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Summary

Polyamides: Hydrogen bonding, the Brill transition, and superheated water

Aliphatic polyamide, commonly known as nylon, was the world’s first synthetic fiber
and has found its largest application range in tires, carpets, stockings, upholstery, and
adhesives. All polyamides have a recurring amide group (–CONH–) present in the
molecular structure with hydrogen bonds between these recurring amide groups. In
comparison to other polymers such as polyethylenes, polyamides have a high melting
temperature. Although polyamides have been extensively studied by many research
groups, much is still to be learned and achieved regarding these materials.

The first main achievement reached in this thesis concerns a new and improved
insight and understanding of the Brill transition seen in many polyamides. The
Brill transition is a solid state crystalline transition observed in polyamides on
heating. The Brill transition temperature is defined as the temperature at which
the characteristic intersheet and interchain reflections observed in wide angle X-ray
diffraction (WAXD) merge to a single reflection which is maintained up to the melt.
The nature and mechanisms behind the Brill transition has been a matter of debate
ever since it was first studied in 1942. The work presented in this thesis creates
a better understanding of the mechanisms involved during the Brill transition, and
how the Brill transition might be influenced by hydrogen bonding; a major factor
influencing many polyamide properties.

It appears plausible that the Brill transition would be influenced by hydrogen
bonding, or more specifically, by a weakening of hydrogen bonding. By using a
unique set of piperazine based copolyamides specially tailored to study the influence
of hydrogen bonding on various (physical) properties, we are able to study how
the Brill transition relates to hydrogen bonding. We show that the Brill transition
is independent of the piperazine content, and therefore also independent of the
hydrogen bond density. The Brill transition is caused by conformational changes in
the polyamide main chain which cause the methylene units to twist, whilst hydrogen
bonding is retained. When the methylene units next to the amide groups are able to
twist sufficiently, the Brill transition is observed. The Brill transition is therefore not
a classical first or second order transition, but a solid state crystalline transition driven
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2 Summary

by the crankshaft motions in the polyamide main chain.
The work presented on the Brill transition has made a significant contribution

towards completely understanding this transition. The useof specially tailored
and designed copolyamides together with the use of many highquality analytical
techniques proved essential to the successes achieved here. The work presented in
this thesis combines the knowledge and expertise from two distinctly different, yet
complementary fields in polymer research.

The understanding gained from studying the Brill transition and the chain
motions present in polyamides provide the possibility for understanding the influence
of water, and more specifically the influence of superheated water, which is water
above 100◦C, on polyamides in general. The second main achievement described
in this thesis involves dissolving polyamide in water. We show that superheated
water is a solvent for various (commercial) polyamides, including polyamide 4,6
and polyamide 6,6. The conformational changes in the polyamide during the Brill
transition are key in the dissolution process, allowing highly mobile water molecules
in the superheated state to penetrate the crystal lattice and break the hydrogen bonds
between the amide groups. On crystallization from the watersolution, which occurs
upon cooling the solution, water molecules associate to theamide group in the crystal
lattice, weakening the amide-amide hydrogen bonds. On heating the dried, water
crystallized polyamide above the Brill transition, the water molecules are released
from the crystal lattice and the hydrogen bonds are restored. The removal of water
molecules at the Brill transition is typically observed by an exothermic event in
differential scanning calorimetry (DSC) experiments performed on dried sedimented
water crystallized polyamide crystals. The influence of water on the crystal lattice is
observed very clearly for polyamide 2,14 where the water molecules incorporated in
the crystal lattice cause a slip in the hydrogen bonded planes. This slippage results
in the coexistence of a triclinic and monoclinic crystal structure observed in WAXD.
On heating above the Brill transition temperature, the water molecules exit from the
crystal lattice, and the polyamide shows only the tricliniccrystal structure.

The work presented in this thesis, especially the work related to the use of
superheated water as a polyamide solvent, opens the door foran environmentally
friendly processing route. A route in which water instead oforganic solvents
and acids are used to process polyamides. For the use of (superheated) water
in processing applications such as film casting and recycling it is essential that
the polyamide crystallization from the superheated water is a controlled process.
Currently this is not the case; on cooling the polyamide/water solution the polyamide
crystallizes from solution rapidly and uncontrolled when sufficient undercooling is
obtained. The growth of large single crystals for example ishampered by this fast
crystallization. The next step that needs to be taken is to control the crystallization,
for example by adding salts to the solution, thereby preventing or manipulating
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the crystallization,33 even at room temperature. Dependent on the choice of
ions and the requirements applicable to the applications under consideration, it
would be possible to influence or suppress the crystallization. The possibilities for
environmentally friendly polyamide processing using water-based technology are a
promising prospect for the future.





Chapter 1

Introduction

Well known natural polymers are cellulose, starch, chitosan, proteins, and natural
rubber. Nature produces these proteins and polypeptides from 20 amino acid building
blocks with a high precision and, if so required, in large amounts.64 The precise
combination of amino acids and the order in which they are arranged along the chain
ultimately controls the mechanical properties of the material which they form.104

Scientists have invested great effort into understanding and mimicking the natural
processing and properties of these materials. Amongst the most studied proteins is
silk.31, 97 Spiders and silkworms produce several kinds of silk,107 but the dragline
silk of the Nephila clavipesspider, commonly known as the golden orb weaver,
is considered as nature’s high performance fiber with a remarkable combination of
strength and toughness.

The properties of silk are due to the molecular structure andarrangement of the
proteins. Silk contains crystalline and amorphous domains. The crystalline domains
are responsible for the strength of the material whereas theamorphous matrix allows
the crystalline domains to orient under strain to increase the strength of the material
and introduces flexibility to increase the energy to break.97 Unfortunately, the
properties of silk are highly dependent on moisture contentand relative humidity.
Water present in silk acts as a plasticizer, lowering the glass transition temperature
significantly.43

It is highly desirable to produce artificial high performance fibers from materials
such as silk and other biopolymers from natural, renewable feedstocks. However,
despite considerable effort, this goal is proving elusive,in part through an inability
to control the protein conformation and morphology during artificial or biomimetric
spinning.80 For this reason, polyamides with a crystalline structure rather similar to
proteins such as silk should be investigated in an attempt toshed light on how to
control hydrogen bonding, and thus conformation.

5
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Figure 1.1: General structure of linear aliphatic polyamides, also known as nylon.
(a) polyamide x and (b) polyamide x,y.

1.1 Introduction to synthetic polyamides

Polyamides, also known as nylons, are essentially man-madepolypeptides. Aliphatic
polyamide, commonly known as nylon, was invented by WallaceCarothers in
1935 whilst working at the Du Pont Company and was the world’sfirst synthetic
fiber.16 Nylons have found their largest application range in tires,carpets, stockings,
upholstery, and adhesives8 and have become indispensable in today’s society. All
polyamides have a recurring amide group (–CONH–) present inthe molecular
structure,12 and can be split into two main categories, namely aliphatic and aromatic
polyamides. The aliphatic polyamides form the focus of thisthesis.

The general structure of linear aliphatic polyamide is depicted schematically in
Figure 1.1. The aliphatic polyamides are identified by meansof a numerical system
according to the number of carbon atoms present in the monomer structure.8

A single number (Figure 1.1(a)) indicates that the particular polyamide was
prepared from a single monomeric substance, whereas the number itself represents
the number of carbon atoms in the recurring unit. An example of such a polymer
is polyamide 2, which is in essence a protein; polyamide 2 hasthe same backbone
chemistry as the polypeptide polyglycine. This feature is an illustration of how the
hydrogen bonding mechanisms of protein chains and synthetic polyamides bear a
relation to each other.

Another example of a polymer prepared from a single monomeric substance
is polyamide 6 which is synthesized by a step-growth mechanism following the
ring-opening polymerization of"-caprolactam as shown in Figure 1.2. This bulk
polymerization process of polyamides is said to be a step-growth polymerization
because each bond in the polymer is formed independent of theothers. Step-growth
polymerization commonly proceeds by a condensation reaction, in which a small
molecule (typically water or an alcohol) is eliminated in each step.5 In the synthesis
of polyamide 6,"-caprolactam is allowed to react with water, hydrolyzing a few
percent of the"-caprolactam to"-aminocaproic acid. Ring-opening polymerization
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Figure 1.3: Synthesis of polyamide 6,6 (PA6,6) from adipic acid and hexamethylenediamine.

of the"-caprolactam is initiated by the NH2 groups of the"-aminocaproic acid, and
is followed by a polycondensation reaction of the NH2 and COOH endgroups of the
low molecular weight product of the ring-opening polymerization reaction, resulting
in a high molecular weight product. During the final step water is eliminated.90

When two numbers are given, as shown in Figure 1.1(b), separated by a comma,
a dash, or a space, the polyamide was prepared using two reactants, namely a
diamine and a diacid.73 The first number refers to the number of carbon atoms in
the diamine, and the second number refers to the number of carbon atoms in the
diacid. Polyamides are grouped together based on this nomenclature. For instance,
even-even polyamides are polyamides in which both the number of carbon atoms in
the diamine and the diacid are even, for example polyamide 6,y, where y = 6,8,10 etc.
Polyamide 6,6 is prepared by the reaction of the six-carbon adipic acid with the six-
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O
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Figure 1.4: Folded chains in a crystalline structure (left-hand side),and a schematic unit cell
for nylon (right-hand side).

carbon hexamethylenediamine at 280◦C as shown in Figure 1.3. In commercial
processes these two compounds are allowed to react in equimolar proportions to
produce a 1:1 salt.90 Heating the salt in a first reaction step in water under high
pressure to a temperature of 280◦C causes an oligomerization reaction to take place.
Water molecules are lost as a condensation reaction occurs between the –COO− and
–NH+3 groups of the salt to give the prepolymer. In the final polycondensation step
occurring in the melt at 1 bar, high molar mass polyamide 6,6 is generated.

1.2 Crystal structure and hydrogen bonding in polyamides

Important concepts in the field of polyamides are crystal structure and hydrogen
bonding. An ideal polymer crystal is made from an ordered, infinite repetition of
identical structural units in space, referred to as the crystalline state.57 When no order
is present, the polymer is in the so-called amorphous state.In general, polymers do
not have an ideal crystal structure due to the great length and irregularity of polymer
molecules.1 Certain polymers do not crystallize at all and remain in the amorphous
state. Most polymers, including polyamides, are semicrystalline, which means that
these polymers contain crystalline and amorphous regions.

Polymer crystals are thin and lamellar in nature.1 The polymer’s molecular chains
are folded back and forth between the two principal faces of each lamella. A sketch
of this chain folding in a crystal is given in Figure 1.4 together with a schematic
unit cell for polyamide. Crystals grown from dilute solution typically have lamellar
dimensions3 in the order of 1000 nm2 × 6 nm.

Many polymers, such as polyamides, exhibit a form of cross-linking in the
polymer crystal through hydrogen bonding. Hydrogen bonding is a special case
of the dispersional forces which are present between molecules in the absence of
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Figure 1.5: The unit cell of polyamide 6,6
after Bunn and Garner.13 Here blue is nitrogen
(N), red is oxygen (O), grey is carbon (C),
and white is hydrogen (H). The cell is triclinic
with a = 0.49nm, b = 0.54nm, = 1.72nm,� = 48.5◦, � = 77◦,  = 63.5◦. The hydrogen
bonds between the amide groups form a
hydrogen bonded sheet in thea-plane, with
an interchain distance of 0.44nm. Van der
Waals forces are present between the sheets,
with an intersheet distance of 0.37nm.

strong permanent dipoles.12 Under regular circumstances, a neutral hydrogen should
form a covalent bond with only one other atom. It is known, however, that under
the right conditions a hydrogen atom is attracted by rather strong forces to two
atoms, thus forming a hydrogen bond between these two atoms.In the extreme
event, the hydrogen atom loses its electron to another atom and the bare proton forms
the hydrogen bond.57 Thus, in general for polyamides, a hydrogen bond is formed
between a proton donor (e.g. the NH in the amide group) and a proton-acceptor (e.g.
the carbonyl-oxygen in the amide group).12

All even-even polyamide crystals have the same principal structure; chain folded,
hydrogen bonded sheets held together by van der Waals forces.52 Figure 1.5 shows
the unit cell, the repeating crystalline unit in a polymer, for polyamide 6,6. Here the
hydrogen bonds are formed in the sheets, and the van der Waalsforces are present
between the sheets. The hydrogen bonding patterns of various polyamides differ.
The cause of these differences are twofold: the stereochemistry of a particular nylon
determines how the hydrogen bonds align between adjacent chains, and the hydrogen
bonded sheets do not always stack in the same manner; in some cases the sheets stack
with a triclinic unit cell (progressive shear), and in others with a monoclinic unit cell
(alternating up and down shear).
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1.3 The Brill transition

On heating certain polyamides show a solid state crystalline transition known as the
Brill transition. When a polyamide is heated, the room temperature triclinic crystal
structure changes into a high temperature so-called “pseudo-hexagonal” crystal
structure at the Brill transition temperature.11 The term pseudo-hexagonal is often
misleading; in hexagonal systems one of the unit cell anglesneeds to be 60◦ or 120◦

and the other two angles need to be 90◦ each. The original powder diffraction patterns
used by Brill11 only showed aprojectedangle of 60◦. There was no proof of a true
hexagonal phase. Unfortunately the term “pseudo-hexagonal” has lead to dilemmas
and mis-interpretations in the past. Nonetheless, the Brill transition temperature is
defined as the lowest temperature for which the interchain distance within a hydrogen
bonded sheet and the intersheet distance between hydrogen bonded sheets are equal.
This implies that at the Brill transition, the projection along the-axis shows thata sin� = b sin� = 0:42nm;
and implies that the chains in this projection, looking along the chain direction, pack
in a two-dimensional lattice.

Brill transitions have been observed for many polyamides,50, 113 but the true
nature of the transition is unclear. The Brill transition shows hysteresis upon heating
and cooling typical of a first order process.79 However, an exothermic peak in DSC
traces at the Brill transition temperature is usually not observed. Additionally the
temperature at which the Brill transition occurs is strongly dependent on molecular
structure and crystallization conditions.79

The role of hydrogen bonding in the Brill transition is also uncertain. Many
groups15, 21, 38, 45believe that the integrity of the hydrogen bonded sheet structure,
present in the room temperature structure, is maintained throughout the Brill
transition, and up to the melting point. Supporting evidence for this theory is a
deuterated polyamide 6,6 (PA6,6) NMR study where it is shownthat the motion
of the ND groups can only be modelled by assuming a restrictedmotion of these
groups below the melt temperature.38 Also an X-ray diffraction study on PA6,6
shows that the intersheet distances between the amide groups are too large to allow
hydrogen bond formation.21 Furthermore, a polarized�-FTIR study on PA6,6 model
systems show that the Brill transition proceeds without significant hydrogen bond
rearrangement.22 Other groups however do see evidence for the pseudo-hexagonal
phase being the cause of a (partial) rearrangement of hydrogen bonds into intersheet
directions, similar to that first postulated by Brill. It haseven been proposed that the
amide groups flip out of the hydrogen bonded plane, by 60◦ or even 120◦, to form
intersheet hydrogen bonds.53 The rearrangement of hydrogen bonds does however
provide a simple explanation for the interchain distances remaining virtually constant
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between the Brill transition temperature and the melting temperature. Recently, it
has been proposed that conformational disorder in the main polymer chain is the
driving force behind the Brill transition. During the conformational disordering of the
methylene sequences the intermolecular hydrogen bonds between the amide groups
are maintained.95

1.4 Effect of water on polyamides

Next to the interactions between polyamide chains leading to hydrogen bonding and
crystallization as discussed above, there are also external interactions between the
polyamide chain and its surroundings. One such interactionis between the amide
group and water molecules. Water molecules which are readily present in the air
adsorb onto the amide groups in the amorphous phase. The amount of water present
is dependent on the relative humidity of the air with which the polyamide is in
equilibrium. The amount of water adsorbed at a given temperature and relative
humidity is proportional to the amorphous fraction.92 The sorption of water by
polyamides has a major effect on the polyamide’s mechanicalproperties,93 similar
to the effect water has on the mechanical properties of silk.The modulus and yield
stress decreases, and the elongation and energy to break increases with an increase
in water content. Water present in the amorphous phase exerts a plasticizing effect
on all aliphatic polyamides that is quantitatively the same.83 Therefore the reported
properties of polyamides are usually those of a mixture of polyamide and water.

Polyamides are also sensitive to hydrolysis by water molecules due to the amide
group present in the polymer main chain.17 During hydrolysis, water present in the
amorphous phase can, at elevated temperatures, cause a reversal of the reactions
shown in Figures 1.2 and 1.3 leading to a decrease in the degree of polymerization.
In water at high temperatures the decomposition of polyamides proceeds very
rapidly because at these conditions water possesses acid-like properties which favor
hydrolysis. For example, 30 minutes at 380◦C and 280bar completely decomposes
PA6,6 to monomer units.74 At lower temperatures, particularly below 374◦C, the
decomposition rate is relatively low.

1.5 Superheated water

As discussed above, water is a significant variable that can greatly influence a
polyamide’s properties. Water is a clear, colorless, odorless, tasteless liquid with
a unique set of properties.75 Without water, life on earth as we know it would simply
not be possible. Water is found in various states; the most common are solid (ice),
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Figure 1.6: Temperature/pressure phase diagram for water (not to scale). Above 100◦C and
sufficient pressure to maintain the liquid state, water is inthe superheated state.

liquid (potable water), and gas (steam). However, water canalso be in the superheated
or the supercritical state.

Superheated water, also known as subcritical water, is water in the liquid state
between 100 and 373.98◦C. At the critical temperature (373.98◦C), water goes from
the superheated state to the supercritical state.19 Superheated water is found in nature
in the form of geysers and hydrothermal vents.75 Water inside cave-like reservoirs
is heated by the earth’s magma and becomes superheated. Boiling does not occur
because of pressure on the water. The higher the pressure on the surface of the
water, the higher its boiling point. At some point even this superheated water may
be hot enough to start boiling, even at the elevated pressures within the reservoir. As
it does, the steam that forms creates a bubble that expands very rapidly, pushing
the superheated water around it out the geyser/vent. The eruption carries steam,
superheated water, and dissolved gases into the surrounding environment.

The superheated temperature region is characterized by an increase in pressure
with temperature. Figure 1.6 shows the phase diagram of water. Above 100◦C, and
provided the pressure is sufficiently high to maintain the liquid state, water is in the
superheated state. At temperatures below 300◦C liquid water is fairly incompressible,
which means that pressure has little effect on the physical properties of water. Above
300◦C, water starts to behave as a near-critical liquid, and the physical properties,
such as density, start to change more significantly with pressure. Water changes
more dramatically when it becomes a supercritical fluid because of the breakdown
of its structure as the temperature rises.19 As temperature increases, the thermal
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motion of the molecules disrupt the hydrogen bonding network. Superheated water
has an expanded structure due to weak intermolecular hydrogen bonding,25 but
in the supercritical state its nature approaches that of a collection of light mobile
molecules.19

Superheated water is finding an ever increasing applicationfield, especially in
the field of compound extraction. Extraction using superheated water tends to be
fast because diffusion rates increase with temperature. Organic materials tend to
increase in solubility with temperature, for example, the extraction of essential oils
from rosemary6 and coriander28 are performed used superheated water. Superheated
water is being used commercially to extract starch materialfrom marsh mallow root
for skincare applications and to remove low levels of metalsfrom high-temperature
resistant polymers.18

In a ‘Gedankenexperiment’, of which the outcome is discussed in Chapter 4,
it seems plausible that (superheated) water will have a significant influence on
the hydrogen bonding in polyamides. In the superheated state, water molecules
are highly mobile and due to the elevated temperatures the hydrogen bonding
in polyamides weaken. Although the interactions between the highly active
water molecules and the weakening polyamide hydrogen bondsis unknown at the
beginning of this thesis, it will become apparent that theseinteractions are substantial
and that the superheated water molecules have sufficient energy to break the already
weakened hydrogen bonds completely, leading to a polyamide/water solution.

1.6 Objectives of this thesis

The goals of this thesis are twofold: one is to investigate the influence of hydrogen
bonding and the Brill transition on the crystallographic properties of polyamides.
The objective of a part of this research is to obtain a better understanding of the
mechanisms involved during the Brill transition, and how the Brill transition is
influenced by hydrogen bonding. Secondly, we will show that polyamides can
be dissolved in superheated water. The knowledge gained in the first part of this
thesis is used to further understand how the Brill transition and hydrogen bonding in
polyamides are influenced by superheated water.

1.7 Scope of this thesis

Chapter 2 addresses the cause of the Brill transition. This chapter shows by means
of a unique set of piperazine based copolyamides that the Brill transition is integrally
linked to conformational changes in the main polymer chain.The piperazine based
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copolyamides allow for variations in the hydrogen bond density without affecting the
crystallographic properties of the polyamide. The influence of hydrogen bonding on
the Brill transition is also investigated. InChapter 3 a different set of copolyamides
is investigated in which a peculiar Brill transition is observed. The peculiarity of
the transition discussed in Chapter 3 is that instead of a merger of the interchain
and intersheet reflections, a crossover of the two reflections is observed.Chapter 4
discusses the influence of superheated water on polyamide 4,6, which is a polyamide
with a high hydrogen bond density. Therefore the influence ofsuperheated water on
the hydrogen bonds should be the greatest on this polyamide in comparison to other
polyamides. Chapter 5 compares polyamide 6,6 to polyamide 4,6. Experiments
similar to those performed on polyamide 4,6 are performed onpolyamide 6,6 which
has a tilted unit cell compared to polyamide 4,6.Chapter 6 shows the generality of
the principles discussed in the previous chapters by studying various (commercially
available) synthetic polyamides in the presence of superheated water. Chapter 7
combines the knowledge obtained in Chapters 2 and 4 by describing how superheated
water influences the hydrogen bonding in the piperazine based copolyamides first
presented in Chapter 2. The effect of hydrogen bonding together with superheated
water on polyamides is also studied in this chapter. Finallythis thesis concludes with
a discussion of the technological significance and applications of this work, together
with an outlook of what still remains to be achieved.



Chapter 2

The influence of hydrogen bonding on the
conformation changes, the Brill
transition, and lamellar thickening in
piperazine based (co)polyamides∗

Copolyamides, based on 1,12-dodecanedicarboxylic acid and
different ratios of 1,2-ethylenediamine and piperazine, i.e. PA2,14-
co-pip,14, as well as the homopolymers PA2,14 and PApip,14 are
studied. Incorporation of the piperazine component in the homopolymer
PA2,14 reduces the number of hydrogen bonds. This provides aunique
opportunity to investigate the influence of hydrogen bonding on the
origin of the Brill transition and chain mobility within polymer crystals.
Time resolved conformational, structural, and morphological changes
during heating are followed by FTIR spectroscopy, WAXD, andSAXS.
For a piperazine content between zero and 62mol% the Brill transition
occurs at approximately the same temperature. The transformation is
triggered by conformational changes in the methylene sequences of the
main chain, followed by twisting in the methylene sequencesnext to the
amide group. This results in enhanced chain mobility along the -axis
causing lamellar thickening. For a piperazine content of 80mol% and
higher, no Brill transition is observed. However, conformational changes
in the methylene sequences of the main chain trigger lamellar thickening.

∗This chapter is largely based on:

E. Vinken, A.E. Terry, S. Hoffmann, B. Vanhaecht, C.E. Koning, and S. Rastogi,
Macromolecules2006, 39, 2546–2552.
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Figure 2.1: Chemical structure of (a) 1,2-ethylenediamine-based and (b) piperazine-based
repeat units.

2.1 Introduction

Polyamides have a relatively high melting point in comparison to other polymers due
to the hydrogen bonds that form between the recurring amide groups. By varying the
density of these hydrogen bonds, it is possible to greatly influence the polyamide’s
physical properties.27 One route to change the hydrogen bond density is to change
the length of the aliphatic portions in the linear polyamidechains, which results in
a change in the spatial separation between the amide groups,and hence an overall
change in the hydrogen bond density.12 However, this approach leads to different
polyamides, such as polyamide 4,6, polyamide 6,6, etc. which inevitably leads to
different crystal structures, lamellar thicknesses, etc.All of these variables inevitably
complicate the study of the hydrogen bond density in polyamides. Therefore a second
route to change the hydrogen bond density becomes more attractive; replace the
amide group with a different chemical unit that reduces the possibility of hydrogen
bond formation, but has similar structural features and size as the amide group.
These similarities in structure enables the different chemical units to co-crystallize
with the amide units. A suitable co-monomer is piperazine, shown schematically
in Figure 2.1. Since a piperazine residue does not contain anamide hydrogen it is
unable to act as a hydrogen bond donor, thus hydrogen bondingis reduced. However,
piperazine can act as a hydrogen bond acceptor.39, 98

In a previous study a range of random copolyamides of polyamide 2,14
(PA2,14) and polyamide piperazine,14 (PApip,14)39, 98 were synthesized with
varying piperazine content from 30mol% to 90mol%. The homopolymers PA2,14
and PApip,14 were also prepared. The copolymers exhibit a decrease in melting
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and crystallization temperature with increasing piperazine content. Although the
introduction of a rigid cyclic monomer usually leads to an increase in the melting
temperature with respect to the homopolymer, the reduced ability of the piperazine
units to form hydrogen bonds overrules this effect. It was also shown that up to a
piperazine content of 62mol%, the PA2,14 and PApip,14 unitsco-crystallize into a
common crystal lattice, which differs only slightly from the PA2,14 crystal lattice.39

For a piperazine content of 90mol% and higher, the crystal structure was distorted
from that of PApip,14. For an intermediate piperazine content of 70mol% and
82mol%, the studies indicated a co-existence of the PA2,14 and PApip,14 crystal
structures. It was further concluded that the piperazine rings incorporated into the
copolyamides were oriented parallel to the hydrogen bondedsheets, the sheets being
shifted parallel to one another.

In the studies mentioned above39, 98the crystal structure of the homopolymers and
the copolymers were only investigated at room temperature.It is known, however,
that many polyamides show a Brill transition11, 22, 50, 79, 95, 103upon heating. The
Brill transition entails a solid state crystalline transformation from a low temperature
triclinic to a high temperature pseudo-hexagonal phase, asshown by the fact that the
100 reflection related to the interchain distance and the 010reflection related to the
intersheet distance merge into a single reflection. As discussed in Section 1.3, the true
nature of the Brill transition is still a matter of debate. The Brill transition is strongly
dependent on molecular structure and crystallization conditions.79 Therefore the Brill
transition should be affected by the incorporation of a second diamine residue such as
piperazine into the polyamide chain, both due to the possible influence on the crystal
structure and, more importantly, due to the decrease in the hydrogen bond density.
This chapter investigates the behavior upon heating of the homopolymers PA2,14
and PApip,14, and the copolymers PA2,14-co-pip,14 by simultaneous SAXS/WAXD
and Fourier transform infrared (FTIR) spectroscopy. With these experiments we aim
to understand the origin of the Brill transition in polyamides in general.

2.2 Experimental description

The homopolymers PA2,14 and PApip,14 as well as the copolymers PA2,14-co-
pip,14 are synthesized via a polycondensation reaction of 1,12-dodecanedicarbonyl
dichloride and varying amounts of 1,2-ethylenediamine andpiperazine as
described elsewhere.98 Thermal and molecular characterization is also described
elsewhere.39, 98 The piperazine-based copolyamides used in this study have a
piperazine molar fraction of 0.30, 0.46, 0.54, 0.62, 0.82, and 0.90. These copolymers
are referred to as coPA 0.30 through to coPA 0.90, respectively.

Simultaneous small and wide angle angle X-ray diffraction experiments are
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performed on the High Brilliance beamline (ID02),96 at the ESRF in Grenoble
(France). The experiments are performed as described in Appendix A.2.2 using a
Limkam TMS94 hotstage and controller. Sample preparation is done by sealing each
of the (co)polyamides in aluminium DSC pans and heating themin a TA Instruments
Q1000 DSC to temperatures well above (at least 15◦C) their respective melting
temperatures and cooling to room temperature at 10◦C/min. This is performed twice
for each sample. The samples are subsequently allowed to relax at room temperature
for more than a week. This is because of changes in the lamellar spacings at room
temperature previously observed for these materials.39 After this pre-treatment, the
samples are removed from the DSC pans and placed in 2mm diameter Lindemann
capillaries used to perform the X-ray diffraction experiments. All diffraction patterns
are corrected for absolute intensity and integrated to giveintensity againstq. The
SAXS results are Lotentz corrected, i.e. the intensity dataare multiplied byq2.
The position and intensity of the crystalline peaks in the WAXD patterns are fitted
using a pseudo-voigt function for each crystalline peak. Additionally, the fitting
function contains a linear term to account for residual scattering arising from the
background and the Lindemann tube. The melting end point andthe crystallization
onset temperatures observed during the DSC measurements are used to calibrate the
temperatures at which the sample is completely amorphous and when crystallization
has just begun, respectively, as detected by WAXD.

FTIR experiments on melt crystallized (co)polyamides are performed as
described in Appendix A.4.

2.3 The Brill transition and lamellar thickening using
simultaneous SAXS/WAXD

Figure 2.2 shows the data obtained from simultaneous WAXD and SAXS patterns
collected on the High Brilliance beamline ID02 at the ESRF. The integrated WAXD
patterns of intensity againstq are fitted using a number of pseudo-voigt functions
and a linear background. Thed-spacings are obtained from the fitted peak positions
via the relationd = 2�=q. The WAXD pattern, Figure 2.2(a), for the homopolymer
PA2,14 at 50◦C corresponds well to other data reported for this homopolymer at
room temperature.39, 68 On heating, the interchain 100 (d = 0:42nm) and intersheet
010 (d = 0:39nm) reflections merge to an extent that no further deconvolution
is feasible. The merger of the interchain 100 and intersheet010 reflections is
shown in Figure 2.2(a). This behavior is typically called the Brill transition11 in
polyamides, and the temperature at which it occurs corresponds to the Brill transition
temperature. PA2,14 shows a melt temperature of 236◦C which compares well
with other results.39, 98 On cooling from the melt the reverse behavior is seen,
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albeit at some undercooling. At∼25◦C below the melting point, the homopolymer
crystallizes, resulting in a single reflection which splitsinto two reflections on
further cooling. The WAXD patterns for coPA 0.30 up to coPA 0.62 also show
a Brill transition at∼150◦C and a melt temperature in the order of 200◦C. Upon
undercooling, crystallization occurs in the vicinity of 190◦C and the Brill transition
occurs in the vicinity of 140◦C. In a previous study105 reminiscence of the low
temperature phase was seen at high temperatures for coPA 0.54. In the data shown
in Figure 2.2 this is not seen. The differences could be due toinhomogeneities in
the starting sample, thermal history, (a lack of good) thermal contact with the heating
device, or other experimental error in the previous study. Hence more care is taken
in the current experiments shown in Figure 2.2 to avoid such experimental artefacts.
CoPA 0.82 and coPA 0.90 show behavior similar to homopolymerPApip,14 where
the intersheet 010 and interchain 100 reflections do not merge into a single reflection
prior to melting.

In Figure 2.2 the position of the SAXS patterns at 50◦C shows an increase with
increasing piperazine content, which is also noted in a previous study.39 On heating,
all the (co)polyamides show a gradual increase in lamellar thickness just before
melting to double (or more) their initial value at 50◦C. Note that while the lamellar
thickness increases to twice the initial value, no considerable changes in crystallinity
are observed. For the homopolymer PA2,14 and the copolyamides up to a piperazine
content of 62mol% the lamellar thickness changes more rapidly with increasing
temperature above 165◦C (above the Brill transition temperature), see Figures 2.2(b)
to 2.2(j). For the coPA 0.82, coPA 0.90, and the homopolymer PApip,14 the
SAXS peak position changes more rapidly above 110◦C, i.e.∼40◦C below the melt
temperature. A remarkable observation is that polymers with high piperazine content
do not show the Brill transition, although lamellar thickening occurs similarly to the
copolymers that do show the Brill transition. The corresponding WAXD patterns for
the high piperazine content (co)polymers do not suggest anychanges in crystallinity
or a phase transition around 110◦C.

After cooling from the melt the lamellae spacing at 50◦C is slightly higher
than before heating. Due to problems with the detector, no SAXS patterns could
be collected on cooling coPA 0.82 and coPA 0.90 from the melt.Based on the
WAXD patterns, shown in Figure 2.2, it is expected that the SAXS cooling runs
of coPA 0.82 and coPA 0.90 will follow a similar behavior as the SAXS cooling run
of PApip,14. A previous study39 showed that the crystal structure in the recrystallized
(co)polyamides still relaxes at room temperature and that this relaxation is only
observed in the large repeat distance of the lamellar stacking and not in the interchain
100 and intersheet 010 distances. This could explain why thelamellar spacing at 50◦C
in the copolyamides is larger directly after crystallization from the melt than before
heating to the melt. Indeed, following sample preparation for these experiments, the
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Figure 2.2: Simultaneous WAXD (a,c,e,g,i,k,m,o) and SAXS (b,d,f,h,j,l,n,p) of the
homopolymers PA2,14 and PApip,14, and the copolymers coPA 0.30; 0.46; 0.54; 0.62; 0.82;
and 0.90 during heating from 50◦C to the melt and cooling from the melt to 50◦C at 10◦C/min.
The Brill transition is observed up to a piperazine content of 62mol%. The Brill transition
temperature has been taken as the last data point where deconvolution of the interchain 100
and the intersheet 010 reflections can be made. The lines overthe SAXS heating runs serve
as a guide to the eye. Due to problems with the detector no SAXSpatterns are available for
the cooling runs of coPA 0.82 and coPA 0.90. The WAXD peak positions are±0.01nm and
the SAXS peak positions are±0.2nm.

samples were allowed to relax at room temperature for nearlya week prior to making
any measurements.

The sudden shift in the temperature required for lamellar thickening from 165◦C
to 110◦C with an increase in the piperazine content from 62mol% to 82mol%
correlates well with the sudden changes in the interchain and intersheet distances
observed with an increasing amount of piperazine content from 62mol% to 82mol%,
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Figure 2.2: (continued)
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Figure 2.2: (continued)
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Figure 2.3: The Brill transition temperature on heating and cooling over the molar piperazine
fraction. The Brill transition is observed up to a piperazine content of 62mol% and is taken as
the last data point where deconvolution of the interchain 100 and the intersheet 010 reflections
is still feasible. The onset of lamellar thickening on heating is taken from Figure 2.2. The
endpoint of melting and the onset of crystallization temperatures98 are given as a reference.
All lines serve as a guide to the eye.

and in thed-values observed at 50◦C in the WAXD patterns shown in Figure 2.2 and
Figure 3 of Hoffmannet al.39

2.4 Hydrogen bond density and the Brill transition

Figure 2.3 summarizes the Brill transition temperatures onheating and cooling for
the various (co)polyamides investigated. The Brill transition temperature reported in
Figure 2.3 has been determined from the data reported in Figure 2.2. The last data
point where deconvolution of the interchain 100 and the intersheet 010 reflections can
be made is taken as the Brill transition temperature. As a reference, the temperatures
of the end of melting endotherm (Tm) from DSC measurements and the detection
of the onset of crystallization (T) for the (co)polyamides98 are also given. The
Brill transition temperature remains approximately constant, both on heating and
cooling, up to a piperazine content of 62mol%. On heating theaverage Brill transition
temperature is 165◦C, and on cooling 147◦C. It is to be noted that the average Brill
transition temperature on heating and cooling for these lower piperazine content
copolymers is higher thanTm (orT) for coPA 0.82, coPA 0.90, and the homopolymer
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PApip,14. This suggests that the reason that the Brill transition is not observed in
coPA 0.82, 0.90, and PApip,14 is because on extrapolation the Brill transition occurs
at a temperature higher thanTm.

The invariance in the Brill transition temperature for the copolyamides up to
62mol% of piperazine is unique. This has not been seen previously for other
polyamide systems. When the Brill transition temperature for many different
polyamides are compared,50 no apparent trend is observed as a function of alkane
chain length, and therefore also hydrogen bond density. Instead the different
chain length polyamides crystallize into different crystalline structures.50 For the
copolyamides investigated here the piperazine units co-crystallize with the polyamide
units yielding the same crystalline structure up to a piperazine concentration of
62mol%. Having established that the Brill transition can only be a function of the
hydrogen bond density, and not of the crystal structure, it is important to examine
any conformational changes occurring within these materials upon heating. For this
reason FTIR spectra are collected.

2.5 Conformational changes

Figure 2.4 shows the FTIR spectra collected for the polymersused in this study at
30◦C. All spectra are normalized relative to the area under the methylene bands
between 3000 and 2800cm−1 which are invariant in this range of copolymers.
Figure 2.4(a) shows the frequency range from 3600 to 2800cm−1. With increasing
piperazine content, the bands at 3303, 3215, and 3085cm−1 show a strong decrease,
whereas the band at 3005cm−1 appears at higher piperazine content. The bands at
3303, 3215, and 3085cm−1 are associated with NH stretch vibrations, and those
at 3215 and 3085cm−1 are also associated with Amide I and II overtones.47 The
reduction in the NH stretch vibrational bands is in line withthe decreasing amount of
NH groups present in the copolymers with increasing piperazine content. The band
appearing at 3005cm−1, which becomes more apparent with increasing piperazine
content, is most likely due to the methylene groups in the piperazine rings.

Figure 2.4(b) shows the frequency range from 1350 to 850cm−1. Close
inspection of the spectral bands present in this region leads to the observation that
there are several bands that can be specifically assigned to the homopolymers PA2,14
and PApip,14, respectively. Additionally, there are bandsthat are common to both
homopolymers. Specific bands that are associated with the homopolymer PA2,14
are 946, 977, 1230, 1242, 1263, and 1320cm−1. The bands associated with the
homopolymer PApip,14 are 985, 1010, 1024, 1172, 1226, 1253,and 1283cm−1.
Bands common to the both homopolymers are 1054, 1188, and 1305cm−1. As
expected, depending on the piperazine content, the copolyamides show either the
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Figure 2.4: FTIR spectra of homopolymers PA2,14 and PApip,14 and copolyamides
coPA 0.30, coPA 0.62, and coPA 0.82 recorded at 30◦C. (a) shows the frequency range 3600
to 2800cm−1 and (b) 1350 to 850cm−1.
bands associated with the homopolymer PA2,14 (see coPA 0.30in Figure 2.4(b)), the
homopolymer PApip,14 (see coPA 0.82 in Figure 2.4(b)), or both (see coPA 0.62 in
Figure 2.4(b)).

Figure 2.5 shows the FTIR spectra obtained in the frequency range 1350
to 850cm−1 while heating the homopolymers PA2,14 and PApip,14, and the
copolyamides coPA 0.30 and coPA 0.82 from 30◦C to the melt. Figure 2.5(a) shows
the FTIR spectra for the homopolymer PA2,14 at different temperatures. On heating,
the bands at 977, 1054, 1188, 1230, 1305, and 1320cm−1 arising from the bending,
wagging and rocking vibrations of the methylene segments23, 103 disappear between
150 and 180◦C. This is the same temperature region where the Brill transition
is anticipated, for comparison see Figure 2.2(a). For simplicity, these bands are
therefore referred to as Brill bands. However, the lamellarthickening observed in
the SAXS pattern for PA2,14 also occurs in this temperature region. Therefore, it is
possible that some of the Brill bands seen here may be associated with the lamellar
thickening and not with the Brill transition, but it is not possible to distinguish
between these two effects from these FTIR spectra alone. On further heating, the
bands at 946, 1243, and 1263cm−1 broaden considerably or disappear altogether on
melting and are therefore associated with the crystalline phase. The crystalline bands
at 1243 and 1263cm−1 are Amide III bands coupled with out-of-plane methylene
motions, whereas the band at 946cm−1 is the Amide IV vibration.23, 24, 113

Figure 2.5(d) shows the FTIR spectra for the homopolymer PApip,14 on heating
from 30◦C to the melt. On heating from 30◦C, the bands at 1188 and 1305cm−1
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Figure 2.5: FTIR measurements of homopolymers PA2,14 and PApip,14, andcopolyamides
coPA 0.30 and coPA 0.82 on heating from 30◦C to the melt at 10◦C/min at regular 10◦C
intervals.

disappear between 100 and 110◦C, i.e. in the temperature region where the change
in the lamellae thickness is observed in the SAXS patterns, see Figure 2.2(p). On
heating to the melt the bands at 985, 1010, 1024, 1037, 1054, 1172, 1226, 1253,
and 1283cm−1 broaden. The bands that disappear at the Brill transition inthe
homopolymer PA2,14 (see Figure 2.5(a)) are also present, albeit with some changes
in the homopolymer PApip,14 (see Figure 2.5(d)). The methylene band at 977cm−1
in PA2,14 is now present at 985cm−1 in PApip,14, the band at 1230cm−1 is at
1226cm−1, and the band at 1320cm−1 is absent in PApip,14. These changes are
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due to the differences in chemical structure and an increased rigidity of the main
chain in the homopolymer PApip,14 when compared to the homopolymer PA2,14.

In previous studies95, 113 performed on several polyamides (PA6,10; PA6,12;
PA10,10), it was found that during the Brill transition, conformational disorder
occurs in the methylene sequences. With increasing temperature the intermolecular
hydrogen bonding between the amide groups weaken, althoughit is retained up to the
melt. The methylene sequences between the NH groups are found to become more
disordered than the methylene sequences between the CO groups. In order to model
the changes in the FTIR spectra close to the Brill transition, the methylene units
adjacent to the amide groups needed to be decoupled from the remaining methylene
segments. It was concluded that even after the Brill transition hydrogen bonding is
retained, thus making chain rotation along the-axis in the pseudo-hexagonal phase
impossible. Structural changes in the methylene parts of the molecular chains were
observed. Similar observations are reported by others.22, 38

For the homopolymer PA2,14 shown in Figure 2.5(a), the vibrational bands
associated to the methylene sequences next to the CO groups are 977 and 1054cm−1
and the bands associated to the methylene sequences next to the NH groups are
1230 and 1320cm−1.24, 113 On heating, all these bands decrease in intensity and
ultimately disappear above the Brill transition temperature but below the melting
point. However, the methylene bands next to the NH group decrease faster than the
methylene bands next to the CO groups. These observations are in agreement with
the results reported by Yoshiokaet al.113 and Tashiroet al.95

Unlike in PA2,14, in PApip,14 the vibrational bands of the methylene groups
next to the N (1226cm−1) and the CO (985 and 1054cm−1) groups remain even
after melting. These observations suggest that in PApip,14the rigidity along the
main chain inhibits the complete disappearance of these bands, although close to
the melting point broadening and a slight shifting to higherfrequencies of these
bands is noticed. However, similar to PA2,14, in PApip14 thebands at 1188 and
1305cm−1 disappear but at lower temperatures, i.e. between 100 and 110◦C, see
Figure 2.5(d). These bands are related to the main chain methylene stretching and
wagging motions.24 Considering the absence of the Brill transition in PApip,14
these bands are not immediately related to the Brill transition. The disappearance of
these two bands coincides with the change in the lamellar thickness observed in the
SAXS patterns for all the polymers investigated. Conformational changes in the main
chain combined with the lamellar thickening suggest the presence of enhanced chain
mobility along the-axis. Increased chain mobility would lead to the disappearance
of the trans conformers, i.e. the methylene main chain bandsat 1188 and 1305cm−1.
Similar chain mobility is seen in linear polyethylenes81 above room temperature as
is seen in polyamides above the Brill transition temperature.26

Figure 2.5(b) shows the FTIR spectra for coPA 0.30 and Figure2.5(c) for
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coPA 0.82 on heating from 30◦C to the melt. The FTIR spectra for coPA 0.30 follow
the same behavior as PA2,14 and the spectra of coPA 0.82 follow the same behavior
as PApip,14.

2.6 Conclusions

The thermal behavior of homopolymers PA2,14 and PApip,14 and their
copolyamides, varying from 30mol% up to 90mol% piperazine,are investigated
using simultaneous SAXS/WAXD and FTIR spectroscopy. Thesestudies provide
an insight into the effect of incorporating a secondary diamide that reduces the
number of hydrogen bonds within the crystal lattice; thus likely to influence the Brill
transition temperature.

The observations are that the Brill transition temperatureremains independent of
the piperazine content up to a piperazine content of 62mol%.FTIR measurements
suggest disorder in the trans planar zigzag conformations of the methylene segments
of the main chain at the Brill transition temperature. In PA2,14 this conformational
disorder occurs at a higher temperature (150 to 180◦C) than for PApip,14 (100 to
110◦C). The higher temperature required for the disorder in PA2,14 compared to
PApip,14 is a consequence of the presence of hydrogen bonding in PA2,14. With
the disappearance of conformational bands in the FTIR spectra, enhanced chain
mobility along the-axis is seen, which leads to lamellar thickening to twice the
lamellae’s initial, room temperature value. The striking observation is that this
increase in lamellar thickening is independent of piperazine content up to 62mol%.
The disappearance of the trans conformers suggests that with increasing piperazine
content, i.e. as the number of hydrogen bonds decrease, changes in the intensity of
these methylene bands occur at lower temperatures.

Combining the FTIR and X-ray diffraction data it can be stated that with the
disappearance of the trans conformers of the methylene chain segments in PA2,14 and
the piperazine copolymers, chain mobility along the-axis arises once the methylene
unit next to the carbonyl group is able to twist, although hydrogen bonding is likely
to be retained. These observations are in agreement with previous studies.22, 38, 95, 113

In PApip,14, where hydrogen bonding is absent, the chain mobility occurs earlier and
twisting is not observed due to the piperazine rings that areoriented parallel to the
hydrogen bonded sheets.39



Chapter 3

The influence of stereochemistry on the
conformational changes and the Brill
transition in 1,4-diaminocyclohexane
based (co)polyamides

Copolyamides based on 1,4-diaminobutane and 1,4-diamino-
cyclohexane (1,4-DACH) are studied. The copolyamides seemto
exhibit a peculiar Brill transition; an apparent crossing instead of a
merging of the intersheet and interchain reflections duringthe Brill
transition is observed. At the temperature at which the crossover is seen
in the X-ray diffraction patterns, no anomalous behavior isobserved
in the vibrational bands associated with the Brill transition in FTIR
spectroscopy. However, other vibrational bands at elevated temperatures
do provide an insight into the possible nature of this crossover. The
studies suggest that the crossover is not a true Brill transition but involves
an amorphous component arising due to the non-hydrogen bonded amide
groups becoming more mobile above the Brill transition temperature.
The trans 1,4-DACH units co-crystallize with the PA4,14 units where the
cyclic units align and stack onto one another influencing thealignment
of other amide units, and ultimately the hydrogen bond formation in the
polymer crystal. The cyclic 1,4-DACH entities appear to cause more
non-hydrogen bonded amides to occur in the amide crystal lattice. On
heating above the Brill transition temperature the non-hydrogen bonded
amide groups present in the copolyamide become increasingly mobile,
resulting in a partial melting seen as an amorphous phase in WAXD and
an exothermic event in DSC in the vicinity of the Brill transition. It is
this partial melting which gives the impression of a crossover at the Brill
transition.

29
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Figure 3.1: Chemical structure of (a) 1,4-diaminobutane based and (b) 1,4-diamino-
cyclohexane (1,4-DACH) based repeat units.

3.1 Introduction

Polyamides form part of the engineering plastics and have found a wide application
range in many products because they are strong and durable materials. On
crystallization the polyamide chains fold into sheets withhydrogen bonds between
the recurring amide groups; the hydrogen bonded sheets stack to form a three-
dimensional structure with van der Waals forces between thesheets.

Many aliphatic polyamides show a solid state crystal transition on heating known
as the Brill transition.11 This transition involves the transformation from a low
temperature triclinic/monoclinic crystal structure to a high temperature pseudo-
hexagonal structure.3 The Brill transition temperature is defined as the lowest
temperature for which the interchain distance within a hydrogen bonded sheet and
the intersheet distance between the hydrogen bonded sheetsare equal. The most
common method for determining the Brill transition is temperature dependent wide
angle X-ray diffraction (WAXD). The Brill transition is observed by a merger of the
interchain and intersheet reflections into a single reflection which is maintained up to
the melt.

Recently Vanhaechtet al.99 observed a peculiar Brill transition for copolyamides
of polyamide 4,14 (PA4,14). In these copolyamides the diamine segment of
the polyamide chain is replaced by trans isomers of 1,4-diaminocyclohexane
(1,4-DACH), shown schematically in Figure 3.1. The randomly distributed trans
1,4-DACH moieties co-crystallize with the PA4,14 units andare built into the crystal
structure with the cycloaliphatic rings oriented perpendicular to the hydrogen bonded
sheets.99 On heating these copolyamides, an apparent Brill transition occurs as is
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seen by a merging of the interchain and intersheet reflections into a single reflection.
However, on further heating the merged single pseudo-hexagonal reflection seems to
split again into two reflections. This crossing in the Brill transition was also reported
for a set of copolyamides based on 1,4-cyclohexanedicarboxylic acid (1,4-CHDA).102

In both cases the authors99, 102 argue that the cycloaliphatic residues prevent
the formation of a pseudo-hexagonal phase during heating prior to melting. In
their argumentation the authors99, 102 assume that during the Brill transition the
alkane segments in the polymer chain exert a torsional forceon the amide groups,
causing them to break and flip by 60◦ (or even 120◦) to form a three-dimensional
network of intersheet and intrasheet hydrogen bonds, as proposed by Joneset al.53

The intrachain hydrogen bonds would prevent the chains frommoving further apart,
causing the interchain and intersheet distances to become equal; resulting in the
single reflection observed for the pseudo-hexagonal phase.53 The cycloaliphatic
residues incorporated in the polyamide chain could reduce the rotational mobility of
the amide bonds and hence prevent the flipping of the hydrogenbonds and thus also
the formation of intrasheet hydrogen bonds.99, 102 The authors99, 102 appropriately
note that NMR38 and infrared110, 112, 113studies on linear polyamide systems clearly
show that the hydrogen bonds are maintained up to the melt. Therefore the hypothesis
whereby the cycloaliphatic units would prevent the flippingof the hydrogen bonds
and thus cause a crossing in the Brill transition, is unlikely.

Alternatively the authors99, 102 postulate that the presence of cyclic residues
lowers the symmetry needed for a pseudo-hexagonal phase. However, in a study
involving cyclic piperazine units105 (see Chapter 2), which were incorporated in
polyamide chains, no changes in the observed Brill transition with increasing
piperazine content is oberserved.105 It is to be noted here that the piperazine moieties
are incorporated parallel to the hydrogen bonded sheets whereas the 1,4-CHDA and
1,4-DACH moieties are perpendicular to the sheets.

It is likely that the trans 1,4-DACH and 1,4-CHDA residues influence the mobility
in the polyamide chain, and hence also the Brill transition.However, the exact nature
of the relation between these cyclic residues and the Brill transition is still unknown.
Here we investigate this unusual phenomenon, a crossing Brill transition, using the
1,4-DACH copolyamides. In this study we also use synchrotron radiation to perform
WAXD experiments, but in contrast to the previously discussed publications99, 102

we have expanded the thermal region from room temperature upto the melt for
each of the (co)polyamides. By doing so the transitions studied in this chapter
become more apparent. Additionally, this is the first time that these copolyamides are
investigated using infrared spectroscopy. The use of high brilliance X-ray diffraction
and infrared spectroscopy should provide more insight intothe cause of this crossing.
This phenomenon provides a unique opportunity to further study and understand the
mechanisms behind the Brill transition.
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3.2 Experimental description

The homopolymer PA4,14 and the copolymers PA4,14-co-1,4-DACH,14 are
synthesized via a polycondensation reaction of 1,12-dodecanedicarbonyl dichloride
and varying amounts of 1,4-diaminobutane and 1,4-diaminocyclohexane (1,4-DACH)
as described elsewhere.100 The 1,4-DACH-based copolyamides used in this study
have an all-trans conformation with 1,4-DACH molar fractions of 0.07, 0.14, and
0.20. These copolymers are referred to as coPA 0.07, coPA 0.14, and coPA 0.20
respectively. The molecular weights for the copolyamides are comparable.99

Melt crystallized samples are placed in 1mm diameter Lindemann capillaries
and heated using a Linkam TMS94 hotstage and controller. Time resolved
WAXD measurements are performed at the High Brilliance beamline ID0296 at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France as described
in Appendix A.2.2. FTIR and DSC measurements are performed on the melt
crystallized (co)polyamides as described in Appendix A.4 and A.6.

3.3 Results and Discussion

Vanhaechtet al.99 first observed what they believed to be a crossing instead of
the traditional merger of the intersheet and interchain reflections during the Brill
transition. The data originally collected by Vanhaechtet al.99 was performed on
the Dutch-Belgium beamline DUBBLE (BM26)10 at the ESRF in Grenoble, France.
We have repeated the original experiments on the High Brilliance beamline (ID02),
the results of which are shown in Figure 3.2, where we used a larger thermal regiem
in comparison to the original data, i.e. we have studied the copolyamides from
room temperature up to the melt. This is done specifically to make the observed
transitions more apparent and clear. The WAXD patterns for PA4,14 (Figure 3.2(a))
shows a regular Brill transition occurring at∼210◦C, followed by melting at 228◦C.
CoPA 0.07 shows an apparent Brill transition by a merger of the intersheet and
interchain reflections at 170◦C, lower than the Brill transition temperature for PA4,14.
On further heating there seems to appear a broad reflection inthe vicinity of 0.5nm at
180◦C. This reflection remains up to the melt, increasing slowly in intensity. This
appearance of a new reflection above the Brill transition is unusual. CoPA 0.14
and coPA 0.20 show similar behavior, albeit that the Brill transition occurs at
progressively lower temperatures. This is because, although the position of the
interchain reflection remains approximately constant for the copolyamides at 0.45nm,
the intersheet distance becomes progressively larger, changing from 0.37nm for
PA4,14 to 0.41nm for coPA 0.20. It is likely that a further increase in 1,4-DACH
content will result in an apparent single reflection at room temperature because the
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(a) (b)

(c) (d)

Figure 3.2: WAXD patterns collected on heating melt crystallized samples from 30◦C to the
melt at 10◦C/min for (a) PA4,14, (b) coPA 0.07, (c) coPA 0.14, and (d) coPA 0.20.

interchain and intersheet reflections will become indistinguishable. The increase
in the intersheet distance is a direct result of the trans 1,4-DACH moieties, which
are incorporated in the crystalline phase.99 The 1,4-DACH moieties are aligned
perpendicular to the hydrogen bonded sheets, causing an increase in the average
intersheet distance measured with increased 1,4-DACH content. The temperatures
at which the apparent crossover occurs together with the melt and Brill transition
temperatures are shown in Figure 3.3. The melt temperature increases with increasing
copolymer content because of the increased rigidity along the polymer chain caused
by the introduction of a cyclic entity in the polymer crystallattice.

The Brill transition as shown in Figure 3.2 is clearly an unusual transition which
requires a deeper look at and understanding of the Brill transition. The behavior
and origin of the Brill transition is related to conformational changes in the polymer
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main chain105.113 In FTIR spectroscopy the Brill transition is characterizedby the
disappearance of the methylene bands next to the amide groups; these are the bands
at 977 and 1054cm−1 for the methylene units next to the CO groups, and 1230 and
1320cm−1 for the methylene units next to the NH groups. If this crossover is related
to the Brill transition, the FTIR vibrational bands characterizing the Brill transition
should be influenced. Also, the introduction of the 1,4-DACHunits in the polymer
chain could also affect the Brill transition bands.

The FTIR spectra for PA4,14 and the 1,4-DACH copolyamides are, however,
surprisingly similar, as shown in Figure 3.4. Minor differences between the
samples include the appearance of bands at 1240 and 902cm−1 for the 1,4-DACH
copolyamides together with a decrease and broadening of thebands at 692, 742,
948, 1036, 1419, and 1478cm−1. The bands at 1240 and 902cm−1 are most likely
related to the methylene bending and rocking vibrations in the DACH cyclic ring. The
band at 902cm−1 is also a so-called amorphous band; the vibration remains virtually
unchanged even after melting. The band at 692cm−1 is the Amide V NH-out-of-plane
scissoring vibration,24 742cm−1 is a CH2 rocking mode,24, 113 948cm−1 is the
Amide IV C-CO stretch vibration,47, 111 1036cm−1 is a CH2 wagging/twisting
mode together with an Amide III vibration,22, 103 1419cm−1 is the CH2 scissoring
vibration next to the CO group in the trans conformation,22 and 1478cm−1 is the
CH2 scissoring vibration next to the NH group in the trans conformation.22 The
decrease and broadening of these bands can be attributed to the cyclic ring which
is incorporated in the polymer main chain, reducing the mobilities of especially the
amide groups and the adjacent methylene units.

The Brill transition temperature for PA4,14 is observed at∼210◦C by WAXD
where the intersheet and interchain reflections merge into asingle reflection without
showing any crossover behavior, i.e. a classical Brill transition. Indeed, the FTIR
vibrational bands associated to the Brill transition in theFTIR data all show the same
behavior for both the homopolymer and the copolyamides: a gradual decrease in
intensity to finally disappear completely at∼200◦C. The FTIR results suggest that
the copolyamides also show a Brill transition at∼200◦C with the Brill bands all
disappearing and not re-appearing (or remaining) above this temperature. Therefore
the WAXD observations for the copolyamides must be that there is a Brill transition
occurring, which is the merging of the intersheet and interchain reflections, but that
the crossover is due to some other underlying mechanism which becomes noticed
only after the Brill transition.

Further inspection of the FTIR spectra is required to provide a possible answer to
this peculiar crossover. At room temperature a band at 1712cm−1 which originates
from non-hydrogen bonded CO groups69 is present for all the (co)polyamides. On
heating this band broadens considerably for all the (co)polyamides investigated.
Simultaneously, at 3445cm−1 a band originating from non-hydrogen bonded NH
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Figure 3.3: The melt,99 Brill, and apparent crossover temperatures for PA4,14 and the
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Figure 3.4: FTIR spectra obtained for the (co)polyamides containing 0%DACH (PA4,14),
7% DACH (coPA 0.07), 14% DACH (coPA 0.14), and 20% DACH (coPA 0.20) at 30◦C
between 1800 and 650cm−1.
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Table 3.1: The table shows the melt temperatures (Tm), the temperature at which the
vibrational band at 3445cm−1 appears and 1712cm−1 broadens in the FTIR spectra (Tir), the
Brill transition temperature (TB), and the crossover temperature (Txo), i.e. the temperature at
which the single, high temperature WAXD reflection seems to separate into two reflections,
for the (co)polyamides investigated.

DSC99 FTIR WAXDTm Tir TB Txo
PA4,14 228◦C 200◦C 210◦C –
coPA 0.07 244◦C 180◦C – 180◦C
coPA 0.14 255◦C 170◦C – 180◦C
coPA 0.20 270◦C 160◦C – 160◦C

stretch vibrations69 appears at higher temperatures. Table 3.1 shows the temperatures
at which the vibrational bands at 3445cm−1 appears and 1712cm−1 broadens together
with the so-called crossover temperature for the copolyamides, i.e. the temperature
at which the new reflection seems to appear in the WAXD patterns, and the classic
Brill transition temperature for the homopolymer. The similarity between these
temperatures is striking. This correlation in temperatures strongly suggests a relation
between these two observations.

Non-hydrogen bonded NH and CO groups, especially at elevated temperatures,
are usually present in the amorphous phase. It seems plausible therefore that the
reflection observed in the WAXD patterns is not a crystallinereflection, but a
broad underlying amorphous halo resulting from a patrial melting occurring in the
copolyamides. Indeed, the position of this crossover halo is similar to the position
of the melt amorphous halo, as shown in Figure 3.5 for coPA 0.07 and coPA 0.14;
coPA 0.20 shows a similar behavior.

If the crossover halo observed in the copolyamides arises from a partial melting
occurring in the sample, an exothermic peak should be visible in the vicinity of
the Brill transition temperature when performing DSC experiments on the samples.
Figure 3.6 shows the DSC traces obtained on heating melt crystallized 1,4-DACH
based copolyamides to the melt at 10◦C/min. Evident from these traces is that all
the spectra show two distinct exothermic events; one event at ∼200◦C in the vicinity
of the Brill transition temperature, and one event at the expected melt temperatures
for the respective (co)polyamides. The observation of an exothermic event in the
vicinity of the Brill transition temperature confirms that the crossover halo observed
in the WAXD patterns is indeed related to a partial melting.

We envisage the following happening; on heating the incoming gauche
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Figure 3.5: (a) and (b) show WAXD patterns of coPA 0.07 and coPA 0.14 at 30◦C intervals
from 30◦C to 270◦C respectively. Note how the broad crossover reflection (indicated by the
arrow) at∼0.5nm correlates with the position of the amorphous halo on melting. (c) and
(d) shows FTIR spectra of coPA 0.14 from 30◦C to the melt. Note the band at 3445cm−1
appearing on heating and the band at 1712cm−1 broadening.

conformers allow for more mobility along the polymer chain.The placement of
the amide groups along the polymer chain in PA4,14 and the copolyamides is not
ideal; there are many amide groups in the crystalline phase that are not hydrogen
bonded. The 1,4-DACH units co-crystallize with the PA4,14 units where the cyclic
units, which are in the stretched all-trans (fully extended) conformation, are likely
to align and stack onto one another. This influences the alignment of other amide
units, and ultimately the hydrogen bond formation in the polymer crystal. Possibly
these cyclic entities cause more non-hydrogen bonded amides to occur in the amide
crystal lattice. This is supported by a slight increase in the non-hydrogen bonded



38 Chapter 3

100 150 200 250 300
Temperature [°C]

H
ea

t F
lo

w
 [W

/g
]

coPA 0.20

coPA 0.14

coPA 0.07

PA4,14

Figure 3.6: DSC traces of melt crystallized 1,4-DACH based (co)polyamides.

CO groups observed at room temperature at 1712cm−1 with increasing copolymer
content as shown in Figure 3.4(a). When reaching/approaching the Brill transition
temperature the gauche conformers allow for the non-hydrogen bonded amide groups
in the crystalline phase, together with the non-hydrogen bonded amide groups in the
amorphous phase to become increasingly mobile, as seen by the incoming band at
3445cm−1 in the FTIR spectra, resulting in an increase of the amorphous phase.
In PA4,14 this increase in the amorphous phase is not observed because the Brill
transition temperature is too close to the melt temperature. For the copolyamides the
Brill transition temperature is sufficiently far removed from the melt temperature to
allow for the observation of the partial melt amorphous phase. This also explains
why the crossover is more readily observed for higher copolymer content as the
melt temperature increases with increasing copolymer content but the crossover
temperature is approximately constant.

3.4 Conclusions

Here we investigated a crossing instead of a merger of the intersheet and interchain
reflections during the Brill transition for a series of 1,4-DACH based copolyamides.
The observed crossover in the WAXD patterns is not the resultof a crystalline
reflection, but a broad underlying amorphous halo resultingfrom non-hydrogen
bonded amide groups. On heating above the Brill transition temperature more
conformational disorder is introduced in the polymer main chain due to the incoming
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of gauche conformers at elevated temperatures. In PA4,14 and the 1,4-DACH
copolymers many amide groups are non-hydrogen bonded due tothe poor alignment
of the amide groups between adjacent re-entrant chains in the crystal lattice. The
presence of these amide groups is already observed in FTIR spectra at room
temperature. On heating above the Brill transition the conformational changes allow
for these amide groups to become more mobile, resulting in the partial melting
observed as an amorphous phase in the WAXD pattern which is atapproximately
the same position as the amorphous phase obtained on melting. DSC traces of
the (co)polyamides on heating show an exothermic event at the Brill transition
temperature, confirming the partial melt behavior seen in the WAXD and FTIR data.

The work presented in this chapter, as well as Chapter 2, illustrates how
smart chemistry and tailor made materials can be employed tostudy a particular
phenomena. In this thesis smart chemistry is used to study the Brill transition and
how it is influenced by hydrogen bonding and stereochemistry. Controlled chemistry
together with detailed analytical techniques provide a unique opportunity to study
and understand phenomena which would be impossible to studyusing commercial
materials.



Chapter 4

Crystallization of polyamide 4,6 from
superheated water – implications for
hydrogen bonding∗

Here we demonstrate that water, in the superheated state, isa
solvent for polyamide 4,6 (PA4,6) and that the water molecules strongly
influence hydrogen bonding. Dissolution of PA4,6 in superheated
water occurs at nearly 100◦C below the melting point of the polymer.
Almost no chain scission or reduction in molecular weight occurs
upon dissolution, unless the polymer is retained in solution above the
dissolution temperature for more than 10 minutes. Thus the dissolution
of the aliphatic polymer in superheated water is mainly a physical
process as opposed to a chemical process. Time resolved X-ray studies
show that the dissolution occurs prior to the Brill transition temperature.

Single crystals grown upon cooling the dilute PA4,6/water solution
show a lath-like morphology with “ideal” interchain/intrasheet and
intersheet distances similar to the distances obtained forcrystals grown
from other known solvents.3, 65 Diffraction studies show that the chains
in these single crystals are perpendicular to theab-plane with a lamellar
thickness of 6nm, which is also in accordance with other reported
studies,3 confirming that the single crystals incorporate four repeatunits
between re-entrant folds with an amide group incorporated in the tight
fold. Solid state NMR studies performed on mats of these single crystals
show two different mobilities of the proton associated to the amide

∗This chapter is largely based on:

S. Rastogi, A.E. Terry, and E. Vinken,Macromolecules2004, 37, 8828–8828.

E. Vinken, A.E. Terry, O. van Asselen, A.B. Spoelstra, R. Graf, and S. Rastogi,Langmuir2008,
24, 6313– 6326.
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groups: a higher mobility linked to the amide protons in the fold and
a reduced mobility of the hydrogen bonded amide protons within the
crystal. Additionally, the solid state NMR and infrared studies on
the dried water crystallized single crystals show the presence of water
molecules in the vicinity of the amide groups within the crystalline
lattice.

Upon heating above 200◦C the water incorporated in the lattice
is released and upon subsequent cooling the polyamide returns to
conventional melt behavior. TGA confirms weight reduction upon
losing water. It is therefore plausible that water molecules are indeed
incorporated with the polyamide crystalline lattice without altering the
lattice parameters.

4.1 Introduction

In comparison with the more common polyamide 6 (PA6) and polyamide 6,6 (PA6,6),
polyamide 4,6 (PA4,6) is a high performance material with a high melting point and
enhanced mechanical properties.30 The unique properties of PA4,6 are a result of the
equally spaced successive amide groups that lead to a high hydrogen bond density in
the crystal.

At room temperature and ambient pressure, the chains in the crystals of most
polyamides, including PA4,6, are folded with hydrogen bonds between the folded
chains. The thus formed hydrogen bonded sheets are linked byvan der Waals
interactions. Previous studies3, 37, 50, 54on PA4,6 using wide-angle X-ray diffraction
(WAXD) show two strong and characteristic diffraction signals at 0.37nm and
0.44nm. These Bragg spacings correspond to the triclinic/monoclinic structure and
refer to the intersheet 010 and interchain/intrasheet 100 reflections, respectively.
The monoclinic intersheet and interchain distances are strongly affected by crystal
perfection, whereby the conventional spacings of 0.37nm and 0.44nm are only
achievable after annealing at elevated temperature or uponsolution crystallization.78

A detailed study3 performed on the single crystals of PA4,6 and PA6,6 shows
a clear distinction in the nature of the chain folding and chain packing within
the crystals of these two polyamides. Unlike PA6,6, in PA4,6an amide group
resides in the fold where the adjacent re-entrant chains exist perpendicular to theab-plane and have a similarity with the�-bends in proteins. Detailed computer
calculations involving space filling modelling suggest that the outermost thickness of
a lamella will be approximately 6nm, which is in accordance with the experimental
observations by the authors.3

Upon heating PA4,6 single crystal mats,37 an expansion of the intersheet 010
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reflection and a contraction of the interchain 100 reflectionoccurs, the former due to
lattice expansion and the latter due to the propagation of gauche conformers along
the methylene units.95, 105, 113The two reflections tend to merge at the so-called Brill
transition.11 The temperature at which the Brill transition occurs for PA4,6 varies
between 180 and 250◦C50, 78and is dependent on the crystallization conditions79 and
the degree of crystallinity. For solution crystallized PA4,6 single crystals the Brill
transition occurs at 245◦C,37, 54much below the melting temperature of∼295◦C.8

PA4,6 has a high hydrogen bond density due to the regularity in the spacings
of the amide groups along the polyamide chains. Therefore PA4,6 shows a high
tendency to interact with water molecules in the amorphous phase upon immersing
PA4,6 in water. The water content of PA4,6 can be up to 13wt% for samples with a
low crystallinity in a 100% relative humidity environment.30 The tendency for PA4,6
to absorb water molecules from the air at room temperature isknown.93 However
little is known about the interactions between water molecules and the hydrogen
bonds in polyamides if the polyamide is placed in water in a sealed vessel and heated
to above the ambient boiling point and below the supercritical point, were water is in
the superheated state. In the superheated state, the hydrogen bonding between water
molecules weakens considerably and the water molecules arehighly mobile.25 Thus,
in a polymer where hydrogen bonding exists, for example PA4,6, the presence of
water in its superheated state, and thus with enhanced diffusion permeability, should
have a significant influence on the hydrogen bonds and the polyamide in general.

In this chapter we explore the structural and conformational changes which occur
during the interactions between PA4,6 and superheated water and its implications
on the hydrogen bonding strength of PA4,6. It is shown that PA4,6 dissolves
in superheated water at∼200◦C. Time-resolved WAXD illustrates the dissolution
process. High pressure differential scanning calorimetry(DSC) is performed for a
range of polyamide concentrations in water in order to investigate the influence of
polymer concentration on the dissolution process. Any possible hydrolysis resulting
in a decrease in molecular weight, is investigated by gel permeation chromatography
(GPC) performed before and after the dissolution experiments. GPC analysis is also
performed on PA4,6 dissolved in water to investigate the influence the length of time
the material remains in solution has on the molecular weight. Single crystals grown
from dilute PA4,6/water solutions upon cooling are investigated by transmission
electron microscopy (TEM). Single crystal mats obtained after the removal of the
excess water are studied by small and wide angle X-ray diffraction (SAXS/WAXD).
To locate and determine the influence of water molecules in the single crystal mats,
solid state nuclear magnetic resonance (NMR) studies are performed. These results
are further supported by Fourier transform infrared (FTIR)spectroscopy and high
resolution thermogravimetic analysis (TGA).
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4.2 Experimental description

4.2.1 Material

The polymer used in this study is a commercially available DSM produced PA4,6,
commonly known as Stanylr. A PA4,6 film is prepared by dissolving the polymer
in formic acid (5g/l) and subsequently solvent casting the polymer onto a glass plate
after which the solvent is allowed to evaporate.30 The melt crystallized material is
obtained by heating PA4,6 crystallized from formic acid to the melt and cooling to
room temperature at 10◦C/min using a Linkam TMS94 hotstage.

4.2.2 Preparation of water crystallized PA4,6 crystals

Solvent cast PA4,6 film with distilled water is added to a glass capillary to make an
∼1wt% polymer concentration and sealed. When preparing single crystals for further
analysis, the following protocol is always used; the capillary is heated from room
temperature to 200◦C at 10◦C/min, held for 1 min and cooled to room temperature at
10◦C/min using the in-house designed and built pressure cell shown in Section A.1.
Above 100◦C, the water in the capillary goes into the superheated state. At ∼200◦C,
the polyamide dissolves in the superheated water, and recrystallizes upon cooling,
forming a white suspension of PA4,6 crystals in water. The thus obtained single
crystals are investigated using DSC, FTIR spectroscopy, NMR spectroscopy, TEM,
GPC, and TGA as described in Appendix A.

4.2.3 Simultaneous small and wide angle X-ray diffraction
(SAXS/WAXD)

Simultaneous small and wide angle X-ray diffraction (SAXS/WAXD) are performed
on dried solvent cast PA4,6 film and water (30wt% polymer concentration) using
the pressure cell described in Appendix A.1. The changes occurring are followed
in situ by means of simultaneous SAXS/WAXD at the High Brilliance beamline96

(ID02) at the European Synchrotron Radiation Facility (ESRF), Grenoble, France
as described in Appendix A.2.2. Background corrections forthe WAXD data are
performed as described in Appendix A.2.3. In a separate SAXS/WAXD experiment,
a mat of PA4,6 water crystallized single crystals is prepared by filtering, at room
temperature, the suspension of single crystals through a B�uchner funnel lined with
filter paper. The excess water still present in the mats afterfiltering is allowed to
evaporate overnight under ambient conditions. The dried single crystal mats are
placed in a 2mm Lindemann glass capillary and heated on a Linkam TMS94 hotstage.
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4.3 Dissolution of PA4,6 in superheated water studied by
simultaneousin situ SAXS/WAXD

To follow structural and morphological changes, detailed simultaneous SAXS/
WAXD studies are performed under controlled conditions on the High Brilliance
beamline (ID02) at the ESRF. Figure 4.1 shows the simultaneously recorded
SAXS/WAXD data obtained on heating 30wt% of PA4,6 crystallized from formic
acid, in water in a sealed vessel from 50 to 200◦C at 10◦C/min. As shown
in Figure 4.1(a), on heating, prior to the merging of the 100 interchain and 010
intersheet reflections, the polymer becomes amorphous, i.e. the interchain and
intersheet reflections disappear or merge into a halo around180◦C. As the normal
melting point for PA4,6 is expected to be at∼295◦C,8 the behavior shown in
Figure 4.1 shows the dissolution of PA4,6 in superheated water ∼100◦C below the
melting point. With the onset of dissolution, i.e. the last few frames at about 8◦C prior
to dissolution, the interchain and intersheet reflections deviate from each other and
decrease in intensity. This is most likely due to the water molecules, which are highly
mobile due to the elevated temperatures, penetrating the crystal lattice and breaking
the hydrogen bonds between the amide groups. This causes theinterchain distance to
increase, and consequently the intersheet distance to decrease. The simultaneously
recorded SAXS data shown in Figure 4.1(b) show a well defined halo corresponding
to a d-spacing of 9.5nm at 50◦C. On heating, up to 150◦C, the lamellar thickness
hardly changes. Above 150◦C the lamellar thickness increases with a broadening of
the halo and finally disappears completely at 180◦C. On cooling the polymer/water
solution from 200◦C as shown in Figure 4.1(c), crystallization occurs directly in
the triclinic phase with the appearance of two reflections corresponding to the 100
interchain/intrasheet and 010 intersheet reflections respectively. The simultaneously
recorded SAXS data shown in Figure 4.1(d) show the appearance of a sharp halo
on crystallization at much lower angles than before dissolution corresponding to
a lamellar thickness of∼13nm, i.e. considerably larger than the value of 9.5nm
prior to dissolution. The considerable increase in lamellar thickness suggests that
a considerable amount of water resides within the amorphousand/or crystalline
component of the lamellae. As we have already commented, water easily adheres to
the amorphous component of polyamides;93 PA4,6 can contain up to 13wt% water in
the amorphous phase at low crystallinity. We return to this point later in this chapter.
The increase in lamellar thickness may also be due to a changein crystallinity.
However, the WAXD data does not suggest that a large change incrystallinity has
occurred. On cooling to 50◦C, almost no shift in the lamellar thickness is observed.

We have demonstrated that PA4,6 can be dissolved in superheated water at
∼200◦C by encapsulating the polymer with water in a closed vessel and heating the
vessel to 200◦C, which is well below the melting point of PA4,6 (∼295◦C8). The
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Figure 4.1: Simultaneous SAXS/WAXD collected on heating/cooling 30wt% PA4,6 in water
between 50◦C and 200◦C at 10◦C/min. The contribution from the glass capillary, water, and
amorphous component have been subtracted from each diffraction pattern. Every second data
file is plotted for clarity.
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Figure 4.2: WAXD patterns of PA4,6 and water in a sealed glass capillary (heating/cooling
rates used are 20◦C/min) for heating from 50 to 260◦C during which the capillary breaks at
∼245◦C. An exposure is taken every 5◦C; no background correction is performed for this
experiment. The data are collected at ID1163 as described in Appendix A.2.1.

dissolution of polyamide in water is also reported in a patent in which polyamide
nanocomposites are obtained by mixing a polyamide in the melt phase with
anisotropic particles dispersed in water by means of an extruder.60, 61 The buildup
of temperature and pressure in the extruder leads to the formation of superheated
water, and thus to the dissolution of the polyamide in water.In a separate study, PA6
and montmorillonite nanocomposites were prepared using superheated water.114

The process shown in Figure 4.1 proceeds under pressure, i.e. as water enters
the superheated state, pressure increases. In an interesting experiment the sample
was sealed with water in a glass capillary such that the pressure is released just
after dissolution whilst still at elevated temperatures, but below the melting point
of PA4,6. Figure 4.2 shows WAXD patterns recorded during thedissolution of water
crystallized PA4,6 crystals in the presence of excess water. Here no background
correction is performed. As anticipated, the intersheet and interchain reflections
move closer to each other on heating. At∼205◦C, the two crystalline reflections
disappear as dissolution of the PA4,6 in superheated water occurs, leaving a broad
amorphous halo. The capillary with a solution of PA4,6 and water is heated further.
Vapor pressure increases with increasing temperature and at ∼245◦C, when the vapor
pressure is anticipated to be approximately 36.5bar,32 the glass capillary can no
longer withstand the pressure and breaks. Water at these high temperatures and
now at atmospheric pressure evaporates from the capillary almost instantaneously.
The water-free PA4,6 at 245◦C, much below its melting temperature (∼295◦C8),
crystallizes directly into the pseudo-hexagonal phase. Therefore, the Brill transition
for the water solution crystallized sample must be between 205 and 245◦C. The last
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three frames, heating to a maximum temperature of 260◦C in Figure 4.2, shows the
crystallization of PA4,6 in the pseudo-hexagonal phase. The single broad reflection
at 0.42nm of the pseudo-hexagonal phase just after the Brilltransition typically
increases in intensity and becomes sharper with time.

The effect of (over) pressure on the dissolution process is investigated by applying
an external pressurized nitrogen gas in the lid sealing the glass sample capillary. Up
to a external gas pressure of 25bar no deviation from the datapresented above is
observed. From these experiments we can conclude that not pressure, but temperature
and thus mobility of the water molecules is determinant in the dissolution process.

During the dissolution process described in Figure 4.1 superheated water
molecules, which are highly mobile,25 enter the crystal lattice and break the hydrogen
bonds between the amide groups. However, it is important to determine if this
dissolution is governed by a physical of a chemical process.For this reason, the
phase behavior of PA4,6 in superheated water is investigated using DSC.

4.4 Dissolution of PA4,6 in superheated water with DSC

In the previous section it is shown that PA4,6 can be dissolved in superheated water.
DSC is used to follow the phase behavior of PA4,6 in water. Figure 4.3(a) shows
an example of the second heating run, from room temperature to 310◦C for pure
PA4,6, and from room temperature to 220◦C for 27wt% PA4,6 in water. For pure
PA4,6 a single melting endotherm is observed at 290◦C. As anticipated, no peak
is observed at the expected Brill transition temperature of∼245◦C.54 In contrast,
PA4,6 in water shows a single asymmetric, broad peak on a highbackground. The
background may arise due to the pressure of the solvent water.108 The single peak
at 200◦C corresponds to the temperature at which dissolution is observed byin situ
X-ray diffraction.

A substantial difference (∼90◦C) is seen between the melt and dissolution
temperatures. Figure 4.3(b) shows the end dissolution temperature measured
from DSC endotherms representing the temperature at which the PA4,6 dissolves
completely in water for different concentrations. Figure 4.3(b) also shows the onset
point of the exotherm on cooling, i.e. the onset temperatureat which crystallization
of the PA4,6 from water occurs, at different polymer concentrations as determined
by WAXD. With a decrease in polymer concentration, the dissolution temperature
decreases for the first heating run, until a plateau is reached at 180◦C for 60wt%
of polymer. At the plateau, the polymer dissolution temperature is invariant of the
polymer concentration. The dissolution behavior shown in Figure 4.3 implies that
superheated water is a solvent for PA4,6. The crystallization behavior follows the
same trend as the dissolution behavior with the phase diagram levelling off at a
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Figure 4.3: Influence of polymer concentration on the dissolution of polyamide 4,6 in water.
(a) shows DSC traces of the second heating cycle of PA4,6 and PA4,6 in water, and (b) shows
the phase diagram constructed from the measured temperature of the end of the dissolution
endotherm and onset of recrystallization exotherm, for various concentrations of PA4,6 in
water. All lines serve as a guide to the eye.

plateau of 154◦C for ∼60wt% of polymer. On heating the PA4,6 crystallized from
a water solution (second heating run), the dissolution occurs at a higher temperature
(199◦C) than the first heating run. Once again the plateau value is reached at∼60wt%
PA4,6. Some variation in the data points in the plateau region during the first heating
run can be attributed to poor thermal contact of the water andpolymer within the
DSC pan.

By DSC at a heating/cooling rate of 10◦C/min, 106J/g is required to both dissolve
in superheated water or to melt an acid crystallized sample,in comparison to 84J/g
to melt the melt crystallized sample, Tables 4.1 and 4.2. In asecond heating run of
the dissolution of PA4,6 in superheated water, only 84J/g isnow measured within
the dissolution endotherm, i.e. for water crystallized PA4,6. However, if the same
water crystallized samples are extracted from the pressurevessel and sedimented and
dried, 106J/g will again be needed to melt the sample. The causes of this change in
enthalpy will become apparent in the discussion on the structural properties of PA4,6
later in this chapter. We also perform GPC analysis on PA4,6 before and after the
dissolution process to verify whether hydrolysis has occurred, as discussed in the
following section.
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Table 4.1: Melt temperatures and heats of fusion of PA4,6 crystallizedfrom water, formic
acid, and the melt.

1st heating run 2nd heating run
Melting temperature �H Melting �H
Peak 1 Peak 2 Peak 1+2 temperature

PA4,6 from formic acid 285◦C 289◦C 106J/g 287◦C 86J/g
PA4,6 from melt – 286◦C 84J/g 286◦C 83J/g
PA4,6 from water 273◦C 290◦C 106J/g 287◦C 84J/g

Table 4.2: Dissolution temperatures and heats of fusion in superheated water of PA4,6
crystallized from water and formic acid.

Dissolution �H
temperature

PA4,6 from formic acid 185◦C 106J/g
PA4,6 from water 192◦C 79J/g

4.5 Dissolution or hydrolysis of PA4,6 in superheated
water?

Considering the synthesis of nylons, where water is released during polymerization,
it is important to investigate if the polymer dissolves, or if dissolution proceeds via
hydrolysis in superheated water, therefore the molecular weight of the polymer is
determined after the first and second heating runs for the polymer retrieved from
the DSC pans. Figure 4.4(a) shows a broad molecular weight distribution of PA4,6
as received from DSM, with a peak at 70,000g/mol and a long higher molecular
weight tail up to 400,000g/mol. The molecular weights of thePA4,6 crystallized
from water after the first and second heating runs are comparable within experimental
errors although minor reduction in molecular weight does occur. The values obtained
from the GPC traces are shown in Table 4.3. These observations suggest that, within
the experimental conditions of our studies, PA4,6 does not undergo any substantial
hydrolysis.

However, if the polymer is left in the presence of superheated water after
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Figure 4.4: Determination of the degree of hydrolysis by changes in the molecular weight
distribution of PA4,6 by GPC analysis. (a) shows the molecular weight distribution of the
original PA4,6 in comparison to the molecular weight distribution of PA4,6 in the presence
of water (27% polymer in water) after the first heating/cooling and second heating/cooling
cycle in the DSC. (b) shows�Mw as a function of time in minutes, where time is given on a
logarithmic scale. The line serves as a guide to the eye.

dissolution has occurred for sufficiently long time, hydrolysis would be expected
to occur and therefore it is essential to know how long the sample can be left in
solution at high temperatures. To determine these experimental boundary conditions,
GPC analysis of crystallized samples from 15wt% PA4,6 in a water solution held at
200◦C, i.e. in the superheated state and well above the dissolution temperature, for
various lengths of time is performed, the result of which is shown in Figure 4.4(b)
where time is given on a logarithmic scale for clarity. The first point in the GPC
diagram,t = 10−2 ≃ 0 min, refers to the molecular weight of the PA4,6 film prior
to dissolution. A considerable decrease in the molecular weight occurs if the sample
is left for more than 10 minutes at 200◦C and would suggest that the polymer in
solution should not be left at these high temperatures for more than 10 minutes.
However, the time required for the dissolution process of PA4,6 in water ranges
between 2–3 minutes, i.e. the time taken to raise the temperature from 150◦C to
the dissolution temperature of∼175◦C at a heating rate of 10◦C/min. Given that
this time is quite short and that these temperatures do not exceed the temperature of
200◦C at which the hydrolysis was determined as a function of time, it is thought
that the dissolution protocol adopted as described in Section 4.2.2 has little influence
on the molecular weight of PA4,6. It is also apparent therefore that the dissolution
of polyamides occurs via a physical process and not via a chemical process, i.e. not
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Table 4.3: Molecular weight of PA4,6 as received from DSM (original), after the first DSC
heating run (1st run), and after the second DSC heating run (2nd run). Here PDI is the
polydispersity index.

Mw Mn PDI
(Daltons) (Daltons)

Original 79600 24800 3.2
1st run 72600 33000 2.2
2nd run 62800 31700 2.0

by hydrolysis altering the molecular weight of the polyamide. These results are in
agreement with the heat of fusion involved in the dissolution process of polyamides
(see the previous section) and the findings are further strengthened by the FTIR
studies later in this chapter.

4.6 Single crystals grown from a water solution

For the TEM studies, a drop of the turbid suspension of PA4,6 water crystallized
crystals dispersed in water is left to dry on a carbon coated copper grid. Figure 4.5(a)
shows a micrograph of the crystals obtained after evaporation of the excess water. The
crystals appear lath-like with lengths ranging from 5 to 15�m, and a width of∼1�m,
similar to PA4,6 crystals grown from other known solvents such as 1,4-butanediol3

and glycerine.65

Electron diffraction on the individual laths gives rise to the diffraction patterns
as shown in Figure 4.5(b) and 4.5(c), which are characterized by a six-arc pattern.
Although the arcs are relatively long, they serve to show thesingle crystal nature
of the lath-like crystals. The three Bragg reflections have characteristic spacings of
0.448± 0.009nm, 0.366± 0.007, and 0.378± 0.005 for very strong, strong and
medium intensities respectively and are similar to the diffraction pattern reported by
Atkins et al.3 for PA4,6 single crystals grown from 1,4-butanediol who considered a
monoclinic unit cell for PA4,6. The reflections can thus be indexed as 100, 010, and
1�10 with a similar angle of 65◦ between the two strongest reflections. The presence
of the third reflection arises due to twinning of the crystals, which is likely to arise
due to stress relaxation, an argument made previously for the six point pattern for the
1,4-butanediol grown single crystals of PA4,6.3

In their studies Atkinset al.3 also concluded that in the single crystals of
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(a)

(b)

(c)

Figure 4.5: (a) shows lath-like single crystals obtained on crystallizing PA4,6 from water
where the scale bar represents 5�m, (b) and (c) show electron diffraction patterns obtained
from these single crystals ((b) is shown in reverse gray scale for clarity). The outermost
reflection in (b) originates from a gold coating used for calibration purposes.

PA4,6 the chains are normal to the basal plane of the lamellaeand that the chain
folds run parallel to the hydrogen bonded sheets along the long axis of the crystal.
Therefore, from the orientation of the electron diffraction pattern, PA4,6 crystallizes
from superheated water to form single crystals which have the same crystallographic
basis as that previously observed, i.e. the hydrogen bondedsheets are parallel to the
long axis of the crystals.

Atkins et al.3 also stated that the optimum crystal thickness along the-axis is
approximately 6nm, corresponding to the stacking of four unit cells (4× 1.47nm),
where the chains within the crystal are packed perpendicular to the basal plane
having adjacent re-entry with an amide group in the fold. To probe this stacking
in the water grown single crystals, simultaneous time resolved SAXS/WAXD studies
during heating and cooling are performed on a dried sedimented single crystal mat.
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4.7 Sedimented single crystal mats

The single crystals are sedimented from the water solution through a Büchner funnel
to form a mat. This single crystal mat is allowed to dry under ambient conditions
before performing simultaneous SAXS/WAXD on the samples.

Figure 4.6 elucidates the heating/cooling run of the dried sedimented crystal mats
on a Linkam hotstage. X-ray diffraction patterns are recorded while heating/cooling
the crystal mats between 50 and 250◦C at a rate of 10◦C/min. Figure 4.6(a)
shows the WAXD patterns of the solution grown crystals. The starting values
for the interchain and intersheet distances at 0.44 and 0.37nm respectively are
comparable to the crystals grown from other solvents.54 The Brill transition from
the monoclinic to the pseudo-hexagonal phase is observed around 205◦C. On cooling
from 250◦C, i.e. below the published melting temperature of 295◦C,8 the crystals in
the pseudo-hexagonal phase transform into the monoclinic phase around 120◦C (see
Figure 4.6(c)). At 50◦C, upon comparison with the starting material, a considerable
change in the interchain and intersheet distances is observed, indicating a change in
the molecular packing within the lattice. Quantitative changes in the interchain and
intersheet distances on heating and cooling are summarizedin Figure 4.6(e).

On heating, the expected increase in the 010 intersheet distance of the single
crystal mats can be explained by the thermal expansion of thelattice, whereas the
decrease in the 100 interchain distance is due to the motion of the methylene units
between the amide groups. The motion in the methylene unit next to the amide group
will weaken the hydrogen bonding and will cause some translational motion along
the-axis. If the intermolecular chains on the hydrogen bonded plane are adjacently
re-entrant, the translational motion between the adjacentchains is likely to be in
the opposite direction, thus maintaining the lamellar thickness although perturbing
the interchain and intersheet packing. On cooling from a temperature below the
melting temperature, the expected contraction in the intersheet distance decreases.
The strength of the hydrogen bonding between the interchainamide groups increases
due to a decrease in the motion of the methylene units. This causes an increase in the
intersheet distance with respect to the original distance.A complete recovery of the
unit cell to the dimensions prior to heating will not be feasible since on cooling the
strengthening of the hydrogen bonds between the chains prevent their translation back
to their original positions. The Brill transition temperature will depend on the extent
to which the interchain and intersheet distances are recovered on cooling. The large
interchain and small intersheet distance and the corresponding high Brill transition
temperature of the water crystallized sample suggests thatthe solution crystallized
sample is the thermodynamically stable crystal.

Figure 4.6(b) shows the simultaneously recorded SAXS patterns. Note that the
lamellar thickness of 6nm hardly changes on heating/cooling the sample to/from
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Figure 4.6: Simultaneous SAXS/WAXD patterns collected on heating a PA4,6 single crystal
mat (PA4,6 was crystallized from water and sedimented to form a mat) from 50◦C to
250◦C and cooling from 250◦C to 50◦C; both at 10◦C/min. Data treatment as described
in Appendix A.2.3 has removed any contribution from the amorphous glass and water
components in the WAXD data.
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Figure 4.7: A representation of a PA4,6 chain-folded sheet where the amide group is
incorporated in the fold, adapted from Atkinset al.,3 Figure 11.

250◦C, see Figures 4.6(b), 4.6(d), and 4.6(f), despite the changes in the interchain
and intersheet distances. This thickness of 6nm corresponds well with the lamellar
thickness reported by Atkinset al.3 where the long period consists of four chemical
repeat units along the chain, i.e. 4× 1.47nm = 5.88nm. These findings, together with
those of Atkinset al.,3 strongly suggest that the PA4,6 crystals grown from water are
made up of tight folds and adjacently entrant chains similarto the�-bends in proteins.
This in only feasible if an amide group is incorporated in thefold, rather than an
alkane segment, as shown in Figure 4.7 (adapted from Atkinset al.,3 Figure 11).
Considering the correlation between the lamellar thickness of 6nm and the anticipated
theoretical value of 5.88nm, the possibility of loose folding can be overruled. Having
an amide group on the surface of the crystal has implicationsfor the adsorption of
water on the crystal surface and the mobility of the amide protons.

The model in Figure 4.7 should exhibit two different proton mobilities associated
to the amide groups; a free amide group residing in the fold surface and the
amorphous component, and the hydrogen bonded amide group within the crystal.
We explore the different mobilities of these two protons by solid state NMR.
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4.8 Probing proton mobility by solid state NMR

Prior to discussing the different mobilities of the amide protons it is essential to
assign the signals of the1H MAS spectra obtained from the single crystals of PA4,6.
The room temperature1H MAS NMR spectrum of the dried water crystallized mats
together with the spectra of a melt crystallized and a formicacid crystallized sample,
all recorded under the same conditions, are shown in Figure 4.8. Even at 30kHz MAS
spinning frequency, the1H MAS NMR spectrum of the melt crystallized sample is
featureless and shows only broad signals. The asymmetric line shape of the signal at
lower ppm values suggests the presence of several overlapping signals. Additionally,
a relatively sharp signal is present at 4.1ppm. The sample crystallized from formic
acid shows several well resolved signals in the lower ppm region, indicating a more
regular packing of the PA4,6 chains in comparison with the melt crystallized sample
as would be expected. These peaks are labelled as shown in thescheme in Figure 4.8.
The signal at 4.1ppm is also present in the acid crystallizedsample. However, this
signal is now much better resolved and much stronger. In the region of higher ppm
values, the signal at 8.0ppm is very broad and asymmetric. The spectrum of the
dried water crystallized sample shows similarities to the acid crystallized sample, also
indicating a regular packing of the PA4,6 chains. The most significant difference, in
comparison to the acid crystallized sample, is that the signal at 4.1ppm has moved
to 5.0ppm in the water crystallized sample and is now significantly broader. A1H
double-quantum filtered NMR spectrum, where all highly mobile or non dipolar
coupled sites are suppressed, has been used to identify thatthe signals at 4.1ppm
and 5.0ppm are due to water. The shaded areas around 4.5 and 8.0ppm shown
in Figure 4.8 indicate a broadening in the site due to a non-uniform formation of
hydrogen bonds and the possible incorporation of water in the crystals.

4.9 Different mobilities of the amide protons

A closer look at the signal present in the 8.0ppm region, assigned to the amide
proton, shows differences between the melt and solution crystallized samples. The
signal in the solution crystallized samples (acid and watercrystallized) is asymmetric,
suggesting the presence of two overlapping signals. On heating, the two signals
become well resolved into a broad signal at 8.1ppm and a sharpsignal at 7.6ppm,
see Figure 4.9. The presence of two signals in this region is indicative of amide
protons in two different (chemical) environments. A sharp signal is suggestive of a
higher mobility, which is likely to arise due to the presenceof free amide protons
incorporated in the fold, whereas the broad signal originates from amide protons
within the hydrogen bonded sheets which have a restricted mobility, see Figure 4.7.
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Figure 4.8: 1H MAS spectra of PA4,6 crystallized from the melt, from formic acid, and from
water, all at 27◦C.

It should be emphasized that the NMR studies are performed onsingle crystal mats
prepared from dilute solution and thus possessing a high degree of crystallinity which
to a great extent rules out the possibility of a mobile component originating from
non-crystalline regions. On heating from 27◦C to 117◦C, the broad signal at 8.1ppm
hardly shifts or sharpens, while the signal at 7.6ppm sharpens and shifts to lower
ppm values (7.0ppm at 117◦C). These changes are observed for the amide protons of
both solution crystallized samples, independent of the solvent, acid or water. With
the sharpening of the amide proton signals, the signals associated to the methylene
protons also sharpen.
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Figure 4.9: 1H MAS spectra of (a) PA4,6 crystallized from formic acid and (b) PA4,6
crystallized from water at 27◦C, 67◦C, and 117◦C.

4.10 Different mobility of the water molecules in the
samples crystallized from acid and water

It is expected that water molecules will be present in the polyamide merely by
adsorption from the air. As stated before a1H double-quantum filtered NMR
spectrum has been used to identify that the signals at 4.1ppmand 5.0ppm are due to
water. It should be noted that the mobility of the associatedwater is highly reduced
compared to that of free bulk water, which exhibits a line width of 0.007ppm at 27◦C.
At 27◦C, Figure 4.9(a) shows a sharp signal at 4.1ppm and Figure 4.9(b) shows a
broader signal around 5.0ppm, both originating from the water protons. This shows
that independent of the crystallization conditions, watermolecules are present in the
solution crystallized PA4,6. It is important to note that the water molecules present
in the melt and acid crystallized samples have a different chemical shift compared to
the water molecules in the water crystallized sample (see Figure 4.8). This indicates
that the environment of the water molecules in the two solution crystallized samples
is notably different.

In the sample crystallized from formic acid, the sharp watersignal shown in
Figure 4.9(a) shifts on heating to 67◦C to lower ppm values (3.7ppm) and decreases
in intensity. On further heating to 117◦C a further decrease in signal intensity
occurs combined with a simultaneous shift to lower ppm values. Within the defined
temperature range, both effects are indicative of the weakening in the binding strength
of the water molecules. Unlike the water protons from the acid grown crystals,
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the water signals in the water grown crystals observed at 5.0ppm hardly shifts on
heating, i.e. no decrease in intensity and only a slight sharpening of the signal
is observed. Thus the coordination of the water in the water grown crystals is
considerably different to that of the water present in the acid grown crystals.

4.11 Location of the water molecules in the samples
crystallized from acid and water

As already mentioned,1H double quantum filtration suppresses the water signal
due to the fast local reorientations of the water molecules.Therefore the spatial
proximity between the water molecules and other proton sites of the polymer cannot
be probed by double-quantum NMR methods but rather by Nuclear Overhauser
Enhancement Spectroscopy (NOESY) techniques. A two-dimensional NOESY
correlation spectrum of the PA4,6 crystallized from formicacid recorded with 10ms
NOE transfer time at 67◦C and 30kHz MAS is given in Figure 4.10(a). As expected,
NOE contacts are found between all the proton sites along thepolymer, including
the amide proton. In order to quantify the NOESY intensitiesof the water proton
with other sites in the sample, a slice taken from the two dimensional NOESY data
set at the water signal (3.7ppm, under the experimental conditions), as indicated by
the red line in Figures 4.10(a) and 4.10(b) is compared with the 1H MAS spectrum
of the sample under the same experimental conditions, givenby the black line in
Figure 4.10(b). The NOESY data and the MAS spectrum of the acid crystallized
sample show similar relative intensities and line widths for all the different1H sites
of the sample, keeping in mind that the water signal in the NOESY data cannot be
interpreted, since it results from untransferred1H polarization of the water molecules.
Thus, it depends strongly on the NOE contact time rather thanthe individual NOE
transfer efficiency of the other proton sites with the water.On close inspection of the
NOESY intensities, the sharp amide signal at 7.6ppm is slightly reduced with respect
to the other signals, whereas the broad amide signal at 8.1ppm is more pronounced.

The two dimensional NOESY NMR spectrum recorded under the same
experimental conditions on the water crystallized sample,shown in Figure 4.11(a),
exhibits broader NOE signals than the sample crystallized from formic acid.
Comparing the NOESY signals taken from the two-dimensionaldata set at the
position of the water signal (indicated by the red line in Figures 4.11(a) and 4.11(b))
with the 1H MAS spectrum recorded under the same experimental conditions (see
black line in Figure 4.11(b)), the line broadening of the NOEsignals becomes
evident. Moreover, the intensity of the aliphatic signals are significantly reduced,
whereas the broad signal at 8.1ppm of the amide protons gainsin intensity. Note that
the intensity of the sharp amide signal at 7.6ppm is stronglyreduced so that it appears
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Figure 4.10: (a) 2D and (b) 1D1H NOESY spectrum at 30kHz MAS of PA46 crystallized
from formic acid at 67◦C using a mixing time of 10ms. (b) also shows the1H MAS spectra
(black) recorded under the same experimental conditions.

only as a small shoulder on the broad amide signal.
To summarize, two different chemical environments for the amide proton

within the solution crystallized samples exist; by comparison with the published
crystallographic representation3 one can assume that one amide resides on the crystal
surface and the other within the crystal in the hydrogen bonded sheets. These two
chemical environments give rise to the two amide proton signals in the acid and water
crystallized samples; a broad, almost temperature independent signal at 8.1ppm and
a sharp signal at 7.6ppm, which sharpens and shifts towards lower ppm values upon
heating. The sharp proton signal at 7.6ppm is assigned to themore mobile amide
proton on the crystal surface, whereas the broad proton signal at 8.1ppm originates
from the amide proton in the hydrogen bonded sheets. In Figures 4.11(a) and 4.11(b)
the signal at 5.0ppm, assigned to the immobilized water molecules in the water
crystallized sample, exhibits a high NOE transfer rate to the rigid amide positions
in the hydrogen bonded sheets, whereas the NOE transfer to the more mobile amide
positions in the folds is strongly reduced. In the acid crystallized sample, the NOE
transfer signals of the water protons are basically unselective. Only the NOE transfer
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Figure 4.11: (a) 2D and (b) 1D1H NOESY spectrum at 30kHz MAS of dried water grown
PA46 single crystal mats at 67◦C using a mixing time of 10ms. (b) also shows the1H MAS
spectra (black) recorded under the same experimental conditions.

rate to the mobile amide site in the chain folds is lower due totheir higher mobility.
The water present on the crystal surface evaporates at around 100◦C (this will

be discussed in more detail in Section 4.14), whereas the water bound within the
hydrogen bonded sheets is retained even at 127◦C. The latter is the case even when
the sample is left at 127◦C for 20hrs at a rotor speed of 30kHz. From these findings
it can be conclusively stated that water bound to the crystalexists in two different
chemical environments – on the crystal surface as seen in thePA4,6 crystallized under
normal circumstances, i.e. from formic acid, or within the hydrogen bonded sheets if
the sample is crystallized from superheated water. To further investigate the influence
of water on hydrogen bonding, FTIR studies are performed.
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Figure 4.12: FTIR spectra obtained when heating dried water crystallized PA4,6 from 30 to
300◦C at 10◦C/min. The spectra are recorded at regular intervals of 10◦C.

4.12 Influence of water on the hydrogen bonding within the
crystal

Solid state NMR studies performed on the water and acid crystallized samples
conclusively demonstrate the presence of water molecules in the vicinity of the amide
groups within the lattice and at the crystal surface. In thissection we investigate the
influence of water molecules on the vibrational bands of the amide groups. For the
FTIR studies, PA4,6 crystallized from water is compared to PA4,6 crystallized from
formic acid and from the melt.

Figure 4.12 shows the FTIR spectra obtained on heating the dried water
grown crystals of PA4,6 on a ZnSe disc at 10◦C/min from 30 to 300◦C. Each
spectra is recorded whilst holding at a constant temperature in regular intervals of
10◦C. Figures 4.12(a) and 4.12(b) show spectra in the frequencyrange of 3600 to
2000cm−1 and 1700 to 1300cm−1, respectively. All spectra are normalized relative
to the methylene bands between 3000 and 2800cm−1.47 The prominent bands in
Figure 4.12(a) are the NH stretch vibration at 3315cm−1, the Amide II overtone at
3075cm−1, and the methylene bands between 3000 and 2800cm−1. At 30◦C all bands
are superimposed on an underlying broad band ranging from 3200 to 2300cm−1. The
underlying broad band disappears at higher temperatures.

On heating the dried water grown PA4,6 crystals, the NH stretch band at
3315cm−1 shows a remarkable behavior; initially from 30◦C to 180◦C the band
intensity remains approximately constant, but from 180◦C the band intensity
increases, reaching a maximum at 250◦C. On heating the sample further, the band
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Figure 4.13: Normalized area of the (a) NH and (b) C=O vibrational bands ofPA4,6
crystallized from water, formic acid, and the melt. The normalization has been done relative
to the methylene bands between 3000 and 2800cm−1.
intensity decreases with the onset of the melt at∼295◦C.8 This behavior is shown
more clearly in Figure 4.13(a) where the area of the NH stretch band at 3315cm−1 is
plotted against temperature for the dried PA4,6 crystals grown from water showing
the increase in area of this band on heating from 180 to 250◦C. An increase in the
intensity of this band would occur if the mobility of the NH group is being reduced,
for example as would happen if the hydrogen bond strength is increased.

For comparison, the area of the NH stretch vibration of PA4,6crystallized from
formic acid and PA4,6 crystallized from the melt are also plotted, see Figure 4.13(a).
The area of the NH stretch band of the PA4,6 crystallized fromformic acid remains
approximately constant prior to the melt, whereas the NH stretch vibration of melt
crystallized PA4,6 shows a steady decrease before melting.From 250 to 300◦C,
the area of the NH band of the three differently crystallizedsamples approach each
other as melting occurs. Therefore, if one assumes that at 30◦C water resides
within the lattice for water grown PA4,6 crystals as suggested by the NMR data,
the lower area of the normalized NH stretch band for the driedwater grown crystals
compared to the melt and acid crystallized samples, suggests that the presence of
water molecules within the lattice are influencing the NH stretch vibration. The NMR
data shown in Figure 4.11 shows an association of water molecules in the crystal
lattice with the NH group; preventing/shielding of the hydrogen bond formation
between adjacent polyamide chains occurs, leading to a greater mobility of the NH
group. For further insight into the assumption that the presence of water molecules
influences the hydrogen bonding in polyamides crystallizedfrom superheated water,
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the spectroscopic changes in the Amide I band, which is the C=O stretch vibration,
are investigated.

Figure 4.12(b) shows the Amide I vibration47 at 1640cm−1 for PA4,6 crystallized
from water. On heating, the intensity of the Amide I band remains approximately
constant up to 180◦C after which the band intensity increases, reaching a plateau at
250◦C. The area of the Amide I vibrational band depicted in Figure4.13(b) shows
a trend similar to the NH band area shown in Figure 4.13(a). Figure 4.13(b) also
depicts the areas of the Amide I band of PA4,6 crystallized from formic acid and
from the melt. Unlike the dried PA4,6 crystals grown from water, the area of the
Amide I band of the PA4,6 crystallized from formic acid and from the melt remain
nearly constant. Once melting occurs, the areas of the AmideI band of the three
differently crystallized samples approach each other. Similarly to the area for the NH
stretch band, the area of the Amide I band of the PA4,6 crystallized from water also
shows an increase between 180 and 250◦C. Considering the previous suggestion for
the influence of water upon the NH groups, it is logical that water molecules must
also reside in the vicinity of the amide groups, in agreementwith the NMR studies
reported earlier in this chapter. On heating, around 180◦C, as the tendency of the
water molecules to be associated to the amide group becomes less, the shielding of the
hydrogen bonds weaken, leading to the recovery of the intensity of the Amide I band.
This further strengthens the suggestion that the presence of water molecules within
the crystalline lattice weaken the hydrogen bonding between polymer chains. A
possibility for the positioning of these water molecules isdepicted in Figure 4.14(a).
The positioning of these water molecules within the folded hydrogen bonded sheets
is shown in Figure 4.14(b). If this projection for the position of the water molecules
is true, the emergence of new vibrational bands originatingfrom NH+3 and COO−

interactions are anticipated.
On heating from room temperature onwards, the other noticeable changes in

the temperature region of 180 to 250◦C, see Figure 4.12, are the disappearance
of the weak vibrational bands at 1561 and 1395cm−1 together with the broad
underlying band between 3200 to 2300cm−1. These changes become more evident
on subtraction of the vibrational spectra at 250◦C from the spectra at 30◦C, see
Figure 4.15(a). In contrast to the water crystallized sample, the melt crystallized
sample does not show the existence of two vibrational bands at 1561 and 1395cm−1,
even upon spectral subtraction as shown in Figure 4.15(b).

The band at 1561cm−1 is assigned to an asymmetric COO− vibration whereas
the band at 1395cm−1 can be assigned to a symmetric COO− vibration.69 The very
broad vibration between 3200 and 2300cm−1 originates from a primary amine NH+3
ion.69 The appearance of these vibrations at 30◦C indicates that an intermediate
structure exists in the dried crystals grown from water which is absent in the crystals
grown from acid or from the melt. On heating above 180◦C, the intermediate
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Figure 4.14:Possible positioning of the water molecules in the proximity of the amide groups
in the crystal lattice of PA4,6. (a) shows the water molecules in close proximity of the amide
groups, (b) shows the water molecules as incorporated in thehydrogen bonded sheets; the
water molecules are shown in red for clarity. Note that the water molecules are highly mobile,
and therefore not limited to one amide position, but most likely shared between various amide
groups.
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Figure 4.15: FTIR spectra of (a) dried water grown PA4,6 single crystals and (b) PA4,6
crystallized from the melt. Both figures show the spectra at 30 and 250◦C as well as the
spectral subtraction of these two spectra.

structure present in the crystals grown from water gets disrupted resulting in the
gradual disappearance of these bands. Thus it can be concluded that water molecules
encapsulated in the crystal lattice are responsible for theorigin of the bands at 1561
and 1395cm−1 and the broad underlying band between 3200 and 2300cm−1. The
suggested position of water in the polyamide lattice, Figure 4.14(a), could indeed
give rise to the new vibrations seen in Figure 4.12, as the coupling of the oxygen
in the water molecule with the carbonyl group gives rise to the appearance of the
symmetric and asymmetric COO− vibrations whereas the hydrogens in the water
molecule couples with the NH in the amide group to form an NH+3 group.

On heating, once the water molecules become sufficiently mobile to move out of
the vicinity of the amide groups, the hydrogen bonding between the NH and carbonyl
groups of the neighboring chains is restored. This phenomenon results in the recovery
of the band intensity and the disappearance of the symmetricand asymmetric COO−
vibrations and the NH+3 vibration. Normally free water molecules leave a polymer
around 100◦C, however the bound single water molecules incorporated within the
PA4,6 crystal lattice can only leave the polymer above 180◦C, well above the boiling
point of water. This is because a boiling point is a bulk property; hence single water
molecules do not show a boiling point. The driving force for the removal of the water
molecules from the crystal lattice is likely to be the crank-shaft motion that the CH2
groups in the main chain will acquire with increasing temperature.105

The FTIR spectra shown in Figure 4.12 further confirm that little or no hydrolysis
of the PA4,6 has occurred during sample preparation. If hydrolysis of the amide
groups had taken place, an ester-carbonyl band at 1740cm−1 and an amine band
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at 3400cm−1 should have been present. The absence of these bands confirmsand
further strengthens the conclusions already drawn previously in this chapter; the
dissolution of PA4,6 in superheated water is a physical process and not merely a
chemical hydrolysis of PA4,6.

4.13 Water present in a polymer crystal lattice

The NMR results presented above strongly suggest the presence of water at two
distinctly different positions of the crystal lattice. Water molecules present near the
amide group on the crystal surface are shown to be highly mobile. The presence of
water on a crystal surface is a well-known occurrence. In proteins for example, there
is a layer of water molecules close to the surface of the protein molecule.48

The incorporation of water molecules as part of the crystal lattice is however
a lesser known anomaly. Srikrishnan and Parthsarathy91 showed for the first time
how water molecules are “sandwiched” between pyrimidine bases. In their study the
most remarkable feature is the location of the water molecules which are positioned
between successive, parallel pyrimidine bases. The water molecules are held in
position by a strong hydrogen bond from the carbonyl group. Indeed, carbonyl
groups often accept hydrogen bonds simultaneously from main-chain NH and water
molecules in�-helices,�-turns, and�-sheets.49 Bluhm et al.9 also showed the
presence of a water sandwich between layers of a polysaccharide where the water
molecules are intercalated in the unit cell. The incorporation of water molecules
in other macromolecules has also been explored by Maréchal71, 72 who showed the
incorporation of water molecules in polysaccharides by following the hydration
mechanism.

In a separate study Parthsarathyet al.76 showed that tripeptides are stabilized by
two water molecules which enable the peptides to complete a turn of the helix and
extend the helical structure throughout the crystal by linking peptides by hydrogen
bonds. The extension of the helix through the crystal takes place by connecting
translationally related molecules along a cell edge by using one or two water
molecules. The water molecules provide the type of hydrogenbond typical of the�-helix. Hence the tripeptide molecules not only assume a helical conformation in
the solid state, but are also able to extend the helix with just a few water molecules.

Water molecules are also frequently observed inserted between NH and C=O
groups in�-helices.48 Evidence of water molecules between the NH and C=O groups
is also seen in the FTIR data shown above. Iizuka44 showed an interesting molecular
model for spider silk where neighboring segments of each subunit are hydrogen
bonded between the peptide groups through water molecules.Here water molecules
form an integral part of the crystal’s hydrogen bonded network.
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Bella et al.7 showed that water molecules are organized in a semi-clathrate
like structure that surrounds and interconnects triple helices in the crystal lattice of
collagen peptide. Harlow36 showed how water molecules co-crystalize with a RGD
peptide, where the water molecules are positioned in the voids/channels of the peptide
crystals to form a clathrate-like structure. Savage86, 87 also showed water molecules
present in the crystal structure of vitamin B12 co-enzymes.

All the above works and our observations do therefore point to the highly
likely scenario that, upon crystallization from dilute PA4,6 solution, water is indeed
incorporated into the polyamide lattice in the vicinity of the amide groups in the
crystalline lattice acting as a bridge between successive hydrogen bonded sheets and
screening hydrogen bonding interactions. Upon heating these crystals, it should be
possible to “drive off” the water at elevated temperatures.

4.14 Removal of water molecules

We now return to our previous discussion on the heats of fusion presented earlier in
Section 4.4. If water molecules are indeed bound to the amidegroups in the crystal,
these water molecules should exit the polymer well above 100◦C and should also be
readily measurable with thermogravimetric analysis (TGA). High resolution TGA is
used to improve the resolution of any possible weight loss. Figure 4.16 shows the
derivative weight loss with respect to time on heating PA4,6crystallized from formic
acid and from water from 30 to 500◦C. The weight loss of the two samples generally
follow the same trend with the exception that the water crystallized sample shows an
event between 180 and 250◦C. This event suggest the possible exit of water molecules
from the polymer.

Tables 4.1 and 4.2 summarize the melt and dissolution temperatures as well as
the heats of fusion obtained for DSC runs on PA4,6 crystallized in various ways
as shown in Figures 4.3 and 4.17. When acid crystallized PA4,6 is heated the
polymer shows two peaks at 285◦C and 289◦C with a total heat of fusion�H = 106J/g
(see Figure 4.17(c)). When melt crystallized PA4,6 is heated the polymer melts
at a similar temperature of 286◦C, but now has a much lower�H = 84J/g. This
reduction in the heat of fusion in the melt crystallized sample in comparison to the
acid crystallized sample can be attributed to a lower crystallinity and a less perfect
crystal packing in the melt crystallized sample.

When acid crystallized PA4,6 is heated in the presence of water, dissolution
of the polymer in the superheated water occurs at 185◦C with a�H = 106J/g (see
Table 4.2). The heat of fusion involved during the dissolution of the acid crystallized
PA4,6 is similar to the heat of fusion involved in melting theacid crystallized PA4,6.

The PA4,6 that is dissolved in superheated water is crystallized and all excess
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Figure 4.16: High resolution TGA for PA4,6 crystallized from formic acidand from water.
Considering the changes in the FTIR spectra, the weight lossabove 180◦C in the water
crystallized sample is associated to the removal of water molecules from the crystal lattice.

water is allowed to evaporate under ambient conditions. On heating the dried water
crystallized PA4,6 three thermic events occur as shown in Figure 4.17(a). A broad
exotherm is observed between 200 and 230◦C (see Figure 4.17(b) for more detail)
with a �H = 14J/g and a melting endotherm is observed at 290◦C (with a shoulder
at 273◦C) with a total�H = 106J/g. The exotherm between 180 and 230◦C is
remarkable and does not return on a second heating, i.e. whenthe same sample
is crystallized from the melt, nor does the shoulder at 273◦C. In the second heating
run an endotherm is observed having a peak temperature at 287◦C with a�H = 84J/g.
Clearly the polymer did not succumb to degradation because of the comparable heats
of fusion between the second melting endotherm of the water crystallized PA4,6 and
the melt crystallized PA4,6. We propose that the exothermicevent seen results from
water molecules, which are located in the vicinity of the amide groups, exiting the
polymer, resulting in a strengthening and reorganization of the hydrogen bonds as
shown in the FTIR data in Figure 4.13.

Finally, when the water crystallized sample is redissolvedin superheated water a
dissolution temperature of 195◦C is obtained with a�H = 79J/g. The heat of fusion
is now much lower than when dissolving the acid crystallizedPA4,6 in water. This
is most likely due to weakening of the hydrogen bond strengthdue to the presence of
water molecules within the crystal lattice.

The DSC trace of the first heating run of the water crystallized PA4,6 shown
in Figure 4.17(a) shows a reorganization/crystallizationin the same temperature
region where the weight loss occurs in the TGA data (Figure 4.16). In this
temperature region the strengthening of the hydrogen bondsis seen in the FTIR data
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(Figure 4.13). This experimental evidence strongly suggests that water molecules
are present in close proximity to the amide groups and disturb the hydrogen bonds
between the recurring amide groups. On heating above the Brill transition the water
molecules exit the polymer. These events shown in the TGA andDSC data between
180 and 230◦C are in agreement with the disappearance of the symmetric and
asymmetric COO− vibrations and the NH+3 band observed in the FTIR spectra. The
water molecules are most likely shared between different amide groups in a three-
dimensional structure causing substantial changes in the NMR and FTIR spectra. The
water molecules present in the unit cells are likely to be highly mobile, more mobile
than the time resolution of the spectral techniques used in this study. Therefore only
average spectral data can be collected.

Although only a small number of water molecules are present in the polymer
(evident from the low response in the TGA), their presence isnonetheless sufficient
to account for the disappearance of certain bands in the FTIRdata and the notable
shift observed in NMR spectra of the water crystallized PA4,6 at the temperature
where the water molecules are expelled from the crystal lattice. The findings reported
here strongly suggest that this small amount of the water molecules is sufficient to
influence the hydrogen bonding. It is most likely that the water molecules within the
sheets are highly mobile, rather than bound to a specific amide position. Compared
to the reported findings on hydrate crystals of M5, where the alternating layers of
water molecules present in the lattice causes modificationsin the X-ray diffraction
pattern, more specifically the 200 reflection increases by 17% when water molecules
are present in the M5 crystal lattice,58 in the dried PA4,6 crystallized from water no
changes in the X-ray diffraction pattern is observed. Furthermore, water molecules
present in rigid polymers have a tendency to form mobile clusters. Only at extremely
low concentrations are water molecules expected to be present separately, without
hydrogen bonds forming between them. We have found no evidence of water
clusters in the FTIR data where one would expect an OH-vibration if such clusters
were indeed present. The absence of these clusters and of anymodifications in the
X-ray diffraction pattern arises due to the small amount of water molecules present
within the lattice and their freedom to move. This hypothesis has been addressed
in a model hydrogen bonded system which is based on an ester amide N,N’-
1,2-ethanediyl-bis(6-hydroxyhexanamide) (EDHA) where no chain folding and/or
amorphous regions are present which indeed supports our finding.34, 35
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Figure 4.17: (a) shows DSC traces of PA4,6 crystallized from water (PA46 WC) during
the first and second heating runs (1H and 2H) respectively. (b) is a magnification of the
temperature region 150 to 250◦C shown in (a). Remarkable is the exothermic event which
occurs in the first heating run of water crystallized PA4,6 between 180 and 230◦C. This event
is not repeated in the second heating run. (c) shows the DSC trances of PA4,6 crystallized
from formic acid (PA46 FA) and from the melt (PA46 MC).
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4.15 Conclusions

From the experiments performed here it is evident that superheated water is a
good solvent for polyamide 4,6. In the presence of superheated water the melting
temperature of the polymer is suppressed. Within the given experimental time scale
for the DSC, FTIR and X-ray studies reported in this chapter,the molar mass of the
polymer after dissolution can be considered to be constant;strengthening the concept
that the dissolution of nylon is a physical process. However, hydrolysis occurs if the
polymer is retained in the water solution above its dissolution temperature for longer
times (>10 minutes). Solution grown crystals from water form singlecrystals where
the chains are perpendicular to the basal plane having four monomer units forming a
lamellar thickness of 6nm. These observations indicate thepresence of tight hairpin-
like folds with an amide group incorporated in the fold. The adjacently re-entrant
chains within the crystal lead to the formation of hydrogen bonded planes. These
observations are in agreement with the earlier reported findings on PA4,6 crystallized
from an organic solvent3 – confirming that the superheated state of water is a good
solvent for PA4,6 and this method of dissolution and recrystallization yields PA4,6
single crystals.

Solid state NMR studies performed on the single crystals show two distinct
proton mobilities for the amide groups located at the crystal surface and within
the hydrogen bonded sheets. The proton mobility of the amidegroup on the
crystal surface is noticeably higher than that of the amide groups within the
lattice, confirming the presence of a free proton in the tightfolds as envisaged
by Atkins et al.3 The free proton present on the crystal surface is likely to adsorb
water molecules from the atmosphere making PA4,6 more hygroscopic compared
to other nylons that have methylene units in the folds. For crystals grown from a
superheated water solution, the1H MAS NMR spectra show the presence of water
with a significantly reduced mobility and different chemical environment compared
to the water present in the acid grown crystals. The NOESY spectra confirm the
interaction of these water molecules with the protons of theamide groups in the
crystal lattice.

In the FTIR spectroscopy, the presence of water molecules within the lattice
influences the hydrogen bonding, resulting in a decrease in the area of the amide
bands, and the appearance of two new vibrational bands arising from COO− and
NH+3 vibrations. With the removal of the water molecules upon heating above
180◦C, the hydrogen bonding between the carbonyl and NH groups isrestored.
High resolution TGA combined with DSC, solid state NMR, and FTIR spectroscopy
conclusively demonstrate the presence of water molecules which, though present in
only a small amount, are likely to be within the crystal lattice in the vicinity of the
amide groups.
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Crystallization of polyamide 6,6 from
superheated water – implications for
the � and � crystal structures

Here we show that polyamide 6,6 (PA6,6) dissolves in superheated
water at 190◦C and crystallizes in predominantly the�-structure, i.e. a
progressive shear conformation between the hydrogen bonded sheets.
However, a small portion of the PA6,6 crystallizes in the�-structure,
an alternately up-and-down sheared conformation, due to the presence
of water molecules incorporated in the crystal lattice. These water
molecules exit from the lattice at the Brill transition temperature as
observed by an exotherm in DSC traces. The presence of the�-structure
is seen by weak 110, 100, and 020 reflections in the WAXD data and
a small angle diffraction peak at 6nm, in comparison to the expected4

5.4nm for pure�-structured PA6,6. The presence of the�-structure in
the water crystallized PA6,6 causes several conformational changes in
the methylene units directly surrounding the amide groups.

5.1 Introduction

Polyamide 6,6 (PA6,6) is an engineering plastic used in a wide variety of applications
such as (reinforcement) fibers, insulation, upholstery, clothing, etc., and is also
perhaps the most extensively studied member of the polyamide family. The
Brill transition, for example, was first reported for PA6,6 in 1942.11 Since then,
Brill transitions have been reported for many other polyamides.50 The Brill
transition is characterized by a change from a low temperature triclinic/monoclinic
crystal structure to a high temperature pseudo-hexagonal phase, which is in turn
characterized by the convergence of the two strong interchain and intersheet

73
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Figure 5.1: Projections of polyamide 6,6 structures, adapted from Jones et al.51 Here we
adopt the nomenclature used by Bunn and Garner.13 (a) A single hydrogen bonded sheet with
a progressive chain shear of 13◦. (b) Viewing parallel to the sheets shown in (a) illustrating
the progressive shear between sheets in the�-structure. The unit cell of the�-structure isa = 0.49nm,b = 0.54nm, = 1.72nm,� = 48.5◦, � = 77◦, and = 63.5◦.13 (c) Viewing
parallel to the sheets shown in (a) illustrating the alternating shear in the direction of the-axis typical of the�-structure. The unit cell of the�-structure isa = 0.49nm,b = 0.80nm, = 1.72nm,� = 90◦, � = 77◦, and = 67◦.13 Here hydrogen is white, oxygen is red, nitrogen
is blue, and carbon is silver-grey.

reflections to a single reflection in WAXD. The Brill transition is dependent
on thermal history and crystallization conditions, and reported Brill transition
temperatures for PA6,6 range from 190 to 260◦C.22, 79

The unit cells for many polyamides are often modelled on, or compared to, the
unit cell for PA6,6 first reported by Bunn and Garner13 in 1947. In order for all the
amide units in a chain-folded PA6,6 sheet to form hydrogen bonds, the hydrogen
bonded chains must be progressively sheared, with the chainaxis tilted at an angle
of ∼13◦ to the normal of the chain folded sheet edge as shown in Figure5.1(a).51

PA6,6 is known to crystallize in two different structures known as the�- and�-structures respectively, where the�-structure consists of progressively sheared
hydrogen bonded sheets, and the�-structure consists of alternately up-and-down
sheared hydrogen bonded sheets; see Figure 5.1 for more details. In the majority
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of solution grown, chain folded lamellae, the hydrogen bonded sheets stack with a
pronounced (∼42◦) progressive shear as shown in Figure 5.1(b), i.e. an�-structure.
Also for PA6,6 the most common room temperature structure isa triclinic crystal
structure with the unit cell tilted at 42◦ with respect of the lamellar normal such that
the (00l) planes are parallel to the lamellar surface.26, 40 The PA6,6 lamellae contain
3.5 chemical repeat units with the chains being adjacently re-entrant and the fold
contained in the diacid alkane segment of the repeat unit.4

In its folding behavior PA6,6 differs from polyamide 4,6 (PA4,6); although PA4,6
contains 4 repeat units per lamellar thickness and the chains are adjacently re-entrant,
the fold is not present in an alkane segment of the chain, but in the amide group.
Therefore PA4,6 contains an amide group on the surface of thelamellae3 whereas
PA6,6 contains an alkane unit on the lamellar surface.

The perfect crystal packing of PA4,6 is obtained by solutioncrystallization.3

Recently we have used a new solvent for PA4,6, namely superheated water, to
study the crystallization behavior.82, 106 It was found that on crystallization from
superheated water, PA4,6 packs into 6nm lamellae with intersheet and interchain
distances of 0.44nm and 0.37nm. Furthermore it was shown that when in the
dissolved state, the amide groups interact with the superheated water molecules, and
on crystallization water molecules are incorporated in thePA4,6 crystal lattice in
proximity of the amide groups.

The use of superheated water as a solvent for polyamides provides the possibility
for an environmentally friendly processing route. For thisreason it is important
to know and understand how PA6,6, the most commonly used polyamide, reacts
to superheated water. Also, the crystal structure, fold mechanism, and chain
orientation to the lamellar normal of PA6,6 differs considerably from PA4,6. It is
therefore important to investigate how these differences influence the dissolution and
crystallization process of PA6,6 in superheated water. This process is investigated
using differential scanning calorimetry (DSC), simultaneous small and wide angle
X-ray diffraction (SAXS/WAXD), and infrared spectroscopy(FTIR).

5.2 Experimental description

The polymer used in this study is a commercially available PA6,6, produced by
BASF under the tradename Ultramidr AS2700. A film is prepared by dissolving
the polymer in formic acid (5g/l) and subsequently solvent casting the polymer onto
a glass plate after which the solvent is allowed to evaporate.30 Melt crystallized
material is obtained by heating the acid crystallized material to the melt and cooling
to room temperature at 10◦C/min using a Linkam TMS94 hotstage.

DSC, FTIR spectroscopy, high resolution WAXD, and simultaneous SAXS/



76 Chapter 5

0 20 40 60 80 100

140

160

180

200

220

240

260

PA6,6 concentration in H
2
O [%]

T
em

pe
ra

tu
re

 [º
C

]

 

 
Heating endset
Cooling onset

Figure 5.2: Influence of polymer concentration on the dissolution of PA6,6 in water. The
phase diagram is constructed from the measured end point of the dissolution endotherms and
the onset point of the crystallization exotherm, for various concentrations of PA6,6 in water.
All lines serve as a guide to the eye.

WAXD together with the WAXD data corrections are performed as discussed in
Appendix A.

5.3 Phase behavior of PA6,6 in superheated water

Figure 5.2 shows the end point of the DSC endotherm obtained during the second
heating run of PA6,6 in the presence of superheated water. From WAXD it is known
that this point represents the temperature at which the polyamide has dissolved
completely in the superheated water. Figure 5.2 shows both the end of dissolution
and the onset of crystallization temperatures as a functionof polymer concentration
in water. Both the dissolution and crystallization temperatures show an increase with
increasing polymer concentration from 190◦C for the dissolution temperature and
160◦C for the crystallization temperature from∼55wt% polyamide. The general
trend set by the dissolution and crystallization temperatures confirms that, just as for
PA4,6, superheated water is a solvent for PA6,6.

In an interesting study in which the phase behavior of PA6,6 in both subcritical,
i.e. superheated, and supercritical water is investigated, the dissolution of PA6,6 in
superheated water was observed at∼237◦C for 11% polyamide in water.89 Visually
the authors were able to confirm that the PA6,6 turned transparent on heating in the
presence of water. On dissolution the sample is seen to disperse homogeneously
throughout the experimental pressure chamber to fill it completely. On cooling, the
solution crystallized to form a suspension of, what the authors called, nylon-like
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Table 5.1: Melting temperatures and heats of fusion of PA6,6 crystallized from formic acid,
water, and the melt.

Melting temperature �H
shoulder peak

PA6,6 from formic acid 255◦C 265◦C 106J/g
PA6,6 from water 258◦C 267◦C 97J/g
PA6,6 from melt 253◦C 263◦C 76J/g

Table 5.2: Dissolution temperatures and heats of fusion in superheated water of PA6,6
crystallized from water and formic acid.

Dissolution �H
temperature

PA6,6 from formic acid 184◦C 132J/g
PA6,6 from water 190◦C 81J/g

material. The authors89 left the PA6,6 in solution at 264◦C for ∼12min. From the
research performed on the dissolution of PA4,6 in superheated water we know that
if left in solution for more than 10 minutes, severe degradation/hydrolises is to be
expected, confirming these author’s observations that the remaining material in their
pressure chamber was nylon-like, showing properties related to polyamides, but was
different from the original sample.

To obtain an estimate of possible hydrolysis in our PA6,6 samples, heats of fusion
are investigated. By DSC 106J/g is required to melt an acid crystallized PA6,6 sample
whereas 132J/g is required to dissolve the same sample in superheated water, which
are both notably higher than the 76J/g required to melt a meltcrystallized sample
(Tables 5.1 and 5.2). The heat of fusion for dissolving PA6,6in superheated water
is slightly higher that the heat of fusion involved when melting PA6,6. Possibly
this is due to the substantially lower dissolution temperature in comparison with
the melting temperature. Also, with increasing temperature the hydrogen bonding
becomes progressively weaker, though remaining intact up to melting/dissolution.
The hydrogen bond strength will therefore be higher at the dissolution temperature
than at the melt temperature, therefore leading to a higher heat of fusion for the
dissolution process in comparison to the melt process. Upona second heating run of
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dissolving PA6,6 in superheated water only 81J/g is required to dissolve the sample.
If this water crystallized sample is dried, i.e. after removing all excess water, 97J/g
is required to melt the sample. These results are similar to the enthalpy’s reported for
melting and dissolution of PA4,6 reported in Chapter 4. Also, these results confirm
that the dissolution of PA6,6, similar to PA4,6, proceeds via a physical process as
opposed to a chemical hydrolysis/degradation process.

5.4 Single crystals grown from superheated water

To perform TEM and electron diffraction studies of water crystallized PA6,6, the
polyamide is allowed to crystallize from a dilute solution,forming a suspension
which is placed on a carbon coated copper TEM grid coated withgold as an internal
diffraction reference. The excess water is allowed to evaporate under ambient
conditions overnight. Figure 5.3 shows the TEM and electrondiffraction images
obtained for water crystallized PA6,6 crystals. The crystals appear lath-like and
are∼4�m in length, similar to PA6,6 single crystals grown from 1,4-butanediol.51

The electron diffraction pattern of the water grown crystals shown in Figure 5.3(b)
clearly demonstrates the single crystal nature of these crystals, showing three Bragg
reflections at 0.364± 0.015nm, 0.376± 0.018nm, and 0.436± 0.007nm which are
indexed as the 100, 010, and 100 reflections respectively.3 These crystals show
similarities to the water grown PA4,6 crystals shown in Chapter 4.

The sample stage was not rotated to determine the angle between the lamellar
normal and the hydrogen bonded sheets, although the incident electron beam is likely
parallel to the chain axis and close to 42◦ to the lamellae normal. It is therefore not
possible to estimate the crystal structure,� or �, when PA6,6 is crystallized from
superheated water. However, the obtained diffraction patterns are very similar to
the diffraction patterns obtained for PA6,6�-structures grown from solvents such as
1,4-butanediol.51 It is therefore likely that on crystallization from superheated water,
the PA6,6 crystallizes into the�-structure, the most common crystal structure for
PA6,6.51, 53

To probe the crystal thickness along the-axis of the water grown single
crystals together with morphological and crystallographic changes, time resolved
SAXS/WAXD is performed during heating/cooling a dried, sedimented PA6,6 single
crystal mat. Also high resolution WAXD could provide more insight into the
crystallization process of PA6,6 from superheated water.
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(a) (b)

Figure 5.3: (a) shows lath-like single crystals obtained on crystallizing PA6,6 from water in
a dilute solution. (b) shows an electron diffraction pattern from these crystals containing the
100, 010, and 110 diffraction signals and their corresponding negative pairs. The incident
electron beam is parallel to the chain axis and close to 42◦ to the lamellae normal shown
in (a). The outer diffraction rings are from the gold coatingused as an internal calibration
reference.

5.5 High resolution WAXD

High resolution WAXD is performed on PA6,6 on the Materials Science beamline
(ID11) at the ESRF. These experiments are essential due to the high resolution
achievable on this beamline which enables us to study poorlyresolved or weak
reflections, not (readily) detectable on the simultaneous SAXS/WAXD data obtained
from ID02 shown later in this chapter.

Figure 5.4 shows the WAXD patterns for PA6,6 crystallized from the melt (MC),
from superheated water (WC), and after the water crystallized sample has been heated
to 240◦C allowing the excess water to evaporate, note that this temperature is below
the melt temperature of PA6,6, and cooled to room temperature (WE). Additionally
the figure shows the predicted diffraction patterns for boththe�- and�-structures of
PA6,6 according to the model given by Bunn and Garner.13

The melt crystallized spectrum shows two strong reflectionsat 6.5◦ (0.44nm) and
7.4◦ (0.38nm) known as the 100 interchain/intrasheet and 010 intersheet reflections,
respectively. The melt crystallized diffraction pattern corresponds with the calculated�-structure with the exception of the intersheet reflection.This discrepancy in the
assignment of the intersheet reflection can normally be circumvented by annealing
the melt crystallized sample at elevated temperatures.70 The water crystallized
pattern shows a well resolved pattern which also closely matches the�-structure
with the exception of weak reflections at 6.0◦ (0.47nm), 6.7◦ (0.42nm), and the
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Figure 5.4: High resolution WAXD of PA6,6 crystallized from the melt (MC), from
superheated water (WC), and after the water crystallized sample is heated to 240◦C and
cooled down (WE). All images are at 50◦C. Additionally the calculated powder diffraction
patterns2 from an atom filled unit cell for the�- and�-structures of PA6,6 is also shown as
determined by Bunn and Garner.13 The data is plotted as a function of2� for clarity according
to Bragg’s law, where� = 2d sin � with wavelength� = 0.04956nm.

intersheet reflection at 7.7◦ (0.37nm) being unexpectedly broad. The�-structure of
PA6,6 shows relatively strong reflections at 6.0◦ which is the 110 reflection; at 6.7◦

which is the 100 reflection; and at 8.0◦ which is the 020 reflection. The presence
of a small amount of�-structured PA6,6 present in the predominantly�-structured
PA6,6 would account for the additional (weak) reflections observed for the water
crystallized PA6,6.

The sample is subsequently heated to 240◦C, i.e. below the melt temperature
of PA6,6 but above the Brill transition temperature and cooled back to 50◦C; the
resulting diffraction pattern is shown in Figure 5.4 markedWE. After heating the
intensity of the reflections associated to the�-structure have decreased, whereas
the reflections related to the�-structure, especially the 002 reflection, increases in
intensity. The 001 and 002 reflections arise due to order along the polymer chain.94

Especially the 002 reflection is strong for PA6,6 which emanates from planes passing
through the amide groups. The (002) plane is inclined at a substantial angle of 42◦ to
the -direction.3 An increase in the intensity of the 002 reflection could therefore
be the result of a reorganization along the polymer chain. The WE sample also
shows a weak reflection at 7.0◦ (0.41nm) which is likely a reminiscence of the high
temperature pseudo-hexagonal phase which is observed above the Brill transition
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temperature. The presence of the high temperature pseudo-hexagonal phase at room
temperature is observed more readily in polyamides that show the presence of both
the �- and �-structures and much less frequent in polyamides showing only the�-structure.53 The presence of this high temperature phase in PA6,6 is observed
at room temperature when the polymer is quenched rapidly from the melt88, 94 and
is generally not observed in PA6,6 single crystals.53 The presence of the high
temperature phase at 50◦C could indicate that cooling proceeded too rapidly to allow
for a full transition to the low temperature triclinic structure, or it relates to the
presence of both the�- and�-structures observed in the water crystallized PA6,6.

5.6 Simultaneous SAXS/WAXD

PA6,6 single crystal mats are prepared by filtering a dilute suspension of water
crystallized single crystals through a Büchner funnel. This single crystal mat
is allowed to dry under ambient conditions before performing simultaneous
SAXS/WAXD on the sample.

Figure 5.5 shows X-ray diffraction patterns recorded during the heating/cooling
run of a dried sedimented crystal mat between 50 and 250◦C at a rate of 10◦C/min.
Figure 5.5(a) shows the WAXD patterns of the solution grown crystals. The starting
values for the interchain and intersheet distances of 0.38nm and 0.45nm respectively
are comparable to the crystals grown from other solvents.3 Note that here the
weak reflections observed in Figure 5.4 indicative of the�-structure are not seen.
Likely this is due to the lower resolution in the WAXD data on the ID02 beamline
in comparison to the ID11 beamline. On heating, the room temperature triclinic
structure changes into the high temperature pseudo-hexagonal structure at∼220◦C
at the Brill transition temperature. This Brill transitiontemperature compares well
with the Brill transition temperature reported for solution grown PA6,6 crystals.51

The single crystal mat is heated to 250◦C, i.e. just below the melt temperature
of ∼265◦C,51 before cooling to 50◦C. On cooling the crystals transform into the
triclinic phase at∼160◦C. However, between 160 and 110◦C remnants of the high
temperature pseudo-hexagonal phase are observed. Only after cooling to well below
the Brill transition temperature do all of the high temperature phase transform into
the low temperature triclinic phase. It is however also possible that reminiscence of
the high temperature phase is still present in the sample at 50◦C, similar to that seen
in Figure 5.4. Should this indeed be the case the informationis not visible on the
diffraction patterns, likely due to the low resolution of the obtained WAXD data on
the beamline.

The simultaneously recorded SAXS data shown in Figure 5.5 shows a single
diffraction peak at∼6nm, which on heating starts to increase between 200 and 250◦C,
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Figure 5.5: Simultaneous SAXS/WAXD patterns collected on heating a PA6,6 single crystal
mat (PA6,6 was crystallized from water and sedimented to form a mat) from 50◦C to 250◦C
and cooling from 250◦C to 50◦C; both at 10◦C/min.
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Figure 5.6: FTIR spectra of melt crystallized (MC), water crystallized(WC), and acid
crystallized (AC) PA6,6 at 30◦C from (a) 3600 to 2600cm−1 and (b) 1500 to 1100cm−1.
finally reaching a maximum of∼10nm. On cooling between 200 and 110◦C the
position of the peak decreases to∼8nm, remaining approximately constant below
110◦C.

When PA6,6 crystallizes in the�-structure, with 3.5 monomer repeats per fold,
the SAXS peak should be positioned at∼5.4nm when grown from 1,4-butanediol
solution as reported by Atkinset al.4 Annealing results in better defined, more regular
lamellae. Annealing above 230◦C can however alter the basic lamellar structure
where the crystals tend to thicken to multiples of the original crystals, where 11nm
thick crystals usually result.4 Also, on crystallization from the melt, PA6,6 shows
long spacings between 6 and 10nm, depending on the crystallization conditions.94

The water crystallized PA6,6 mat initially shows a lamellarthickness of 6nm,
which is comparable to the solution crystallized lamellae,yet relatively low in the
range of lamellar thicknesses observed for melt crystallized PA6,6. The deviation
from the expected 5.4nm for the solution crystallized PA6,6could arise from a larger
variation/distribution in the lamellar thicknesses present in the water crystallized
sample or a variation in the angle of tilt of the hydrogen bonded sheets to the lamellar
normal. The�-structure has a tilt of 42◦, whereas the�-structure has no tilt, the
sheets are perpendicular to the lamellar normal. A mixture of �- and�-structures,
with possible transition regions between the two structures could account for the
observed discrepancies.
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Table 5.3: The main amide bands present in melt/acid crystallized and water crystallized
PA6,6. Here vs = very strong, s = strong, m = medium, and w = weak.

Water Melt and acid
Band assignment

crystallized crystallized

3296 vs 3302 vs NH Stretch14, 24, 69

3188 w 3192 w NH stretch and Amide (I+II) overtone14, 69

3061 m 3065 m NH stretch and Amide II overtone14, 69

1635 vs 1636 vs Amide I (CO stretch)69

1541 s 1541 s Amide II (in-plane NH deformation, with
CO and CN stretch)14, 24, 69

1363 m 1371 m Amide III coupled with hydrocarbon skeleton14, 24

CN stretch and in-plane NH deformation22

1284 m 1276 m Amide III coupled with hydrocarbon skeleton22, 24

1200 m 1201 m Amide III couples with hydrocarbon skeleton
“crystalline” band

942 m 934 m Amide IV (C-CO stretch)47, 111

690 m 688 m Amide V (NH out of plane scissoring)24

Table 5.4: The main “Brill” bands present in melt/acid crystallized and water crystallized
PA6,6. Here m = medium, w = weak, and vw = very weak.

Water Melt and Acid
Band assignment

crystallized crystallized

1389 w – CH2 twisting/wagging47

– 1330 vw CH2 wagging/twist and Amide III22, 103

1303 m 1303 vw CH2 twist46, 47

– 1225 m CH2 twisting/wagging47

– 1180 w CH2 twisting47

– 1066 vw Skeletal C-C stretch47

1140 w 1140 w Skeletal C-C stretch,47 gauche conformation22

– 906 w CH2 rocking22, 47, 111
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Table 5.5: The main methylene stretching and scissoring bands presentin melt/acid
crystallized and water crystallized PA6,6. Here s = strong,m = medium, w = weak,
vw = very weak, and sh = shoulder.

Water Melt and Acid
Band assignment

crystallized crystallized

2945 s 2945 vw CH2 �-NH asymmetric stretch22

– 2934 s CH2 �-NH asymmetric stretch22

2909 w 2908 sh CH2 -NH and�-CO asymmetric stretch22

2875 m 2875 m CH2 �-NH symmetric stretch22

– 2858 s CH2 �-NH and-NH symmetric stretch22

2825 w – CH2 �-CO symmetric stretch22

1480 m 1475 m CH2 scissoring next to NH group,
trans conformation22

1465 m 1465 m CH2 scissoring for all methylenes not
next to amide group111

1416 s 1416 m CH2 scissoring next to CO group,
trans conformation22

– 730 w CH2 rocking24, 47, 113

5.7 Conformational changes

Figure 5.6 shows the FTIR spectra of PA6,6 crystallized fromsuperheated water,
formic acid, and the melt where the spectra have been normalized with respect of
the methylene bands between 3000 and 2600cm−1. The melt and acid crystallized
spectra are very similar, but differ significantly from the water crystallized spectrum.
The bands and their assignments are shown in Tables 5.3, 5.4,and 5.5.

The most significant differences between the melt/acid crystallized samples in
comparison to the water crystallized sample is in the methylene units. The CH2
symmetric and asymmetric stretch vibrations, and the CH2 twisting, rocking, and
wagging vibrations all show large differences between the two samples. The CH2
twisting, wagging, and rocking vibrations at 1180, 1066, 1041, 906, and 731cm−1
are absent in the water crystallized sample. Together with these methylene vibrations,
the Amide III vibration, which is sensitive to changes in theconformation of the
main chain, moves from 1276 to 1284cm−1. There are also similarities between the
samples; the methylene bands at 1465 and 1416cm−1. The band at 1465cm−1 is
attributed to the main chain methylene units which apparently are unaltered between
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Figure 5.7: DSC results obtained for PA6,6 crystallized from water (WC), melt (MC), and
acid (AC). Additionally, the second heating run, i.e. aftermelting, of the water crystallized
sample is also shown (WC2).

the samples. This implies that the differences between the samples originates at the
amide group, and not the main polymer chain. On heating the water crystallized
sample above 200◦C, its spectra become very similar to that of the melt/acid
crystallized samples.

5.8 DSC on dried water crystallized PA6,6 crystals

As mentioned previously in this chapter, on crystallization from superheated water,
PA6,6 crystallizes to form a crystal suspension, which is subsequently allowed to dry
ambiently. DSC results of these dried crystals are shown in Figure 5.7 together with
the results for PA6,6 crystallized from formic acid and fromthe melt.

The most striking observation is the presence of an exothermat 197◦C for the
water crystallized sample. This exotherm is not observed for the acid or melt
crystallized samples. When the water crystallized sample is heated a second time to
the melt, trace WC2 in Figure 5.7, this exotherm is no longer observed. The presence
of the exotherm at 197◦C correlates well with the Brill transition temperature of
210◦C seen in Figure 5.5(a). These observations are similar to the observations for
PA4,6 as shown in Figure 4.17.
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5.9 Influence of superheated water on the PA6,6�- and�-structures

The presence of two crystal structures, i.e.�- and�-structured PA6,6, in the water
crystallized sample could cause the differences observed in the methylene units
between the melt/acid and water crystallized samples and explain the differences
between the samples seen in the WAXD and SAXS data. The formation of a�-structure in PA6,6 single crystals is not common; usually only the �-structure
is observed in chain-folded PA6,6 lamellar crystals.51 The�-structure consists of
progressively sheared hydrogen bonded sheets, although the degree of intersheet
shear varies between different polyamides. The alternatingly sheared hydrogen
bonded sheets typical of the�-structure are commonly found in other polyamides
such as PA6,8.50 The formation of the�- or �-structure depends on the
particular polyamide under consideration, and to some extent on the crystallization
conditions.50

From the work presented in Chapter 4 we know that the behaviorseen in the
DSC traces for the water crystallized PA6,6 could indicate the presence of water
molecules in the crystal lattice which exit from the proximity of the amide groups
on heating above the Brill transition. Although only one crystal structure is observed
for PA4,6, the intercalation of water molecules in the crystal lattice in the vicinity of
the amide groups and the subsequent behavior on heating the samples in the DSC is
similar to that observed for PA6,6. It is likely that a similar event occurs for PA6,6; on
crystallization from superheated water, water molecules are incorporated in the PA6,6
crystal lattice in close proximity of the amide groups causing the hydrogen bonded
planes to slip, leading to the formation of the�-structure. A possible co-existence
of the�- and�-structures is shown schematically in Figure 5.8. This representation
is based on the model proposed by Bunn and Garner13 for the co-existence of the
two phases. It is known that the amount of water molecules intercalated into the
polyamide structure is very small;106 this might explain why the�-structure is only
weakly observed in the X-ray data.

In Chapter 7 we will show a similar behavior for PA2,14 where the presence of
two crystal structures is also observed on crystallizationfrom superheated water.

5.10 Conclusions

The dissolution of PA6,6 in superheated water occurs at 190◦C and on crystallization
from a dilute water solution, single crystals are formed which appear to have
mostly the �-structure. However, a small, but not negligible portion ofthe
polyamide crystallizes in the�-structure as observed by high resolution WAXD.
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a

b

a

Figure 5.8: Representation of a possible co-existence of the�- and�-structures in water
crystallized PA6,6 after the model proposed by Bunn and Garner.13 The lines represent
hydrogen bonded sheets seen edgewise. Likely the water molecules cause the hydrogen
bonded sheets to slip, altering the predominantly�-structure observed in PA6,6 to the�-structure.

The co-existence of two structures causes a slightly higherlamellar thickness of
6nm in comparison to the expected 5.4nm for solution grown PA6,6 crystals.4 Bunn
and Garner13 already envisaged the co-existence of the�- and�-structures with an
intermediate transition region between the two structures. It seems plausible that
on crystallization from superheated water the PA6,6 crystallizes in both the�- and�-structures where the water molecules most likely promote the formation of the�-structure. The water molecules incorporated in the crystal lattice in the proximity
of the amide groups cause the hydrogen bonded sheets to slip,probably facilitating
the formation of the�-structure.

On heating the water crystallized PA6,6 which shows both the�- and�-structures
above the Brill transition temperature, the water molecules at the position of the
amide groups escape from the lattice. This causes an exotherm at the expected
Brill transition temperature in DSC traces. Above the Brilltransition temperature
the polyamide chains are more mobile, allowing for lamellardoubling to occur to
values similar to those reported in literature.4, 94
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Dissolution and crystallization of other
even–even polyamides in superheated
water

With the help of DSC we demonstrate that superheated water
is a solvent for several even-even polyamides. For the polyamides
investigated, the diacid chain length does not influence thetemperature
(186± 3◦C) at which dissolution of 30wt% polyamide in water occurs.
The dissolution temperature of the polyamide in water is determined
by the length of the diamine unit. On heating dried, water crystallized
polyamide single crystal mats to the melt an exothermic event below
the melting temperature is observed. This holds true for many of the
polyamides investigated. From previous work106 it is known that this
exothermic peak arises from water molecules that are encapsulated in
the crystal lattice on crystallization from superheated water. The water
molecules exit from the lattice when heating the mats above the Brill
transition temperature. It can therefore be proposed that the even-
even polyamides investigated here also show the intercalation of water
molecules in the crystal lattice in the vicinity of the amidegroups.

6.1 Introduction

Polyamides, commonly known as nylons, are a class of materials with a high
chemical resistance to many materials such as hydrocarbons, oils, and cleaning
solutions. Hence the reason why polyamides have found such awide application
range. This chemical resistance is in many instances a desirable property; however
for solution processing it becomes an undesirable property. There are only a limited
number of solvents available for solution processing polyamides; the most common

89
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are organic acids, phenols, diols, fluoor-compounds, and other oxidizing agents.8 All
of these solvents are essentially ecologically unfriendly.

As shown in Chapter 4, superheated water is a solvent for polyamide 4,6 (PA4,6).
Water has the potential to be an environmentally friendly alternative to acids and
phenols in the solution processing of polyamides. For such apossibility to be feasible
water has to be a solvent for a wide range of commercially available polyamides
with different chain lengths, such as polyamide 6,6 (PA6,6), polyamide 6 (PA6),
polyamide 6,10 (PA6,10), and polyamide 6,12 (PA6,12).

In this chapter the commercially available even-even polyamides PA4,6, PA6,6,
PA6,10, and PA6,12 are investigated. A comparative study isperformed using
differential scanning calorimetry (DSC) and infrared spectroscopy (FTIR). To better
understand the influence of methylene chain length on the dissolution behavior
of polyamides in water, these polyamides are also compared to the synthesized
polyamide 12,6 (PA12,6) and polyamide 2,14 (PA2,14).

6.2 Experimental description

The polyamides used here are the commercially available PA6,6 Ultramidr AS2700
from BASF, PA4,6 Stanylr from DSM, PA6,10 and PA6,12 are purchased from
Aldrich. The synthesis and characterization of PA12,6100, 101 and PA2,1498 are
described elsewhere. A film is prepared by dissolving the polymers in formic acid
(5g/l) and solvent casting the polymers onto a glass plate after which the solvent
is allowed to evaporate.30 Melt crystallized material is obtained by heating acid
crystallized films to the melt and cooling to room temperature at 10◦C/min using
a Linkam TMS94 hotstage. DSC is performed on the polyamide films as discussed
in Appendix A.6.

6.3 Dissolution of even-even polyamides in superheated
water

Figure 6.1(a) shows the temperature of the end of dissolution endotherm of
PA6,6, PA6,10, and PA6,12 in superheated water as a functionof the polyamide
concentration. All three polyamides show an increase in dissolution temperature with
decreasing water concentration. For PA6,6 there is no influence of concentration on
the dissolution temperature below∼50wt% polyamide in water, whereas for PA6,10
and PA6,12 this trend is seen for concentrations below∼70wt%. The cause of this
difference in the polymer concentration at which the dissolution plateau occurs is a
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result of differences in molecular weight. Here PA6,6 has a higher molecular weight
than PA6,10 and PA6,12.

Figure 6.1(b) shows the influence of diacid chain length on the melt and
dissolution temperatures for PA6,y, where y = 6, 10, 12. Herethe dissolution
temperature is taken at∼30wt% polyamide concentration, i.e. where polymer
concentration no longer has an influence on the dissolution temperature. The melt
temperatures show a decrease with increasing diacid methylene chain segment length.
This is in line with earlier published results27, 50 and is related to a decreasing
hydrogen bond density with increasing diacid chain length.The dissolution
temperature however remains approximately constant at 186± 3◦C, albeit for only
three data points. This implies that for the polyamides shown in Figure 6.1, the
dissolution temperature is independent of the diacid chainlength. It might be possible
however that for polyamides with long alkane segments, suchas polyamide 6,24
and polyamide 6,34,27 that the dissolution temperature could prove to be lower than
186◦C as the overall hydrogen bond density decreases with increasing diacid chain
length. This will be shown to be the case in Chapter 7. However, based on our
observation for the shown diacid chain length, we will assume no (or only very minor)
influence of this length on the dissolution temperature.

To determine the possible influence of the diamine chain length on the dissolution
process, the PAx,6 family, where x = 4,6,12, is investigated. Figure 6.2 shows
the influence of varying the diamine segment length in the polyamide main chain.
Figure 6.2(a) shows the phase diagram for PA4,6, PA6,6, and PA12,6 in superheated
water. From∼60wt% polymer in water, concentration no longer has an influence
on the dissolution temperature. Figure 6.2(b) shows the dissolution temperature at
30wt% polyamide in superheated water as a function of the diamine chain length.
Here a clear decrease in the dissolution and melt temperatures is seen. This could
imply that the number of methylene groups in the diamine partof the polyamide
chain is the governing factor in determining the dissolution temperature.

In Chapter 2 it is shown that the Brill transition is related to disorder in the main
chain methylene units, and is determined by the motions of the CH2 groups next to
the amide groups. However, there is a larger influence comingfrom the CH2 unit
next to the NH group than from the CH2 unit next to the CO group. Therefore it
is reasonable to conclude that the dissolution of a polyamide is determined by the
length of the diamine unit in the polyamide chain and not by the length of the diacid
unit.
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Table 6.1: The table summarizes DSC results obtained on melting various polyamides. The
Brill transition temperature is also given for these polyamides. These values are taken from
literature.50, 105 In all events the maximum temperature of the endo or exothermis given. For
certain polyamides two endotherms or an endotherm togetherwith an exotherm are observed
on melting; for these polyamides both peak maxima are given.The heat of fusion is for the
total endotherm.

Exotherm Endotherm
Polyamide Crystallization T �H Tm Tm �H TB
PA2,14

water (1H) 164◦C 22J/g – 241◦C 82J/g
water (2H) – – – 238◦C 82J/g
formic acid – – – 240◦C 45J/g
melt – – – 236◦C 80J/g 165◦C

PA4,6
water (1H) 220◦C 22J/g – 290◦C 106J/g
water (2H) – – – 287◦C 84J/g
formic acid – – – 289◦C 106J/g 245◦C
melt – – – 286◦C 84J/g

PA6,6
water (1H) 197◦C 25J/g 258◦C 267◦C 97J/g
water (2H) – – 253◦C 261◦C 76J/g
formic acid – – 255◦C 265◦C 106J/g 230◦C
melt – – 253◦C 263◦C 76J/g

PA6,10
water (1H) 208◦C 19J/g – 227◦C 90J/g
water (2H) – – – 220◦C 57J/g
formic acid – – – 225◦C 97J/g 220◦C
melt – – – 223◦C 57J/g

PA6,12
water (1H) – – 203◦C 215◦C 93J/g
water (2H) – – 200◦C 215◦C 53J/g
formic acid – – 203◦C 215◦C 103J/g 215◦C
melt – – 198◦C 214◦C 59J/g

PA12,6
water (1H) – – – 195◦C 30J/gb
water (2H) – – – 207◦C 26J/g
formic acid – – 223◦C 226◦C 39J/g 183◦C
melt – – 209◦Ca 222◦C 33J/ga exothermb very broad endotherm
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Figure 6.1: (a) Phase behavior of polyamide 6,6 (PA6,6), polyamide 6,10(PA6,10), and
polyamide 6,12 (PA6,12) in superheated water. Here the end of the melt/dissolution
endotherm is shown. This is the temperature at which the polyamide has completely
melted/dissolved. All lines serve as a guide to the eye. (b) Comparison between the melt (Tm)
and dissolution (Td) temperatures at 30wt% in water for the polyamide 6,y (PA6,y) family.
Here◦ is taken from this work,• is taken from literature.27, 50
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Figure 6.2: (a) Phase behavior of polyamide 4,6 (PA4,6), polyamide 6,6 (PA6,6), and
polyamide 12,6 (PA12,6) in superheated water. Here the end of the melt/dissolution
endotherm is shown which is the temperature at which the polyamide has completely
melted/dissolved. (b) Dissolution temperature at 30wt% polyamide in superheated water
for the polyamide x,6 (PAx,6) family. All lines serve as a guide to the eye.
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Figure 6.3: Optical micrograph of PA6,12 crystals grown from water.

6.4 Crystallization of even-even polyamides from
superheated water

In the previous section it is shown that superheated water isa good solvent for various
even-even polyamides. On cooling the water solution, the polyamide crystallizes
from the solution, forming a suspension of single crystals in water. The excess water
is allowed to evaporate under ambient conditions. Optical microscopy and DSC is
performed on the thus obtained crystal mats.

Figure 6.3 shows an optical micrograph of water grown PA6,12crystals. The
micrograph shows many large needle-like crystals up to 100�m in length. Similar
needle-like crystals are obtained for PA12,6, PA2,14 and PA6,10 on crystallization
from superheated water.

Table 6.1 gives a summary of the DSC results obtained when heating different
polyamides crystallized from superheated water, formic acid, and the melt to the melt.
From the results the presence of an exotherm for the water crystallized polyamides is
immediately apparent for PA2,14, PA4,6, PA6,6, and PA6,10.Although the position
of this exotherm varies for the different polyamides, the heat of fusion involved is
similar, all are in the order of 20J/g. The position of the exotherm closely matches
the (expected) Brill transition temperature for the various polyamides. For PA6,12
and PA12,6 no such exotherm is observed. Likely this is because the Brill transition
is too close (or even coincides) with the melt temperature.
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6.5 Conclusions

Superheated water is a solvent for the investigated even-even polyamides. The
dissolution temperature is determined by the length of the diamine unit and not by
the length of the diacid unit of the polyamide chain. This is related to the methylene
group next to the NH unit having a larger influence on the dissolution temperature
than the methylene group next to the CO unit.

Furthermore, many of the dried water crystallized even-even polyamides
investigated show an exothermic event in the vicinity of theBrill transition prior
to melting. The work presented in Chapter 4 shows that this exothermic event is due
to water molecules which are trapped in the polyamide crystal lattice exiting from
positions close to the amide group when heating the water crystallized polyamide
above the (expected) Brill transition temperature. Indeed, for the water crystallized
polyamides that do not show such an exotherm prior to melting, the Brill transition
coincides, or closely matches, with the melt temperature.



Chapter 7

The influence of superheated water on
hydrogen bonding in piperazine based
(co)polyamides

Here we demonstrate that superheated water is a solvent for
polyamide 2,14 and piperazine based copolyamides up to a piperazine
content of 62mol%. The incorporation of piperazine allows for a
variation of the hydrogen bond density without altering thecrystal
structure, i.e. the piperazine units co-crystallize with the PA2,14 units.39

It is shown that the crystallization of PA2,14 from superheated water
greatly influences the crystal structure. Water molecules incorporated
in the PA2,14 crystal lattice cause a slip on the hydrogen bonded
planes; resulting in a co-existence of a triclinic and a monoclinic crystal
structure. On heating above the Brill transition, the watermolecules exit
from the lattice, restoring the triclinic crystal structure. Incorporation of
piperazine into the PA2,14 chain results in a decrease in thehydrogen
bond density. With increasing piperazine content, the dissolution
temperature decreases. It is only possible to grow single crystals from
superheated water up to a piperazine content of 62mol%. For these
single crystals, the incorporation of water molecules in the vicinity of
the amide group is seen by the presence of COO− stretch vibrations
using FTIR spectroscopy. These vibrations disappear on heating above
the Brill transition temperature and the water molecules exit from the
amide groups. For copolyamides with more than 62mol% piperazine
no Brill transition is observed,105 no single crystals can be grown from
water, and no water molecules are observed in the vicinity ofthe amide
groups. The high piperazine content (co)polyamides have less hydrogen
bond donors, and are therefore less likely to have any interactions with
the water molecules. This work demonstrates the relation between the
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Brill transition, the dissolution of polyamide in superheated water, and
its influence on the hydrogen bonds and the amide groups.

7.1 Introduction

The thermal properties in polyamides are largely due to the hydrogen bonds present
between recurring amide groups. By varying the density of these hydrogen bonds it
is possible to greatly influence the polyamide’s physical properties;27 less hydrogen
bonds generally imply a lower melting temperature. A readily available route to
change the hydrogen bond density is to change the length of the aliphatic portions
in the linear polyamide chains, which results in a change in the spatial separation
between the amide groups, and hence an overall change in the hydrogen bond
density.12 An alternative is to replace the amide group with a differentchemical unit
that reduces the possibility of hydrogen bond formation, but has similar structural
features as the amide group. Piperazine is an example of sucha chemical unit. When
varying piperazine concentrations are incorporated in a polyamide 2,14 (PA2,14)
backbone, a set of copolymers as shown schematically in Figure 7.1 are obtained.
Piperazine residues incorporated in the polyamide chain donot contain any amide
hydrogens and are therefore only hydrogen bond acceptors and not hydrogen bond
donors.39, 98, 105The PA2,14 units can act as hydrogen bond donors and acceptors. By
introducing piperazine into the chain, the overall hydrogen bond density decreases.

Copolyamides of polyamide 2,14 (PA2,14) and polyamide piperazine,14
(PApip,14)39, 98 are synthesized from 1,12-dodecanedicarboxylic acid and variable
amounts of 1,2-ethylenediamine and piperazine. A range of copolyamides
(PA2,14-co-pip,14) with a piperazine content ranging from 30 to 90mol%are
prepared together with the homopolymers PA2,14 and PApip,14. The copolymers
exhibit a decrease in melting and crystallization temperature with increasing
piperazine content.98 Although the introduction of a rigid cyclic monomer usually
leads to an increase in melting temperature with respect to the homopolymer due
to an increased rigidity of the polymer chain, and, consequently, in a decrease of
the gain in entropy upon melting,98 the reduced possibility of the piperazine units to
form hydrogen bonds overrules this effect. Additionally upto a piperazine content of
62mol%, the PA2,14 and PApip,14 units co-crystallize into acommon crystal lattice,
which differs only slightly from the PA2,14 crystal lattice.39 For a piperazine content
of 90mol% and higher, the crystal structure is distorted from that of PApip,14. For
an intermediate piperazine content of 70mol% and 82mol%, a co-existence of the
PA2,14 and PApip,14 crystal structures is observed.39 It is further concluded that
the piperazine rings incorporated into the copolyamides are planar to the hydrogen
bonded sheets, the sheets being shear to one another.
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Figure 7.1: Chemical structure of (a) 1,2-ethylenediamine-based and (b) piperazine-based
repeat units.

The effect of temperature on the (co)polyamides is investigated in Chapter 2.
Upon heating many polyamides show a Brill transition,11, 50which entails a solid state
crystalline transition from the low temperature triclinicphase to the high temperature
pseudo-hexagonal phase, i.e. in WAXD, the 100 reflection related to the interchain
distance and the 010 reflection related to the intersheet distance merge into a single
reflection. The series of (co)polyamides are investigated,and it is found that the Brill
transition is independent of the piperazine content,105 despite changes in the melt
and dissolution temperatures. It is shown that the Brill transition temperature is not
related to the hydrogen bond density, but directly related to and primarily caused by
conformational changes occurring in the polyamide main chain, in particular in the
alkane segments.

In Chapter 4 it is shown using WAXD that polyamide 4,6 (PA4,6)can be
dissolved in superheated water at∼200◦C. This is well below the melting point
of ∼295◦C for PA4,6.8 Considering this information, it is interesting to learn how
the dissolution of a hydrogen bonded polymer in water is affected by the hydrogen
bond density. Additionally, the influence of the hydrogen bond density on the
(co)polyamides’ interaction with superheated water is significant. The series of novel
piperazine based (co)polyamides present a unique opportunity to study the effect
of reduced hydrogen bond formation on the dissolution process of polyamides in
superheated water.

The present chapter aims to give more insight into the effectof incorporating a
secondary diamide that reduces hydrogen bond formation on the dissolution process
in superheated water and the subsequent crystal structure.Initially, high pressure
differential scanning calorimetry (DSC) is performed for arange of (co)polyamide
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concentrations in water in order to investigate the dissolution process. The dissolution
process can also be followed by wide angle X-ray diffraction. Single crystals
grown from an aqueous solution are investigated by transmission electron microscopy
(TEM). To determine the influence of water molecules on hydrogen bonding and
other conformation changes, Fourier transform infrared (FTIR) spectroscopy studies
are performed.

7.2 Experimental description

The homopolymers PA2,14 and PApip,14 as well as copolymers PA2,14-co-pip,14
are synthesized via a polycondensation reaction of 1,12-dodecanedicarbonyl
dichloride and varying amounts of 1,2-ethylenediamine andpiperazine as described
elsewhere.98 The piperazine based copolyamides used in this study have a piperazine
molar fraction of 0.30, 0.46, 0.54, 0.62, 0.82, and 0.90. These copolymers are
referred to as coPA 0.30 through to coPA 0.90, respectively.

DSC is performed on the as-synthesized (co)polyamide and water as described
in Appendix A.6. Simultaneous SAXS/WAXD is performed on theas-synthesized
(co)polyamides as discussed in Appendix A.2.2 using the in-house designed pressure
cell shown in Appendix A.1. The WAXD data is corrected as described in
Appendix A.2.3. TEM and FTIR spectroscopy is performed on the water crystallized
(co)polyamides as discussed in Appendix A.3 and A.4.

7.3 Dissolution behavior of piperazine based
(co)polyamides

DSC is used to follow the phase behavior of PA2,14 and its piperazine based
copolymers in water, where the latter acts as a solvent when in the superheated
state.82, 106, 108 Figure 7.2 shows the results obtained from DSC measurementson
the (co)polyamides in the presence of superheated water. Here the end temperature
of the endotherms as a function of polymer content in water are plotted. The
temperature represents the temperature at which the polymer is completely dissolved
in superheated water as confirmed by WAXD.

Figure 7.2(a) shows the phase behavior of several piperazine based copolymers
and the homopolymers PA2,14 and PApip,14 in water as a function of polymer
concentration in water. All lines serve as a guide to the eye.The general observation
is that the dissolution temperature increases with increasing polymer content. In
a heating run, with increasing temperature, conformational changes in the main
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Figure 7.2: Influence of polymer concentration on the dissolution temperature of the
piperazine based (co)polyamides in water. (a) shows the phase diagram that evolved
from the measured temperatures of the end of the DSC dissolution endotherms for
various concentrations of (co)polyamide in water. Here• = PA2,14; ◦ = coPA 0.30;
� = coPA 0.54;♦ = coPA 0.62;∗ = coPA 0.90; and△ = PApip,14. (b) shows the melt and
dissolution temperatures as a function of piperazine content. Here a - melt data taken from
Vanhaechtet al.;98 b - dissolution temperature X-ray diffraction data for 30wt% polyamide
in water; and c - plateau dissolution temperature DSC data. All lines serve as a guide to the
eye. Heating rate applied during the X-ray diffraction and DSC experiments is 10◦C/min.

chain occur. With the incoming of gauche conformers in the main chain, the chain
starts to apply an increasing strain on the hydrogen bonds. The gauche conformers
are localized in the alkane chain segments along the main chain and finally reach
the amide group.105 Due to the high mobility of these gauche conformers, the
superheated water molecules, which are highly mobile due tothe superheated
state,25, 56 have the opportunity to enter the crystal lattice and break the hydrogen
bonds between the amide groups.

In Figure 7.2(a) a guideline is shown at 30wt% concentration; a point within
the region where concentration no longer influences the dissolution temperature.
Three different temperatures can be distinguished; PA2,14and coPA 0.30 have a
dissolution temperature of∼200◦C, coPA 0.54 and coPA 0.62 have a dissolution
temperature of∼165◦C, and coPA 0.90 and PApip,14 have a dissolution temperature
of ∼118◦C. This is in accordance with the three distinct crystal types reported for the
copolymers;39 i.e. a PA2,14 type crystal lattice, a PApip,14 type crystal lattice, and
an intermediate structure which shows features of both the PA2,14 and PApip,14
structures respectively. The (co)polyamide’s dissolution temperature is therefore
related to the amount of piperazine present in the polymer and thus maybe directly
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related to the hydrogen bond density.
The influence of piperazine content on the dissolution process is shown more

clearly in Figure 7.2(b). The figure denotes the dissolutiontemperature at 30wt%
(co)polyamide in water as a function of piperazine content.The melt temperatures98

of the (co)polymers are also plotted for comparison. All lines serve as a guide
to the eye. The data are obtained from DSC experiments andin situ WAXD and
SAXS/WAXD experiments of the dissolution process performed on the beamlines
ID11 and ID02. The melt temperature decreases with increasing piperazine content.
This is because the hydrogen bond density decreases with an increase in piperazine
content. The incorporation of the secondary piperazine diamine results in a decreased
possibility of hydrogen bond formation because the piperazine residues are only
hydrogen bond acceptors, and therefore a decrease in enthalpy occurs due to weaker
interchain interactions. The incorporation of piperazineresidues however also results
in an increase in entropy due to an increase in chain rigidity. The reduced possibility
of hydrogen bond formation of the piperazine residues dominates the chain rigidity
aspect. The reduced melt temperature with increasing piperazine content is the
cumulative effect of both opposing phenomena.39, 98, 105 The difference in melt
temperatures is also mimicked by the dissolution temperature. Due to the weakening
hydrogen bond strength in the (co)polyamides with increasing piperazine content,
less gauche conformers are needed along the polymer main chain to allow for
the superheated water to disrupt the crystal lattice. The (co)polyamides rich in
piperazine are therefore expected to exhibit a lower dissolution temperature than the
(co)polyamides rich in 1,2-ethylenediamine.

The data presented in Figure 7.2 conclusively demonstratesthat water in the
superheated state is a solvent for the piperazine based (co)polyamides. The
data presented here further strengthens the notion that thedissolution of aliphatic
polyamides in superheated water is a universal phenomenon applicable to many
polyamides, whether synthetic or biological in nature.

7.4 Influence of superheated water on crystallography of
PA2,14

Figures 7.3(a) and 7.3(b) show the WAXD pattern of PA2,14 crystallized from the
melt (MC) and from water (WC). The melt crystallized sample shows a single sharp
reflection at 1.49◦, 001 reflection, and two broader reflections at 6.83◦, 100 reflection,
and 7.17◦, 010 reflection. The WAXD pattern for the melt crystallized PA2,14
compares well with other results.39, 68, 105 However, the WAXD pattern obtained for
PA2,14 crystallized from water is remarkably different from the melt crystallized
diffraction pattern. The water crystallized sample shows several additional sharp



102 Chapter 7

and broad reflections, see Figures 7.3(a) and 7.3(b), perhaps indicating a different
crystalline structure in comparison to the melt crystallized sample. Thus the unit cell
of PA2,14 needs to be considered.

The triclinic unit cell55, 68 for PA2,14 isa = 0:49± 0:01nm,b = 0:51± 0:01nm, = 2:23±0:01nm,� = 60±2◦, � = 77±1◦,  = 59±1◦. The predicted/calculated
WAXD pattern for the above mentioned unit cell is determinedusing PowderCell
2.462 and is also shown in Figure 7.3(b); for more information see Appendix B.
The positions of the calculated triclinic diffraction pattern compares well with
the experimental diffraction pattern of the melt crystallized sample. However, as
mentioned previously, the water crystallized sample showsa different diffraction
pattern from the melt crystallized sample. Several of the reflections in the water
crystallized diffraction pattern are either not present orshifted in the calculated
triclinic diffraction pattern. Studying the 001 reflectionfor the water crystallized
PA2,14 originating from the-axis of the unit cell more closely, see Figure 7.3(a),
it is apparent that next to the predicted/expected peak at 1.91nm there is also an
additional peak at 2.12nm. Both of these peaks must be correlated to the-axis,
which is 2.23nm. This indicates the possible presence of a different PA2,14 crystal
structure.

A second, monoclinic unit cell with parametersa = 0:46 ± 0:01nm,b = 0:41 ± 0:01nm, = 2:31±0:01nm,� = 113±1◦ is also shown in Figures 7.3(a)
and 7.3(b). The reflections which are poorly matched with thetriclinic unit cell are
fitted reasonably well by the monoclinic unit cell.

It is apparent from the calculated diffraction patterns forboth the triclinic and the
monoclinic unit cells that the reflections arising from the (010) planes and all planes
making a small angle with the (010) plane, that the calculated intensities are much
larger than the observed intensities, while the opposite istrue for planes perpendicular
to the (010) plane, i.e. the (100) planes. We were unable to reduce these discrepancies
in the atomic parameters. Two possible explanations exist for this discrepancy, and
indeed both could play a role in producing the observed effect.13 One is that the
thermal vibrations of the molecules are restricted due to the hydrogen bonds present
in the sheets resulting in lower vibrations in the (010) plane. Therefore the intensity
of the reflections from the (010) planes will be reduced in comparison to those from
other planes. A second explanation is a possible distortionof the crystals in the
direction normal to theb-axis due to the stacked hydrogen bonded sheet which make
up the crystals with van der Waals forces between the sheets.The sheets are flexible
in directions perpendicular to the sheets, but less flexible(and therefore less distorted)
within the sheets owing to the hydrogen bonding. The effect on the intensity would
be similar to that of thermal vibrations. It is likely that both processes play a role in
influencing the relative intensities.

Nonetheless, the WAXD pattern for the water crystallized PA2,14 suggests
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Figure 7.3: WAXD data of PA2,14. The graphs show the diffraction patterns of the melt
crystallized sample (MC), water crystallized sample (WC),and after heating the water
crystallized sample to 210◦C (WE). All results shown are at 50◦C. The calculated WAXD
pattern is based on a theoretical calculation of the computed unit cell. The triclinic unit
cell55, 68 is a = 0:49 ± 0:01nm, b = 0:51 ± 0:01nm,  = 2:23 ± 0:01nm,� = 60 ± 2◦,� = 77±1◦,  = 59±1◦. The monoclinic unit cell isa = 0:46±0:01nm,b = 0:41±0:01nm, = 2:31± 0:01nm,� = 113± 1◦. (c) shows the triclinic and monoclinic peak indexing in
more detail. Here the blue indices are triclinic, the red indices are monoclinic, and the black
indices are both for the triclinic and monoclinic structures. The data is plotted as a function
of 2� for clarity and is related tod-spacing according to Bragg’s law� = 2d sin �, plotted for
wavelength� = 0.04959nm.
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(a) (b)

(c)

Figure 7.4: TEM and electron diffraction images of PA2,14 crystallizedfrom superheated
water. (a) shows lath-like and needle-like structures. (b)is an electron diffraction image of
the lath-like structures. (c) is an electron diffraction image of the needle-like structures. The
outer rings shown in (b) and (c) originate from the gold used as a calibration reference.

the presence of both triclinic and monoclinic crystals. In Figure 7.4 the possible
co-existence of two crystals is investigated using TEM and electron diffraction
images for PA2,14 single crystals grown from water. Figure 7.4(a) shows the single
crystals obtained from PA2,14 where two distinct types of crystals are observed; lath-
like and needle-like crystals. The needle-like crystals are large structures (∼1mm)
easily visible under the optical microscope. The lath-likecrystals are much smaller in
dimension. Figures 7.4(b) and 7.4(c) show the electron diffraction patterns obtained
from the water grown PA2,14 single crystals. Two, distinctly different diffraction
patterns are observed; a pattern consisting of two (large) arcs oriented approximately
orthogonal to each other (Figure 7.4(c)) spaced at 0.44nm and 0.37nm, and a pattern
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displaying a six point symmetry (Figure 7.4(b)) with spacings of 0.42nm, 0.44nm,
and 0.42nm. The difference between these two patterns is striking, again suggesting
the presence of two crystal structures.

Figure 7.3(b) also shows the WAXD pattern obtained after heating the water
crystallized PA2,14 to 210◦C and subsequently cooling to 50◦C (WE). Note that the
PA2,14 is not melted. The diffraction pattern now resemblesthe diffraction pattern of
the melt crystallized sample. The additional reflections noted in the water crystallized
sample all disappear simultaneously at∼200◦C and do not reappear on cooling.

7.5 Conformational changes in water crystallized PA2,14

Figure 7.5 shows the FTIR spectra at 30◦C obtained when crystallizing PA2,14 from
superheated water and the melt. The melt crystallized spectra are taken from the
results presented in Chapter 2. The data is normalized to thearea under the methylene
bands between 2800 and 3000cm−1.

Figure 7.5(a) shows the spectral range between 3500 and 2700cm−1 and
is summarized in Tables 7.1 and 7.2. Figure 7.5(a) shows several remarkable
differences between the melt and water crystallized samples. Firstly, although the
position of the NH stretch vibration at 3302cm−1 is identical between the two
samples, the shape and area of the two are different. The NH stretch vibration
of the melt crystallized sample is much broader than the water crystallized sample
which shows a much sharper, narrower peak. This shows that the hydrogen bonds
between the two samples are significantly different. Additionally, the Amide I and
II overtone bands show a large shift in position: 3063cm−1 in the water crystallized
sample and 3085cm−1 in the melt crystallized sample. The fingerprint region of
the melt and water crystallized spectra between 1800 and 650cm−1 are shown in
Figures 7.5(b) and 7.5(c) together with their assignment inTables 7.1, 7.2, and
7.3. The most significant differences between the two samples are the amide bands,
certain methylene scissoring bands, and the so-called “Brill” bands. The figures
show the Amide I and II bands moving to lower wavenumbers on crystallization from
superheated water. This in an indication for more hydrogen bond formation.84 When
more hydrogen bonds are formed by the CO groups in the polyamide, the Amide I
vibration shifts to lower wavenumbers. This is consistent with the sharp NH stretch
vibration at 3302cm−1 observed for the water crystallized sample. The presence
of more hydrogen bonds in the water crystallized sample suggests that superheated
water is a good solvent for the PA2,14 and facilitates crystallization into a perfect
crystal packing. Next to the Amide I and II vibrations, the Amide III vibrations also
show significant changes between the two samples. Amide III vibrations are sensitive
to changes in the main chain methylene units.
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Figure 7.5: FTIR spectra of water crystallized (WC) and melt crystallized (MC) PA2,14 at
30◦C. (a) shows the spectra from 3450 to 2700cm−1, (b) from 1800 to 1300cm−1, and (c)
from 1300 to 650cm−1.

In Figure 7.5(a) the symmetric and asymmetric methylene stretch vibrations
show the most remarkable difference. The melt crystallizedsample shows the
symmetric and asymmetric vibrations at 2850 and 2919cm−1 respectively. The water
crystallized sample shows two additional vibrations at 2876 and 2945cm−1. These
two bands are also coupled to symmetric (2876cm−1) and asymmetric (2945cm−1)
CH2 vibrations. Methylene stretch vibrations, like in small cyclic alkanes, are known
to shift to higher wavenumbers when strained.69 Almost all of the “Brill” bands
summarized in Table 7.3 also show a variation between the twosamples. The most
important are the appearance of two bands at 1607 and 1455cm−1 in the water
crystallized sample. These are asymmetric and symmetric COO− vibrations69 which
may occur if the water molecules, incorporated in the crystal lattice, associate to the



The influence of superheated water on hydrogen bonding in piperazine based
(co)polyamides 107

Table 7.1: The main amide bands present in melt crystallized and water crystallized PA2,14.
Here vs = very strong, s = strong, m = medium, w = weak, and sh = shoulder.

Water Melt
Band assignment

crystallized crystallized

3302 vs 3302 s NH Stretch14, 24, 69

3200 w 3200 w NH stretch and Amide (I+II) overtone14, 69

3063 m 3085 m NH stretch and Amide II overtone14, 69

1638 vs 1644 s Amide I (CO stretch)69

1542 s 1556 s Amide II (in-plane NH deformation, with
CO and CN stretch)14, 24, 69

1283 m Amide III24

1263 sh 1263 m Amide III coupled with hydrocarbon skeleton14, 24

1200 m 1188 w Amide III coupled with hydrocarbon skeleton14, 24

crystalline band22

943 m 943 m Amide IV (C-CO stretch)47, 111

688 m 690 w Amide V (NH out of plane scissoring)24

Table 7.2: The main methylene stretching and scissoring bands presentin melt crystallized
and water crystallized PA2,14. Here vs = very strong, s = strong, m = medium, w = weak,
and sh = shoulder.

Water Melt
Band assignment

crystallized crystallized

2945 s – CH2 asymmetric stretch22

2919 s 2919 s CH2 asymmetric stretch22

2876 s – CH2 symmetric stretch22

2850 m 2850 s CH2 symmetric stretch22

1480 s – CH2 scissoring next to NH group,
trans conformation22

1466 s 1466 m CH2 scissoring for all methylenes not
next to amide group111

1447 m
1416 vs 1419 m CH2 scissoring next to CO group,

trans conformation22
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Table 7.3: The main “Brill” bands present in melt crystallized and water crystallized PA2,14.
Here vs = very strong, s = strong, m = medium, w = weak, and sh = shoulder.

Water Melt
Band assignment

crystallized crystallized

1607 sh – COO− asymmetric69

1455 sh – COO− symmetric69

1384 m 1386 CH2 wagging and twist103

fold band22

– 1320 w CH2 wagging or twist22, 103

1303 m 1305 CH2 twist46, 47

– 1243 m Skeletal C-C stretch47

– 1230 m Skeletal C-C stretch47

1048 w 1054 w Skeletal C-C stretch47, 67, 103

907 m 977 w CH2 rocking22, 47, 111

735 w 721 m CH2 rocking24, 113
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Figure 7.6: FTIR spectra obtained on heating PA2,14 crystallized from superheated water
from 30◦C to the melt at 10◦C/min.
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Figure 7.7: The figure shows the first (1H) and second (2H) heating runs of water crystallized
PA2,14. The table gives the peak maxima/minima and heats of fusion observed for the endo
and exotherms respectively.

amide group to form a COO− group.34, 106

On heating, all of the “new” or “altered” bands in the water crystallized sample
disappear or move to a different position at 190◦C, the Brill transition temperature for
PA2,14.105 The asymmetric and symmetric CH2 stretch bands at 2945 and 2876cm−1
shift and merge with the bands at 2919 and 2850cm−1, see Figure 7.6(a), and the
COO− asymmetric and symmetric vibrations at 1607 and 1455cm−1 also disappear,
see Figure 7.6(b).

7.6 Melting behavior of water crystallized PA2,14

Figure 7.7 shows the DSC traces obtained when heating a dried, water crystallized
PA2,14 sample to the melt. In the first heating run, a broad exotherm is observed at
164◦C with a heat of fusion of 22J/g which is not observed in the second heating run.
The melt endotherm for both heating runs occurs at a similar temperature (∼240◦C)
and a heat of fusion of 82J/g. The melt endotherm correspondswell with other
reported values,39, 98, 105whereas the exotherm observed during the first heating run
is unusual. A similar event was observed for water crystallized PA4,6 presented in
Chapter 4. We adres this event in the following section.
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7.7 Influence of superheated water on PA2,14

From previous studies on PA4,682, 106 it is known that when PA4,6 crystallizes from
superheated water it is in a monoclinic structure with watermolecules incorporated in
the crystal lattice in close proximity of the amide groups. The presence of asymmetric
and symmetric COO− vibrations confirm the presence of water molecules in the
PA2,14 crystal lattice in proximity of the amide groups. It is to be noted that the
two methylene groups in the diamine segment of the PA2,14 arehighly rigid and
unable to deform as longer methylene sequences in other polyamide families can.
The diamine alkane segment is also too short to allow chain folding to occur in this
part of the chain.55 Therefore, when water molecules are incorporated in the PA2,14
crystal lattice in proximity of the amide groups, the methylene sequence is too short
and therefore too rigid to allow for even the slightest deformation of the main chain.
Hence the water molecules force the hydrogen bonded planes to slip. The slip in the
hydrogen bonded planes causes an alteration in how the planes align, giving rise to
the monoclinic crystal structure. In addition the scissoring band of the CH2 unit next
to the NH group is present at 1480cm−1 in the water crystallized sample and absent
in the melt crystallized sample. The scissoring band of the CH2 next to the CO group
is virtually unchanged between the two samples at∼1417cm−1. This confirms that
conformational changes in the methylene chain segments between the melt and water
crystallized samples are indeed in the diamine units. The presence of features from
the melt crystallized sample in the spectra and diffractionpatterns obtained from the
water crystallized sample confirms the existence of two crystal conformations in the
water crystallized PA2,14.

The effect of strain and slip in the hydrogen bonded planes also implies that (a
portion of the) methylene segments in the water crystallized PA2,14 are distorted.
On heating the water crystallized sample above the Brill transition the “additionally”
present methylene bands disappear. This indicates that thewater molecules in the
vicinity of the amide groups are released at the Brill transition. The removal of these
water molecules from the crystal lattice at a temperature well above the bulk boiling
point of water is also observed in DSC where an exothermic event is observed at
the expected Brill transition of PA2,14. The Brill transition is caused by gauche
conformers in the main chain,105 increasing the chain mobility and allowing enough
freedom for the water molecules to escape. The incoming of gauche conformers is
seen in the decrease of the band at 1480cm−1 in the water crystallized sample.
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(a) (b)

(c) (d)

Figure 7.8: TEM and electron diffraction of coPA 0.30 ((a),(b)) and coPA0.62 ((c),(d))
crystallized from superheated water.

7.8 Piperazine copolyamide water grown single crystals

The DSC data presented in Section 7.3 suggest that superheated water is a solvent for
all the piperazine based copolymers under investigation. However, it is only possible
to grow single crystals up to a piperazine content of 62mol%.Above 62mol% the
copolyamide does not form a crystal suspension from the water solution. Instead, the
copolyamide forms a crystalline, bulky solid. Therefore TEM and electron diffraction
images are available for only the coPA 0.30 and coPA 0.62 crystals.

The TEM images of coPA 0.30 appears similar to the homopolymer PA2,14,
showing both needle and lath-like crystals as shown in Figure 7.8(a). However, there
appears to be only one type of electron diffraction pattern for both these crystals; a six
point symmetrical pattern. The single crystals of coPA 0.62show only the lath-like
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Figure 7.9: WAXD data of (a) coPA 0.30, (b) coPA 0.62, (c) coPA 0.82, and (d) PApip,14.
The graphs show the diffraction patterns of the melt crystallized sample (MC), water
crystallized sample (MC), and after heating the water crystallized sample to temperatures just
below the melting temperature (WE). All results shown are at50◦C. Here the data is plotted
as a function of scattering angle2� for clarity, where� = 2d sin � with � = 0:04959nm.

morphology and also have a six point electron diffraction pattern, (Figure 7.8(d)).
The electron diffraction patterns conclusively show that single crystals are formed

up to a piperazine content of 62mol%. For higher piperazine content, it is not possible
to grow such single crystals indicating that the (co)polyamides with a high piperazine
content do not truly dissolve in the superheated water, but merely melt in the presence
of water. This notion is further strengthened by the small difference between the melt
and dissolution temperature of only 20◦C observed for PApip,14 as compared to the
45◦C observed for PA2,14 in Figure 7.2(b).
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7.9 Influence of superheated water on crystallography of
piperazine copolyamides

Figure 7.9 shows WAXD data of coPA 0.30, coPA 0.62, coPA 0.82,and PApip,14
crystallized from the melt (MC), crystallized from water (WC), and after heating
the water crystallized samples to a temperature below the melt and cooling to room
temperature (WE). For clarity only the final diffraction patterns at 50◦C are shown.
The data show similar observations for all these (co)polyamides; the WAXD and
SAXS data (SAXS data not shown) for the melt crystallized, water crystallized,
and water crystallized samples that have been heated are similar. This suggests
that the incorporation of piperazine in PA2,14 prevents thecrystallization into two
crystal structures, i.e. a triclinic and a monoclinic structure, when crystallizing
from water. For the copolyamides shown here it is likely thatonce in the dissolved
state, the hydrogen bonds interact with the water molecules. Because piperazine
is only a hydrogen bond acceptor and not a hydrogen bond donor, the number of
interactions between the amide groups in the polymer chain and the water molecules
in the superheated state greatly reduces with the introduction of piperazine. On
crystallization, less water molecules can be incorporatedin the crystal lattice and
no slip of the hydrogen bonded planes occur. Additionally, the increased rigidity of
the main chain by the introduction of piperazine residues also prevents the slippage
of the hydrogen bonded planes. It is likely that a much lower piperazine content of
e.g. 5mol% could show the monoclinic structure on crystallization from superheated
water.

7.10 Conformational changes in water crystallized
piperazine copolyamides

In a similar procedure to the water crystallized PA2,14, thepiperazine based
copolyamides are also studied using FTIR spectroscopy. CoPA 0.30 and coPA 0.62
form a crystal suspension on cooling from the dissolved state which is placed on a
ZnSe disk and allowed to dry under ambient conditions. CoPA 0.82 and PApip,14 do
not form such a suspension; instead a solid residue is formed. For these two samples
a piece of the residue is cut off and analyzed in a similar fashion to coPA 0.30 and
coPA 0.62.

Figure 7.10 shows the FTIR spectra obtained for the piperazine (co)polyamides
crystallized from water. The observed vibrations are in line with those seen for
PA2,14 as assigned in Tables 7.1, 7.2, and 7.3. Additionallythere are bands present at
3004, 1365, 1283, 1226, 1252, 1173, 1024, 1011, 986, 836, 768cm−1. These bands
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Figure 7.10: FTIR spectra obtained for water crystallized coPA 0.30, coPA 0.62, coPA 0.82,
and PApip,14 at 30◦C. (d) is an enlargement of the region 1650 to 1400cm−1 shown in (b).

are all correlated to the piperazine unit incorporated in the polyamide chain105 and
all originate from methylene bending, wagging, twisting, and stretching motions.
With an increase in piperazine concentration, these peaks increase in intensity.
Furthermore, the vibrational bands associated with hydrogen bonding, i.e. the NH
stretch vibration at 3300cm−1 and the Amide I vibration at 1640cm−1, show a strong
decrease and broaden significantly with increasing piperazine content.

Figure 7.10(d) shows an enlargement of the spectra in the region 1650 to
1400cm−1. Of significance here is the presence of the shoulder at 1455cm−1 in
coPA 0.30 and coPA 0.62 which is absent in coPA 0.82 and PApip,14. This band is
related to symmetric COO− vibrations. The presence of this band together with the
asymmetric COO− vibration at 1620cm−1 (see Figure 7.10(b)) shows the presence
of water molecules in the vicinity of the amide groups, similarly to that seen in
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Figure 7.11: FTIR spectra obtained on heating coPA 0.30 ((a),(b)) and PApip,14 ((c),(d))
crystallized from superheated water from 30◦C to the melt. CoPA 0.62 shows a behavior
similar to coPA 0.30 and coPA 0.82 shows a behavior similar toPApip,14.

PA2,14 in the previous sections. These bands are not presentin coPA 0.82 and
PApip,14. This strongly suggests that the water molecules are only present in the
lower piperazine based copolymers. From previous work105 it is known that up to
a piperazine content of 62mol% the copolyamides show a Brilltransition (see also
Figure 2.3). This strongly suggests that the Brill transition forms an integral part
during the water inclusion in the polyamide crystal lattice.

Figure 7.11 shows the behavior on heating coPA 0.30 and PApip,14 from 30◦C
to the melt. On heating, the COO− symmetric and asymmetric bands at 1620 and
1455cm−1 disappear near the Brill transition temperature. PApip,14shows similar
behavior to the melt crystallized sample shown in Chapter 2.This strongly suggests
that PApip,14 does not dissolve in superheated water, but melts in the presence of
water. CoPA 0.62 shows a similar behavior to coPA 0.30 and CoPA 0.82 to PApip,14.
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7.11 Conclusions

The work presented in this chapter combines the knowledge obtained in
Chapters 2 and 4 where we show that the Brill transition is notdependent on
hydrogen bond density and that superheated water is a solvent for PA4,6. In this
chapter we show that superheated water is a solvent for polyamide 2,14. The
PA2,14 dissolves in superheated water at∼200◦C. On cooling PA2,14 crystallizes
in two crystal structures: a triclinic and a monoclinic structure. Water molecules
incorporated in the crystal lattice cause slip in the hydrogen bonded sheets, directly
affecting how the sheets align. FTIR spectra show upon crystallization from a water
solution that water molecules are incorporated in a portionof the PA2,14 single
crystals. The incorporated water molecules cause strain inthe diamine part of
the methylene chains, resulting in additional CH2 stretch vibrations at 2945cm−1
and 2876cm−1. Also, the presence of symmetric and asymmetric COO− stretch
vibrations strongly suggests that water molecules are indeed present in the vicinity
of the amide groups. On heating above the Brill transition temperature, the COO−

and CH2 stretch vibrations disappear at the Brill transition temperature, resulting
in a spectrum similar to the spectrum of a melt crystallized sample. On heating
the water crystallized PA2,14, the incoming gauche conformers allow for enough
translational motion along the main chain for water molecules to escape from the
amide group at the Brill transition. Heating the water crystallized sample above the
Brill transition and not melting the sample results in a diffraction pattern similar to
the triclinic diffraction pattern.

With the introduction of piperazine into the main chain the dissolution of the
copolyamide is only possible up to a piperazine content of 62mol%. From previous
work105 on these piperazine copolyamides it is known that the Brill transition is only
observed up to a piperazine content of 62mol%. This suggeststhat the dissolution
of a polyamide in superheated water is directly related to the Brill transition. For
coPA 0.82 and PApip,14, which do not show a Brill transition,no single crystals
could be grown. Instead the (co)polyamide show a melt point depression of 20◦C in
the presence of water, and on cooling a crystalline solid residue is obtained. Similar
to PA2,14, coPA 0.30 and coPA 0.62 show the presence of COO− stretch vibrations.
These bands are absent in coPA 0.82 and PApip,14. However, these vibrations are
considerably weaker in the copolyamides in comparison to PA2,14. Also in the
copolyamides the COO− vibrations disappear at the Brill transition temperature of
∼190◦C.



Chapter 8

Technological assessment and outlook

In this thesis, chemistry is used to manipulate the chemicaland physical properties of
polyamides by influencing the hydrogen bond density. The useof chemistry enables
us to understand the mechanisms involved in the Brill transition. We found that
the Brill transition is related to conformational changes occurring in the methylene
groups in the polyamide main chain on heating. The use of copolymers and chemistry
in processing applications is not new; controlling physical properties with chemistry
is a common industrial practice.

The chemistry employed to tailor and process polyamides caninvolve harsh
chemicals and solvents. Usually polyamides are melt processed, but in certain
applications such as film preparations and recycling, organic solvents and acids
are used. The work presented in this thesis shows that superheated water is a
solvent for many commercially available polyamides. The knowledge gained from
studying the Brill transition and the chain motions presentin polyamides provides
the mechanisms required for understanding the influence of water on polyamides.
Although the use of superheated water as a solvent inadvertently involves using
elevated temperatures, the use of water, which truly is a “green” solvent, opens the
door for environmentally friendly processing. The (petro)chemical industry greatly
desires an environmentally friendly image. Water as a processing solvent instead of
potentially harmful substances is a key element in obtaining such an image.

The use of superheated water in industrial applications could involve foam
extrusion applications, spray coating applications, and recycling. The spinning of
fibers from a water solution at elevated temperatures and pressures is currently
unachievable. However, the success and application of processing polyamides with
superheated water is described in a patent59, 60 in which an extruder is used to
manufacture polyamide foams. The extruder setup uses a highpolymer concentration
with usually more than 80wt% polymer. The same technology, in more dilute
concentrations, could also be used in a spraying setup to make polyamide (insulating)
coatings. Superheated water could also provide an easy route to recycling polyamides
from composite materials such as glass fiber reinforced polyamides. The superheated
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water dissolves the polyamide, leaving the glass fibers intact, enabling these two
components to be separated.

The ultimate goal is to control the crystallization processto manufacture highly
oriented, extended chain polyamide fibers. These high performance fibers would
mimick materials such as silk in their properties, combining high strength with
high toughness. Unfortunately the making of such fibers has always remained
elusive.77 The processing of polyamides using superheated water as presented in this
thesis could provide a route to making such fibers. The dissolution process for the
polyamides described in this thesis all take place at high temperatures, usually in the
order of 200◦C. To ease processing and fiber spinning applications it is desirable to
have the polyamide in a water solution at room temperature and atmospheric pressure.
This cannot be obtained by using water alone. In the work of Haringset al.33–35

the addition of salts to the superheated water could, once the polyamide has been
dissolved, prevent hydrogen bonds from reforming on cooling, and thus prevent
crystallization. These ions should be easily removable from the polyamide fibers
by merely washing with water, reinstating the hydrogen bonding.

This thesis contains fundamental research into the dissolution process involved
when a polyamide dissolves in superheated water. However, to obtain a complete
understanding of this process, a study on the dissolution ofmodel compounds in
superheated water is desirable. The use of oligoamides could provide the required
insights in the dissolution and crystallization mechanisms. The principles behind
the dissolution of polyamides in superheated water should apply to all hydrogen
bonded materials. Therefore synthetic materials such as thermoplastic polyurethanes,
polyaniline, and polyester-amides and natural materials such as keratin, wool, and
other proteins should be (and are) investigated.34, 109

Recent work on understanding the biomimetric spinning of silks has led to the
hope that the spinning of artificial fibers using natural materials or polymers could
become a reality.80 Using superheated water it is possible to dissolve keratin in water;
unfortunately this lead to a breakup of the keratin into oligopeptides.109 Should it be
possible to reduce and control this molecular weight changeit could be possible to
use water as a solvent in the biomimetric spinning of silk. Onthe other hand, the
hydrolysis that occurs in keratin is highly promising because it provides oligopeptide
building blocks which can and should be used as a natural feedstock for biobased
polymers.

The work presented in this thesis provides a greater understanding of the Brill
transition and the dissolution process of polyamides in superheated water.
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Experimental techniques and conditions

A.1 In-house designed pressure cell for superheated water

An in-house designed and built pressure cell is used to perform experiments on
polymer samples in the presence of superheated water. A schematic representation
of the device is given in Figure A.1(left) with an actual depiction on the right. The
device consists of a copper mantle which is heated by a 1mm diameter SEI coil with
a 50cm heating section and a 20cm cold end purchased from Thermocoax which
is soldered onto the copper mantle. A glass capillary (2.3mmouter diameter with
0.05mm wall) containing a polymer sample and water is placedinside a 2.3mm
opening inside the copper mantle. A steel lid is placed over the top of the capillary
and bolted down onto the copper mantle. In order to seal the capillary so that
the water cannot escape when heating above 100◦C, an o-ring is used. The o-ring
seals both the glass capillary and the steel lid to the coppermantle. In order to
perform in situ X-ray diffraction experiments, a 1mm diameter entrance hole is
made for an incoming X-ray beam. The outgoing, diffracted, beam passes through
a tapered hole, which has a total angle of 75◦. A Pt100 temperature sensor is
placed as close as possible to the measuring position, i.e. where the incoming X-ray
beam intersects with the glass capillary. The Pt100 sensor and the heating coil are
connected to a Linkam TMS94 controller, which is used to operate the device. As
a safety precaution, a 1/2” disk type thermostat (not shown in Figure A.1) with
a maximum temperature of 245◦C is connected between the heating coil and the
Linkam controller to prevent the system from overheating. Overheating would result
in weakening of the soldering of the heating coil onto the copper mantle. As a result,
the maximum operating temperature of this device is 240◦C. The whole device is
mounted onto an aluminum base plate by means of an A-frame. The device can
be cooled by an external airflow. This device is used both forin situ diffraction
experiments as well as sample preparation.
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Figure A.1: A schematic representation of the experimental setup used to perform thein situ
X-ray experiments discussed in this thesis. A glass capillary is housed in a copper heating
mantle and sealed with an o-ring and a steel lid. The device iscontrolled with a Linkam
TMS94 controller. An opening allows for the entry and exit ofthe (diffracted) X-ray beam.

A.2 X-ray diffraction (XRD)

Due to the nature of the experiments performed in this thesis, conventional X-ray
sources such as copper or molybdenum targets do not suffice. Hence synchrotron
radiation is used to perform the X-ray diffraction experiments. Synchrotron radiation
is characterized by high brightness and high intensity, many orders of magnitude
higher than the X-rays produced by conventional lab sources.29, 42 Additionally the
sharper wavelength of the incident beam used in Synchrotronradiation results in less
line broadening compared to conventional sources. The highintensity of synchrotron
radiation makes it possible to perform time-resolved experiments with a great level of
accuracy.42 All synchrotron experiments are performed at the European Synchrotron
Radiation Facility (ESRF) situated in Genoble, France.

A.2.1 High resolution wide-angle X-ray diffraction WAXD

High resolution WAXD experiments are performed on the Materials Science
beamline (ID11).63 Typically an X-ray beam with an energy of 25keV (wavelength� = 0:04956nm) and beamsize of 300�m is used. Dry powder samples or powder
samples in the presence of water are heated using a Linkam hotstage or the in-house
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Figure A.2: A schematic representation of the experimental setup on theHigh Brilliance
beamline ID02.96

built pressure cell described above; both controlled by a Linkam TMS94 controller.
A hole in both the silver hotstage and the pressure cell allowfor the X-ray beam
to be transmitted though the sample. Typical experimental conditions are a heating
rate of 10◦C/min from room temperature to the melt/dissolution temperature. Two-
dimensional X-ray diffraction patterns are collected using a Bruker CCD detector
with a sample to detector distance of∼40cm. Typically a diffraction pattern is
collected every 10 to 12 seconds with an exposure time in the order of 6 seconds. A
silicon standard is used to calibrate the sample-to-detector distance and all diffraction
patterns are corrected for spatial distortions and integrated to give intensity against
diffraction angle.

A.2.2 Simultaneous small and wide-angle X-ray diffraction
(SAXS/WAXD)

Simultaneous small and wide-angle X-ray diffraction experiments are performed on
the High Brilliance beamline (ID02)96 as shown in Figure A.2. Here an X-ray beam
with an energy of 12keV (� = 0:09951nm) and 300�m beam size is used. The
WAXD detector is placed at an angle relative to the sample position resulting in
a limited, and also fixed, scattering range being available for data collection. An
intricate geometric data correction procedure corrects for the sample position because
the sample is not in the center of the WAXD detector. As a result of the positioning
of the WAXD detector the resolution available for the WAXD data is less than for
example the WAXD data from ID11. Time resolved, simultaneous SAXS/WAXD
measurements are performed on samples using a Linkam hotstage and controller or
the homebuild pressure cell described above. Typically a heating rate of 10◦C/min is
used from 50◦C to the melt. X-ray patterns are collected every 12 to 30 seconds with
an exposure time in the order of 1 second. A Princeton WAXD detector and a Frelon
1K SAXS detector are used to collect the diffraction patterns. The SAXS detector
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Figure A.3: A schematic of how the data subtraction for the WAXD has been performed.
The background diffraction pattern originating from the water, glass, and air scatter was
determined experimentally. The background diffraction pattern is subtraction from the
total diffraction pattern. The amorphous part of the polymer is modeled with a Gaussian
distribution and also subtracted from the diffraction pattern, resulting in a final diffraction
pattern that only contains the crystalline reflections.

is placed at a distance of 2-5m from the sample and the WAXD detector at∼25cm.
Para-bromo-benzoic acid (PBBA) is used to calibrate the WAXD sample-to-detector
distance and Lupolen is used to calibrate the SAXS sample-to-detector distance. All
diffraction patterns are corrected for absolute intensityand integrated to give intensity
against the scattering vectorq. The magnitude of the scattering vector is converted tod-spacing using the relationd = 2�=q. The SAXS results are Lorentz corrected, i.e.
the intensity data is multiplied byq2.
A.2.3 WAXD background correction

It is important to separate the crystalline peaks from the amorphous component and
the background scatter obtained during the WAXD experiments. The halo in the
WAXD data originating from the amorphous component of the polymer, the water
encapsulated in the capillary, and the glass capillary itself are subtracted, leaving
only the crystalline part of the diffraction pattern which originates from the polymer
as shown in Figure A.3. The amorphous halo originating from the water and glass are
determined experimentally. The temperature of the polymer-water-glass diffraction



Experimental techniques and conditions 123

pattern is matched to the temperature of the water-glass diffraction pattern to within
1◦C. So as to account for absorption in the sample, the correct proportion of the
background scattering pattern is subtracted from the original diffraction pattern.
A Gaussian distribution is used to model the halo resulting from the amorphous
component of the polymer. The shape and area of the Gaussian distribution are kept
constant over the course of the experiment, i.e. the same Gaussian distribution is
subtracted for all diffraction patterns of the same polymer. Hence it is still possible
to resolve any changes in crystallinity or the amorphous halo arising in the course
of the experiment. The position of the Gaussian distribution is however allowed to
vary so as to account for thermal expansion. The Gaussian distribution is subtracted
from the spectra from which the water-glass background has already been subtracted
resulting in the final spectra used to study the effect of (superheatead) water on the
polyamides used in this thesis. Figure A.3 shows a diffraction pattern, together with
the subtracted water-glass pattern and the subtracted Gaussian distribution to give the
final diffraction pattern. The final diffraction pattern is no longer superimposed on an
amorphous halo.

A.3 Transmission electron microscopy (TEM) and electron
diffraction (ED)

In the current work all samples, prepared as a crystal suspension in water, are placed
on a carbon-coated copper TEM grid coated with gold. The goldserves as an internal
calibrant for the electron diffraction patterns. The TEM distances are calibrated using
standard grating replicas. The suspension is allowed to dryunder ambient conditions.
Low dose diffraction images are collected on a Fei Technai 20transmission electron
microscope operating at 200kV.

A.4 Fourier transform infrared spectroscopy (FTIR)

For the infrared experiments performed in this work, all samples are placed on
a zinc selenium disk and heated or cooled at 10◦C/min using a Linkam TMS94
hotstage and controller. FTIR spectra, all averages of 128 scans, are collected using a
Bio-Rad FTS6000 spectrometer with a resolution of 2cm−1. During heating/cooling
spectra are collected in steps of 10◦C. During data collection, the temperature is kept
constant. The resulting spectra are scaled to the area underthe methylene bands
between 3000 and 2800cm−1.
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A.5 Gel permeation chromatography (GPC)

In this thesis GPC analysis is used to test for hydrolysis and/or degradation.
Polyamide crystals crystallized from a 15wt% water solution are prepared using a
glass capillary and the in-house designed pressure cell. The method deviates from
the standard protocol described in Section 4.2.2 used to produce the single crystals
because a faster heating rate of 50◦C/min is used and the sample is quenched to
room temperature at∼300◦C/min using a strong air flow around the device. The
polyamide is left in solution at 200◦C for different lengths of time ranging from
0.1 to 1440 minutes before quenching. The crystallized samples are removed from
the glass capillaries and the excess water evaporated by placing the samples in a
vacuum oven at 50◦C for 2 hours. The molecular weight of the dried water grown
crystals is determined by GPC to test for hydrolysis and/or degradation. The polymer
samples are dissolved in 1,1,1,3,3,3-HexaFluoro-2-propanol (HFIP) (Biosolve) at a
concentration of 3mg/ml. Calibration of the detectors has been done by the injection
of PMMA standards of known concentration and molecular weight.

A.6 Differential scanning calorimetry (DSC)

DSC measurements are performed on dry polymer samples and samples in the
presence of water. When samples are measured in the presenceof water varying
amounts of polymer and water are placed in large volume capsules (LVC) and
cycled twice between 30◦C and 220◦C at 10◦C/min under nitrogen using a Perkin
Elmer Pyris 1 DSC. The amount of polymer and water is carefully weighed into the
capsules, sealed, and reweighed after sealing so as to verify the amount of water
in the capsule. After the two heating cycles, the capsules are weighed again to
establish if any leakage occurred. When dry polymer samplesare analyzed, the
samples are placed in hermetic aluminium pans and cycles twice under nitrogen using
a TA Instruments Q1000 DSC between 25◦C and the polymer’s melting temperature.
In all events the second heating cycle is used for data analysis.
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A.7 Solid state nuclear magnetic resonance (NMR)
spectroscopy

Dried polymer crystals obtained from the melt, water, and formic acid are
investigated with solid state NMR spectroscopy. Large volume samples (in the order
of milligrams) are prepared by sealing a larger amount of sample with water in a
vessel (vol. ∼10ml) and following the previously described heating/cooling cycle
(Section 4.2.2). As a comparison, spectra of acid and melt crystallized samples are
also recorded. Solid state NMR experiments are performed at700 MHz1H Larmor
frequency using a Bruker Advance NMR console situated at theMax Planck Institute
for Polymer Science, Mainz, Germany. The samples are placedin zirconia rotors
with 2.5mm outer diameter and spun at the magic angle at 30,000 cycles/sec (30kHz)
in a commercial solid state MAS probe.1H MAS measurements are performed at
27◦C, 67◦C, and 117◦C, collecting 16 transients for all spectra.

A.8 Thermogravimetric analysis and high resolution TGA

Polymer samples are analyzed using a TA Instruments Q500 TGA. The analysis
are performed using the Hi-ResTM procedure available in the TGA software. High
resolution TGA involves a dynamic variation of the heating rate as a function of
weight change in the sample, thus improving the resolution of the individual weight
loss events.66, 85 The increased resolution obtained with the HiRes procedureis
essential for the experiments performed here due to the limited magnitude of the
weight loss events. The samples are heated from 30 to 500◦C with a maximum
heating rate of 10◦C/min and a resolution of 5.
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Indexing water grown PA2,14 crystals

The X-ray diffraction peaks arising from the water grown crystals discussed in
Chapter 7 are indexed using CELREF V32 which is a program designed to refine
cell parameters from powder diffraction patterns. The polyamide 2,14 (PA2,14)
monoclinic unit cell described in Chapter 7 is indexed and refined from an initial
monoclinic unit cell based on polyamide 4,6 taken from Atkins et al.3 where the-axis is adjusted to allow for the larger PA2,14 chain length.

Predictions for the monoclinic and triclinic diffraction patterns are made
using PowderCell for Windows Version 2.462 which allows for the simultaneous
representation of the unit cell and the calculated powder pattern. PowderCell predicts
a powder diffraction pattern based on the placement of atomsaccording to their
relative atomic coordinates, the space group, and unit celldimensions. The resulting
powder pattern can be directly compared to experimental data.

The atomic positions for PA2,14 are adapted from the positions given by Bunn
and Garner13 for polyamide 6,10 and Holmeset al.41 for polyamide 6. All chain
angles are assumed to be equal to 112◦, and the values for the bond lengths are shown
in Figure B.1. The relative atomic coordinates for PA2,14 are

Atom x y z
CH2 (1) 0.174600 -0.046 0.05688
N 0.006847 0.037 0.11150
C 0.166600 -0.046 0.16360
O 0.415600 -0.022 0.16360
CH2 (2) -0.007988 0.046 0.22050
CH2 (3) 0.166600 -0.046 0.27730
CH2 (4) -0.007988 0.046 0.33420
CH2 (5) 0.166600 -0.046 0.39110
CH2 (6) -0.007988 0.046 0.44800
CH2 (7) 0.166600 -0.046 0.50490

where the carbon, nitrogen, and oxygen atoms are as show in Figure B.2.
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[71] Y. Maréchal, Observing the water molecule in macromolecules and aqueous
media using infrared spectrometry,J. Mol. Struct.2003,648,27–47.
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Samenvatting

Polyamides: Waterstofbruggen, de Brill transitie, en superverhit water

Alifatische polyamide, beter bekend als nylon, was de werelds eerste synthetische
vezel en heeft een brede toepassingsveld gevonden in banden, vloerbekleding,
kousen, stoffering, en hechtstoffen. Alle polyamides hebben een herhalende amide
(–CONH–) groep in het moleculere structuur aanwezig met waterstofbruggen tussen
deze amide groepen. In vergelijking met andere polymeren zoals polyethyleen
hebben polyamides een hoog smelt temperatuur. Polyamides zijn extensief
bestudeerd door verschillende onderzoeksgroepen, echteris er nog altijd veel te leren
en te bereiken aangaande deze materialen.

Het eerste belangrijke resultaat dat is bereikt met dit proefschrift is een nieuw
en verbeterd inzicht in de Brill transitie die waargenomen wordt in veel polyamides.
De Brill transitie is een vaste stof kristallijne transitiedie waargenomen wordt bij
het verhitten van polyamides. De Brill transitie temperatuur is de temperatuur
waarbij de karakteristieke intersheet en interchain reflecties waargenomen in röntgen
diffractie (WAXD) samenvallen tot een enkele reflectie welke behouden blijft
totdat de polyamide smelt. De aard van de Brill transitie en de onderliggende
mechanismen zijn een onderwerp van discussie sinds de transitie voor het eerst werd
waargenomen in 1942. De resultaten in dit proefschrift cre¨eren een beter begrip
van de onderliggende mechanismen en de invloed van waterstofbruggen op de Brill
transitie; een belangrijke factor voor de eigenschappen van veel polyamides.

Het lijkt aannemelijk dat de Brill transitie beı̈nvloed wordt door waterstof-
bruggen, of beter gezegd, door een verzwakking van waterstofbruggen. We
kunnen de relatie tussen de Brill transitie en waterstofbruggen bestuderen door een
unieke verzameling op piperazine gebaseerde copolyamideste gebruiken, welke
speciaal vervaardigd zijn om de invloed van waterstofbruggen op verschillende
(fysische) eigenschappen te onderzoeken. We tonen aan dat de Brill transitie
onafhankelijk is van de piperazine concentratie, en dus ookonafhankelijk van de
waterstofbrugdichtheid. De Brill transitie wordt veroorzaakt door conformationele
veranderingen in de polyamide keten, die de methyleen eenheden laten draaien,
terwijl de waterstofbruggen behouden blijven. Wanneer de methyleen eenheden naast
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de amide groepen voldoende kunnen draaien wordt de Brill transitie waargenomen.
De Brill transitie is daarom geen eerste noch tweede orde transitie, maar een vaste
stof kristallijne transitie aangedreven door krukas bewegingen in de polyamide
hoofdketen.

De resultaten in dit proefschrift over de Brill transitie dragen bij aan een
significante toename in het begrijpen van deze transitie. Het gebruik van speciaal
vervaardigde en ontworpen copolyamides in combinatie met vele, kwalitatief
hoogwaardige analytische technieken vormen de sleutel tothet bereikte succes. Het
werk in dit proefschrift combineert de kennis en expertise van twee verschillende,
maar elkaar aanvullende kennisgebieden in polymeer onderzoek.

Het inzicht verkregen door het onderzoek naar de Brill transitie en de bewegingen
van de ketens die aanwezig zijn in polyamides, bieden de mogelijkheid om de
invloed van water op polyamides in het algemeen te begrijpen, en meer specifiek
de invloed van superverhit water, i.e. water boven 100◦C. Het tweede belangrijke
resultaat dat beschreven wordt in dit proefschrift betrefthet oplossen van polyamides
in water. We tonen aan dat superverhit water een oplosmiddelis voor verschillende
(commerciële) polyamides, waaronder polyamide 4,6 en polyamide 6,6. De
conformationele veranderingen in de polyamide tijdens de Brill transitie vormen de
sleutel in het oplosproces, daar ze zeer mobiele watermoleculen in de superverhitte
toestand toestaan het kristalrooster te penetreren en de waterstofbindingen tussen
de amide groepen te verbreken. Bij kristallisatie uit de waterige oplossing,
wat gebeurt door de oplossing af te koelen, hechten water moleculen zich
aan de amide groep in het kristalrooster, en daardoor wordende amide-amide
waterstofbindingen verzwakt. Door het gedroogde, water gekristalliseerde polyamide
te verhitten tot boven de Brill transitie, worden de watermoleculen bevrijd uit het
kristalrooster en worden de waterstofbruggen hersteld. Deverwijdering van de
watermoleculen bij de Brill transitie gaat gepaard met een exothermische gebeurtenis
in differential scanning calorimetry (DSC) eksperimentenuitgevoerd op gedroogde,
gesedimenteerde water gekristalliseerde polyamide kristallen. De invloed van
water op het kristalrooster wordt zeer duidelijk waargenomen in polyamide 2,14,
waar de watermoleculen ingesloten in het kristalrooster een slip veroorzaken in de
waterstofbrug gebonden vlakken. Deze slip resulteert in een coëxistentie van een
triclinische en monoclinische kristalstructuur die waargenomen wordt in WAXD.
Bij verhitting boven de Brill transitie temperatuur verlaten de watermoleculen het
kristalrooster en toont de polyamide alleen nog de triclinische structuur.

De resultaten die in dit proefschrift gepresenteerd worden, in het bijzonder de
resultaten met betrekking tot het gebruik van superverhit water als oplosmiddel
voor polyamide, maaken de weg vrij voor een milieuvriendelijk en duurzaam
productieproces. Een proces waar water wordt gebruikt om polyamides te
verwerken, in plaats van organische oplosmiddelen en zuren. Voor het gebruik van
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(superverhit) water in productie toepassingen zoals film casting en recycling, is het
van essentieel belang dat de polyamide kristallisatie vanuit superverhit water een
gecontroleerd proces is. Momenteel is dit niet het geval; tijdens het koelen van
de polyamide/water oplossing kristalliseert de polyamidesnel en ongecontroleerd
wanneer voldoende onderkoeling wordt bereikt. Deze snellekristallisatie belemmert
bijvoorbeeld de groei van grote, enkel kristallen. De volgende stap die moet
worden ondernomen is een gecontroleerde kristallisatie, bijvoorbeeld door zouten
toe te voegen aan de oplossing,33 waardoor kristallisatie bij kamertemperatuur
gemanipuleerd wordt. Afhankelijk van de keuze van ionen en de vereiste voor
bepaalde toepassingen kan de kristallisatie op de juiste wijze beı̈nvloed, dan wel
onderdrukt worden. De mogelijkheden om met behulp van op water gebaseerde
technieken en op milieuvriendelijke wijze polyamides te vervaardigen is een
veelbelovend en innovatief vooruitzicht voor de toekomst.
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