chem. 1977, 81A, 89-96.

Wexler, A. In CRC Handbook of Chemistry and Physics; CRC Press: Boca
Raton, 2004.

Cahan, B. D.; Wainright, J. S. J. Electrochem. Soc. 1993, 140, L185-L186.

151



	Front matter
	Table of Contents
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Experimental Section


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


