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Summary

Polyamides: Hydrogen bonding, the Brill transition, angbetheated water

Aliphatic polyamide, commonly known as nylon, was the wirfdst synthetic fiber
and has found its largest application range in tires, caygébckings, upholstery, and
adhesives. All polyamides have a recurring amide group (NB© present in the
molecular structure with hydrogen bonds between thesareguamide groups. In
comparison to other polymers such as polyethylenes, patiesinave a high melting
temperature. Although polyamides have been extensivaetiiedd by many research
groups, much is still to be learned and achieved regardiesgtmaterials.

The first main achievement reached in this thesis concermsveand improved
insight and understanding of the Brill transition seen inngn@olyamides. The
Brill transition is a solid state crystalline transition sesved in polyamides on
heating. The Brill transition temperature is defined as #raperature at which
the characteristic intersheet and interchain reflectidos®ived in wide angle X-ray
diffraction (WAXD) merge to a single reflection which is m&med up to the melt.
The nature and mechanisms behind the Brill transition has laematter of debate
ever since it was first studied in 1942. The work presentedim thesis creates
a better understanding of the mechanisms involved duriagBittil transition, and
how the Brill transition might be influenced by hydrogen bimiggl a major factor
influencing many polyamide properties.

It appears plausible that the Brill transition would be iefleed by hydrogen
bonding, or more specifically, by a weakening of hydrogendomn By using a
unigue set of piperazine based copolyamides speciallyréailto study the influence
of hydrogen bonding on various (physical) properties, we able to study how
the Brill transition relates to hydrogen bonding. We showat tthe Brill transition
is independent of the piperazine content, and therefore ialdependent of the
hydrogen bond density. The Brill transition is caused byfoonational changes in
the polyamide main chain which cause the methylene unitsit, twhilst hydrogen
bonding is retained. When the methylene units next to thelamgioups are able to
twist sufficiently, the Brill transition is observed. TheiBtransition is therefore not
a classical first or second order transition, but a solickstgtstalline transition driven

1



2 Summary

by the crankshaft motions in the polyamide main chain.

The work presented on the Brill transition has made a sigmificontribution
towards completely understanding this transition. The ofsspecially tailored
and designed copolyamides together with the use of many dugliity analytical
techniques proved essential to the successes achieved Hezavork presented in
this thesis combines the knowledge and expertise from twindtly different, yet
complementary fields in polymer research.

The understanding gained from studying the Brill transitiand the chain
motions present in polyamides provide the possibility foderstanding the influence
of water, and more specifically the influence of superheataténwvwhich is water
above 100C, on polyamides in general. The second main achievemeutided
in this thesis involves dissolving polyamide in water. Wewhhat superheated
water is a solvent for various (commercial) polyamides|uding polyamide 4,6
and polyamide 6,6. The conformational changes in the palyaurduring the Brill
transition are key in the dissolution process, allowinghhignobile water molecules
in the superheated state to penetrate the crystal lattt®m@ak the hydrogen bonds
between the amide groups. On crystallization from the wartion, which occurs
upon cooling the solution, water molecules associate taifide group in the crystal
lattice, weakening the amide-amide hydrogen bonds. Orinlgettie dried, water
crystallized polyamide above the Brill transition, the araolecules are released
from the crystal lattice and the hydrogen bonds are restoréé removal of water
molecules at the Brill transition is typically observed by exothermic event in
differential scanning calorimetry (DSC) experiments perfed on dried sedimented
water crystallized polyamide crystals. The influence ofawvan the crystal lattice is
observed very clearly for polyamide 2,14 where the wateregwdes incorporated in
the crystal lattice cause a slip in the hydrogen bonded plamais slippage results
in the coexistence of a triclinic and monoclinic crystalsture observed in WAXD.
On heating above the Brill transition temperature, the watelecules exit from the
crystal lattice, and the polyamide shows only the triclicigstal structure.

The work presented in this thesis, especially the work edlgb the use of
superheated water as a polyamide solvent, opens the doanfenvironmentally
friendly processing route. A route in which water insteadoofanic solvents
and acids are used to process polyamides. For the use ofrlisaped) water
in processing applications such as film casting and reayalins essential that
the polyamide crystallization from the superheated wagea icontrolled process.
Currently this is not the case; on cooling the polyamidedwablution the polyamide
crystallizes from solution rapidly and uncontrolled wheuffisient undercooling is
obtained. The growth of large single crystals for exampleampered by this fast
crystallization. The next step that needs to be taken is mérabthe crystallization,
for example by adding salts to the solution, thereby premgnbr manipulating
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the crystallizatior’® even at room temperature. Dependent on the choice of
ions and the requirements applicable to the applicatiordemugonsideration, it
would be possible to influence or suppress the crystallimatiThe possibilities for
environmentally friendly polyamide processing using wdtt@sed technology are a
promising prospect for the future.






Chapter 1
Introduction

Well known natural polymers are cellulose, starch, chitogaoteins, and natural
rubber. Nature produces these proteins and polypeptidesZ0 amino acid building
blocks with a high precision and, if so required, in large ante® The precise
combination of amino acids and the order in which they aremged along the chain
ultimately controls the mechanical properties of the matevhich they form!%4
Scientists have invested great effort into understandimd) mimicking the natural
processing and properties of these materials. Amongst ts studied proteins is
silk.31:97 Spiders and silkworms produce several kinds of ¥fkbut the dragline
silk of the Nephila clavipesspider, commonly known as the golden orb weaver,
is considered as nature’s high performance fiber with a realde combination of
strength and toughness.

The properties of silk are due to the molecular structureaarahgement of the
proteins. Silk contains crystalline and amorphous domaihe crystalline domains
are responsible for the strength of the material whereaarttrphous matrix allows
the crystalline domains to orient under strain to increasestrength of the material
and introduces flexibility to increase the energy to br&¥fakUnfortunately, the
properties of silk are highly dependent on moisture congst relative humidity.
Water present in silk acts as a plasticizer, lowering thegjtaansition temperature
significantly*?

It is highly desirable to produce artificial high performarfders from materials
such as silk and other biopolymers from natural, renewadselgtocks. However,
despite considerable effort, this goal is proving elusimepart through an inability
to control the protein conformation and morphology durintifiaial or biomimetric
spinning®® For this reason, polyamides with a crystalline structuteeasimilar to
proteins such as silk should be investigated in an attemphéal light on how to
control hydrogen bonding, and thus conformation.
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Figure 1.1: General structure of linear aliphatic polyamides, alsovkmoas nylon.
(a) polyamide x and (b) polyamide x,y.

1.1 Introduction to synthetic polyamides

Polyamides, also known as nylons, are essentially man-maigipeptides. Aliphatic
polyamide, commonly known as nylon, was invented by Wall&@zeothers in
1935 whilst working at the Du Pont Company and was the woffids synthetic
fiber® Nylons have found their largest application range in ticespets, stockings,
upholstery, and adhesifeand have become indispensable in today’s society. All
polyamides have a recurring amide group (—CONH-) preserthénmolecular
structuret? and can be split into two main categories, namely aliphatitaomatic
polyamides. The aliphatic polyamides form the focus of thésis.

The general structure of linear aliphatic polyamide is digal schematically in
Figure 1.1. The aliphatic polyamides are identified by medrssnumerical system
according to the number of carbon atoms present in the monstneture®

A single number (Figure 1.1(a)) indicates that the paréicydolyamide was
prepared from a single monomeric substance, whereas thbartiteelf represents
the number of carbon atoms in the recurring unit. An examplsuoh a polymer
is polyamide 2, which is in essence a protein; polyamide 2thesame backbone
chemistry as the polypeptide polyglycine. This featurenisllastration of how the
hydrogen bonding mechanisms of protein chains and syntpeltyamides bear a
relation to each other.

Another example of a polymer prepared from a single monam&ubstance
is polyamide 6 which is synthesized by a step-growth mesharfollowing the
ring-opening polymerization of-caprolactam as shown in Figure 1.2. This bulk
polymerization process of polyamides is said to be a steprdtyr polymerization
because each bond in the polymer is formed independent otlhiees. Step-growth
polymerization commonly proceeds by a condensation @acth which a small
molecule (typically water or an alcohol) is eliminated irtkatep’ In the synthesis
of polyamide 6,c-caprolactam is allowed to react with water, hydrolyzingesa f
percent of thes-caprolactam t@-aminocaproic acid. Ring-opening polymerization
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Figure 1.2: Synthesis of polyamide 6 (PAG6) fromcaprolactam.

i i
OH N~ A
n HOM + Ny N
0 H
Adipic acid Hexamethylenediamine
heat
i )
MN\/\/\/\N% + (2n-1) H/O\H
O H
Polyamide 6,6

Figure 1.3: Synthesis of polyamide 6,6 (PA6,6) from adipic acid and neathylenediamine.

of the e-caprolactam is initiated by the NHyroups of thes-aminocaproic acid, and
is followed by a polycondensation reaction of the N&chd COOH endgroups of the
low molecular weight product of the ring-opening polymatian reaction, resulting
in a high molecular weight product. During the final step wigeliminated®

When two numbers are given, as shown in Figure 1.1(b), sejuhby a comma,
a dash, or a space, the polyamide was prepared using twamegcnamely a
diamine and a diaci®f The first number refers to the number of carbon atoms in
the diamine, and the second number refers to the number bbrcatoms in the
diacid. Polyamides are grouped together based on this rdatere. For instance,
even-even polyamides are polyamides in which both the nuwf@arbon atoms in
the diamine and the diacid are even, for example polyamigevbere y = 6,8,10 etc.
Polyamide 6,6 is prepared by the reaction of the six-carlaipi@acid with the six-
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Figure 1.4: Folded chains in a crystalline structure (left-hand sidayl a schematic unit cell
for nylon (right-hand side).

carbon hexamethylenediamine at 280as shown in Figure 1.3. In commercial
processes these two compounds are allowed to react in elguipr@portions to
produce a 1:1 saf® Heating the salt in a first reaction step in water under high
pressure to a temperature of 280causes an oligomerization reaction to take place.
Water molecules are lost as a condensation reaction ocetwgéen the -COO and
—NH; groups of the salt to give the prepolymer. In the final polytmmsation step
occurring in the melt at 1 bar, high molar mass polyamide $generated.

1.2 Crystal structure and hydrogen bonding in polyamides

Important concepts in the field of polyamides are crystalcstre and hydrogen
bonding. An ideal polymer crystal is made from an ordereéiniie repetition of
identical structural units in space, referred to as thetaljse state>’ When no order
is present, the polymer is in the so-called amorphous shatgeneral, polymers do
not have an ideal crystal structure due to the great lengthreggularity of polymer
molecules: Certain polymers do not crystallize at all and remain in th@gaphous
state. Most polymers, including polyamides, are semiatlyise, which means that
these polymers contain crystalline and amorphous regions.

Polymer crystals are thin and lamellar in nattiréhe polymer’s molecular chains
are folded back and forth between the two principal facesaohédamella. A sketch
of this chain folding in a crystal is given in Figure 1.4 tdget with a schematic
unit cell for polyamide. Crystals grown from dilute solutitypically have lamellar
dimension3 in the order of 1000 nfx 6 nm.

Many polymers, such as polyamides, exhibit a form of croggrg in the
polymer crystal through hydrogen bonding. Hydrogen bogdma special case
of the dispersional forces which are present between mielecn the absence of
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42
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Figure 1.5: The unit cell of polyamide 6,6
after Bunn and Garné#f. Here blue is nitrogen
'<k},=, (N), red is oxygen (O), grey is carbon (C),
and white is hydrogen (H). The cell is triclinic
with ¢ =0.49nm,b = 0.54nm,¢ = 1.72nm,
a=48.3, =77, =63.5. The hydrogen
bonds between the amide groups form a

‘& hydrogen bonded sheet in tlae-plane, with
S Ef an interchain distance of 0.44nm. Van der
/b 3 - Waals forces are present between the sheets,
\LOX}, with an intersheet distance of 0.37nm.

strong permanent dipoléd.Under regular circumstances, a neutral hydrogen should
form a covalent bond with only one other atom. It is known, beer, that under
the right conditions a hydrogen atom is attracted by ratlwmg forces to two
atoms, thus forming a hydrogen bond between these two atdmshe extreme
event, the hydrogen atom loses its electron to another atonthe bare proton forms
the hydrogen boné’ Thus, in general for polyamides, a hydrogen bond is formed
between a proton donor (e.g. the NH in the amide group) andtampacceptor (e.qg.
the carbonyl-oxygen in the amide grodg).

All even-even polyamide crystals have the same principatsire; chain folded,
hydrogen bonded sheets held together by van der Waals f5rdégure 1.5 shows
the unit cell, the repeating crystalline unit in a polymer, polyamide 6,6. Here the
hydrogen bonds are formed in the sheets, and the van der YWaeds are present
between the sheets. The hydrogen bonding patterns of gapolyamides differ.
The cause of these differences are twofold: the stereostignaf a particular nylon
determines how the hydrogen bonds align between adjacains;tand the hydrogen
bonded sheets do not always stack in the same manner; in se@etbe sheets stack
with a triclinic unit cell (progressive shear), and in oth&iith a monoclinic unit cell
(alternating up and down shear).
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1.3 The Birill transition

On heating certain polyamides show a solid state crysgatliansition known as the
Brill transition. When a polyamide is heated, the room terapee triclinic crystal
structure changes into a high temperature so-called “psbasagonal” crystal
structure at the Brill transition temperature.The term pseudo-hexagonal is often
misleading; in hexagonal systems one of the unit cell anygesls to be 60or 120°
and the other two angles need to bé 88ch. The original powder diffraction patterns
used by Brilt! only showed grojectedangle of 60. There was no proof of a true
hexagonal phase. Unfortunately the term “pseudo-hexdybaa lead to dilemmas
and mis-interpretations in the past. Nonetheless, the tBaihsition temperature is
defined as the lowest temperature for which the interchaitadce within a hydrogen
bonded sheet and the intersheet distance between hydrogdadsheets are equal.
This implies that at the Brill transition, the projectioroag thec-axis shows that

asinf = bsina = 0.42nm,

and implies that the chains in this projection, looking gldine chain direction, pack
in a two-dimensional lattice.

Brill transitions have been observed for many polyamifes2 but the true
nature of the transition is unclear. The Brill transitiorogis hysteresis upon heating
and cooling typical of a first order proceSsHowever, an exothermic peak in DSC
traces at the Brill transition temperature is usually natestied. Additionally the
temperature at which the Brill transition occurs is strgnggpendent on molecular
structure and crystallization conditiofis.

The role of hydrogen bonding in the Brill transition is alsocartain. Many
groups®21:38.45pelieve that the integrity of the hydrogen bonded sheetsire,
present in the room temperature structure, is maintainedudimout the Brill
transition, and up to the melting point. Supporting evidelfar this theory is a
deuterated polyamide 6,6 (PA6,6) NMR study where it is shdwat the motion
of the ND groups can only be modelled by assuming a restrigtetion of these
groups below the melt temperatu¥e. Also an X-ray diffraction study on PAG,6
shows that the intersheet distances between the amidesyesapoo large to allow
hydrogen bond formatiofi: Furthermore, a polarizegd-FTIR study on PA6,6 model
systems show that the Brill transition proceeds withouhisicant hydrogen bond
rearrangemerfé Other groups however do see evidence for the pseudo-hexiagon
phase being the cause of a (partial) rearrangement of hgdrognds into intersheet
directions, similar to that first postulated by Brill. It hagen been proposed that the
amide groups flip out of the hydrogen bonded plane, By @Oeven 1260, to form
intersheet hydrogen boné$. The rearrangement of hydrogen bonds does however
provide a simple explanation for the interchain distaneesaining virtually constant
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between the Brill transition temperature and the meltinggerature. Recently, it
has been proposed that conformational disorder in the maiymer chain is the
driving force behind the Brill transition. During the comfieational disordering of the
methylene sequences the intermolecular hydrogen bond&éetthe amide groups
are maintained®

1.4 Effect of water on polyamides

Next to the interactions between polyamide chains leadirtg/tirogen bonding and
crystallization as discussed above, there are also ektmtesactions between the
polyamide chain and its surroundings. One such interadgidretween the amide
group and water molecules. Water molecules which are sepddsent in the air
adsorb onto the amide groups in the amorphous phase. Thenaofauater present
is dependent on the relative humidity of the air with whicle golyamide is in
equilibrium. The amount of water adsorbed at a given tentpexaand relative
humidity is proportional to the amorphous fracti¥n. The sorption of water by
polyamides has a major effect on the polyamide’s mechapicgerties’® similar
to the effect water has on the mechanical properties of $ile modulus and yield
stress decreases, and the elongation and energy to breaksas with an increase
in water content. Water present in the amorphous phasesexgisticizing effect
on all aliphatic polyamides that is quantitatively the s&fh&@herefore the reported
properties of polyamides are usually those of a mixture dfaunide and water.

Polyamides are also sensitive to hydrolysis by water méésodue to the amide
group present in the polymer main chainDuring hydrolysis, water present in the
amorphous phase can, at elevated temperatures, causersarefethe reactions
shown in Figures 1.2 and 1.3 leading to a decrease in the eleflymerization.
In water at high temperatures the decomposition of polyamigdroceeds very
rapidly because at these conditions water possessesileigrbperties which favor
hydrolysis. For example, 30 minutes at 380and 280bar completely decomposes
PA6,6 to monomer unit§® At lower temperatures, particularly below 374 the
decomposition rate is relatively low.

1.5 Superheated water

As discussed above, water is a significant variable that caeatly influence a
polyamide’s properties. Water is a clear, colorless, sl tasteless liquid with
a unique set of properti€s. Without water, life on earth as we know it would simply
not be possible. Water is found in various states; the masinuon are solid (ice),
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Figure 1.6: Temperature/pressure phase diagram for water (not to)séddeve 106C and
sufficient pressure to maintain the liquid state, water ih@ésuperheated state.

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

Superheated water, also known as subcritical water, isrvimtide liquid state
between 100 and 373.98. At the critical temperature (373.98), water goes from
the superheated state to the supercritical staBuperheated water is found in nature
in the form of geysers and hydrothermal vefitsWater inside cave-like reservoirs
is heated by the earth’s magma and becomes superheatedngBiokes not occur
because of pressure on the water. The higher the pressuteecsutface of the
water, the higher its boiling point. At some point even thiperheated water may
be hot enough to start boiling, even at the elevated pressuitkin the reservoir. As
it does, the steam that forms creates a bubble that expamgsamdly, pushing
the superheated water around it out the geyser/vent. Thai@nucarries steam,
superheated water, and dissolved gases into the surr@uediironment.

The superheated temperature region is characterized hycegase in pressure
with temperature. Figure 1.6 shows the phase diagram ofrwateve 100C, and
provided the pressure is sufficiently high to maintain tjeilil state, water is in the
superheated state. At temperatures below@0iguid water is fairly incompressible,
which means that pressure has little effect on the physioglguties of water. Above
300°C, water starts to behave as a near-critical liquid, and thesipal properties,
such as density, start to change more significantly withqumes Water changes
more dramatically when it becomes a supercritical fluid beeaof the breakdown
of its structure as the temperature rid8sAs temperature increases, the thermal



Introduction 13

motion of the molecules disrupt the hydrogen bonding néiw&uperheated water
has an expanded structure due to weak intermolecular hgdrbgnding?® but
in the supercritical state its nature approaches that ofllaction of light mobile
moleculest®

Superheated water is finding an ever increasing applicdigde, especially in
the field of compound extraction. Extraction using supesdtbavater tends to be
fast because diffusion rates increase with temperaturggar@ materials tend to
increase in solubility with temperature, for example, tkgaction of essential oils
from rosemar$ and coriandeéf are performed used superheated water. Superheated
water is being used commercially to extract starch matéagah marsh mallow root
for skincare applications and to remove low levels of mdi@s high-temperature
resistant polymer&

In a ‘Gedankenexperiment’, of which the outcome is discdisseChapter 4,
it seems plausible that (superheated) water will have aifsignt influence on
the hydrogen bonding in polyamides. In the superheatee,stediter molecules
are highly mobile and due to the elevated temperatures tlieoggn bonding
in polyamides weaken. Although the interactions between highly active
water molecules and the weakening polyamide hydrogen bendsknown at the
beginning of this thesis, it will become apparent that theteractions are substantial
and that the superheated water molecules have sufficiergyeteebreak the already
weakened hydrogen bonds completely, leading to a polyaméder solution.

1.6 Obijectives of this thesis

The goals of this thesis are twofold: one is to investigaeeitiiluence of hydrogen
bonding and the Brill transition on the crystallographioperties of polyamides.
The objective of a part of this research is to obtain a bettetetstanding of the
mechanisms involved during the Brill transition, and hove tBrill transition is

influenced by hydrogen bonding. Secondly, we will show thalygmides can
be dissolved in superheated water. The knowledge gainelgeirfirst part of this
thesis is used to further understand how the Brill transidiad 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 chaptewsHhyy means
of a unique set of piperazine based copolyamides that thigfansition is integrally
linked to conformational changes in the main polymer chdine piperazine based
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copolyamides allow for variations in the hydrogen bond dgngithout affecting the
crystallographic properties of the polyamide. The inflien€hydrogen bonding on
the Brill transition is also investigated. Dhapter 3 a different set of copolyamides
is investigated in which a peculiar Brill transition is obssd. The peculiarity of
the transition discussed in Chapter 3 is that instead of gyenesf the interchain
and intersheet reflections, a crossover of the two reflextimobservedChapter 4
discusses the influence of superheated water on polyantde/dich is a polyamide
with a high hydrogen bond density. Therefore the influenceupkerheated water on
the hydrogen bonds should be the greatest on this polyamidemparison to other
polyamides. Chapter 5 compares polyamide 6,6 to polyamide 4,6. Experiments
similar to those performed on polyamide 4,6 are performegdalyamide 6,6 which
has a tilted unit cell compared to polyamide 4Cthapter 6 shows the generality of
the principles discussed in the previous chapters by stgdyarious (commercially
available) synthetic polyamides in the presence of supéedewater. Chapter 7
combines the knowledge obtained in Chapters 2 and 4 by désghiow superheated
water influences the hydrogen bonding in the piperazinedaspolyamides first
presented in Chapter 2. The effect of hydrogen bonding hegetith superheated
water on polyamides is also studied in this chapter. Firthllythesis concludes with
a discussion of the technological significance and apjiicatof 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 Birill

transition, and lamellar thickening in
piperazine based (co)polyamides

Copolyamides, based on 1,12-dodecanedicarboxylic acid an
different ratios of 1,2-ethylenediamine and piperazine, i PA2,14-
co-pip,14, as well as the homopolymers PA2,14 and PApip,14 are
studied. Incorporation of the piperazine component in thadpolymer
PA2,14 reduces the number of hydrogen bonds. This providesgae
opportunity to investigate the influence of hydrogen bogdom the
origin of the Brill transition and chain mobility within ppiner crystals.
Time resolved conformational, structural, and morphaabichanges
during heating are followed by FTIR spectroscopy, WAXD, &#IXS.

For a piperazine content between zero and 62mol% the Battisition
occurs at approximately the same temperature. The tramafimn is
triggered by conformational changes in the methylene sempseof the
main chain, followed by twisting in the methylene sequene®d to the
amide group. This results in enhanced chain mobility aldreg:taxis
causing lamellar thickening. For a piperazine content oh&0 and
higher, no Brill transition is observed. However, confotimaal changes
in the methylene sequences of the main chain trigger lamblizkening.

*This chapter is largely based on:

E. Vinken, A.E. Terry, S. Hoffmann, B. Vanhaecht, C.E. Kaninand S. Rastogi,
Macromolecule006 39, 2546-2552.
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(b) PApip,14

Figure 2.1: Chemical structure of (a) 1,2-ethylenediamine-based bhgiperazine-based
repeat units.

2.1 Introduction

Polyamides have a relatively high melting point in compariso other polymers due
to the hydrogen bonds that form between the recurring anrioigpg. By varying the
density of these hydrogen bonds, it is possible to greaflyence the polyamide’s
physical propertied’ One route to change the hydrogen bond density is to change
the length of the aliphatic portions in the linear polyamaiains, which results in
a change in the spatial separation between the amide grangshence an overall
change in the hydrogen bond density However, this approach leads to different
polyamides, such as polyamide 4,6, polyamide 6,6, etc. lwimevitably leads to
different crystal structures, lamellar thicknesses, aticof these variables inevitably
complicate the study of the hydrogen bond density in polgeasi Therefore a second
route to change the hydrogen bond density becomes moretattrareplace the
amide group with a different chemical unit that reduces thssjbility of hydrogen
bond formation, but has similar structural features aneé sig the amide group.
These similarities in structure enables the different dbahunits to co-crystallize
with the amide units. A suitable co-monomer is piperazifewsr schematically
in Figure 2.1. Since a piperazine residue does not contaemade hydrogen it is
unable to act as a hydrogen bond donor, thus hydrogen boisdiaguced. However,
piperazine can act as a hydrogen bond accetdt.

In a previous study a range of random copolyamides of polgani,14
(PA2,14) and polyamide piperazine,14 (PApip?4® were synthesized with
varying piperazine content from 30mol% to 90mol%. The hoohpmers PA2,14
and PApip,14 were also prepared. The copolymers exhibitcaedse in melting
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and crystallization temperature with increasing piperaztontent. Although the
introduction of a rigid cyclic monomer usually leads to anrgase in the melting
temperature with respect to the homopolymer, the reducgityadf the piperazine
units to form hydrogen bonds overrules this effect. It waoahown that up to a
piperazine content of 62mol%, the PA2,14 and PApip,14 wotsrystallize into a
common crystal lattice, which differs only slightly fromettiPA2,14 crystal latticé?
For a piperazine content of 90mol% and higher, the crystatsire was distorted
from that of PApip,14. For an intermediate piperazine cont 70mol% and
82mol%, the studies indicated a co-existence of the PAZ2it4RApip,14 crystal
structures. It was further concluded that the piperazingsrincorporated into the
copolyamides were oriented parallel to the hydrogen boistieéts, the sheets being
shifted parallel to one another.

In the studies mentioned abdVe?the crystal structure of the homopolymers and
the copolymers were only investigated at room temperatlirs. known, however,
that many polyamides show a Brill transitidr?2-50:792.95.103pon heating. The
Brill transition entails a solid state crystalline transfation from a low temperature
triclinic to a high temperature pseudo-hexagonal phassh@sn by the fact that the
100 reflection related to the interchain distance and ther@fl€ction related to the
intersheet distance merge into a single reflection. As disediin Section 1.3, the true
nature of the Brill transition is still a matter of debate.eTBrill transition is strongly
dependent on molecular structure and crystallization itiomg.”® Therefore the Brill
transition should be affected by the incorporation of a sd@iamine residue such as
piperazine into the polyamide chain, both due to the possitfluence on the crystal
structure and, more importantly, due to the decrease inyHeogen bond density.
This chapter investigates the behavior upon heating of tmdpolymers PA2,14
and PApip,14, and the copolymers PA2 datpip,14 by simultaneous SAXS/WAXD
and Fourier transform infrared (FTIR) spectroscopy. Wiise experiments we aim
to understand the origin of the Brill transition in polyaregin general.

2.2 Experimental description

The homopolymers PA2,14 and PApip,14 as well as the copolyrR&2,14e0-
pip,14 are synthesized via a polycondensation reactionl@-dodecanedicarbonyl
dichloride and varying amounts of 1,2-ethylenediamine gpiderazine as
described elsewhePé. Thermal and molecular characterization is also described
elsewheré® % The piperazine-based copolyamides used in this study have a
piperazine molar fraction of 0.30, 0.46, 0.54, 0.62, 0.82, @.90. These copolymers
are referred to as coPA 0.30 through to coPA 0.90, respéctive

Simultaneous small and wide angle angle X-ray diffracticpegiments are
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performed on the High Brilliance beamline (ID0¥),at the ESRF in Grenoble
(France). The experiments are performed as described irmdp A.2.2 using a
Limkam TMS94 hotstage and controller. Sample preparaaone by sealing each
of the (co)polyamides in aluminium DSC pans and heating timeariTA Instruments
Q1000 DSC to temperatures well above (at leasiC)Zheir respective melting
temperatures and cooling to room temperature &AQin. This is performed twice
for each sample. The samples are subsequently allowedatoattoom temperature
for more than a week. This is because of changes in the lansglécings at room
temperature previously observed for these matetfalsfter this pre-treatment, the
samples are removed from the DSC pans and placed in 2mm diakiatlemann
capillaries used to perform the X-ray diffraction experirtge All diffraction patterns
are corrected for absolute intensity and integrated to mitensity againsy. The
SAXS results are Lotentz corrected, i.e. the intensity datamultiplied byg?.
The position and intensity of the crystalline peaks in the XiApatterns are fitted
using a pseudo-voigt function for each crystalline peak.difiohally, the fitting
function contains a linear term to account for residual tecay arising from the
background and the Lindemann tube. The melting end pointlamndrystallization
onset temperatures observed during the DSC measuremeniseat to calibrate the
temperatures at which the sample is completely amorphadisvaen crystallization
has just begun, respectively, as detected by WAXD.

FTIR experiments on melt crystallized (co)polyamides aexfggmed 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 WAX®D $AXS patterns
collected on the High Brilliance beamline ID02 at the ESRie Thtegrated WAXD
patterns of intensity againgtare fitted using a number of pseudo-voigt functions
and a linear background. Thikspacings are obtained from the fitted peak positions
via the relationd = 27/q. The WAXD pattern, Figure 2.2(a), for the homopolymer
PA2,14 at 50C corresponds well to other data reported for this homopeltyat
room temperaturé % On heating, the interchain 10@ & 0.42nm) and intersheet
010 @ = 0.39nm) reflections merge to an extent that no further decoresiut
is feasible. The merger of the interchain 100 and intersiddét reflections is
shown in Figure 2.2(a). This behavior is typically callea tBrill transition* in
polyamides, and the temperature at which it occurs correfspto the Brill transition
temperature. PA2,14 shows a melt temperature of@3@hich compares well
with other result$®% On cooling from the melt the reverse behavior is seen,
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albeit at some undercooling. At25°C below the melting point, the homopolymer
crystallizes, resulting in a single reflection which splitdo two reflections on
further cooling. The WAXD patterns for coPA 0.30 up to coPA2.also show
a Brill transition at~150°C and a melt temperature in the order of 200Upon
undercooling, crystallization occurs in the vicinity of(®€ and the Brill transition
occurs in the vicinity of 148C. In a previous stud{® reminiscence of the low
temperature phase was seen at high temperatures for coRAIQ.fhe data shown
in Figure 2.2 this is not seen. The differences could be duehomogeneities in
the starting sample, thermal history, (a lack of good) tr@rontact with the heating
device, or other experimental error in the previous studgndé¢ more care is taken
in the current experiments shown in Figure 2.2 to avoid suge@mental artefacts.
CoPA 0.82 and coPA 0.90 show behavior similar to homopolyR#gpip,14 where
the intersheet 010 and interchain 100 reflections do noteriatg a single reflection
prior to melting.

In Figure 2.2 the position of the SAXS patterns atG&hows an increase with
increasing piperazine content, which is also noted in aipusvstudy2® On heating,
all the (co)polyamides show a gradual increase in lameharkhess just before
melting to double (or more) their initial value at ®D Note that while the lamellar
thickness increases to twice the initial value, no considlerchanges in crystallinity
are observed. For the homopolymer PA2,14 and the copolyemid to a piperazine
content of 62mol% the lamellar thickness changes more lsapiith increasing
temperature above 185 (above the Brill transition temperature), see Figuregh}.2
to 2.2(j). For the coPA 0.82, coPA 0.90, and the homopolymipi14 the
SAXS peak position changes more rapidly above°Cl0.e. ~40°C below the melt
temperature. A remarkable observation is that polymers gh piperazine content
do not show the Brill transition, although lamellar thickag occurs similarly to the
copolymers that do show the Brill transition. The correspiog WAXD patterns for
the high piperazine content (co)polymers do not suggesthagiges in crystallinity
or a phase transition around 00

After cooling from the melt the lamellae spacing at°G0is slightly higher
than before heating. Due to problems with the detector, nXSApatterns could
be collected on cooling coPA 0.82 and coPA 0.90 from the m8lased on the
WAXD patterns, shown in Figure 2.2, it is expected that theXSAcooling runs
of coPA 0.82 and coPA 0.90 will follow a similar behavior as tBAXS cooling run
of PApip,14. A previous study showed that the crystal structure in the recrystallized
(co)polyamides still relaxes at room temperature and that elaxation is only
observed in the large repeat distance of the lamellar stgcid not in the interchain
100 and intersheet 010 distances. This could explain whiathellar spacing at 5C
in the copolyamides is larger directly after crystallipatifrom the melt than before
heating to the melt. Indeed, following sample preparatmritiese experiments, the
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Figure 2.2: Simultaneous WAXD (a,c,e,g,i,k,m,0) and SAXS (b,d,fimjp) of the
homopolymers PA2,14 and PApip,14, and the copolymers coB®; 0.46; 0.54; 0.62; 0.82;
and 0.90 during heating from 30 to the melt and cooling from the melt to®Dat 10C/min.
The Brill transition is observed up to a piperazine contdriamol%. The Brill transition
temperature has been taken as the last data point wherevdédoom of the interchain 100
and the intersheet 010 reflections can be made. The linedlwy&AXS heating runs serve
as a guide to the eye. Due to problems with the detector no Sgatterns are available for
the cooling runs of coPA 0.82 and coPA 0.90. The WAXD peaktjms are+0.01nm and
the SAXS peak positions are0.2nm.

samples were allowed to relax at room temperature for n@aslgek prior to making
any measurements.

The sudden shift in the temperature required for lamellakéning from 165C
to 110C with an increase in the piperazine content from 62mol% to@2o
correlates well with the sudden changes in the interchathiatersheet distances
observed with an increasing amount of piperazine contem $2mol% to 82mol%,
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Figure 2.3: The Brill transition temperature on heating and coolingrakie molar piperazine
fraction. The Brill transition is observed up to a piper&zaontent of 62mol% and is taken as
the last data point where deconvolution of the interchahdrtd the intersheet 010 reflections
is still feasible. The onset of lamellar thickening on hegtis taken from Figure 2.2. The
endpoint of melting and the onset of crystallization terapere$® are given as a reference.
All lines serve as a guide to the eye.

and in thed-values observed at 30 in the WAXD patterns shown in Figure 2.2 and
Figure 3 of Hoffmanret al3°

2.4 Hydrogen bond density and the Brill transition

Figure 2.3 summarizes the Brill transition temperaturesieating and cooling for
the various (co)polyamides investigated. The Brill tréinsitemperature reported in
Figure 2.3 has been determined from the data reported ird-@@. The last data
point where deconvolution of the interchain 100 and thergtiteet 010 reflections can
be made is taken as the Brill transition temperature. Asexreete, the temperatures
of the end of melting endothernTy(,) from DSC measurements and the detection
of the onset of crystallization1{) for the (co)polyamide® are also given. The
Brill transition temperature remains approximately canst both on heating and
cooling, up to a piperazine content of 62mol%. On heatingtlegage Brill transition
temperature is 16%, and on cooling 14T. It is to be noted that the average Brill
transition temperature on heating and cooling for theseetopiperazine content
copolymers is higher thdf,, (or1..) for coPA 0.82, coPA 0.90, and the homopolymer
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PApip,14. This suggests that the reason that the Brill ttiansis not observed in
coPA 0.82, 0.90, and PApip,14 is because on extrapolat®Bihl transition occurs
at a temperature higher thdp,.

The invariance in the Brill transition temperature for th@polyamides up to
62mol% of piperazine is unique. This has not been seen pglyidor other
polyamide systems. When the Brill transition temperatuse rhany different
polyamides are comparéf,no apparent trend is observed as a function of alkane
chain length, and therefore also hydrogen bond density.teddsthe different
chain length polyamides crystallize into different crylgte structures® For the
copolyamides investigated here the piperazine units gstaltize with the polyamide
units yielding the same crystalline structure up to a pipiee concentration of
62mol%. Having established that the Brill transition camydse a function of the
hydrogen bond density, and not of the crystal structures itmiportant to examine
any conformational changes occurring within these mdgetpon heating. For this
reason FTIR spectra are collected.

2.5 Conformational changes

Figure 2.4 shows the FTIR spectra collected for the polymisesi in this study at
30°C. All spectra are normalized relative to the area under tle¢hyhene bands
between 3000 and 2800crh which are invariant in this range of copolymers.
Figure 2.4(a) shows the frequency range from 3600 to 2800cnvith increasing
piperazine content, the bands at 3303, 3215, and 3085stmw a strong decrease,
whereas the band at 3005ctappears at higher piperazine content. The bands at
3303, 3215, and 3085cm are associated with NH stretch vibrations, and those
at 3215 and 3085cmi are also associated with Amide | and Il overtofiesThe
reduction in the NH stretch vibrational bands is in line vilie decreasing amount of
NH groups present in the copolymers with increasing pipeeazontent. The band
appearing at 3005cm, which becomes more apparent with increasing piperazine
content, is most likely due to the methylene groups in thergipine rings.

Figure 2.4(b) shows the frequency range from 1350 to 850cm Close
inspection of the spectral bands present in this regionsléadhe observation that
there are several bands that can be specifically assigned kmmopolymers PA2,14
and PApip,14, respectively. Additionally, there are batiug are common to both
homopolymers. Specific bands that are associated with thpholymer PA2,14
are 946, 977, 1230, 1242, 1263, and 1320tm The bands associated with the
homopolymer PApip,14 are 985, 1010, 1024, 1172, 1226, 1268, 1283cm!.
Bands common to the both homopolymers are 1054, 1188, anBiciBd. As
expected, depending on the piperazine content, the capadga show either the
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Figure 2.4: FTIR spectra of homopolymers PA2,14 and PApip,14 and c@poigles

coPA 0.30, coPA 0.62, and coPA 0.82 recorded 4C3@a) shows the frequency range 3600
to 2800cnT! and (b) 1350 to 850cm'.

bands associated with the homopolymer PA2,14 (see coPA®RQure 2.4(b)), the
homopolymer PApip,14 (see coPA 0.82 in Figure 2.4(b)), dhlfsee coPA 0.62 in
Figure 2.4(b)).

Figure 2.5 shows the FTIR spectra obtained in the frequeaage 1350
to 850cnT! while heating the homopolymers PA2,14 and PApip,14, and the
copolyamides coPA 0.30 and coPA 0.82 frontG@o the melt. Figure 2.5(a) shows
the FTIR spectra for the homopolymer PA2,14 at differentgeratures. On heating,
the bands at 977, 1054, 1188, 1230, 1305, and 132barising from the bending,
wagging and rocking vibrations of the methylene segnférits disappear between
150 and 18BC. This is the same temperature region where the Brill ttamsi
is anticipated, for comparison see Figure 2.2(a). For soityl these bands are
therefore referred to as Brill bands. However, the lamdh#rkening observed in
the SAXS pattern for PA2,14 also occurs in this temperategegon. Therefore, it is
possible that some of the Brill bands seen here may be as=taeidth the lamellar
thickening and not with the Brill transition, but it is not ggible to distinguish
between these two effects from these FTIR spectra alone.uf@mef heating, the
bands at 946, 1243, and 1263chbroaden considerably or disappear altogether on
melting and are therefore associated with the crystallmesp. The crystalline bands
at 1243 and 1263cnt are Amide Ill bands coupled with out-of-plane methylene
motions, whereas the band at 946¢nis the Amide IV vibratior?3 24113

Figure 2.5(d) shows the FTIR spectra for the homopolymerif?PAg on heating
from 30°C to the melt. On heating from 3G, the bands at 1188 and 1305ch
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Figure 2.5: FTIR measurements of homopolymers PA2,14 and PApip,1l4¢capdlyamides
coPA 0.30 and coPA 0.82 on heating from°B0to the melt at 18C/min at regular 18C

intervals.

disappear between 100 and 1CQi.e. in the temperature region where the change
in the lamellae thickness is observed in the SAXS pattems,Fsgure 2.2(p). On
heating to the melt the bands at 985, 1010, 1024, 1037, 1054, 11226, 1253,
and 1283cm! broaden. The bands that disappear at the Brill transitiothén
homopolymer PA2,14 (see Figure 2.5(a)) are also presddit alith some changes
in the homopolymer PApip,14 (see Figure 2.5(d)). The methylband at 977cm

in PA2,14 is now present at 985crh in PApip,14, the band at 1230crh is at
1226¢nT!, and the band at 1320cmh is absent in PApip,14. These changes are
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due to the differences in chemical structure and an incoedagality of the main
chain in the homopolymer PApip,14 when compared to the hatyorer PA2,14.

In previous studi€®: 13 performed on several polyamides (PA6,10; PA6,12;
PA10,10), it was found that during the Brill transition, éommational disorder
occurs in the methylene sequences. With increasing tertpertne intermolecular
hydrogen bonding between the amide groups weaken, althibisgletained up to the
melt. The methylene sequences between the NH groups ard fourecome more
disordered than the methylene sequences between the C@sgtaworder to model
the changes in the FTIR spectra close to the Brill transitibe methylene units
adjacent to the amide groups needed to be decoupled frorertaning methylene
segments. It was concluded that even after the Brill tremmsitydrogen bonding is
retained, thus making chain rotation along thaxis in the pseudo-hexagonal phase
impossible. Structural changes in the methylene partseofrthlecular chains were
observed. Similar observations are reported by otffe?8.

For the homopolymer PA2,14 shown in Figure 2.5(a), the Yibnal bands
associated to the methylene sequences next to the CO gnaupgaand 1054cmt
and the bands associated to the methylene sequences née Ht groups are
1230 and 1320cm'.?4#113 On heating, all these bands decrease in intensity and
ultimately disappear above the Brill transition tempematbut below the melting
point. However, the methylene bands next to the NH groupedser faster than the
methylene bands next to the CO groups. These observatieria agreement with
the results reported by Yoshioka al 13 and Tashircet al2°

Unlike in PA2,14, in PApip,14 the vibrational bands of thethydene groups
next to the N (1226cm') and the CO (985 and 1054crh) groups remain even
after melting. These observations suggest that in PApifh&4rigidity along the
main chain inhibits the complete disappearance of thesdshaithough close to
the melting point broadening and a slight shifting to highequencies of these
bands is noticed. However, similar to PA2,14, in PApipl4 aeds at 1188 and
1305cnT! disappear but at lower temperatures, i.e. between 100 a@RC]1%ee
Figure 2.5(d). These bands are related to the main chainyteathstretching and
wagging motiong* Considering the absence of the Brill transition in PApip,14
these bands are not immediately related to the Brill traomsitThe disappearance of
these two bands coincides with the change in the lamellekitless observed in the
SAXS patterns for all the polymers investigated. Confoiamat! changes in the main
chain combined with the lamellar thickening suggest thegmee of enhanced chain
mobility along thec-axis. Increased chain mobility would lead to the disapaecs
of the trans conformers, i.e. the methylene main chain bani$88 and 1305crt.
Similar chain mobility is seen in linear polyethylefiesibove room temperature as
is seen in polyamides above the Brill transition temperstfir

Figure 2.5(b) shows the FTIR spectra for coPA 0.30 and Figuigéc) for
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coPA 0.82 on heating from 3G to the melt. The FTIR spectra for coPA 0.30 follow
the same behavior as PA2,14 and the spectra of coPA 0.8%/ftike same behavior
as PApip,14.

2.6 Conclusions

The thermal behavior of homopolymers PA2,14 and PApip,141 dheir
copolyamides, varying from 30mol% up to 90mol% piperaziaes investigated
using simultaneous SAXS/WAXD and FTIR spectroscopy. Thssdies provide
an insight into the effect of incorporating a secondary dirthat reduces the
number of hydrogen bonds within the crystal lattice; thkslii to influence the Brill
transition temperature.

The observations are that the Brill transition temperatansains independent of
the piperazine content up to a piperazine content of 62m#&¥R measurements
suggest disorder in the trans planar zigzag conformatibtteeanethylene segments
of the main chain at the Brill transition temperature. In PARthis conformational
disorder occurs at a higher temperature (150 to°C®@han for PApip,14 (100 to
110°C). The higher temperature required for the disorder in PAZ,ompared to
PApip,14 is a consequence of the presence of hydrogen pmtiRA2,14. With
the disappearance of conformational bands in the FTIR speehhanced chain
mobility along thec-axis is seen, which leads to lamellar thickening to twice th
lamellae’s initial, room temperature value. The strikingservation is that this
increase in lamellar thickening is independent of pipemziontent up to 62mol%.
The disappearance of the trans conformers suggests thmatnereasing piperazine
content, i.e. as the number of hydrogen bonds decreasegehanthe intensity of
these methylene bands occur at lower temperatures.

Combining the FTIR and X-ray diffraction data it can be dfatkat with the
disappearance of the trans conformers of the methylena segiments in PA2,14 and
the piperazine copolymers, chain mobility along thexis arises once the methylene
unit next to the carbonyl group is able to twist, althoughregen bonding is likely
to be retained. These observations are in agreement witfopeestudie$?: 38.95,113
In PApip,14, where hydrogen bonding is absent, the chainlityobccurs earlier and
twisting is not observed due to the piperazine rings thatoaiented parallel to the
hydrogen bonded sheet.
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The influence of stereochemistry on the
conformational changes and the Birill
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 sé&m
exhibit a peculiar Brill transition; an apparent crossimgtead of a
merging of the intersheet and interchain reflections dutimg Brill
transition is observed. At the temperature at which thesoesr is seen
in the X-ray diffraction patterns, no anomalous behaviooliserved
in the vibrational bands associated with the Brill tramsitin FTIR
spectroscopy. However, other vibrational bands at elev@mperatures
do provide an insight into the possible nature of this cresso The
studies suggest that the crossover is not a true Brill tiandbut involves
an amorphous component arising due to the non-hydrogerebdardide
groups becoming more mobile above the Brill transition terafure.
The trans 1,4-DACH units co-crystallize with the PA4,14tanvhere the
cyclic units align and stack onto one another influencingalignment
of other amide units, and ultimately the hydrogen bond fdionan the
polymer crystal. The cyclic 1,4-DACH entities appear to seumore
non-hydrogen bonded amides to occur in the amide crystatdatOn
heating above the Brill transition temperature the nonrbgdn bonded
amide groups present in the copolyamide become incregsmgbile,
resulting in a partial melting seen as an amorphous phasé&Xand
an exothermic event in DSC in the vicinity of the Brill tratien. It is
this partial melting which gives the impression of a crossat the Brill
transition.

29
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(a) PA4,14

A A i
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o

(b) PA1,4-DACH,14

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

3.1 Introduction

Polyamides form part of the engineering plastics and havad@ wide application
range in many products because they are strong and duraltleriai®a On
crystallization the polyamide chains fold into sheets witldrogen bonds between
the recurring amide groups; the hydrogen bonded sheetk ttaform a three-
dimensional structure with van der Waals forces betweesltkets.

Many aliphatic polyamides show a solid state crystal tt&rsion heating known
as the Brill transitiort! This transition involves the transformation from a low
temperature triclinic/monoclinic crystal structure to mthtemperature pseudo-
hexagonal structuré. The Brill transition temperature is defined as the lowest
temperature for which the interchain distance within a bgén bonded sheet and
the intersheet distance between the hydrogen bonded sireetxjual. The most
common method for determining the Brill transition is temgiare dependent wide
angle X-ray diffraction (WAXD). The Brill transition is olesved by a merger of the
interchain and intersheet reflections into a single retheatihich is maintained up to
the melt.

Recently Vanhaechdt al®® observed a peculiar Brill transition for copolyamides
of polyamide 4,14 (PA4,14). In these copolyamides the di@msegment of
the polyamide chain is replaced by trans isomers of 1,4-diacyclohexane
(1,4-DACH), shown schematically in Figure 3.1. The randpwistributed trans
1,4-DACH moieties co-crystallize with the PA4,14 units amd built into the crystal
structure with the cycloaliphatic rings oriented perpentir to the hydrogen bonded
sheet$? On heating these copolyamides, an apparent Brill tramsiticcurs as is
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seen by a merging of the interchain and intersheet reflectitno a single reflection.
However, on further heating the merged single pseudo-lomageflection seems to
split again into two reflections. This crossing in the Brilisition was also reported
for a set of copolyamides based on 1,4-cyclohexanedicghicaacid (1,4-CHDA)10?

In both cases the authd?s'%? argue that the cycloaliphatic residues prevent
the formation of a pseudo-hexagonal phase during heatiitg fr melting. In
their argumentation the auth8?s°? assume that during the Brill transition the
alkane segments in the polymer chain exert a torsional foncthe amide groups,
causing them to break and flip by 6Qor even 120) to form a three-dimensional
network of intersheet and intrasheet hydrogen bonds, gsopeal by Jonest al 53
The intrachain hydrogen bonds would prevent the chains frmwing further apart,
causing the interchain and intersheet distances to becaopum; eresulting in the
single reflection observed for the pseudo-hexagonal ptias€he cycloaliphatic
residues incorporated in the polyamide chain could redueedtational mobility of
the amide bonds and hence prevent the flipping of the hydrbgeds and thus also
the formation of intrasheet hydrogen borf8s%? The author¥>1%? appropriately
note that NMR® and infrared!® 112 113stydies on linear polyamide systems clearly
show that the hydrogen bonds are maintained up to the medtefdre the hypothesis
whereby the cycloaliphatic units would prevent the flippofghe hydrogen bonds
and thus cause a crossing in the Brill transition, is unjikel

Alternatively the authof® 192 postulate that the presence of cyclic residues
lowers the symmetry needed for a pseudo-hexagonal phaseievdn in a study
involving cyclic piperazine unit€® (see Chapter 2), which were incorporated in
polyamide chains, no changes in the observed Brill tramsitivith increasing
piperazine content is oberservEd. It is to be noted here that the piperazine moieties
are incorporated parallel to the hydrogen bonded sheeteeati¢he 1,4-CHDA and
1,4-DACH moieties are perpendicular to the sheets.

Itis likely that the trans 1,4-DACH and 1,4-CHDA residuefiience the mobility
in the polyamide chain, and hence also the Brill transitidowever, the exact nature
of the relation between these cyclic residues and the Baifisition is still unknown.
Here we investigate this unusual phenomenon, a crossidigtfarisition, using the
1,4-DACH copolyamides. In this study we also use synchrotealiation to perform
WAXD experiments, but in contrast to the previously diseaspublication®® 192
we have expanded the thermal region from room temperaturt® tipe melt for
each of the (co)polyamides. By doing so the transitionsistuih this chapter
become more apparent. Additionally, this is the first tinea these copolyamides are
investigated using infrared spectroscopy. The use of hiilffabce X-ray diffraction
and infrared spectroscopy should provide more insighttimtacause of this crossing.
This phenomenon provides a unique opportunity to furthedysand understand the
mechanisms behind the Brill transition.
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3.2 Experimental description

The homopolymer PA4,14 and the copolymers PA4&4-4-DACH,14 are
synthesized via a polycondensation reaction of 1,12-caudicarbonyl dichloride
and varying amounts of 1,4-diaminobutane and 1,4-dianyitiobexane (1,4-DACH)
as described elsewhel®. The 1,4-DACH-based copolyamides used in this study
have an all-trans conformation with 1,4-DACH molar franosoof 0.07, 0.14, and
0.20. These copolymers are referred to as coPA 0.07, coRA arid coPA 0.20
respectively. The molecular weights for the copolyamidescamparablé&®

Melt crystallized samples are placed in 1mm diameter Lirml@mcapillaries
and heated using a Linkam TMS94 hotstage and controller. eTissolved
WAXD measurements are performed at the High Brilliance He@mD02% at the
European Synchrotron Radiation Facility (ESRF), GrenoBlance as described
in Appendix A.2.2. FTIR and DSC measurements are performedhe melt
crystallized (co)polyamides as described in Appendix Ad A.6.

3.3 Results and Discussion

Vanhaechtet al®® first observed what they believed to be a crossing instead of
the traditional merger of the intersheet and interchairectihtns during the Birill
transition. The data originally collected by Vanhaeehtal®® was performed on
the Dutch-Belgium beamline DUBBLE (BM28) at the ESRF in Grenoble, France.
We have repeated the original experiments on the High 8mnitle beamline (1D02),
the results of which are shown in Figure 3.2, where we usethardhermal regiem
in comparison to the original data, i.e. we have studied thgolyamides from
room temperature up to the melt. This is done specifically &kenthe observed
transitions more apparent and clear. The WAXD patterns Acr,®4 (Figure 3.2(a))
shows a regular Brill transition occurring a210°C, followed by melting at 22&.
CoPA 0.07 shows an apparent Brill transition by a merger ef ititersheet and
interchain reflections at 17Q, lower than the Brill transition temperature for PA4,14.
On further heating there seems to appear a broad reflecttbe iricinity of 0.5nm at
180C°C. This reflection remains up to the melt, increasing slowlynitensity. This
appearance of a new reflection above the Brill transitionrigsual. CoPA 0.14
and coPA 0.20 show similar behavior, albeit that the Brifingition occurs at
progressively lower temperatures. This is because, aitihdbe position of the
interchain reflection remains approximately constanttierdopolyamides at 0.45nm,
the intersheet distance becomes progressively largengaim from 0.37nm for
PA4,14 to 0.41nm for coPA 0.20. It is likely that a further iease in 1,4-DACH
content will result in an apparent single reflection at roemperature because the
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Figure 3.2: WAXD patterns collected on heating melt crystallized sasftom 30C to the
melt at 20C/min for (a) PA4,14, (b) coPA 0.07, (c) coPA 0.14, and (d)AG®R20.

interchain and intersheet reflections will become indggtishable. The increase
in the intersheet distance is a direct result of the trandDBA@H moieties, which
are incorporated in the crystalline phd8e.The 1,4-DACH moieties are aligned
perpendicular to the hydrogen bonded sheets, causing asas® in the average
intersheet distance measured with increased 1,4-DACHenantThe temperatures
at which the apparent crossover occurs together with thé amel Brill transition
temperatures are shown in Figure 3.3. The melt temperataredses with increasing
copolymer content because of the increased rigidity aloegoblymer chain caused
by the introduction of a cyclic entity in the polymer cryskattice.

The Brill transition as shown in Figure 3.2 is clearly an wmldransition which
requires a deeper look at and understanding of the Brillsitimm. The behavior
and origin of the Brill transition is related to conformatal changes in the polymer
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main chaif®.13 In FTIR spectroscopy the Brill transition is characterizgdthe
disappearance of the methylene bands next to the amidegrihgse are the bands
at 977 and 1054cm for the methylene units next to the CO groups, and 1230 and
1320cnt! for the methylene units next to the NH groups. If this crossas related

to the Brill transition, the FTIR vibrational bands charcting the Brill transition
should be influenced. Also, the introduction of the 1,4-DAGHits in the polymer
chain could also affect the Brill transition bands.

The FTIR spectra for PA4,14 and the 1,4-DACH copolyamides however,
surprisingly similar, as shown in Figure 3.4. Minor diffaces between the
samples include the appearance of bands at 1240 and 9&Zomthe 1,4-DACH
copolyamides together with a decrease and broadening dbahds at 692, 742,
948, 1036, 1419, and 1478crh The bands at 1240 and 902chare most likely
related to the methylene bending and rocking vibratione&TIACH cyclic ring. The
band at 902cm! is also a so-called amorphous band; the vibration remaitisally
unchanged even after melting. The band at 692cimthe Amide V NH-out-of-plane
scissoring vibratiog? 742cnt! is a CH, rocking modé&* 13 948cnt! is the
Amide IV C-CO stretch vibratiod/- 11 1036¢nT! is a CH, wagging/twisting
mode together with an Amide Il vibratioft; 1% 1419cnt! is the CH, scissoring
vibration next to the CO group in the trans conformafiérand 1478cm’ is the
CH, scissoring vibration next to the NH group in the trans comi@ion??> The
decrease and broadening of these bands can be attributed tydlic ring which
is incorporated in the polymer main chain, reducing the iit@s of especially the
amide groups and the adjacent methylene units.

The Brill transition temperature for PA4,14 is observed-@10°C by WAXD
where the intersheet and interchain reflections merge istogde reflection without
showing any crossover behavior, i.e. a classical Brillgidon. Indeed, the FTIR
vibrational bands associated to the Brill transition infi@R data all show the same
behavior for both the homopolymer and the copolyamides: aaugal decrease in
intensity to finally disappear completely a200°C. The FTIR results suggest that
the copolyamides also show a Brill transitiona200°C with the Brill bands all
disappearing and not re-appearing (or remaining) abogae¢mperature. Therefore
the WAXD observations for the copolyamides must be thatetlern Brill transition
occurring, which is the merging of the intersheet and iftairc reflections, but that
the crossover is due to some other underlying mechanismhwigcomes noticed
only after the Brill transition.

Further inspection of the FTIR spectra is required to prexagossible answer to
this peculiar crossover. At room temperature a band at I#12avhich originates
from non-hydrogen bonded CO gropss present for all the (co)polyamides. On
heating this band broadens considerably for all the (cggmnides investigated.
Simultaneously, at 3445cm a band originating from non-hydrogen bonded NH
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Figure 3.3: The melt?® Brill, and apparent crossover temperatures for PA4,14 aed t
1,4-DACH copolyamides. The Brill transition temperatwsédken as the lowest temperature
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Figure 3.4: FTIR spectra obtained for the (co)polyamides containing&&H (PA4,14),
7% DACH (coPA 0.07), 14% DACH (coPA 0.14), and 20% DACH (coPR®) at 30C
between 1800 and 650crh.
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Table 3.1: The table shows the melt temperaturd$,), the temperature at which the
vibrational band at 3445cm appears and 1712cm broadens in the FTIR spectré(), the
Brill transition temperatur€l(s), and the crossover temperatufg (), i.e. the temperature at
which the single, high temperature WAXD reflection seemsefmasate into two reflections,
for the (co)polyamides investigated.

DSC®  FTIR WAXD
Tm Tz TB Ta:o

PA4,14 228C 200C 210C -

CoPA 0.07 244C 180C - 180C
CoPA0.14 253%C 170C - 180C
CoPA0.20 270C 160C - 160C

stretch vibration® appears at higher temperatures. Table 3.1 shows the tetumesra
at which the vibrational bands at 3445chappears and 1712cm broadens together

with the so-called crossover temperature for the copolglasjii.e. the temperature
at which the new reflection seems to appear in the WAXD patteand the classic

Brill transition temperature for the homopolymer. The darmty between these

temperatures is striking. This correlation in temperatgteongly suggests a relation
between these two observations.

Non-hydrogen bonded NH and CO groups, especially at elévataperatures,
are usually present in the amorphous phase. It seems glatisdrefore that the
reflection observed in the WAXD patterns is not a crystallnrefiection, but a
broad underlying amorphous halo resulting from a patrialtinge occurring in the
copolyamides. Indeed, the position of this crossover takimilar to the position
of the melt amorphous halo, as shown in Figure 3.5 for coPAX @arid coPA 0.14;
coPA 0.20 shows a similar behavior.

If the crossover halo observed in the copolyamides arisas & partial melting
occurring in the sample, an exothermic peak should be weidiblthe vicinity of
the Brill transition temperature when performing DSC expents on the samples.
Figure 3.6 shows the DSC traces obtained on heating meltadiged 1,4-DACH
based copolyamides to the melt at@@min. Evident from these traces is that all
the spectra show two distinct exothermic events; one eten2@0°C in the vicinity
of the Brill transition temperature, and one event at thesetgd melt temperatures
for the respective (co)polyamides. The observation of asthexmic event in the
vicinity of the Brill transition temperature confirms thaetcrossover halo observed
in the WAXD patterns is indeed related to a partial melting.

We envisage the following happening; on heating the incgmgauche
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Figure 3.5: (a) and (b) show WAXD patterns of coPA 0.07 and coPA 0.14 &C3atervals
from 30°C to 270C respectively. Note how the broad crossover reflectiondatdd by the
arrow) at~0.5nm correlates with the position of the amorphous halo eiting. (c) and
(d) shows FTIR spectra of coPA 0.14 from°80to the melt. Note the band at 3445ch
appearing on heating and the band at 1712tbroadening.

conformers allow for more mobility along the polymer chaithe placement of
the amide groups along the polymer chain in PA4,14 and thelgamides is not
ideal; there are many amide groups in the crystalline phaaeare not hydrogen
bonded. The 1,4-DACH units co-crystallize with the PA4, hitsiwhere the cyclic
units, which are in the stretched all-trans (fully exterjdeohformation, are likely
to align and stack onto one another. This influences the rakgn of other amide
units, and ultimately the hydrogen bond formation in theypwr crystal. Possibly
these cyclic entities cause more non-hydrogen bonded artodeccur in the amide
crystal lattice. This is supported by a slight increase m nlon-hydrogen bonded
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Figure 3.6: DSC traces of melt crystallized 1,4-DACH based (co)polydesi

CO groups observed at room temperature at 1712cwith increasing copolymer
content as shown in Figure 3.4(a). When reaching/approgcthe Brill transition
temperature the gauche conformers allow for the non-hyardgpnded amide groups
in the crystalline phase, together with the non-hydrogemded amide groups in the
amorphous phase to become increasingly mobile, as seerebgabming band at
3445cnT! in the FTIR spectra, resulting in an increase of the amorgtahase.
In PA4,14 this increase in the amorphous phase is not olbdrseause the Brill
transition temperature is too close to the melt temperatewethe copolyamides the
Brill transition temperature is sufficiently far removeadin the melt temperature to
allow for the observation of the partial melt amorphous phashis also explains
why the crossover is more readily observed for higher copelycontent as the
melt temperature increases with increasing copolymerecdnbut the crossover
temperature is approximately constant.

3.4 Conclusions

Here we investigated a crossing instead of a merger of tleesimtet and interchain
reflections during the Brill transition for a series of 1,ACH based copolyamides.
The observed crossover in the WAXD patterns is not the rasfuli crystalline

reflection, but a broad underlying amorphous halo resulfiogn non-hydrogen
bonded amide groups. On heating above the Brill transitemperature more
conformational disorder is introduced in the polymer mdiain due to the incoming
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of gauche conformers at elevated temperatures. In PA4,tl4ttzan 1,4-DACH
copolymers many amide groups are non-hydrogen bonded dhe pmor alignment
of the amide groups between adjacent re-entrant chainsirristal lattice. The
presence of these amide groups is already observed in FTéRtrapat room
temperature. On heating above the Brill transition the aonétional changes allow
for these amide groups to become more mobile, resulting énpédrtial melting
observed as an amorphous phase in the WAXD pattern whichap@bximately
the same position as the amorphous phase obtained on mel&f traces of
the (co)polyamides on heating show an exothermic event etBtfil transition
temperature, confirming the partial melt behavior seenent#AXD and FTIR data.

The work presented in this chapter, as well as Chapter 2stidtes how
smart chemistry and tailor made materials can be employedutdy a particular
phenomena. In this thesis smart chemistry is used to stueliii transition and
how it is influenced by hydrogen bonding and stereochemi§tontrolled chemistry
together with detailed analytical techniques provide ajueiopportunity to study
and understand phenomena which would be impossible to sisidg commercial
materials.
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Crystallization of polyamide 4,6 from
superheated water — implications for
hydrogen bonding'

Here we demonstrate that water, in the superheated state, is
solvent for polyamide 4,6 (PA4,6) and that the water molesgtrongly
influence hydrogen bonding. Dissolution of PA4,6 in supatbé
water occurs at nearly 100 below the melting point of the polymer.
Almost no chain scission or reduction in molecular weightus
upon dissolution, unless the polymer is retained in satudbove the
dissolution temperature for more than 10 minutes. Thus igsohlition
of the aliphatic polymer in superheated water is mainly asptal
process as opposed to a chemical process. Time resolvey sfudies
show that the dissolution occurs prior to the Brill trar@ittemperature.

Single crystals grown upon cooling the dilute PA4,6/watduton
show a lath-like morphology with “ideal” interchain/intiaeet and
intersheet distances similar to the distances obtainedrjstals grown
from other known solvent$8° Diffraction studies show that the chains
in these single crystals are perpendicular todhg@lane with a lamellar
thickness of 6nm, which is also in accordance with other ntego
studies® confirming that the single crystals incorporate four repests
between re-entrant folds with an amide group incorporatetthe tight
fold. Solid state NMR studies performed on mats of thesdasiogystals
show two different mobilities of the proton associated te tmide

*This chapter is largely based on:
S. Rastogi, A.E. Terry, and E. Vinkemacromolecule2004 37, 8828-8828.

E. Vinken, A.E. Terry, O. van Asselen, A.B. Spoelstra, R.fGaad S. RastogiLangmuir2008
24, 6313— 6326.
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groups: a higher mobility linked to the amide protons in thkl fand
a reduced mobility of the hydrogen bonded amide protonsinvithe
crystal. Additionally, the solid state NMR and infrared digs on
the dried water crystallized single crystals show the preseof water
molecules in the vicinity of the amide groups within the ¢ajlne
lattice.

Upon heating above 20Q the water incorporated in the lattice
is released and upon subsequent cooling the polyamidensetiar
conventional melt behavior. TGA confirms weight reductiopomi
losing water. It is therefore plausible that water molesudee indeed
incorporated with the polyamide crystalline lattice witlh@ltering the
lattice parameters.

4.1 Introduction

In comparison with the more common polyamide 6 (PA6) andauoige 6,6 (PA6,6),
polyamide 4,6 (PA4,6) is a high performance material withgd imelting point and
enhanced mechanical properti8sThe unique properties of PA4,6 are a result of the
equally spaced successive amide groups that lead to a heybden bond density in
the crystal.

At room temperature and ambient pressure, the chains inrjlstats of most
polyamides, including PA4,6, are folded with hydrogen tmohétween the folded
chains. The thus formed hydrogen bonded sheets are linkecahyder Waals
interactions. Previous studied”°%:-54on PA4,6 using wide-angle X-ray diffraction
(WAXD) show two strong and characteristic diffraction sadgm at 0.37nm and
0.44nm. These Bragg spacings correspond to the triclimegalinic structure and
refer to the intersheet 010 and interchain/intrasheet &ji@ations, respectively.
The monoclinic intersheet and interchain distances aongly affected by crystal
perfection, whereby the conventional spacings of 0.37nmh @d4nm are only
achievable after annealing at elevated temperature or sglation crystallizatior®

A detailed study performed on the single crystals of PA4,6 and PA6,6 shows
a clear distinction in the nature of the chain folding andichaacking within
the crystals of these two polyamides. Unlike PA6,6, in PAdr6amide group
resides in the fold where the adjacent re-entrant chainst @erpendicular to the
ab-plane and have a similarity with thé-bends in proteins. Detailed computer
calculations involving space filling modelling suggestttiie outermost thickness of
a lamella will be approximately 6nm, which is in accordanagthvhe experimental
observations by the authots.

Upon heating PA4,6 single crystal madfsan expansion of the intersheet 010
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reflection and a contraction of the interchain 100 reflectiocurs, the former due to
lattice expansion and the latter due to the propagation o€lga conformers along
the methylene unit®> 195 113The two reflections tend to merge at the so-called Brill
transition!! The temperature at which the Brill transition occurs for F\garies
between 180 and 25G°% "8and is dependent on the crystallization conditiSrend
the degree of crystallinity. For solution crystallized PB4ingle crystals the Brill
transition occurs at 248 ,%’->*much below the melting temperature 0295°C 8

PA4,6 has a high hydrogen bond density due to the regularithe spacings
of the amide groups along the polyamide chains. Thereforé,68hows a high
tendency to interact with water molecules in the amorphdwese upon immersing
PA4,6 in water. The water content of PA4,6 can be up to 13wtesdmples with a
low crystallinity in a 100% relative humidity environmeiftThe tendency for PA4,6
to absorb water molecules from the air at room temperatukaasn®® However
little is known about the interactions between water mdiexwand the hydrogen
bonds in polyamides if the polyamide is placed in water insdeskvessel and heated
to above the ambient boiling point and below the superatipoint, were water is in
the superheated state. In the superheated state, the bBpdsogding between water
molecules weakens considerably and the water moleculésgirly mobile?® Thus,
in a polymer where hydrogen bonding exists, for example BAthe presence of
water in its superheated state, and thus with enhancedidiffyppermeability, should
have a significant influence on the hydrogen bonds and thepadie in general.

In this chapter we explore the structural and conformatiohanges which occur
during the interactions between PA4,6 and superheated \watkits implications
on the hydrogen bonding strength of PA4,6. It is shown thatt,BAdissolves
in superheated water at200°C. Time-resolved WAXD illustrates the dissolution
process. High pressure differential scanning calorim@d8C) is performed for a
range of polyamide concentrations in water in order to itigate the influence of
polymer concentration on the dissolution process. Anyiptes$sydrolysis resulting
in a decrease in molecular weight, is investigated by gehpation chromatography
(GPC) performed before and after the dissolution experimeBPC analysis is also
performed on PA4,6 dissolved in water to investigate thei@rfte the length of time
the material remains in solution has on the molecular wei§hrgle crystals grown
from dilute PA4,6/water solutions upon cooling are invgsted by transmission
electron microscopy (TEM). Single crystal mats obtaine@rathe removal of the
excess water are studied by small and wide angle X-ray diftna (SAXS/WAXD).
To locate and determine the influence of water moleculesdrsihgle crystal mats,
solid state nuclear magnetic resonance (NMR) studies aferpeed. These results
are further supported by Fourier transform infrared (FT$Rgctroscopy 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 availablevVD@oduced PA4,6,
commonly known as Starf§l. A PA4,6 film is prepared by dissolving the polymer
in formic acid (5g/l) and subsequently solvent casting thigmper onto a glass plate
after which the solvent is allowed to evapor@teThe melt crystallized material is
obtained by heating PA4,6 crystallized from formic acid lte telt and cooling to
room temperature at 2G/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 gleapillary to make an
~1wt% polymer concentration and sealed. When preparindesargstals for further
analysis, the following protocol is always used; the capjilis heated from room
temperature to 20C at 10C/min, held for 1 min and cooled to room temperature at
10°C/min using the in-house designed and built pressure cel/shn Section A.1.
Above 100C, the water in the capillary goes into the superheated. state 200°C,

the polyamide dissolves in the superheated water, andstadliges upon cooling,
forming a white suspension of PA4,6 crystals in water. Thestbbtained single
crystals are investigated using DSC, FTIR spectroscopyRNidectroscopy, 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 (SAWBI/XD) are performed
on dried solvent cast PA4,6 film and water (30wt% polymer eaoir@ation) using
the pressure cell described in Appendix A.1. The changesrong are followed
in situ by means of simultaneous SAXS/WAXD at the High Brillianceaivine®®
(ID02) at the European Synchrotron Radiation Facility (EsR5renoble, France
as described in Appendix A.2.2. Background correctionsttier WAXD data are
performed as described in Appendix A.2.3. In a separate SYARID experiment,
a mat of PA4,6 water crystallized single crystals is pregdreg filtering, at room
temperature, the suspension of single crystals throughchmier funnel lined with
filter paper. The excess water still present in the mats &ftering is allowed to
evaporate overnight under ambient conditions. The driadlsicrystal mats are
placed in a 2mm Lindemann glass capillary and heated on akinkViS94 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, detail@tiutaneous SAXS/
WAXD studies are performed under controlled conditions lo@ High Brilliance
beamline (ID02) at the ESRF. Figure 4.1 shows the simultasigorecorded
SAXS/WAXD data obtained on heating 30wt% of PA4,6 crystall from formic
acid, in water in a sealed vessel from 50 to WDCat 10C/min. As shown
in Figure 4.1(a), on heating, prior to the merging of the 16terchain and 010
intersheet reflections, the polymer becomes amorphous, the interchain and
intersheet reflections disappear or merge into a halo ar@8auC. As the normal
melting point for PA4,6 is expected to be a295°C?2 the behavior shown in
Figure 4.1 shows the dissolution of PA4,6 in superheateé@mai00C below the
melting point. With the onset of dissolution, i.e. the last/fframes at about°& prior
to dissolution, the interchain and intersheet reflectiomgade from each other and
decrease in intensity. This is most likely due to the wateleudes, which are highly
mobile due to the elevated temperatures, penetrating yistattattice and breaking
the hydrogen bonds between the amide groups. This causiesethain distance to
increase, and consequently the intersheet distance teatecr The simultaneously
recorded SAXS data shown in Figure 4.1(b) show a well defirsdal torresponding
to ad-spacing of 9.5nm at 5C. On heating, up to 15C, the lamellar thickness
hardly changes. Above 190 the lamellar thickness increases with a broadening of
the halo and finally disappears completely at“t®00n cooling the polymer/water
solution from 200C as shown in Figure 4.1(c), crystallization occurs disedti
the triclinic phase with the appearance of two reflectionsesponding to the 100
interchain/intrasheet and 010 intersheet reflectionsesely. The simultaneously
recorded SAXS data shown in Figure 4.1(d) show the appearaha sharp halo
on crystallization at much lower angles than before digBmiucorresponding to
a lamellar thickness of~13nm, i.e. considerably larger than the value of 9.5nm
prior to dissolution. The considerable increase in lamdhéckness suggests that
a considerable amount of water resides within the amorplaoukor crystalline
component of the lamellae. As we have already commente@ywasily adheres to
the amorphous component of polyamidé$A4,6 can contain up to 13wt% water in
the amorphous phase at low crystallinity. We return to thisiplater in this chapter.
The increase in lamellar thickness may also be due to a chignggystallinity.
However, the WAXD data does not suggest that a large changeystallinity has
occurred. On cooling to 5C, almost no shift in the lamellar thickness is observed.
We have demonstrated that PA4,6 can be dissolved in supedheater at
~200°C by encapsulating the polymer with water in a closed vessglheating the
vessel to 208C, which is well below the melting point of PA4,6-@95°C8). The
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Figure 4.1: Simultaneous SAXS/WAXD collected on heating/cooling 38wWRA4,6 in water
between 50C and 200C at 10C/min. The contribution from the glass capillary, waterdan
amorphous component have been subtracted from each tdfigattern. Every second data

file is plotted for clarity.



46 Chapter 4

Intensity [a.u.]

HEAT

0.3 0.35 0.4 0.45 0.5
d [nm]

Figure 4.2: WAXD patterns of PA4,6 and water in a sealed glass capillaeating/cooling
rates used are 2G@/min) for heating from 50 to 26 during which the capillary breaks at
~245C. An exposure is taken everyG; no background correction is performed for this
experiment. The data are collected at IB%4s described in Appendix A.2.1.

dissolution of polyamide in water is also reported in a paterwhich polyamide
nanocomposites are obtained by mixing a polyamide in thet mlehse with
anisotropic particles dispersed in water by means of auéstf® > The buildup
of temperature and pressure in the extruder leads to theafammof superheated
water, and thus to the dissolution of the polyamide in wdtea separate study, PA6
and montmorillonite nanocomposites were prepared usipgreeated watef*

The process shown in Figure 4.1 proceeds under pressuregad.@/ater enters
the superheated state, pressure increases. In an imgresperiment the sample
was sealed with water in a glass capillary such that the predss released just
after dissolution whilst still at elevated temperaturest lbelow the melting point
of PA4,6. Figure 4.2 shows WAXD patterns recorded duringdissolution of water
crystallized PA4,6 crystals in the presence of excess wadtare no background
correction is performed. As anticipated, the intersheeat imterchain reflections
move closer to each other on heating. A205°C, the two crystalline reflections
disappear as dissolution of the PA4,6 in superheated waters leaving a broad
amorphous halo. The capillary with a solution of PA4,6 andewa heated further.
Vapor pressure increases with increasing temperaturetan2id® C, when the vapor
pressure is anticipated to be approximately 36.8bahe glass capillary can no
longer withstand the pressure and breaks. Water at thesetdgperatures and
now at atmospheric pressure evaporates from the capillargsh instantaneously.
The water-free PA4,6 at 246, much below its melting temperature-Z95°C8),
crystallizes directly into the pseudo-hexagonal phaserdtore, the Brill transition
for the water solution crystallized sample must be betwd¥naghd 245C. The last
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three frames, heating to a maximum temperature of@a0 Figure 4.2, shows the
crystallization of PA4,6 in the pseudo-hexagonal phase dihgle broad reflection
at 0.42nm of the pseudo-hexagonal phase just after the tBaiisition typically
increases in intensity and becomes sharper with time.

The effect of (over) pressure on the dissolution proceswestigated by applying
an external pressurized nitrogen gas in the lid sealing lBesgample capillary. Up
to a external gas pressure of 25bar no deviation from the plasented above is
observed. From these experiments we can conclude thatesstype, but temperature
and thus mobility of the water molecules is determinant endfssolution process.

During the dissolution process described in Figure 4.1 shaaded water
molecules, which are highly mobifé enter the crystal lattice and break the hydrogen
bonds between the amide groups. However, it is importanteterchine if this
dissolution is governed by a physical of a chemical procdss: this reason, the
phase behavior of PA4,6 in superheated water is investigatimg DSC.

4.4 Dissolution of PA4,6 in superheated water with DSC

In the previous section it is shown that PA4,6 can be dissbivesuperheated water.
DSC is used to follow the phase behavior of PA4,6 in water.ufegt.3(a) shows
an example of the second heating run, from room temperatuBi®C for pure
PA4,6, and from room temperature to 220for 27wt% PA4,6 in water. For pure
PA4,6 a single melting endotherm is observed at°9As anticipated, no peak
is observed at the expected Brill transition temperature-245°C.>* In contrast,
PA4,6 in water shows a single asymmetric, broad peak on abbagkground. The
background may arise due to the pressure of the solvent.W&tdihe single peak
at 200C corresponds to the temperature at which dissolution isrebd 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 g¢emtyre measured
from DSC endotherms representing the temperature at whiglPA4,6 dissolves
completely in water for different concentrations. Figur8(4) also shows the onset
point of the exotherm on cooling, i.e. the onset temperadtikghich crystallization
of the PA4,6 from water occurs, at different polymer concaitins as determined
by WAXD. With a decrease in polymer concentration, the diggmn temperature
decreases for the first heating run, until a plateau is rehahe 80C for 60wt%
of polymer. At the plateau, the polymer dissolution temperis invariant of the
polymer concentration. The dissolution behavior shownigufe 4.3 implies that
superheated water is a solvent for PA4,6. The crystaltmabiehavior follows the
same trend as the dissolution behavior with the phase diadggelling off at a
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Figure 4.3: Influence of polymer concentration on the dissolution ofypatide 4,6 in water.
(a) shows DSC traces of the second heating cycle of PA4,6addbih water, and (b) shows
the phase diagram constructed from the measured tempeddttive end of the dissolution
endotherm and onset of recrystallization exotherm, forousr concentrations of PA4,6 in
water. All lines serve as a guide to the eye.

plateau of 154C for ~60wt% of polymer. On heating the PA4,6 crystallized from
a water solution (second heating run), the dissolution kgcatia higher temperature
(199°C) than the first heating run. Once again the plateau valeahed at-60wt%
PA4,6. Some variation in the data points in the plateau rediging the first heating
run can be attributed to poor thermal contact of the watergigmer within the
DSC pan.

By DSC at a heating/cooling rate of A¥Ymin, 106J/g is required to both dissolve
in superheated water or to melt an acid crystallized sanpleomparison to 84J/g
to melt the melt crystallized sample, Tables 4.1 and 4.2. da@nd heating run of
the dissolution of PA4,6 in superheated water, only 84Jfgois measured within
the dissolution endotherm, i.e. for water crystallized A4However, if the same
water crystallized samples are extracted from the pres&assel and sedimented and
dried, 106J/g will again be needed to melt the sample. Theesaaf this change in
enthalpy will become apparent in the discussion on the tralcproperties of PA4,6
later in this chapter. We also perform GPC analysis on PA4f6rb and after the
dissolution process to verify whether hydrolysis has o@xlras discussed in the
following section.
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Table 4.1: Melt temperatures and heats of fusion of PA4,6 crystallizech water, formic
acid, and the melt.

1st heating run 2nd heating run
Melting temperaturg ~ AH Melting AH
Peak 1 Peak 2| Peak 1+2| temperature|

PA4,6 from formic acid|| 285°C 289C 106J/g 287C 86J/g
PA4,6 from melt - 286°C 84J/g 286°C 83J/g
PA4,6 from water 273C 290C 106J/g 287rC 84J/g

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

Dissolution
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 retedseing polymerization,
it is important to investigate if the polymer dissolves, fodissolution proceeds via
hydrolysis in superheated water, therefore the molecukight of the polymer is
determined after the first and second heating runs for thgnp retrieved from
the DSC pans. Figure 4.4(a) shows a broad molecular weigtritdition of PA4,6
as received from DSM, with a peak at 70,000g/mol and a longdrignolecular
weight tail up to 400,000g/mol. The molecular weights of B#&4,6 crystallized
from water after the first and second heating runs are corhlearathin experimental
errors although minor reduction in molecular weight doesiocThe values obtained
from the GPC traces are shown in Table 4.3. These obsersaigygest that, within
the experimental conditions of our studies, PA4,6 does ndergo any substantial
hydrolysis.

However, if the polymer is left in the presence of superheatater after
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Figure 4.4: Determination of the degree of hydrolysis by changes in tb&oular weight
distribution of PA4,6 by GPC analysis. (a) shows the molaculeight distribution of the
original PA4,6 in comparison to the molecular weight disition of PA4,6 in the presence
of water (27% polymer in water) after the first heating/cogland second heating/cooling
cycle in the DSC. (b) showa/,, 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, hygsi$ would be expected
to occur and therefore it is essential to know how long themaman be left in
solution at high temperatures. To determine these expatahlkoundary conditions,
GPC analysis of crystallized samples from 15wt% PA4,6 in tewsolution held at
200°C, i.e. in the superheated state and well above the dissoltegimperature, for
various lengths of time is performed, the result of whichhisvgn in Figure 4.4(b)
where time is given on a logarithmic scale for clarity. Thetfjpoint 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 moleculéght®ccurs if the sample
is left for more than 10 minutes at 20D and would suggest that the polymer in
solution should not be left at these high temperatures forentioan 10 minutes.
However, the time required for the dissolution process ofi BANn water ranges
between 2-3 minutes, i.e. the time taken to raise the teryserérom 150C to
the dissolution temperature ef175°C at a heating rate of 2@/min. Given that
this time is quite short and that these temperatures do eeekthe temperature of
200°C at which the hydrolysis was determined as a function of tiini thought
that the dissolution protocol adopted as described in @edti2.2 has little influence
on the molecular weight of PA4,6. It is also apparent thesethat the dissolution
of polyamides occurs via a physical process and not via a icla¢process, i.e. not
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Table 4.3: Molecular weight of PA4,6 as received from DSM (originaftea the first DSC
heating run (¥ run), and after the second DSC heating ruff (@in). Here PDI is the
polydispersity index.

My M,

(Daltons) (Daltons) PDI

Original | 79600 24800 3.2
18t run 72600 33000 2.2
2nd run 62800 31700 2.0

by hydrolysis altering the molecular weight of the polyamidlrhese results are in
agreement with the heat of fusion involved in the dissolutioocess of polyamides
(see the previous section) and the findings are further gittened 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 PAdGcrystallized
crystals dispersed in water is left to dry on a carbon coabeger grid. Figure 4.5(a)
shows a micrograph of the crystals obtained after evamorafithe excess water. The
crystals appear lath-like with lengths ranging from 5 tetf and a width of-1um,
similar to PA4,6 crystals grown from other known solventstsas 1,4-butanedidl
and glycerin€®

Electron diffraction on the individual laths gives rise twetdiffraction patterns
as shown in Figure 4.5(b) and 4.5(c), which are charactrmea six-arc pattern.
Although the arcs are relatively long, they serve to showsdihgle crystal nature
of the lath-like crystals. The three Bragg reflections havaracteristic 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 theaifion pattern reported by
Atkins et al2 for PA4,6 single crystals grown from 1,4-butanediol whosidered a
monoclinic unit cell for PA4,6. The reflections can thus béexed as 100, 010, and
110 with a similar angle of 65between the two strongest reflections. The presence
of the third reflection arises due to twinning of the crystalhich is likely to arise
due to stress relaxation, an argument made previously éasi¥point pattern for the
1,4-butanediol grown single crystals of PA4,6.

In their studies Atkinset al3 also concluded that in the single crystals of
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Figure 4.5: (a) shows lath-like single crystals obtained on cryst@lizPA4,6 from water
where the scale bar representar (b) and (c) show electron diffraction patterns obtained

from these single crystals ((b) is shown in reverse grayesfl clarity). The outermost
reflection in (b) originates from a gold coating used forlmation purposes.

PA4,6 the chains are normal to the basal plane of the lamahdethat the chain
folds run parallel to the hydrogen bonded sheets along thg &xis of the crystal.
Therefore, from the orientation of the electron diffrantjpattern, PA4,6 crystallizes
from superheated water to form single crystals which hageséime crystallographic
basis as that previously observed, i.e. the hydrogen boslikeets are parallel to the
long axis of the crystals.

Atkins et al2 also stated that the optimum crystal thickness along:-theis is
approximately 6nm, corresponding to the stacking of fout cells (4 x 1.47nm),
where the chains within the crystal are packed perpendidoleghe basal plane
having adjacent re-entry with an amide group in the fold. Taobp this stacking
in the water grown single crystals, simultaneous time kesbEAXS/WAXD studies
during heating and cooling are performed on a dried sediedesingle crystal mat.
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4.7 Sedimented single crystal mats

The single crystals are sedimented from the water solutiosugh a Biichner funnel
to form a mat. This single crystal mat is allowed to dry undebgnt conditions
before performing simultaneous SAXS/WAXD on the samples.

Figure 4.6 elucidates the heating/cooling run of the drestirmented crystal mats
on a Linkam hotstage. X-ray diffraction patterns are reedrd/hile heating/cooling
the crystal mats between 50 and 260at a rate of 1@C/min. Figure 4.6(a)
shows the WAXD patterns of the solution grown crystals. Tteetisig values
for the interchain and intersheet distances at 0.44 andnfh3iéspectively are
comparable to the crystals grown from other solvéftshe Brill transition from
the monoclinic to the pseudo-hexagonal phase is obsereed@2035C. On cooling
from 250°C, i.e. below the published melting temperature of Z9%the crystals in
the pseudo-hexagonal phase transform into the monoclivdsgaround 12C (see
Figure 4.6(c)). At 50C, upon comparison with the starting material, a considerab
change in the interchain and intersheet distances is adxeindicating a change in
the molecular packing within the lattice. Quantitative m@@s in the interchain and
intersheet distances on heating and cooling are summarnzggure 4.6(e).

On heating, the expected increase in the 010 intersheeindistof the single
crystal mats can be explained by the thermal expansion ofathiee, whereas the
decrease in the 100 interchain distance is due to the mofitmeanethylene units
between the amide groups. The motion in the methylene uxitta¢he amide group
will weaken the hydrogen bonding and will cause some tréinslal motion along
the c-axis. If the intermolecular chains on the hydrogen bondadepare adjacently
re-entrant, the translational motion between the adjackains is likely to be in
the opposite direction, thus maintaining the lamellarkhéass although perturbing
the interchain and intersheet packing. On cooling from aptnature below the
melting temperature, the expected contraction in the shisst distance decreases.
The strength of the hydrogen bonding between the intercdmaide groups increases
due to a decrease in the motion of the methylene units. Thisesaan increase in the
intersheet distance with respect to the original dista#ceomplete recovery of the
unit cell to the dimensions prior to heating will not be fédsisince on cooling the
strengthening of the hydrogen bonds between the chainertheir translation back
to their original positions. The Brill transition tempeuet will depend on the extent
to which the interchain and intersheet distances are reedwan cooling. The large
interchain and small intersheet distance and the correlspgrigh Brill transition
temperature of the water crystallized sample suggeststhiasolution crystallized
sample is the thermodynamically stable crystal.

Figure 4.6(b) shows the simultaneously recorded SAXS petteNote that the
lamellar thickness of 6nm hardly changes on heating/cgalive sample to/from
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Figure 4.6: Simultaneous SAXS/WAXD patterns collected on heating a,BAihgle crystal
mat (PA4,6 was crystallized from water and sedimented tonfar mat) from 50C to
250°C and cooling from 25T to 50°C; both at 10C/min. Data treatment as described
in Appendix A.2.3 has removed any contribution from the gphous 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 thedargroup is
incorporated in the fold, adapted from Atkiasal.® Figure 11.

250°C, see Figures 4.6(b), 4.6(d), and 4.6(f), despite the dwigthe interchain
and intersheet distances. This thickness of 6nm correspaetl with the lamellar
thickness reported by Atkinst al®> where the long period consists of four chemical
repeat units along the chain, i.ex41.47nm = 5.88nm. These findings, together with
those of Atkinset al.® strongly suggest that the PA4,6 crystals grown from water ar
made up of tight folds and adjacently entrant chains sinléine5-bends in proteins.
This in only feasible if an amide group is incorporated in tokl, rather than an
alkane segment, as shown in Figure 4.7 (adapted from Asdre.3 Figure 11).
Considering the correlation between the lamellar thickrd$nm and the anticipated
theoretical value of 5.88nm, the possibility of loose falgican be overruled. Having
an amide group on the surface of the crystal has implicationghe adsorption of
water on the crystal surface and the mobility of the amidegqor®

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

Prior to discussing the different mobilities of the amidetpns it is essential to
assign the signals of thdd MAS spectra obtained from the single crystals of PA4,6.
The room temperatureH MAS NMR spectrum of the dried water crystallized mats
together with the spectra of a melt crystallized and a forawid crystallized sample,
all recorded under the same conditions, are shown in Fig8reeven at 30kHz MAS
spinning frequency, théH MAS NMR spectrum of the melt crystallized sample is
featureless and shows only broad signals. The asymmetécshape of the signal at
lower ppm values suggests the presence of several overtapiginals. Additionally,

a relatively sharp signal is present at 4.1ppm. The sampktadlized from formic
acid shows several well resolved signals in the lower pprionegndicating a more
regular packing of the PA4,6 chains in comparison with thé aorgstallized sample
as would be expected. These peaks are labelled as showrsichibme in Figure 4.8.
The signal at 4.1ppm is also present in the acid crystallsadple. However, this
signal is now much better resolved and much stronger. Inagg®mn of higher ppm
values, the signal at 8.0ppm is very broad and asymmetrice sprectrum of the
dried water crystallized sample shows similarities to tid arystallized sample, also
indicating a regular packing of the PA4,6 chains. The magtiicant difference, in
comparison to the acid crystallized sample, is that theasigh4.1ppm has moved
to 5.0ppm in the water crystallized sample and is now siganifly broader. A'H
double-quantum filtered NMR spectrum, where all highly neldr non dipolar
coupled sites are suppressed, has been used to identiffhthatgnals at 4.1ppm
and 5.0ppm are due to water. The shaded areas around 4.5 @GpEm8shown
in Figure 4.8 indicate a broadening in the site due to a nafowum formation of
hydrogen bonds and the possible incorporation of waterdrctiistals.

4.9 Different mobilities of the amide protons

A closer look at the signal present in the 8.0ppm region,gassl to the amide
proton, shows differences between the melt and solutiostaliized samples. The
signal in the solution crystallized samples (acid and watgstallized) is asymmetric,
suggesting the presence of two overlapping signals. Orinlggahe two signals
become well resolved into a broad signal at 8.1ppm and a shagnal at 7.6ppm,
see Figure 4.9. The presence of two signals in this regiondiative of amide
protons in two different (chemical) environments. A shagmal is suggestive of a
higher mobility, which is likely to arise due to the presermferee amide protons
incorporated in the fold, whereas the broad signal origsidom amide protons
within the hydrogen bonded sheets which have a restrictdulitypsee Figure 4.7.
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Figure 4.8: 'H MAS spectra of PA4,6 crystallized from the melt, from foomaicid, and from
water, all at 27C.

It should be emphasized that the NMR studies are performesingie crystal mats
prepared from dilute solution and thus possessing a higtedegj crystallinity which

to a great extent rules out the possibility of a mobile congmbroriginating from
non-crystalline regions. On heating from°€7to 117C, the broad signal at 8.1ppm
hardly shifts or sharpens, while the signal at 7.6ppm shar@ad shifts to lower
ppm values (7.0ppm at 131Q). These changes are observed for the amide protons of
both solution crystallized samples, independent of thees] acid or water. With

the sharpening of the amide proton signals, the signalsia$ed to the methylene
protons also sharpen.
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Figure 4.9: '"H MAS spectra of (a) PA4,6 crystallized from formic acid ary) PA4,6
crystallized from water at 2, 67°C, and 117C.

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 theygnoide merely by
adsorption from the air. As stated before'ld double-quantum filtered NMR
spectrum has been used to identify that the signals at 4. 5mohd.0ppm are due to
water. It should be noted that the mobility of the associatater is highly reduced
compared to that of free bulk water, which exhibits a linetidf 0.007ppm at 2°C.
At 27°C, Figure 4.9(a) shows a sharp signal at 4.1ppm and Figu(e)4sBows a
broader signal around 5.0ppm, both originating from theewptotons. This shows
that independent of the crystallization conditions, watetecules are present in the
solution crystallized PA4,6. It is important to note thae tivater molecules present
in the melt and acid crystallized samples have a differeatrabal shift compared to
the water molecules in the water crystallized sample (sger€i4.8). This indicates
that the environment of the water molecules in the two sofutirystallized samples
is notably different.

In the sample crystallized from formic acid, the sharp waignal shown in
Figure 4.9(a) shifts on heating to &7 to lower ppm values (3.7ppm) and decreases
in intensity. On further heating to 11C€ a further decrease in signal intensity
occurs combined with a simultaneous shift to lower ppm \&lwithin the defined
temperature range, both effects are indicative of the waagen the binding strength
of the water molecules. Unlike the water protons from thel agiown crystals,
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the water signals in the water grown crystals observed atpdnOhardly shifts on
heating, i.e. no decrease in intensity and only a slightpgrang of the signal
is observed. Thus the coordination of the water in the watewg crystals is
considerably different to that of the water present in thid goown crystals.

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

As already mentioned!H double quantum filtration suppresses the water signal
due to the fast local reorientations of the water molecul&berefore the spatial
proximity between the water molecules and other protors siféehe polymer cannot
be probed by double-quantum NMR methods but rather by Nudhaeerhauser
Enhancement Spectroscopy (NOESY) techniques. A two-diitoeal NOESY
correlation spectrum of the PA4,6 crystallized from forra@d recorded with 10ms
NOE transfer time at 6C and 30kHz MAS is given in Figure 4.10(a). As expected,
NOE contacts are found between all the proton sites alongpdhaner, including
the amide proton. In order to quantify the NOESY intensitiéshe water proton
with other sites in the sample, a slice taken from the two dsimal NOESY data
set at the water signal (3.7ppm, under the experimentalitons)), as indicated by
the red line in Figures 4.10(a) and 4.10(b) is compared gt H MAS spectrum
of the sample under the same experimental conditions, diyethe black line in
Figure 4.10(b). The NOESY data and the MAS spectrum of the egistallized
sample show similar relative intensities and line widthsdibthe different'H sites
of the sample, keeping in mind that the water signal in the B®Hata cannot be
interpreted, since it results from untransfertétpolarization of the water molecules.
Thus, it depends strongly on the NOE contact time rather thanndividual NOE
transfer efficiency of the other proton sites with the watam.close inspection of the
NOESY intensities, the sharp amide signal at 7.6ppm isthlighduced with respect
to the other signals, whereas the broad amide signal ati®.igpore pronounced.
The two dimensional NOESY NMR spectrum recorded under thmesa
experimental conditions on the water crystallized samghewn in Figure 4.11(a),
exhibits broader NOE signals than the sample crystallizedn fformic acid.
Comparing the NOESY signals taken from the two-dimensiateth set at the
position of the water signal (indicated by the red line inufas 4.11(a) and 4.11(b))
with the 'H MAS spectrum recorded under the same experimental conditisee
black line in Figure 4.11(b)), the line broadening of the N®GiGnals becomes
evident. Moreover, the intensity of the aliphatic signale significantly reduced,
whereas the broad signal at 8.1ppm of the amide protons gaim®nsity. Note that
the intensity of the sharp amide signal at 7.6ppm is stroreglyiced so that it appears
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'H MAS

(@) (b)

Figure 4.10: (a) 2D and (b) 1D'H NOESY spectrum at 30kHz MAS of PA46 crystallized
from formic acid at 67C using a mixing time of 10ms. (b) also shows tit¢ 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 thmide proton
within the solution crystallized samples exist; by comgani with the published
crystallographic representatibone can assume that one amide resides on the crystal
surface and the other within the crystal in the hydrogen bdrgheets. These two
chemical environments give rise to the two amide protonadgim the acid and water
crystallized samples; a broad, almost temperature indkgpersignal at 8.1ppm and
a sharp signal at 7.6ppm, which sharpens and shifts towaw [ppm values upon
heating. The sharp proton signal at 7.6ppm is assigned tentre mobile amide
proton on the crystal surface, whereas the broad protoralsgjr8.1lppm originates
from the amide proton in the hydrogen bonded sheets. In &sgirl1(a) and 4.11(b)
the signal at 5.0ppm, assigned to the immobilized water cutés in the water
crystallized sample, exhibits a high NOE transfer rate #rigid amide positions
in the hydrogen bonded sheets, whereas the NOE transfee tadhe mobile amide
positions in the folds is strongly reduced. In the acid @aliged sample, the NOE
transfer signals of the water protons are basically unseéecOnly the NOE transfer
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Figure 4.11: (a) 2D and (b) 1D'H NOESY spectrum at 30kHz MAS of dried water grown
PA46 single crystal mats at 8Z using a mixing time of 10ms. (b) also shows & MAS
spectra (black) recorded under the same experimental toomsli

rate to the mobile amide site in the chain folds is lower duthéar higher mobility.

The water present on the crystal surface evaporates atch@iC (this will
be discussed in more detail in Section 4.14), whereas thervisaiund within the
hydrogen bonded sheets is retained even at@2The latter is the case even when
the sample is left at 12T for 20hrs at a rotor speed of 30kHz. From these findings
it can be conclusively stated that water bound to the cryestadts in two different
chemical environments — on the crystal surface as seen RPAE crystallized under
normal circumstances, i.e. from formic acid, or within tlyglfogen bonded sheets if
the sample is crystallized from superheated water. Toduitivestigate 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 crystallR&4,6 from 30 to
300°C at 10C/min. The spectra are recorded at regular intervals 8€10

4.12 Influence of water on the hydrogen bonding within the
crystal

Solid state NMR studies performed on the water and acid atizgd samples
conclusively demonstrate the presence of water molecukbgivicinity of the amide
groups within the lattice and at the crystal surface. In $ieistion we investigate the
influence of water molecules on the vibrational bands of thaa groups. For the
FTIR studies, PA4,6 crystallized from water is comparedAd,B crystallized from
formic acid and from the melt.

Figure 4.12 shows the FTIR spectra obtained on heating thed drater
grown crystals of PA4,6 on a ZnSe disc at®@imin from 30 to 300C. Each
spectra is recorded whilst holding at a constant tempegaturegular intervals of
10°C. Figures 4.12(a) and 4.12(b) show spectra in the frequesmaye of 3600 to
2000cnT! and 1700 to 1300cm, respectively. All spectra are normalized relative
to the methylene bands between 3000 and 2800¢th The prominent bands in
Figure 4.12(a) are the NH stretch vibration at 3315¢&the Amide 1l overtone at
3075cnT !, and the methylene bands between 3000 and 2800cAt 30°C all bands
are superimposed on an underlying broad band ranging fr@® ©22300cm!. The
underlying broad band disappears at higher temperatures.

On heating the dried water grown PA4,6 crystals, the NH dtrdiand at
3315cnT! shows a remarkable behavior; initially from 8 to 180C the band
intensity remains approximately constant, but from “I8Qhe band intensity
increases, reaching a maximum at Z500n heating the sample further, the band
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Figure 4.13: Normalized area of the (a) NH and (b) C=0 vibrational bandPA#,6
crystallized from water, formic acid, and the melt. The nalization has been done relative
to the methylene bands between 3000 and 2800cm

intensity decreases with the onset of the mek-805°C.2 This behavior is shown
more clearly in Figure 4.13(a) where the area of the NH dirband at 3315cm' is
plotted against temperature for the dried PA4,6 crystadsvgrfrom water showing
the increase in area of this band on heating from 180 t6¢@58n increase in the
intensity of this band would occur if the mobility of the NHayp is being reduced,
for example as would happen if the hydrogen bond strengticigased.

For comparison, the area of the NH stretch vibration of PAfy6tallized from
formic acid and PA4,6 crystallized from the melt are alsdtpld, see Figure 4.13(a).
The area of the NH stretch band of the PA4,6 crystallized ffarmic acid remains
approximately constant prior to the melt, whereas the NEltatrvibration of melt
crystallized PA4,6 shows a steady decrease before meltitgm 250 to 30€C,
the area of the NH band of the three differently crystallisadhples approach each
other as melting occurs. Therefore, if one assumes that @ 8ter resides
within the lattice for water grown PA4,6 crystals as suggedty the NMR data,
the lower area of the normalized NH stretch band for the drater grown crystals
compared to the melt and acid crystallized samples, sugdlest the presence of
water molecules within the lattice are influencing the Niétstn vibration. The NMR
data shown in Figure 4.11 shows an association of water mleledn the crystal
lattice with the NH group; preventing/shielding of the hygen bond formation
between adjacent polyamide chains occurs, leading to @egreebility of the NH
group. For further insight into the assumption that the gmee of water molecules
influences the hydrogen bonding in polyamides crystallizeoh superheated water,
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the spectroscopic changes in the Amide | band, which is th@ &tretch vibration,
are investigated.

Figure 4.12(b) shows the Amide | vibratityrat 1640cnT! for PA4,6 crystallized
from water. On heating, the intensity of the Amide | band remapproximately
constant up to 18 after which the band intensity increases, reaching aglast
250°C. The area of the Amide | vibrational band depicted in Figude8(b) shows
a trend similar to the NH band area shown in Figure 4.13(apurei4.13(b) also
depicts the areas of the Amide | band of PA4,6 crystallizesnfiformic acid and
from the melt. Unlike the dried PA4,6 crystals grown from &ratthe area of the
Amide | band of the PA4,6 crystallized from formic acid andrfr the melt remain
nearly constant. Once melting occurs, the areas of the Aimimdend of the three
differently crystallized samples approach each other.l&itmto the area for the NH
stretch band, the area of the Amide | band of the PA4,6 ctizdl from water also
shows an increase between 180 and°€5@onsidering the previous suggestion for
the influence of water upon the NH groups, it is logical thatewanolecules must
also reside in the vicinity of the amide groups, in agreemétii the NMR studies
reported earlier in this chapter. On heating, around°@8@s the tendency of the
water molecules to be associated to the amide group becesgshe shielding of the
hydrogen bonds weaken, leading to the recovery of the iyenithe Amide | band.
This further strengthens the suggestion that the preseneater molecules within
the crystalline lattice weaken the hydrogen bonding betwegalymer chains. A
possibility for the positioning of these water moleculedepicted in Figure 4.14(a).
The positioning of these water molecules within the foldgdrbgen bonded sheets
is shown in Figure 4.14(b). If this projection for the pasitiof the water molecules
is true, the emergence of new vibrational bands originatiogy NH; and COO
interactions are anticipated.

On heating from room temperature onwards, the other ndiieechanges in
the temperature region of 180 to 28 see Figure 4.12, are the disappearance
of the weak vibrational bands at 1561 and 1395éntogether with the broad
underlying band between 3200 to 2300cm These changes become more evident
on subtraction of the vibrational spectra at 250from the spectra at 3C, see
Figure 4.15(a). In contrast to the water crystallized sampie melt crystallized
sample does not show the existence of two vibrational bants6i and 1395cm,
even upon spectral subtraction as shown in Figure 4.15(b).

The band at 1561cmt is assigned to an asymmetric COQvibration whereas
the band at 1395cm can be assigned to a symmetric CO®ibration®® The very
broad vibration between 3200 and 2300cnoriginates from a primary amine NH
ion%® The appearance of these vibrations at@indicates that an intermediate
structure exists in the dried crystals grown from water Wwhgcabsent in the crystals
grown from acid or from the melt. On heating above AB0the intermediate
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Figure 4.14: Possible positioning of the water molecules in the proxmoftthe amide groups
in the crystal lattice of PA4,6. (a) shows the water molesireclose proximity of the amide
groups, (b) shows the water molecules as incorporated ilydeogen bonded sheets; the
water molecules are shown in red for clarity. Note that theewsolecules are highly mobile,
and therefore not limited to one amide position, but most¥ilshared between various amide

groups.
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Figure 4.15: FTIR spectra of (a) dried water grown PA4,6 single crystald éb) PA4,6
crystallized from the melt. Both figures show the spectratabBd 250C as well as the
spectral subtraction of these two spectra.

structure present in the crystals grown from water getsugted resulting in the
gradual disappearance of these bands. Thus it can be ceddiuat water molecules
encapsulated in the crystal lattice are responsible footiyn of the bands at 1561
and 1395cm! and the broad underlying band between 3200 and 2300criihe
suggested position of water in the polyamide lattice, Féglil4(a), could indeed
give rise to the new vibrations seen in Figure 4.12, as thelowy of the oxygen

in the water molecule with the carbonyl group gives rise ® &lppearance of the
symmetric and asymmetric COOvibrations whereas the hydrogens in the water
molecule couples with the NH in the amide group to form argfl\gﬂoup.

On heating, once the water molecules become sufficienthilentdtomove out of
the vicinity of the amide groups, the hydrogen bonding betwthe NH and carbonyl
groups of the neighboring chains is restored. This phenomessults in the recovery
of the band intensity and the disappearance of the symnagtd@symmetric COO
vibrations and the N§1 vibration. Normally free water molecules leave a polymer
around 100C, however the bound single water molecules incorporatedinvthe
PA4,6 crystal lattice can only leave the polymer above*C8vell above the boiling
point of water. This is because a boiling point is a bulk propehence single water
molecules do not show a boiling point. The driving force fog temoval of the water
molecules from the crystal lattice is likely to be the crafiaft motion that the CH
groups in the main chain will acquire with increasing tenaperel0°

The FTIR spectra shown in Figure 4.12 further confirm thdéldr no hydrolysis
of the PA4,6 has occurred during sample preparation. If dlydis of the amide
groups had taken place, an ester-carbonyl band at 1740emd an amine band
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at 3400cnt! should have been present. The absence of these bands coafidms
further strengthens the conclusions already drawn prelyiom this chapter; the
dissolution of PA4,6 in superheated water is a physical gge@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 messEnhwater at two
distinctly different positions of the crystal lattice. \Waimolecules present near the
amide group on the crystal surface are shown to be highly leobhe presence of
water on a crystal surface is a well-known occurrence. Itgime for example, there
is a layer of water molecules close to the surface of the protelecule?®

The incorporation of water molecules as part of the crysttice is however
a lesser known anomaly. Srikrishnan and Parthsatatsiyowed for the first time
how water molecules are “sandwiched” between pyrimidirgebaln their study the
most remarkable feature is the location of the water moésculhich are positioned
between successive, parallel pyrimidine bases. The watéeames are held in
position by a strong hydrogen bond from the carbonyl groupdeéd, carbonyl
groups often accept hydrogen bonds simultaneously from-ctzain NH and water
molecules ina-helices, 5-turns, ands-sheet$® Bluhm et al? also showed the
presence of a water sandwich between layers of a polysadehahere the water
molecules are intercalated in the unit cell. The incorponabf water molecules
in other macromolecules has also been explored by Mar€cHalvho showed the
incorporation of water molecules in polysaccharides byofaihg the hydration
mechanism.

In a separate study Parthsara#tyal.”® showed that tripeptides are stabilized by
two water molecules which enable the peptides to completeradf the helix and
extend the helical structure throughout the crystal byitigkpeptides by hydrogen
bonds. The extension of the helix through the crystal takasepby connecting
translationally related molecules along a cell edge by gugine or two water
molecules. The water molecules provide the type of hydrdamrd typical of the
«a-helix. Hence the tripeptide molecules not only assume igdletonformation in
the solid state, but are also able to extend the helix withgdew water molecules.

Water molecules are also frequently observed inserteddegiviNH and C=0
groups ina-helices*® Evidence of water molecules between the NH and C=0 groups
is also seen in the FTIR data shown above. liZflshowed an interesting molecular
model for spider silk where neighboring segments of eaclurstlare hydrogen
bonded between the peptide groups through water moleddke water molecules
form an integral part of the crystal’'s hydrogen bonded netwo
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Bella et al” showed that water molecules are organized in a semi-ctathra
like structure that surrounds and interconnects tripléciglin the crystal lattice of
collagen peptide. Harlot® showed how water molecules co-crystalize with a RGD
peptide, where the water molecules are positioned in trasidiannels of the peptide
crystals to form a clathrate-like structure. SaW&g¥ also showed water molecules
present in the crystal structure of vitamin.B.o-enzymes.

All the above works and our observations do therefore painthe highly
likely scenario that, upon crystallization from dilute B84olution, water is indeed
incorporated into the polyamide lattice in the vicinity dietamide groups in the
crystalline lattice acting as a bridge between successisieogen bonded sheets and
screening hydrogen bonding interactions. Upon heatingettoeystals, 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 fiugresented earlier in
Section 4.4. If water molecules are indeed bound to the agrioleps in the crystal,
these water molecules should exit the polymer well abové@@mnhd should also be
readily measurable with thermogravimetric analysis (TGAgh resolution TGA is
used to improve the resolution of any possible weight lodguré 4.16 shows the
derivative weight loss with respect to time on heating PAs#y&tallized from formic
acid and from water from 30 to 500. The weight loss of the two samples generally
follow the same trend with the exception that the water atiised sample shows an
event between 180 and 2%D. This event suggest the possible exit of water molecules
from the polymer.

Tables 4.1 and 4.2 summarize the melt and dissolution teahpes as well as
the heats of fusion obtained for DSC runs on PA4,6 crystllim various ways
as shown in Figures 4.3 and 4.17. When acid crystallized @248t heated the
polymer shows two peaks at 2&and 289C with a total heat of fusiodH = 106J/g
(see Figure 4.17(c)). When melt crystallized PA4,6 is tekdbee polymer melts
at a similar temperature of 286, but now has a much lowekH =84J/g. This
reduction in the heat of fusion in the melt crystallized skmp comparison to the
acid crystallized sample can be attributed to a lower chystst and a less perfect
crystal packing in the melt crystallized sample.

When acid crystallized PA4,6 is heated in the presence oénvaissolution
of the polymer in the superheated water occurs at@8sith a AH = 106J/g (see
Table 4.2). The heat of fusion involved during the dissolutdf the acid crystallized
PA4,6 is similar to the heat of fusion involved in melting #u&d crystallized PA4,6.

The PA4,6 that is dissolved in superheated water is criggdlland all excess
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Figure 4.16: High resolution TGA for PA4,6 crystallized from formic aciahd from water.
Considering the changes in the FTIR spectra, the weightdbsse 1806C in the water
crystallized sample is associated to the removal of watdecntes from the crystal lattice.

water is allowed to evaporate under ambient conditions. €xtihg the dried water
crystallized PA4,6 three thermic events occur as showngur€i4.17(a). A broad
exotherm is observed between 200 and°€3(see Figure 4.17(b) for more detail)
with a AH = 14J/g and a melting endotherm is observed at@9@ith a shoulder
at 273C) with a total AH =106J/g. The exotherm between 180 and °Z3@s
remarkable and does not return on a second heating, i.e. thleesame sample
is crystallized from the melt, nor does the shoulder at’€73n the second heating
run an endotherm is observed having a peak temperature 4 28th aAH = 84J/g.
Clearly the polymer did not succumb to degradation becatgea@omparable heats
of fusion between the second melting endotherm of the waystallized PA4,6 and
the melt crystallized PA4,6. We propose that the exotheewant seen results from
water molecules, which are located in the vicinity of the @engroups, exiting the
polymer, resulting in a strengthening and reorganizatibthe hydrogen bonds as
shown in the FTIR data in Figure 4.13.

Finally, when the water crystallized sample is redissolivesliperheated water a
dissolution temperature of 195 is obtained with a\H = 79J/g. The heat of fusion
is now much lower than when dissolving the acid crystalliBédd!,6 in water. This
is most likely due to weakening of the hydrogen bond stredgtinto the presence of
water molecules within the crystal lattice.

The DSC trace of the first heating run of the water crystalliB?4,6 shown
in Figure 4.17(a) shows a reorganization/crystallizationthe same temperature
region where the weight loss occurs in the TGA data (Figudsy. In this
temperature region the strengthening of the hydrogen bisrsi=en in the FTIR data
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(Figure 4.13). This experimental evidence strongly sugtsat water molecules
are present in close proximity to the amide groups and digtue hydrogen bonds
between the recurring amide groups. On heating above thigr8risition the water
molecules exit the polymer. These events shown in the TGAD®@ data between
180 and 230C are in agreement with the disappearance of the symmetdc an
asymmetric COG vibrations and the N§1 band observed in the FTIR spectra. The
water molecules are most likely shared between different@mroups in a three-
dimensional structure causing substantial changes inktig Bind FTIR spectra. The
water molecules present in the unit cells are likely to bélyignobile, more mobile
than the time resolution of the spectral techniques useisrstudy. Therefore only
average spectral data can be collected.

Although only a small number of water molecules are preserihé polymer
(evident from the low response in the TGA), their presenamisetheless sufficient
to account for the disappearance of certain bands in the EatR and the notable
shift observed in NMR spectra of the water crystallized PAdt, the temperature
where the water molecules are expelled from the crystatéati he findings reported
here strongly suggest that this small amount of the wateeoubds is sufficient to
influence the hydrogen bonding. It is most likely that theevaholecules within the
sheets are highly mobile, rather than bound to a specificapigdition. Compared
to the reported findings on hydrate crystals of M5, where tterating layers of
water molecules present in the lattice causes modificatiotise X-ray diffraction
pattern, more specifically the 200 reflection increases By When water molecules
are present in the M5 crystal lattié®jn the dried PA4,6 crystallized from water no
changes in the X-ray diffraction pattern is observed. Farrttore, water molecules
present in rigid polymers have a tendency to form mobiletelgs Only at extremely
low concentrations are water molecules expected to be mresparately, without
hydrogen bonds forming between them. We have found no esed@f water
clusters in the FTIR data where one would expect an OH-\vidwaf such clusters
were indeed present. The absence of these clusters and afi@ifications in the
X-ray diffraction pattern arises due to the small amount afew molecules present
within the lattice and their freedom to move. This hypothdsis been addressed
in a model hydrogen bonded system which is based on an estiele &hN'-
1,2-ethanediyl-bis(6-hydroxyhexanamide) (EDHA) whereahain folding and/or
amorphous regions are present which indeed supports oindifti®®
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Figure 4.17: (a) shows DSC traces of PA4,6 crystallized from water (PA46)Wuring
the first and second heating runs (1H and 2H) respectively.is(B magnification of the
temperature region 150 to 28D shown in (a). Remarkable is the exothermic event which
occurs in the first heating run of water crystallized PA4,Buaen 180 and 23C. This event

is not repeated in the second heating run. (c) shows the Dx3tcds 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 figaeed water is a
good solvent for polyamide 4,6. In the presence of supeedeaiter the melting
temperature of the polymer is suppressed. Within the gixper@mental time scale
for the DSC, FTIR and X-ray studies reported in this chapter,molar mass of the
polymer after dissolution can be considered to be consséreingthening the concept
that the dissolution of nylon is a physical process. Howdwgdrolysis occurs if the
polymer is retained in the water solution above its dissofutemperature for longer
times (>10 minutes). Solution grown crystals from water form singigstals where
the chains are perpendicular to the basal plane having fonomer units forming a
lamellar thickness of 6nm. These observations indicat@tbgence of tight hairpin-
like folds with an amide group incorporated in the fold. Thigaaently re-entrant
chains within the crystal lead to the formation of hydrogemded planes. These
observations are in agreement with the earlier reportedhfiiscbn PA4,6 crystallized
from an organic solveft— confirming that the superheated state of water is a good
solvent for PA4,6 and this method of dissolution and reatlization yields PA4,6
single crystals.

Solid state NMR studies performed on the single crystalsvstweo distinct
proton mobilities for the amide groups located at the ctystaface and within
the hydrogen bonded sheets. The proton mobility of the armgideip on the
crystal surface is noticeably higher than that of the amideugs within the
lattice, confirming the presence of a free proton in the tifgids as envisaged
by Atkinset al3 The free proton present on the crystal surface is likely tsogul
water molecules from the atmosphere making PA4,6 more lsggpmc compared
to other nylons that have methylene units in the folds. Fgstats grown from a
superheated water solution, thd MAS NMR spectra show the presence of water
with a significantly reduced mobility and different chentieavironment compared
to the water present in the acid grown crystals. The NOESYtepeonfirm the
interaction of these water molecules with the protons ofdhede groups in the
crystal lattice.

In the FTIR spectroscopy, the presence of water moleculésinvihe lattice
influences the hydrogen bonding, resulting in a decreasheratea of the amide
bands, and the appearance of two new vibrational bandsi@risim COG- and
NH:;)* vibrations. With the removal of the water molecules upontihgaabove
180°C, the hydrogen bonding between the carbonyl and NH groupssi®red.
High resolution TGA combined with DSC, solid state NMR, aridR spectroscopy
conclusively demonstrate the presence of water molecumgshwthough present in
only a small amount, are likely to be within the crystal Ietin the vicinity of the
amide groups.
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Crystallization of polyamide 6,6 from
superheated water — implications for
the o and 3 crystal structures

Here we show that polyamide 6,6 (PA6,6) dissolves in supdede
water at 190C and crystallizes in predominantly thestructure, i.e. a
progressive shear conformation between the hydrogen kosldeets.
However, a small portion of the PA6,6 crystallizes in thestructure,
an alternately up-and-down sheared conformation, dueg@tesence
of water molecules incorporated in the crystal lattice. Sehevater
molecules exit from the lattice at the Brill transition teengture as
observed by an exotherm in DSC traces. The presence gf¢fireicture
is seen by weak 110, 100, and 020 reflections in the WAXD datl an
a small angle diffraction peak at 6nm, in comparison to theeeted
5.4nm for purex-structured PA6,6. The presence of fhestructure in
the water crystallized PA6,6 causes several conformdticimanges in
the methylene units directly surrounding the amide groups.

5.1 Introduction

Polyamide 6,6 (PA6,6) is an engineering plastic used in & watiety of applications
such as (reinforcement) fibers, insulation, upholstergthahg, etc., and is also
perhaps the most extensively studied member of the polyarfadhily. The
Brill transition, for example, was first reported for PA6j6 194211 Since then,
Brill transitions have been reported for many other polydest® The Brill
transition is characterized by a change from a low tempezédticlinic/monoclinic
crystal structure to a high temperature pseudo-hexagdmasey which is in turn
characterized by the convergence of the two strong intérchad intersheet

73
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Figure 5.1: Projections of polyamide 6,6 structures, adapted from Jehal>* Here we
adopt the nomenclature used by Bunn and Gathéa) A single hydrogen bonded sheet with
a progressive chain shear of°13b) Viewing parallel to the sheets shown in (a) illustrgtin
the progressive shear between sheets im#ts¢ructure. The unit cell of tha-structure is

a =0.49nm,b = 0.54nm,c = 1.72nm,a = 48.5°, B = 77°, andy = 63.5.2% (c) Viewing
parallel to the sheets shown in (a) illustrating the alténgashear in the direction of the
c-axis typical of theg-structure. The unit cell of thg-structure isz = 0.49nm,b = 0.80nm,
c=1.72nma = 9C°, = 77°, andy = 67°.12 Here hydrogen is white, oxygen is red, nitrogen
is blue, and carbon is silver-grey.

reflections to a single reflection in WAXD. The Brill transiti is dependent
on thermal history and crystallization conditions, andorggd Brill transition
temperatures for PA6,6 range from 190 to 2662 °

The unit cells for many polyamides are often modelled on,amngared to, the
unit cell for PAG,6 first reported by Bunn and Garkin 1947. In order for all the
amide units in a chain-folded PA6,6 sheet to form hydrogendbpthe hydrogen
bonded chains must be progressively sheared, with the elxértilted at an angle
of ~13 to the normal of the chain folded sheet edge as shown in Fiafa)>:
PA6,6 is known to crystallize in two different structuresolm as thea- and
B-structures respectively, where thestructure consists of progressively sheared
hydrogen bonded sheets, and thestructure consists of alternately up-and-down
sheared hydrogen bonded sheets; see Figure 5.1 for moiiks.détathe majority
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of solution grown, chain folded lamellae, the hydrogen lmmhdheets stack with a
pronounced £42°) progressive shear as shown in Figure 5.1(b), i.ex-@tructure.
Also for PA6,6 the most common room temperature structure tisclinic crystal
structure with the unit cell tilted at 42wvith respect of the lamellar normal such that
the (00) planes are parallel to the lamellar surfa88¢° The PAG,6 lamellae contain
3.5 chemical repeat units with the chains being adjacertlgntrant and the fold
contained in the diacid alkane segment of the repeat*unit.

In its folding behavior PAG,6 differs from polyamide 4,6 (#A); although PA4,6
contains 4 repeat units per lamellar thickness and the slaa@adjacently re-entrant,
the fold is not present in an alkane segment of the chain, rbtlié amide group.
Therefore PA4,6 contains an amide group on the surface dfthellaé whereas
PAG,6 contains an alkane unit on the lamellar surface.

The perfect crystal packing of PA4,6 is obtained by solutiystallization®
Recently we have used a new solvent for PA4,6, namely suaithevater, to
study the crystallization behavié#.1% It was found that on crystallization from
superheated water, PA4,6 packs into 6nm lamellae withsheat and interchain
distances of 0.44nm and 0.37nm. Furthermore it was shownwhan in the
dissolved state, the amide groups interact with the sup&tlevater molecules, and
on crystallization water molecules are incorporated in FP#Ael,6 crystal lattice in
proximity of the amide groups.

The use of superheated water as a solvent for polyamide#lpsothe possibility
for an environmentally friendly processing route. For thegason it is important
to know and understand how PA6,6, the most commonly usedapote, reacts
to superheated water. Also, the crystal structure, fold haeism, and chain
orientation to the lamellar normal of PAG6,6 differs consaldy from PA4,6. It is
therefore important to investigate how these differennigence the dissolution and
crystallization process of PAG6,6 in superheated water.s phocess is investigated
using differential scanning calorimetry (DSC), simultane small and wide angle
X-ray diffraction (SAXS/WAXD), and infrared spectroscofiyTIR).

5.2 Experimental description

The polymer used in this study is a commercially availablesBA produced by
BASF under the tradename UltrarffidAS2700. A film is prepared by dissolving
the polymer in formic acid (5g/l) and subsequently solveadting the polymer onto
a glass plate after which the solvent is allowed to evapdfat&lelt crystallized
material is obtained by heating the acid crystallized nigtés the melt and cooling
to room temperature at 30/min using a Linkam TMS94 hotstage.

DSC, FTIR spectroscopy, high resolution WAXD, and simudtaumns SAXS/
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Figure 5.2: Influence of polymer concentration on the dissolution of BA® water. The
phase diagram is constructed from the measured end poim di$solution endotherms and
the onset point of the crystallization exotherm, for vasi@encentrations of PA6,6 in water.
All lines serve as a guide to the eye.

WAXD together with the WAXD data corrections are performes 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 obtainedgithe second
heating run of PA6,6 in the presence of superheated watem FVAXD it is known
that this point represents the temperature at which theapulje has dissolved
completely in the superheated water. Figure 5.2 shows Ihetlemd of dissolution
and the onset of crystallization temperatures as a funcigrolymer concentration
in water. Both the dissolution and crystallization tempamres show an increase with
increasing polymer concentration from 2@0for the dissolution temperature and
160°C for the crystallization temperature from55wt% polyamide. The general
trend set by the dissolution and crystallization tempeestwonfirms that, just as for
PA4,6, superheated water is a solvent for PAG,6.

In an interesting study in which the phase behavior of PAS I8ath subcritical,
i.e. superheated, and supercritical water is investigaterdissolution of PA6,6 in
superheated water was observed-a87C for 11% polyamide in waté¥ Visually
the authors were able to confirm that the PA6,6 turned traespan heating in the
presence of water. On dissolution the sample is seen tordesge@mogeneously
throughout the experimental pressure chamber to fill it detefy. On cooling, the
solution crystallized to form a suspension of, what the anglcalled, nylon-like
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Table 5.1: Melting temperatures and heats of fusion of PA6,6 crygiadlifrom formic acid,
water, and the melt.

Melting temperature

shoulder peak AH

PAG6,6 from formic acid| 255C 265C 106J/g
PAG,6 from water 258C 267C 97J/g
PAG,6 from melt 253C 263C 76J/g

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

Dissolution
temperature

PAG,6 from formic acid 184°C 132J/g
PAG,6 from water 190°C 81J/g

material. The autho?8 left the PAG,6 in solution at 26€ for ~12min. From the

research performed on the dissolution of PA4,6 in supeedeatiter we know that
if left in solution for more than 10 minutes, severe degraxtdhydrolises is to be
expected, confirming these author’s observations thateimaining material in their
pressure chamber was nylon-like, showing propertiesegltt polyamides, but was
different from the original sample.

To obtain an estimate of possible hydrolysis in our PAG,6@as) heats of fusion
are investigated. By DSC 106J/g is required to melt an agistallized PA6,6 sample
whereas 132J/g is required to dissolve the same sample émtmgied water, which
are both notably higher than the 76J/g required to melt a omgditallized sample
(Tables 5.1 and 5.2). The heat of fusion for dissolving PAG,6uperheated water
is slightly higher that the heat of fusion involved when nmg/tPA6,6. Possibly
this is due to the substantially lower dissolution tempaeatin comparison with
the melting temperature. Also, with increasing tempegathie hydrogen bonding
becomes progressively weaker, though remaining intacoupélting/dissolution.
The hydrogen bond strength will therefore be higher at tissalution temperature
than at the melt temperature, therefore leading to a higkat bf fusion for the
dissolution process in comparison to the melt process. @metond heating run of
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dissolving PA6,6 in superheated water only 81J/g is reduinedissolve the sample.
If this water crystallized sample is dried, i.e. after refmgvall excess water, 97J/g
is required to melt the sample. These results are simildre@ihthalpy’s reported for
melting and dissolution of PA4,6 reported in Chapter 4. Atbese results confirm
that the dissolution of PA6,6, similar to PA4,6, proceeds &iphysical 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 waterstajlized PAG,6, the
polyamide is allowed to crystallize from a dilute solutidiorming a suspension
which is placed on a carbon coated copper TEM grid coated galth as an internal
diffraction reference. The excess water is allowed to esstpounder ambient
conditions overnight. Figure 5.3 shows the TEM and electitdftaction images
obtained for water crystallized PA6,6 crystals. The cigstppear lath-like and
are ~4um in length, similar to PA6,6 single crystals grown from bdtanediof*
The electron diffraction pattern of the water grown cryststhown in Figure 5.3(b)
clearly demonstrates the single crystal nature of thesg#talsy showing three Bragg
reflections at 0.364- 0.015nm, 0.376t 0.018nm, and 0.436 0.007nm which are
indexed as the 100, 010, and 100 reflections respecfivefhese crystals show
similarities to the water grown PA4,6 crystals shown in Ghag.

The sample stage was not rotated to determine the angle dxetilve lamellar
normal and the hydrogen bonded sheets, although the in@tetron beam is likely
parallel to the chain axis and close t0°42 the lamellae normal. It is therefore not
possible to estimate the crystal structuseor 5, when PAG,6 is crystallized from
superheated water. However, the obtained diffractionepagtare very similar to
the diffraction patterns obtained for PAG6structures grown from solvents such as
1,4-butanedioP? It is therefore likely that on crystallization from supeated water,
the PAG,6 crystallizes into the-structure, the most common crystal structure for
PA6,651:53

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

Figure 5.3: (a) shows lath-like single crystals obtained on crystaljZi”A6,6 from water in
a dilute solution. (b) shows an electron diffraction pattgom these crystals containing the
100, 010, and 110 diffraction signals and their correspogdiegative pairs. The incident
electron beam is parallel to the chain axis and close fotdzhe lamellae normal shown
in (@). The outer diffraction rings are from the gold coatirged as an internal calibration
reference.

5.5 High resolution WAXD

High resolution WAXD is performed on PA6,6 on the Materialseé®ce beamline
(ID11) at the ESRF. These experiments are essential dueetdifin resolution
achievable on this beamline which enables us to study poedgplved or weak
reflections, not (readily) detectable on the simultaneAKSWAXD data obtained
from ID02 shown later in this chapter.

Figure 5.4 shows the WAXD patterns for PAG,6 crystallizezhirthe melt (MC),
from superheated water (WC), and after the water crystallzample has been heated
to 240°C allowing the excess water to evaporate, note that thiseestyre is below
the melt temperature of PA6,6, and cooled to room tempeardiME). Additionally
the figure shows the predicted diffraction patterns for lb#&n- ands-structures of
PAG,6 according to the model given by Bunn and Gartder.

The melt crystallized spectrum shows two strong reflectairss (0.44nm) and
7.4 (0.38nm) known as the 100 interchain/intrasheet and 0Xdshéet reflections,
respectively. The melt crystallized diffraction patteorresponds with the calculated
a-structure with the exception of the intersheet reflectidihis discrepancy in the
assignment of the intersheet reflection can normally baigixented by annealing
the melt crystallized sample at elevated temperat{fresThe water crystallized
pattern shows a well resolved pattern which also closelychest thea-structure
with the exception of weak reflections at 6.0.47nm), 6.7 (0.42nm), and the
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Figure 5.4. High resolution WAXD of PAG6,6 crystallized from the melt (MCfrom
superheated water (WC), and after the water crystallizedplais heated to 24C and
cooled down (WE). All images are at 8D. Additionally the calculated powder diffraction
pattern$ from an atom filled unit cell for the:- and 3-structures of PA6,6 is also shown as
determined by Bunn and Garn€rThe data is plotted as a function2#f for clarity according
to Bragg’s law, where\ = 2d sin 6 with wavelength\ = 0.04956nm.

intersheet reflection at 7.{0.37nm) being unexpectedly broad. Thestructure of
PAG,6 shows relatively strong reflections at6vehich is the 110 reflection; at 6.7
which is the 100 reflection; and at 8.@hich is the 020 reflection. The presence
of a small amount ofs-structured PA6,6 present in the predominanihgtructured
PA6,6 would account for the additional (weak) reflectionsesled for the water
crystallized PAG,6.

The sample is subsequently heated to°240.e. below the melt temperature
of PA6,6 but above the Brill transition temperature and eddback to 50C; the
resulting diffraction pattern is shown in Figure 5.4 mark&@. After heating the
intensity of the reflections associated to thestructure have decreased, whereas
the reflections related to the-structure, especially the 002 reflection, increases in
intensity. The 001 and 002 reflections arise due to ordergaioa polymer chaif?
Especially the 002 reflection is strong for PA6,6 which entesirom planes passing
through the amide groups. The (002) plane is inclined at atanbal angle of 42to
the c-direction? An increase in the intensity of the 002 reflection could tfane
be the result of a reorganization along the polymer chaine WE sample also
shows a weak reflection at 7.00.41nm) which is likely a reminiscence of the high
temperature pseudo-hexagonal phase which is observed d@be\Brill transition
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temperature. The presence of the high temperature pseudgbnal phase at room
temperature is observed more readily in polyamides thaw ghe presence of both
the - and g-structures and much less frequent in polyamides showirtyg the
a-structure>® The presence of this high temperature phase in PAG,6 is waber
at room temperature when the polymer is quenched rapidip fiee mel®® %4 and

is generally not observed in PA6,6 single crystdls.The presence of the high
temperature phase at®Dcould indicate that cooling proceeded too rapidly to allow
for a full transition to the low temperature triclinic sttuce, or it relates to the
presence of both the- and-structures observed in the water crystallized PA6,6.

5.6 Simultaneous SAXS/WAXD

PAG,6 single crystal mats are prepared by filtering a dilutspension of water
crystallized single crystals through a Buchner funnel. isTéingle crystal mat
is allowed to dry under ambient conditions before perfognisimultaneous
SAXS/WAXD on the sample.

Figure 5.5 shows X-ray diffraction patterns recorded dytime heating/cooling
run of a dried sedimented crystal mat between 50 and@%0 a rate of 18C/min.
Figure 5.5(a) shows the WAXD patterns of the solution growsials. The starting
values for the interchain and intersheet distances of @3&amd 0.45nm respectively
are comparable to the crystals grown from other solvéntblote that here the
weak reflections observed in Figure 5.4 indicative of fhstructure are not seen.
Likely this is due to the lower resolution in the WAXD data dretID02 beamline
in comparison to the ID11 beamline. On heating, the room &ratpre triclinic
structure changes into the high temperature pseudo-heahgtucture at-220°C
at the Brill transition temperature. This Brill transitid®emperature compares well
with the Brill transition temperature reported for solutigrown PAG,6 crystal8®
The single crystal mat is heated to 260 i.e. just below the melt temperature
of ~265°C %! before cooling to 58C. On cooling the crystals transform into the
triclinic phase at~160°C. However, between 160 and X@remnants of the high
temperature pseudo-hexagonal phase are observed. Gerigadling to well below
the Brill transition temperature do all of the high temperatphase transform into
the low temperature triclinic phase. It is however also jidsghat reminiscence of
the high temperature phase is still present in the samplé°&t, Similar to that seen
in Figure 5.4. Should this indeed be the case the informdtiorot visible on the
diffraction patterns, likely due to the low resolution oktbbtained WAXD data on
the beamline.

The simultaneously recorded SAXS data shown in Figure 5dsvsha single
diffraction peak at-6nm, which on heating starts to increase between 200 arfe€€250
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Figure 5.5: Simultaneous SAXS/WAXD patterns collected on heating a,BAthgle crystal
mat (PA6,6 was crystallized from water and sedimented tmfamat) from 560C to 250C
and cooling from 258C to 50°C; both at 10C/min.
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Figure 5.6: FTIR spectra of melt crystallized (MC), water crystallizeBd/C), and acid
crystallized (AC) PAG,6 at 3T from (a) 3600 to 2600cm' and (b) 1500 to 1100cmt.

finally reaching a maximum of10nm. On cooling between 200 and 2COthe
position of the peak decreasesA@nm, remaining approximately constant below
110°C.

When PAG,6 crystallizes in the-structure, with 3.5 monomer repeats per fold,
the SAXS peak should be positioned~a5.4nm when grown from 1,4-butanediol
solution as reported by Atkiret al.* Annealing results in better defined, more regular
lamellae. Annealing above 23D can however alter the basic lamellar structure
where the crystals tend to thicken to multiples of the oagjicrystals, where 11nm
thick crystals usually resutt. Also, on crystallization from the melt, PA6,6 shows
long spacings between 6 and 10nm, depending on the cryatail condition$?

The water crystallized PA6,6 mat initially shows a lamellaickness of 6nm,
which is comparable to the solution crystallized lamellget, relatively low in the
range of lamellar thicknesses observed for melt crysliPA6,6. The deviation
from the expected 5.4nm for the solution crystallized PA®6Id arise from a larger
variation/distribution in the lamellar thicknesses preési the water crystallized
sample or a variation in the angle of tilt of the hydrogen lemhdheets to the lamellar
normal. Theca-structure has a tilt of 42 whereas thes-structure has no tilt, the
sheets are perpendicular to the lamellar normal. A mixtdre-andS-structures,
with possible transition regions between the two strustureuld account for the
observed discrepancies.
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Table 5.3: The main amide bands present in melt/acid crystallized aagmcrystallized
PAG6,6. Here vs = very strong, s = strong, m = medium, and w = weak

Water Melt and acid

. . Band assignment
crystallized crystallized 9

3296 vs 3302 vs NH Stretéfh 24,69

3188 w 3192 w NH stretch and Amide (I+11) overtdfie®

3061 m 3065 m NH stretch and Amide Il overtdf&®

1635 vs 1636 vs Amide | (CO stretfl)

1541 s 1541 s Amide Il (in-plane NH deformation, with
CO and CN stretcHf-246°

1363 m 1371 m Amide Ill coupled with hydrocarbon skeléfoff
CN stretch and in-plane NH deformatfén

1284 m 1276 m Amide Ill coupled with hydrocarbon skelétoff

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

942 m 934 m Amide IV (C-CO stretcf) 111

690 m 688 m Amide V (NH out of plane scissorift)

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

Water Melt and Acid

. . Band assignment
crystallized crystallized 9

1389 w - CH twisting/wagging’

- 1330 vw CH wagging/twist and Amide |/ 103

1303 m 1303 vw CHl twist?6:47

- 1225 m CH twisting/wagging’

- 1180 w CH twisting*’

- 1066 vw Skeletal C-C stretth

1140 w 1140 w Skeletal C-C stretéhgauche conformatici

- 906 w CH rocking?? 47111
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Table 5.5: The main methylene stretching and scissoring bands présentelt/acid
crystallized and water crystallized PA6,6. Here s = stromg= medium, w = weak,
vw = very weak, and sh = shoulder.

Water Melt and Acid

. . Band assignment
crystallized crystallized 9

2945s 2945 vw Chla-NH asymmetric stretci

- 2934 s CH 8-NH asymmetric stretc¥

2909 w 2908 sh CH~-NH andj-CO asymmetric stretéA

2875 m 2875 m Chla-NH symmetric stretc

- 2858 s CH B-NH and~y-NH symmetric stretc¥

2825 w - CH a-CO symmetric stretci

1480 m 1475 m Chlscissoring next to NH group,
trans conformatiof?

1465 m 1465 m Chliscissoring for all methylenes not
next to amide groupg?!

1416 s 1416 m CHliscissoring next to CO group,
trans conformatiof?

- 730 w CH rocking?4 47,113

5.7 Conformational changes

Figure 5.6 shows the FTIR spectra of PA6,6 crystallized fisuperheated water,
formic acid, and the melt where the spectra have been naadalvith respect of
the methylene bands between 3000 and 2600cnThe melt and acid crystallized
spectra are very similar, but differ significantly from thater crystallized spectrum.
The bands and their assignments are shown in Tables 5.3 4.5.

The most significant differences between the melt/acidtalyzed samples in
comparison to the water crystallized sample is in the metig/lunits. The CH
symmetric and asymmetric stretch vibrations, and the @tisting, rocking, and
wagging vibrations all show large differences between e samples. The CH
twisting, wagging, and rocking vibrations at 1180, 106641,0906, and 731cm
are absent in the water crystallized sample. Together Wwitbe methylene vibrations,
the Amide Il vibration, which is sensitive to changes in tt@nformation of the
main chain, moves from 1276 to 1284ct There are also similarities between the
samples; the methylene bands at 1465 and 1416cnThe band at 1465cm is
attributed to the main chain methylene units which appéreme unaltered between
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Figure 5.7: DSC results obtained for PA6,6 crystallized from water (\W@glt (MC), and
acid (AC). Additionally, the second heating run, i.e. aftelting, of the water crystallized
sample is also shown (WC2).

the samples. This implies that the differences betweenghwkes originates at the
amide group, and not the main polymer chain. On heating thervaystallized
sample above 20C, 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 crystallizatfoom superheated water,
PAG,6 crystallizes to form a crystal suspension, which ssqguently allowed to dry
ambiently. DSC results of these dried crystals are showngarg 5.7 together with
the results for PAB,6 crystallized from formic acid and frime melt.

The most striking observation is the presence of an exotlart®7C for the
water crystallized sample. This exotherm is not observedtiie acid or melt
crystallized samples. When the water crystallized sangpleated a second time to
the melt, trace WC2 in Figure 5.7, this exotherm is no londpseoved. The presence
of the exotherm at 19T correlates well with the Brill transition temperature of
210°C seen in Figure 5.5(a). These observations are similaretoliservations for
PA4,6 as shown in Figure 4.17.
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5.9 Influence of superheated water on the PAG6,&- and
[B-structures

The presence of two crystal structures, ke.and s-structured PAGB,6, in the water
crystallized sample could cause the differences obsemetthd methylene units
between the melt/acid and water crystallized samples apthiexthe differences
between the samples seen in the WAXD and SAXS data. The fmmaf a
[-structure in PAB6,6 single crystals is hot common; usualiyy dhe «-structure
is observed in chain-folded PAG,6 lamellar crysfdisThe a-structure consists of
progressively sheared hydrogen bonded sheets, althowgbetree of intersheet
shear varies between different polyamides. The alterglgtisheared hydrogen
bonded sheets typical of the-structure are commonly found in other polyamides
such as PA6,8° The formation of thew- or fS-structure depends on the
particular polyamide under consideration, and to somenexie the crystallization
conditions>®

From the work presented in Chapter 4 we know that the behaéen in the
DSC traces for the water crystallized PA6,6 could indic&ie presence of water
molecules in the crystal lattice which exit from the proxiynof the amide groups
on heating above the Brill transition. Although only onesta} structure is observed
for PA4,6, the intercalation of water molecules in the a/fttice in the vicinity of
the amide groups and the subsequent behavior on heatingriyes in the DSC is
similar to that observed for PAG,6. Itis likely that a simi&vent occurs for PAG,6; on
crystallization from superheated water, water moleculesrecorporated in the PA6,6
crystal lattice in close proximity of the amide groups cagsithe hydrogen bonded
planes to slip, leading to the formation of thestructure. A possible co-existence
of the o~ andg-structures is shown schematically in Figure 5.8. Thisesentation
is based on the model proposed by Bunn and Gétrfer the co-existence of the
two phases. It is known that the amount of water moleculesrgatated into the
polyamide structure is very smafi® this might explain why thes-structure is only
weakly observed in the X-ray data.

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

5.10 Conclusions

The dissolution of PA6,6 in superheated water occurs at@@dd on crystallization
from a dilute water solution, single crystals are formed clhappear to have
mostly the a-structure. However, a small, but not negligible portion tbe
polyamide crystallizes in thg-structure as observed by high resolution WAXD.
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Figure 5.8: Representation of a possible co-existence ofdhand -structures in water

crystallized PAG,6 after the model proposed by Bunn and &afn The lines represent
hydrogen bonded sheets seen edgewise. Likely the watercoletecause the hydrogen
bonded sheets to slip, altering the predominanmtfgtructure observed in PA6,6 to the
B-structure.

The co-existence of two structures causes a slightly hidgnaellar thickness of
6nm in comparison to the expected 5.4nm for solution grow8,BArystalst Bunn
and Garnér® already envisaged the co-existence of sheand 5-structures with an
intermediate transition region between the two structurkseems plausible that
on crystallization from superheated water the PA6,6 clyzta in both thex- and
[-structures where the water molecules most likely promb&formation of the
SB-structure. The water molecules incorporated in the chyastiéce in the proximity
of the amide groups cause the hydrogen bonded sheets tprsilgbly facilitating
the formation of thes-structure.

On heating the water crystallized PA6,6 which shows botltrends-structures
above the Brill transition temperature, the water moleside the position of the
amide groups escape from the lattice. This causes an erothethe expected
Brill transition temperature in DSC traces. Above the Bridnsition temperature
the polyamide chains are more mobile, allowing for lametlaubling to occur to
values similar to those reported in literatdré
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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 pubjes
investigated, the diacid chain length does not influencedheperature
(186 & 3°C) at which dissolution of 30wt% polyamide in water occurs.
The dissolution temperature of the polyamide in water iemeined
by the length of the diamine unit. On heating dried, watestaljized
polyamide single crystal mats to the melt an exothermic ebeilow
the melting temperature is observed. This holds true forymwrthe
polyamides investigated. From previous wifkit is known that this
exothermic peak arises from water molecules that are eunlzpd in
the crystal lattice on crystallization from superheatedewaTlhe water
molecules exit from the lattice when heating the mats abbeeBrill
transition temperature. It can therefore be proposed tmatetven-
even polyamides investigated here also show the intercalat water
molecules in the crystal lattice in the vicinity of the amigl®ups.

6.1 Introduction

Polyamides, commonly known as nylons, are a class of mitewdah a high
chemical resistance to many materials such as hydrocartwilss and cleaning
solutions. Hence the reason why polyamides have found sweide application
range. This chemical resistance is in many instances aatissiproperty; however
for solution processing it becomes an undesirable propéttgre are only a limited
number of solvents available for solution processing poiges; the most common

89



90 Chapter 6

are organic acids, phenols, diols, fluoor-compounds, amef aixidizing agent8.All
of these solvents are essentially ecologically unfriendly

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

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

6.2 Experimental description

The polyamides used here are the commercially available@P8ramid® AS2700
from BASF, PA4,6 Stanf® from DSM, PA6,10 and PA6,12 are purchased from
Aldrich. The synthesis and characterization of PA1%6°! and PA2,148 are
described elsewhere. A film is prepared by dissolving thgmels in formic acid
(5g/1) and solvent casting the polymers onto a glass plaer afhich the solvent
is allowed to evaporat&. Melt crystallized material is obtained by heating acid
crystallized films to the melt and cooling to room temperatat 10C/min using

a Linkam TMS94 hotstage. DSC is performed on the polyamidesfés 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 dissoludadotherm of
PA6,6, PA6,10, and PAG6,12 in superheated water as a funofidghe polyamide
concentration. All three polyamides show an increase isodligion temperature with
decreasing water concentration. For PAG,6 there is no imfei®f concentration on
the dissolution temperature belewb0wt% polyamide in water, whereas for PA6,10
and PA6,12 this trend is seen for concentrations beld@wt%. The cause of this
difference in the polymer concentration at which the disioh plateau occurs is a
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result of differences in molecular weight. Here PA6,6 haggadr molecular weight
than PA6,10 and PA6,12.

Figure 6.1(b) shows the influence of diacid chain length om mhelt and
dissolution temperatures for PA6,y, where y = 6, 10, 12. Hbee dissolution
temperature is taken at30wt% polyamide concentration, i.e. where polymer
concentration no longer has an influence on the dissoluéorpérature. The melt
temperatures show a decrease with increasing diacid negiinghain segment length.
This is in line with earlier published results®® and is related to a decreasing
hydrogen bond density with increasing diacid chain lengtihe dissolution
temperature however remains approximately constant at£188C, albeit for only
three data points. This implies that for the polyamides shawFigure 6.1, the
dissolution temperature is independent of the diacid cleaigth. It might be possible
however that for polyamides with long alkane segments, |cpolyamide 6,24
and polyamide 6,34/ that the dissolution temperature could prove to be lowen tha
186°C as the overall hydrogen bond density decreases with isiagaiacid chain
length. This will be shown to be the case in Chapter 7. Howevased on our
observation for the shown diacid chain length, we will assunm (or only very minor)
influence of this length on the dissolution temperature.

To determine the possible influence of the diamine chairtleaqg the dissolution
process, the PAx,6 family, where x = 4,6,12, is investigatdeigure 6.2 shows
the influence of varying the diamine segment length in thggralde main chain.
Figure 6.2(a) shows the phase diagram for PA4,6, PA6,6, Ad@ B in superheated
water. From~60wt% polymer in water, concentration no longer has an infiee
on the dissolution temperature. Figure 6.2(b) shows theollison temperature at
30wt% polyamide in superheated water as a function of theidi& chain length.
Here a clear decrease in the dissolution and melt tempegatsirseen. This could
imply that the number of methylene groups in the diamine pathe polyamide
chain is the governing factor in determining the dissolutemperature.

In Chapter 2 it is shown that the Brill transition is relateddisorder in the main
chain methylene units, and is determined by the motionsefH, groups next to
the amide groups. However, there is a larger influence cornorg the CH unit
next to the NH group than from the GHinit next to the CO group. Therefore it
is reasonable to conclude that the dissolution of a polyansdietermined by the
length of the diamine unit in the polyamide chain and not l&ylémgth of the diacid
unit.
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Table 6.1: The table summarizes DSC results obtained on melting vapolyamides. The
Brill transition temperature is also given for these polydes. These values are taken from
literature®® 195 n all events the maximum temperature of the endo or exotliggiven. For
certain polyamides two endotherms or an endotherm togefitiean exotherm are observed
on melting; for these polyamides both peak maxima are gi¥ée. heat of fusion is for the
total endotherm.

Exotherm Endotherm

Polyamide Crystallization T AH T Tin AH Tg
PA2,14

water (1H) 164C 22J/g - 243C  82J/g

water (2H) - - - 238  82J/g

formic acid - - - 240C  45J/g

melt — — — 236C 80J/g 165C
PA4,6

water (1H) 220C 22J/g - 290C 106J/g

water (2H) - - - 287TC 84J/g

formic acid - - - 289C 106J/g 24%C

melt - - - 286C 84J/g
PA6,6

water (1H) 197C 25J/g 258C 267C 97J/g

water (2H) - - 253C 26IC 76J/g

formic acid - - 258C 265C 106J/g 23eC

melt - - 253C 263C 76J/g
PA6,10

water (1H) 208C 19J/g - 227C  90J/g

water (2H) - - - 228C  57J/g

formic acid - - - 22%C  97Jlg 226C

melt - - - 223C 57J/g
PA6,12

water (1H) — — 203C 215C 93J/g

water (2H) — — 200C 215C 53J/g

formic acid - - 203C 213C 103J/ig 21%C

melt - — 198C 21#C 59J/g
PA12,6

water (1H) — — - 19%C  30J/4

water (2H) - - - 207C  26J/g

formic acid - - 223C 226C 39J/g 183C

melt - - 209C* 2222C  33J/g
¢ exotherm

b very broad endotherm
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Figure 6.1: (a) Phase behavior of polyamide 6,6 (PA6,6), polyamide §PX5,10), and
polyamide 6,12 (PA6,12) in superheated water. Here the dnttheo melt/dissolution
endotherm is shown. This is the temperature at which theapoilye has completely
melted/dissolved. All lines serve as a guide to the eye. @mgarison between the melt,()
and dissolutionT};) temperatures at 30wt% in water for the polyamide 6,y (PAGnily.
Hereo is taken from this worke is taken from literaturé’>>°
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Figure 6.2: (a) Phase behavior of polyamide 4,6 (PA4,6), polyamide &/6(6), and
polyamide 12,6 (PA12,6) in superheated water. Here the dntthedo melt/dissolution
endotherm is shown which is the temperature at which the gooige has completely
melted/dissolved. (b) Dissolution temperature at 30wt%ygmide in superheated water
for the polyamide x,6 (PAXx,6) family. All lines serve as adgito 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 wateg@d solvent for various
even-even polyamides. On cooling the water solution, tHgapoide crystallizes
from the solution, forming a suspension of single crystalwater. The excess water
is allowed to evaporate under ambient conditions. Optidatascopy and DSC is
performed on the thus obtained crystal mats.

Figure 6.3 shows an optical micrograph of water grown PA@dBtals. The
micrograph shows many large needle-like crystals up tq:@®0@ length. Similar
needle-like crystals are obtained for PA12,6, PA2,14 an@, P& on crystallization
from superheated water.

Table 6.1 gives a summary of the DSC results obtained whetingedifferent
polyamides crystallized from superheated water, formid,aod the melt to the melt.
From the results the presence of an exotherm for the watstatliyed polyamides is
immediately apparent for PA2,14, PA4,6, PA6,6, and PA6Although the position
of this exotherm varies for the different polyamides, thath&f fusion involved is
similar, all are in the order of 20J/g. The position of the teom closely matches
the (expected) Brill transition temperature for the vasigaolyamides. For PAG,12
and PA12,6 no such exotherm is observed. Likely this is tmethe 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-polyamides. The
dissolution temperature is determined by the length of iaeohe unit and not by
the length of the diacid unit of the polyamide chain. Thisakted to the methylene
group next to the NH unit having a larger influence on the diggm temperature
than the methylene group next to the CO unit.

Furthermore, many of the dried water crystallized evemeyp®lyamides
investigated show an exothermic event in the vicinity of Brdl transition prior
to melting. The work presented in Chapter 4 shows that thathexmic event is due
to water molecules which are trapped in the polyamide ckyatace exiting from
positions close to the amide group when heating the watestaliged polyamide
above the (expected) Brill transition temperature. Inddéedthe water crystallized
polyamides that do not show such an exotherm prior to meltimg Brill transition
coincides, or closely matches, with the melt temperature.
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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 toeagzime
content of 62mol%. The incorporation of piperazine alloves &
variation of the hydrogen bond density without altering ttrgstal
structure, i.e. the piperazine units co-crystallize wit@ PA2,14 units?
It is shown that the crystallization of PA2,14 from supetbdawater
greatly influences the crystal structure. Water molecutesrporated
in the PA2,14 crystal lattice cause a slip on the hydrogendédn
planes; resulting in a co-existence of a triclinic and a notin@ crystal
structure. On heating above the Brill transition, the watetecules exit
from the lattice, restoring the triclinic crystal struauidncorporation of
piperazine into the PA2,14 chain results in a decrease iydeogen
bond density. With increasing piperazine content, the odlis®n
temperature decreases. It is only possible to grow singistads from
superheated water up to a piperazine content of 62mol%. Heset
single crystals, the incorporation of water molecules i vitinity of
the amide group is seen by the presence of CGfetch vibrations
using FTIR spectroscopy. These vibrations disappear otingeabove
the Brill transition temperature and the water moleculégs feam the
amide groups. For copolyamides with more than 62mol% pheea
no Brill transition is observe#® no single crystals can be grown from
water, and no water molecules are observed in the vicinithe@fimide
groups. The high piperazine content (co)polyamides hasHhgdrogen
bond donors, and are therefore less likely to have any ictieres with
the water molecules. This work demonstrates the relatitwdsn the
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Brill transition, the dissolution of polyamide in supertes water, and
its influence on the hydrogen bonds and the amide groups.

7.1 Introduction

The thermal properties in polyamides are largely due to {fltgdgen bonds present
between recurring amide groups. By varying the density e$¢hhydrogen bonds it
is possible to greatly influence the polyamide’s physicaperties?’ less hydrogen
bonds generally imply a lower melting temperature. A rgadiNailable route to
change the hydrogen bond density is to change the lengtheddliphatic portions
in the linear polyamide chains, which results in a changeh@ndpatial separation
between the amide groups, and hence an overall change inythegen bond
density? An alternative is to replace the amide group with a differehemical unit
that reduces the possibility of hydrogen bond formatiort, s similar structural
features as the amide group. Piperazine is an example obstlobmical unit. When
varying piperazine concentrations are incorporated in lggpoide 2,14 (PA2,14)
backbone, a set of copolymers as shown schematically inré-igil are obtained.
Piperazine residues incorporated in the polyamide chainadaontain any amide
hydrogens and are therefore only hydrogen bond acceptdra@nrhydrogen bond
donors3? 98:105The PA2,14 units can act as hydrogen bond donors and acseptpr
introducing piperazine into the chain, the overall hydrogend density decreases.

Copolyamides of polyamide 2,14 (PA2,14) and polyamide naipee,14
(PApip,147° 8 are synthesized from 1,12-dodecanedicarboxylic acid amhie
amounts of 1,2-ethylenediamine and piperazine. A range agolgamides
(PA2,14¢0-pip,14) with a piperazine content ranging from 30 to 90madde
prepared together with the homopolymers PA2,14 and PAgipTlhe copolymers
exhibit a decrease in melting and crystallization tempgeatwith increasing
piperazine conterf Although the introduction of a rigid cyclic monomer usually
leads to an increase in melting temperature with respedigchomopolymer due
to an increased rigidity of the polymer chain, and, consetiyein a decrease of
the gain in entropy upon meltirj,the reduced possibility of the piperazine units to
form hydrogen bonds overrules this effect. Additionallyta@ piperazine content of
62mol%, the PA2,14 and PApip,14 units co-crystallize intmenmon crystal lattice,
which differs only slightly from the PA2,14 crystal lattié® For a piperazine content
of 90mol% and higher, the crystal structure is distortednftbat of PApip,14. For
an intermediate piperazine content of 70mol% and 82mol%g-excstence of the
PA2,14 and PApip,14 crystal structures is obserfedt is further concluded that
the piperazine rings incorporated into the copolyamidespéanar to the hydrogen
bonded sheets, the sheets being shear to one another.
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(b) PApip,14

Figure 7.1: Chemical structure of (a) 1,2-ethylenediamine-based bhgiperazine-based
repeat units.

The effect of temperature on the (co)polyamides is invagtig in Chapter 2.
Upon heating many polyamides show a Brill transitiérr® which entails a solid state
crystalline transition from the low temperature tricliphase to the high temperature
pseudo-hexagonal phase, i.e. in WAXD, the 100 reflecticatedlto the interchain
distance and the 010 reflection related to the intershettndis merge into a single
reflection. The series of (co)polyamides are investigadad,it is found that the Brill
transition is independent of the piperazine coni@ntdespite changes in the melt
and dissolution temperatures. It is shown that the Brilhgition temperature is not
related to the hydrogen bond density, but directly relateantd primarily caused by
conformational changes occurring in the polyamide mainngha particular in the
alkane segments.

In Chapter 4 it is shown using WAXD that polyamide 4,6 (PA4¢@n be
dissolved in superheated water a200°C. This is well below the melting point
of ~295°C for PA4,68 Considering this information, it is interesting to learnnho
the dissolution of a hydrogen bonded polymer in water iscédig by the hydrogen
bond density. Additionally, the influence of the hydrogemdalensity on the
(co)polyamides’ interaction with superheated water igificant. The series of novel
piperazine based (co)polyamides present a unique opprienstudy the effect
of reduced hydrogen bond formation on the dissolution m®aa polyamides in
superheated water.

The present chapter aims to give more insight into the efieatcorporating a
secondary diamide that reduces hydrogen bond formatioheodissolution process
in superheated water and the subsequent crystal struchoitéally, high pressure
differential scanning calorimetry (DSC) is performed foramge of (co)polyamide
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concentrations in water in order to investigate the digsmiiprocess. The dissolution
process can also be followed by wide angle X-ray diffractioBingle crystals

grown from an aqueous solution are investigated by trarssom®lectron microscopy
(TEM). To determine the influence of water molecules on hgdrobonding and

other conformation changes, Fourier transform infrared Ry spectroscopy studies
are performed.

7.2 Experimental description

The homopolymers PA2,14 and PApip,14 as well as copolymagsid-co-pip,14
are synthesized via a polycondensation reaction of 1,H2ckmedicarbonyl
dichloride and varying amounts of 1,2-ethylenediamine pipérazine as described
elsewheré?® The piperazine based copolyamides used in this study haperpine
molar fraction of 0.30, 0.46, 0.54, 0.62, 0.82, and 0.90. s€heopolymers are
referred to as coPA 0.30 through to coPA 0.90, respectively.

DSC is performed on the as-synthesized (co)polyamide anervaa described
in Appendix A.6. Simultaneous SAXS/WAXD is performed on tesynthesized
(co)polyamides as discussed in Appendix A.2.2 using tHeimse designed pressure
cell shown in Appendix A.1l. The WAXD data is corrected as désd in
Appendix A.2.3. TEM and FTIR spectroscopy is performed awtlater 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 itsrpipee based
copolymers in water, where the latter acts as a solvent whehd superheated
state82.106.108 Figyre 7.2 shows the results obtained from DSC measurenoents
the (co)polyamides in the presence of superheated watee tHe end temperature
of the endotherms as a function of polymer content in water @otted. The
temperature represents the temperature at which the polgroempletely dissolved
in superheated water as confirmed by WAXD.

Figure 7.2(a) shows the phase behavior of several piperdmsed copolymers
and the homopolymers PA2,14 and PApip,14 in water as a fumaif polymer
concentration in water. All lines serve as a guide to the &ye. general observation
is that the dissolution temperature increases with inangagolymer content. In
a heating run, with increasing temperature, conformati@hanges in the main
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Figure 7.2: Influence of polymer concentration on the dissolution terapge of the
piperazine based (co)polyamides in water. (a) shows theepldéagram that evolved
from the measured temperatures of the end of the DSC digsol@ndotherms for
various concentrations of (co)polyamide in water. Here PA2,14; o = coPA 0.30;
0= coPA 0.54;0 = coPA 0.62;x = coPA 0.90; and\ = PApip,14. (b) shows the melt and
dissolution temperatures as a function of piperazine eantdere a - melt data taken from
Vanhaechet al,;®® b - dissolution temperature X-ray diffraction data for 3@polyamide
in water; and c - plateau dissolution temperature DSC dalldin&s serve as a guide to the
eye. Heating rate applied during the X-ray diffraction ar@experiments is 2&/min.

chain occur. With the incoming of gauche conformers in thénnahain, the chain
starts to apply an increasing strain on the hydrogen bonte.gauche conformers
are localized in the alkane chain segments along the main emal finally reach
the amide group® Due to the high mobility of these gauche conformers, the
superheated water molecules, which are highly mobile duéhé¢osuperheated
state?® % have the opportunity to enter the crystal lattice and bréakhydrogen
bonds between the amide groups.

In Figure 7.2(a) a guideline is shown at 30wt% concentratempoint within
the region where concentration no longer influences theoldissn temperature.
Three different temperatures can be distinguished; PAAridi coPA 0.30 have a
dissolution temperature o£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 ~118C. This is in accordance with the three distinct crystal syygported for the
copolymers® i.e. a PA2,14 type crystal lattice, a PApip,14 type crysadtide, and
an intermediate structure which shows features of both & 12 and PApip,14
structures respectively. The (co)polyamide’s dissotutiemperature is therefore
related to the amount of piperazine present in the polymdrtlans maybe directly
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related to the hydrogen bond density.

The influence of piperazine content on the dissolution B®ds shown more
clearly in Figure 7.2(b). The figure denotes the dissolutemperature at 30wt%
(co)polyamide in water as a function of piperazine cont@he melt temperaturé®
of the (co)polymers are also plotted for comparison. Ale$inserve as a guide
to the eye. The data are obtained from DSC experimentsirasdu WAXD and
SAXS/WAXD experiments of the dissolution process perfainoa the beamlines
ID11 and ID02. The melt temperature decreases with inarggsperazine content.
This is because the hydrogen bond density decreases wititaase in piperazine
content. The incorporation of the secondary piperazineitia results in a decreased
possibility of hydrogen bond formation because the pipaezesidues are only
hydrogen bond acceptors, and therefore a decrease in@ntiaiurs due to weaker
interchain interactions. The incorporation of piperaziegidues however also results
in an increase in entropy due to an increase in chain rigiditg reduced possibility
of hydrogen bond formation of the piperazine residues datesthe chain rigidity
aspect. The reduced melt temperature with increasing gupes content is the
cumulative effect of both opposing phenoméfd® 10> The difference in melt
temperatures is also mimicked by the dissolution temperafdue to the weakening
hydrogen bond strength in the (co)polyamides with increpgiiperazine content,
less gauche conformers are needed along the polymer main tthallow for
the superheated water to disrupt the crystal lattice. Tlagp@dyamides rich in
piperazine are therefore expected to exhibit a lower digsol temperature than the
(co)polyamides rich in 1,2-ethylenediamine.

The data presented in Figure 7.2 conclusively demonsttatgswater in the
superheated state is a solvent for the piperazine basego(gainides. The
data presented here further strengthens the notion thatiskelution of aliphatic
polyamides in superheated water is a universal phenomepplicable 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 PA2,14t&tlized from the
melt (MC) and from water (WC). The melt crystallized samgiews a single sharp
reflection at 1.49, 001 reflection, and two broader reflections at 6,880 reflection,
and 7.17, 010 reflection. The WAXD pattern for the melt crystallizeAZR14
compares well with other resuft&.68 195 However, the WAXD pattern obtained for
PA2,14 crystallized from water is remarkably differentrfraghe melt crystallized
diffraction pattern. The water crystallized sample shoegesal additional sharp
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and broad reflections, see Figures 7.3(a) and 7.3(b), peiindrating a different
crystalline structure in comparison to the melt crystalizample. Thus the unit cell
of PA2,14 needs to be considered.

The triclinic unit celP®>58for PA2,14 isa = 0.49 £ 0.01nm, b = 0.51 £ 0.01nm,
c=2.23+£0.0lnm,a = 60+2°, 8 = T77+1°,~v = 59+1°. The predicted/calculated
WAXD pattern for the above mentioned unit cell is determinesihg PowderCell
2.42 and is also shown in Figure 7.3(b); for more information semeéndix B.
The positions of the calculated triclinic diffraction p&tt compares well with
the experimental diffraction pattern of the melt crysitd sample. However, as
mentioned previously, the water crystallized sample shawdgifferent diffraction
pattern from the melt crystallized sample. Several of tHecgons in the water
crystallized diffraction pattern are either not presentshifted in the calculated
triclinic diffraction pattern. Studying the 001 reflectidar 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%inin there is also an
additional peak at 2.12nm. Both of these peaks must be atecklto thec-axis,
which is 2.23nm. This indicates the possible presence offereint PA2,14 crystal
structure.

A second, monoclinic unit cell with parameteis = 0.46 £+ 0.01nm,
b=0.414+0.0lnm,c = 2.31£0.0lnm, 8 = 113+1° is also shown in Figures 7.3(a)
and 7.3(b). The reflections which are poorly matched withtticénic unit cell are
fitted reasonably well by the monoclinic unit cell.

It is apparent from the calculated diffraction patternstfoth the triclinic and the
monoclinic unit cells that the reflections arising from tB&@) planes and all planes
making a small angle with the (010) plane, that the calcdlatéensities are much
larger than the observed intensities, while the oppostteésfor planes perpendicular
to the (010) plane, i.e. the (100) planes. We were unablaitceethese discrepancies
in the atomic parameters. Two possible explanations esisthis discrepancy, and
indeed both could play a role in producing the observed effedOne is that the
thermal vibrations of the molecules are restricted due edhiydrogen bonds present
in the sheets resulting in lower vibrations in the (010) plamherefore the intensity
of the reflections from the (010) planes will be reduced in parison to those from
other planes. A second explanation is a possible distodiotine crystals in the
direction normal to thé-axis due to the stacked hydrogen bonded sheet which make
up the crystals with van der Waals forces between the sh&késsheets are flexible
in directions perpendicular to the sheets, but less flex#id therefore less distorted)
within the sheets owing to the hydrogen bonding. The effadthe intensity would
be similar to that of thermal vibrations. It is likely thatthgorocesses play a role in
influencing the relative intensities.

Nonetheless, the WAXD pattern for the water crystallized224 suggests
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Figure 7.3: WAXD data of PA2,14. The graphs show the diffraction patseof the melt
crystallized sample (MC), water crystallized sample (Weand after heating the water
crystallized sample to 22C (WE). All results shown are at 80. The calculated WAXD
pattern is based on a theoretical calculation of the congputst cell. The triclinic unit
cel®>88is ¢ = 0.49 4+ 0.01nm, b = 0.51 & 0.01nm, ¢ = 2.23 £ 0.01nm, o = 60 =+ 2°,

B =T7+1° ~v = 59+1°. The monoclinicunitcellis = 0.46+0.01nm,b = 0.41+0.01nm,

¢ = 2.314+0.0lnm, = 113 £ 1°. (c) shows the triclinic and monoclinic peak indexing in
more detail. Here the blue indices are triclinic, the redded are monoclinic, and the black
indices are both for the triclinic and monoclinic structurd@he data is plotted as a function
of 26 for clarity and is related td-spacing according to Bragg’s lalv= 2d sin ¢, plotted for
wavelength\ = 0.04959nm.
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Figure 7.4: TEM and electron diffraction images of PA2,14 crystallifeain superheated
water. (a) shows lath-like and needle-like structures.igl@n electron diffraction image of
the lath-like structures. (c) is an electron diffractioraige of the needle-like structures. The
outer rings shown in (b) and (c) originate from the gold used aalibration reference.

the presence of both triclinic and monoclinic crystals. igufe 7.4 the possible
co-existence of two crystals is investigated using TEM atetteon diffraction

images for PA2,14 single crystals grown from water. Figurda) shows the single
crystals obtained from PA2,14 where two distinct types gétals are observed; lath-
like and needle-like crystals. The needle-like crystakslarge structures~<1mm)

easily visible under the optical microscope. The lath-Gkgstals are much smaller in
dimension. Figures 7.4(b) and 7.4(c) show the electromadiffon patterns obtained
from the water grown PA2,14 single crystals. Two, distindifferent diffraction

patterns are observed; a pattern consisting of two (lamgs)aiented approximately
orthogonal to each other (Figure 7.4(c)) spaced at 0.44rmh®8Ynm, and a pattern
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displaying a six point symmetry (Figure 7.4(b)) with spasrof 0.42nm, 0.44nm,
and 0.42nm. The difference between these two patterngkingtragain suggesting
the presence of two crystal structures.

Figure 7.3(b) also shows the WAXD pattern obtained aftertihngahe water
crystallized PA2,14 to 21 and subsequently cooling to %D (WE). Note that the
PA2,14 is not melted. The diffraction pattern now resemtiiediffraction pattern of
the melt crystallized sample. The additional reflection®dan the water crystallized
sample all disappear simultaneously~&00°C and do not reappear on cooling.

7.5 Conformational changes in water crystallized PA2,14

Figure 7.5 shows the FTIR spectra at@mbtained when crystallizing PA2,14 from
superheated water and the melt. The melt crystallized spece taken from the
results presented in Chapter 2. The data is normalized &rézeunder the methylene
bands between 2800 and 3000cm

Figure 7.5(a) shows the spectral range between 3500 andc@700and
is summarized in Tables 7.1 and 7.2. Figure 7.5(a) showsraewemarkable
differences between the melt and water crystallized sasnpharstly, although the
position of the NH stretch vibration at 3302cnis identical between the two
samples, the shape and area of the two are different. The Mitthstvibration
of the melt crystallized sample is much broader than the maiestallized sample
which shows a much sharper, narrower peak. This shows taatytirogen bonds
between the two samples are significantly different. Adddily, the Amide | and
Il overtone bands show a large shift in position: 3063¢érm the water crystallized
sample and 3085cmt in the melt crystallized sample. The fingerprint region of
the melt and water crystallized spectra between 1800 andn®50are shown in
Figures 7.5(b) and 7.5(c) together with their assignmentahles 7.1, 7.2, and
7.3. The most significant differences between the two sasrguie the amide bands,
certain methylene scissoring bands, and the so-calledBands. The figures
show the Amide I and Il bands moving to lower wavenumbers gstatization from
superheated water. This in an indication for more hydrogemddormatiorf* When
more hydrogen bonds are formed by the CO groups in the potgniie Amide |
vibration shifts to lower wavenumbers. This is consisteithwthe sharp NH stretch
vibration at 3302cm' observed for the water crystallized sample. The presence
of more hydrogen bonds in the water crystallized sample estgghat superheated
water is a good solvent for the PA2,14 and facilitates ctlyssion into a perfect
crystal packing. Next to the Amide | and Il vibrations, the @1l vibrations also
show significant changes between the two samples. Amidélations 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 crystaliZMC) PA2,14 at

30°C. (a) shows the spectra from 3450 to 2700¢m(b) from 1800 to 1300cmt, and (c)
from 1300 to 650cm?.

In Figure 7.5(a) the symmetric and asymmetric methylenetdir vibrations
show the most remarkable difference. The melt crystallizachple shows the
symmetric and asymmetric vibrations at 2850 and 2919craspectively. The water
crystallized sample shows two additional vibrations at®@8@d 2945cm!. These
two bands are also coupled to symmetric (2876&rand asymmetric (2945cm)
CHs,, vibrations. Methylene stretch vibrations, like in smalthy alkanes, are known
to shift to higher wavenumbers when straifdAlmost all of the “Brill” bands
summarized in Table 7.3 also show a variation between thesammples. The most
important are the appearance of two bands at 1607 and 1455amthe water
crystallized sample. These are asymmetric and symmetri® C@bration$® which
may occur if the water molecules, incorporated in the ctyatace, associate to the
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Table 7.1: The main amide bands present in melt crystallized and waystatlized PA2,14.
Here vs = very strong, s = strong, m = medium, w = weak, and stoaldbr.

Water Melt

crystallized crystallized Band assignment

3302 vs 3302's NH Stretéfh 24,69

3200 w 3200 w NH stretch and Amide (I+11) overtdfié®

3063 m 3085 m NH stretch and Amide Il overtdf&®

1638 vs 1644 s Amide | (CO stret®)

1542 s 1556 s Amide Il (in-plane NH deformation, with
CO and CN stretcHf-246°

1283 m Amide 11P4

1263 sh 1263 m Amide 11l coupled with hydrocarbon skelétoit

1200 m 1188 w Amide Ill coupled with hydrocarbon skelétoff
crystalline banéf

943 m 943 m Amide IV (C-CO stretct) 111

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

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

Water Melt

. . Band assignment
crystallized crystallized g

2945 s - CH asymmetric stretci

2919 s 2919 s Ciasymmetric stretci

2876 s - CH symmetric stretct

2850 m 2850 s Chsymmetric stretctt

1480 s - CH scissoring next to NH group,
trans conformatiof?

1466 s 1466 m Chliscissoring for all methylenes not
next to amide groupg?!

1447 m
1416 vs 1419 m CHiscissoring next to CO group,

trans conformatiof?
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Table 7.3: The main “Brill” bands present in melt crystallized and wateystallized PA2,14.
Here vs = very strong, s = strong, m = medium, w = weak, and stosldhar.

Water Melt

crystallized crystallized Band assignment

1607 sh - COO asymmetri€®

1455 sh - COO symmetrié®

1384 m 1386 CHwagging and twisf?
fold band?

- 1320 w CH wagging or twist? 103

1303 m 1305 Chl twist*6:47

1243 m Skeletal C-C stretth
- 1230 m Skeletal C-C stretth
1048 w 1054 w Skeletal C-C strefdhf’:103

907 m 977 w CH rocking?? 47111
735w 721 m CH rocking?* 113
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Figure 7.6: FTIR spectra obtained on heating PA2,14 crystallized froqmesheated water
from 30°C to the melt at 18C/min.
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Figure 7.7: The figure shows the first (1H) and second (2H) heating runsaténerystallized
PA2,14. The table gives the peak maxima/minima and heatssadri observed for the endo
and exotherms respectively.

amide group to form a COOgroup3+ 106

On heating, all of the “new” or “altered” bands in the wateystellized sample
disappear or move to a different position at 1@0the Brill transition temperature for
PA2,14195 The asymmetric and symmetric Glstretch bands at 2945 and 2876cm
shift and merge with the bands at 2919 and 2850cnsee Figure 7.6(a), and the
COO~ asymmetric and symmetric vibrations at 1607 and 1455caiso 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, dveger crystallized
PA2,14 sample to the melt. In the first heating run, a broadhexm is observed at
164°C with a heat of fusion of 22J/g which is not observed in th@rddeating run.
The melt endotherm for both heating runs occurs at a singlaperature£240°C)

and a heat of fusion of 82J/g. The melt endotherm correspareswith other
reported valued?. %8 19%whereas the exotherm observed during the first heating run
is unusual. A similar event was observed for water cryzedliPA4,6 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%'%it is known that when PA4,6 crystallizes from
superheated water it is in a monoclinic structure with watelecules incorporated in
the crystal lattice in close proximity of the amide groupbkepresence of asymmetric
and symmetric COO vibrations confirm the presence of water molecules in the
PA2,14 crystal lattice in proximity of the amide groups. dttdo be noted that the
two methylene groups in the diamine segment of the PA2,1higidy rigid and
unable to deform as longer methylene sequences in otheampdalg families can.
The diamine alkane segment is also too short to allow chadtinigp to occur in this
part of the chair?®> Therefore, when water molecules are incorporated in the PA2
crystal lattice in proximity of the amide groups, the meéng sequence is too short
and therefore too rigid to allow for even the slightest defation of the main chain.
Hence the water molecules force the hydrogen bonded plargipt The slip in the
hydrogen bonded planes causes an alteration in how thespdiga, giving rise to
the monoclinic crystal structure. In addition the scissgiand of the Cklunit next
to the NH group is present at 1480chin the water crystallized sample and absent
in the melt crystallized sample. The scissoring band of tHe @xt to the CO group
is virtually unchanged between the two samples-a#17cnt!. This confirms that
conformational changes in the methylene chain segmenisbatthe melt and water
crystallized samples are indeed in the diamine units. Thegurce of features from
the melt crystallized sample in the spectra and diffracfiatierns obtained from the
water crystallized sample confirms the existence of twotahyg®nformations in the
water crystallized PA2,14.

The effect of strain and slip in the hydrogen bonded plangs ahplies that (a
portion of the) methylene segments in the water crystalli2d2,14 are distorted.
On heating the water crystallized sample above the Britisiteon the “additionally”
present methylene bands disappear. This indicates thavdter molecules in the
vicinity of the amide groups are released at the Brill traosi The removal of these
water molecules from the crystal lattice at a temperaturéabeve the bulk boiling
point of water is also observed in DSC where an exothermiateigeobserved at
the expected Brill transition of PA2,14. The Brill transiti is caused by gauche
conformers in the main chaf¥? increasing the chain mobility and allowing enough
freedom for the water molecules to escape. The incoming utlgga conformers is
seen in the decrease of the band at 1480cin the water crystallized sample.
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(b)
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Figure 7.8: TEM and electron diffraction of coPA 0.30 ((a),(b)) and co®PA2 ((c),(d))
crystallized from superheated water.

7.8 Piperazine copolyamide water grown single crystals

The DSC data presented in Section 7.3 suggest that supedheater is a solvent for
all the piperazine based copolymers under investigati@weer, it is only possible
to grow single crystals up to a piperazine content of 62moRlove 62mol% the
copolyamide does not form a crystal suspension from thengatation. Instead, the
copolyamide forms a crystalline, bulky solid. ThereforeV Bnd electron diffraction
images are available for only the coPA 0.30 and coPA 0.62als/s

The TEM images of coPA 0.30 appears similar to the homopalyir#e,14,
showing both needle and lath-like crystals as shown in Eigus(a). However, there
appears to be only one type of electron diffraction patteriobth these crystals; a six
point symmetrical pattern. The single crystals of coPA Glba@w 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, andRApip,14.
The graphs show the diffraction patterns of the melt criizead sample (MC), water
crystallized sample (MC), and after heating the water atiiged sample to temperatures just
below the melting temperature (WE). All results shown arg8(C. Here the data is plotted
as a function of scattering andgté for clarity, where\ = 2d sin # with A = 0.04959nm.

morphology and also have a six point electron diffractiotigra, (Figure 7.8(d)).

The electron diffraction patterns conclusively show tliegle crystals are formed
up to a piperazine content of 62mol%. For higher piperazameant, it is not possible
to grow such single crystals indicating that the (co)poliges with a high piperazine
content do not truly dissolve in the superheated water, lauetyymelt in the presence
of water. This notion is further strengthened by the sméfiédince between the melt
and dissolution temperature of only°ZDobserved 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 0a&8®] PApip,14
crystallized from the melt (MC), crystallized from water ()} and after heating
the water crystallized samples to a temperature below theané cooling to room
temperature (WE). For clarity only the final diffraction fgahs at 50C are shown.
The data show similar observations for all these (co)polgas) the WAXD and
SAXS data (SAXS data not shown) for the melt crystallizedtevarystallized,
and water crystallized samples that have been heated ailarsinThis suggests
that the incorporation of piperazine in PA2,14 preventsdiystallization into two
crystal structures, i.e. a triclinic and a monoclinic stane, when crystallizing
from water. For the copolyamides shown here it is likely thiate in the dissolved
state, the hydrogen bonds interact with the water molecuscause piperazine
is only a hydrogen bond acceptor and not a hydrogen bond ddmomumber of
interactions between the amide groups in the polymer chadrttee water molecules
in the superheated state greatly reduces with the intramfuctf piperazine. On
crystallization, less water molecules can be incorporatethe crystal lattice and
no slip of the hydrogen bonded planes occur. Additionalig increased rigidity of
the main chain by the introduction of piperazine residuss alevents the slippage
of the hydrogen bonded planes. It is likely that a much lowpegazine content of
e.g. 5mol% could show the monoclinic structure on crysatlon from superheated
water.

7.10 Conformational changes in water crystallized
piperazine copolyamides

In a similar procedure to the water crystallized PA2,14, thperazine based
copolyamides are also studied using FTIR spectroscopyA©@o#0 and coPA 0.62
form a crystal suspension on cooling from the dissolvecestatich is placed on a
ZnSe disk and allowed to dry under ambient conditions. CoB& &nd PApip,14 do
not form such a suspension; instead a solid residue is farfFadhese two samples
a piece of the residue is cut off and analyzed in a similarifesto coPA 0.30 and
coPA 0.62.

Figure 7.10 shows the FTIR spectra obtained for the pipeeado)polyamides
crystallized from water. The observed vibrations are ir limith those seen for
PA2,14 as assigned in Tables 7.1, 7.2, and 7.3. Additiotladise are bands present at
3004, 1365, 1283, 1226, 1252, 1173, 1024, 1011, 986, 83@&nT68 These bands
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Figure 7.10: FTIR spectra obtained for water crystallized coPA 0.30Ac0B2, coPA 0.82,
and PApip,14 at 3TC. (d) is an enlargement of the region 1650 to 1400&shown in (b).

are all correlated to the piperazine unit incorporated @pblyamide chait® and
all originate from methylene bending, wagging, twistingdastretching motions.
With an increase in piperazine concentration, these peak®dse in intensity.
Furthermore, the vibrational bands associated with hyelrdgpnding, i.e. the NH
stretch vibration at 3300cnt and the Amide | vibration at 1640cm, show a strong
decrease and broaden significantly with increasing pifjegazontent.

Figure 7.10(d) shows an enlargement of the spectra in therrefp50 to

1400cnt!. Of significance here is the presence of the shoulder at 155¢n
coPA 0.30 and coPA 0.62 which is absent in coPA 0.82 and PAipThis band is
related to symmetric COOvibrations. The presence of this band together with the
asymmetric COO vibration at 1620cm! (see Figure 7.10(b)) shows the presence
of water molecules in the vicinity of the amide groups, samy to that seen in
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Figure 7.11: FTIR spectra obtained on heating coPA 0.30 ((a),(b)) andif2a# ((c),(d))
crystallized from superheated water from°G0to the melt. CoPA 0.62 shows a behavior
similar to coPA 0.30 and coPA 0.82 shows a behavior simild&@Apip,14.

PA2,14 in the previous sections. These bands are not preseafA 0.82 and
PApip,14. This strongly suggests that the water moleculesoaly present in the
lower piperazine based copolymers. From previous W8rit is known that up to
a piperazine content of 62mol% the copolyamides show a Baifisition (see also
Figure 2.3). This strongly suggests that the Brill transitforms an integral part
during the water inclusion in the polyamide crystal lattice

Figure 7.11 shows the behavior on heating coPA 0.30 and P&piipom 30C
to the melt. On heating, the COGsymmetric and asymmetric bands at 1620 and
1455cnt! disappear near the Brill transition temperature. PApighdws similar
behavior to the melt crystallized sample shown in Chaptdrs strongly suggests
that PApip,14 does not dissolve in superheated water, blit imethe presence of
water. CoPA 0.62 shows a similar behavior to coPA 0.30 andA@o®2 to PApip,14.



116 Chapter 7

7.11 Conclusions

The work presented in this chapter combines the knowledg&ired in
Chapters 2 and 4 where we show that the Brill transition is dependent on
hydrogen bond density and that superheated water is a $dweRA4,6. In this
chapter we show that superheated water is a solvent for midga2,14. The
PA2,14 dissolves in superheated wate~&00°C. On cooling PA2,14 crystallizes
in two crystal structures: a triclinic and a monoclinic sture. Water molecules
incorporated in the crystal lattice cause slip in the hydrogonded sheets, directly
affecting how the sheets align. FTIR spectra show upon aliggition from a water
solution that water molecules are incorporated in a porbobithe PA2,14 single
crystals. The incorporated water molecules cause straitnendiamine part of
the methylene chains, resulting in additional £stretch vibrations at 2945cm
and 2876cm'. Also, the presence of symmetric and asymmetric CQretch
vibrations strongly suggests that water molecules areeithggesent in the vicinity
of the amide groups. On heating above the Brill transitiongderature, the COO
and CH stretch vibrations disappear at the Brill transition terapgre, resulting
in a spectrum similar to the spectrum of a melt crystallizachgle. On heating
the water crystallized PA2,14, the incoming gauche conéoarallow for enough
translational motion along the main chain for water molesuo escape from the
amide group at the Brill transition. Heating the water aailsted sample above the
Brill transition and not melting the sample results in ardiftion pattern similar to
the triclinic diffraction pattern.

With the introduction of piperazine into the main chain thiesdlution of the
copolyamide is only possible up to a piperazine content ofi@2. From previous
work!%® on these piperazine copolyamides it is known that the Behsition is only
observed up to a piperazine content of 62mol%. This suggleatshe dissolution
of a polyamide in superheated water is directly related Bl transition. For
coPA 0.82 and PApip,14, which do not show a Brill transitiom, single crystals
could be grown. Instead the (co)polyamide show a melt papteksion of 2T in
the presence of water, and on cooling a crystalline solidluesis obtained. Similar
to PA2,14, coPA 0.30 and coPA 0.62 show the presence of C&f@tch vibrations.
These bands are absent in coPA 0.82 and PApip,14. Howeese thbrations are
considerably weaker in the copolyamides in comparison t@,BA Also in the
copolyamides the COOvibrations disappear at the Brill transition temperatufe o
~190°C.
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Technological assessment and outlook

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

The chemistry employed to tailor and process polyamidesimeaslve harsh
chemicals and solvents. Usually polyamides are melt psecgsbut in certain
applications such as film preparations and recycling, acganlvents and acids
are used. The work presented in this thesis shows that sgiech water is a
solvent for many commercially available polyamides. Thewdedge gained from
studying the Brill transition and the chain motions presenpolyamides provides
the mechanisms required for understanding the influenceatérmon polyamides.
Although the use of superheated water as a solvent inadwgrt@volves using
elevated temperatures, the use of water, which truly is e€igt solvent, opens the
door for environmentally friendly processing. The (petf@mical industry greatly
desires an environmentally friendly image. Water as a [@msing solvent instead of
potentially harmful substances is a key element in obtgisunch an image.

The use of superheated water in industrial applicationddcowolve foam
extrusion applications, spray coating applications, awyaling. The spinning of
fibers from a water solution at elevated temperatures angspres is currently
unachievable. However, the success and application oepsitg polyamides with
superheated water is described in a patettin which an extruder is used to
manufacture polyamide foams. The extruder setup uses gblgmer concentration
with usually more than 80wt% polymer. The same technologymbore dilute
concentrations, could also be used in a spraying setup te pakamide (insulating)
coatings. Superheated water could also provide an easytrgcycling polyamides
from composite materials such as glass fiber reinforcedamaiges. The superheated
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water dissolves the polyamide, leaving the glass fiberstintnabling these two
components to be separated.

The ultimate goal is to control the crystallization processnanufacture highly
oriented, extended chain polyamide fibers. These high pedoce fibers would
mimick materials such as silk in their properties, comhgnimgh strength with
high toughness. Unfortunately the making of such fibers hasys remained
elusive’’ The processing of polyamides using superheated water sameg in this
thesis could provide a route to making such fibers. The diisol process for the
polyamides described in this thesis all take place at higtpaatures, usually in the
order of 200C. To ease processing and fiber spinning applications itdgatde to
have the polyamide in a water solution at room temperatule@anospheric pressure.
This cannot be obtained by using water alone. In the work afridaet al33-3°
the addition of salts to the superheated water could, ore@ahyamide has been
dissolved, prevent hydrogen bonds from reforming on cgoliand thus prevent
crystallization. These ions should be easily removablenftbe polyamide fibers
by merely washing with water, reinstating the hydrogen loomd

This thesis contains fundamental research into the digsnlprocess involved
when a polyamide dissolves in superheated water. Howevabtain a complete
understanding of this process, a study on the dissolutiomadel compounds in
superheated water is desirable. The use of oligoamides! @vavide the required
insights in the dissolution and crystallization mecharsisnThe principles behind
the dissolution of polyamides in superheated water shopfayato all hydrogen
bonded materials. Therefore synthetic materials sucheastiplastic polyurethanes,
polyaniline, and polyester-amides and natural materiath s keratin, wool, and
other proteins should be (and are) investigatet?®

Recent work on understanding the biomimetric spinning li&dhas led to the
hope that the spinning of artificial fibers using natural mate or polymers could
become arealit§® Using superheated water it is possible to dissolve kerativaiter;
unfortunately this lead to a breakup of the keratin into apigptides-®® Should it be
possible to reduce and control this molecular weight changeuld be possible to
use water as a solvent in the biomimetric spinning of silk. t&a other hand, the
hydrolysis that occurs in keratin is highly promising besmit provides oligopeptide
building blocks which can and should be used as a naturaktieekl for biobased
polymers.

The work presented in this thesis provides a greater uradelistg of the Brill
transition and the dissolution process of polyamides iredugated water.



Appendix A
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 perfexperiments on
polymer samples in the presence of superheated water. Anstiterepresentation
of the device is given in Figure A.1(left) with an actual ddfmin on the right. The
device consists of a copper mantle which is heated by a 1mmetéx SEI coil with
a 50cm heating section and a 20cm cold end purchased fronmbleax which
is soldered onto the copper mantle. A glass capillary (2.3vater diameter with
0.05mm wall) containing a polymer sample and water is plaosile a 2.3mm
opening inside the copper mantle. A steel lid is placed dvertop of the capillary
and bolted down onto the copper mantle. In order to seal tpdlary so that
the water cannot escape when heating abové@,08n o-ring is used. The o-ring
seals both the glass capillary and the steel lid to the coppertle. In order to
performin situ X-ray diffraction experiments, a 1mm diameter entranceehsl
made for an incoming X-ray beam. The outgoing, diffractegirh passes through
a tapered hole, which has a total angle of.75A Pt100 temperature sensor is
placed as close as possible to the measuring position, herenthe incoming X-ray
beam intersects with the glass capillary. The Pt100 sensbittee heating coil are
connected to a Linkam TMS94 controller, which is used to afgethe device. As
a safety precaution, a 1/2” disk type thermostat (not shawfrigure A.1) with
a maximum temperature of 245 is connected between the heating coil and the
Linkam controller to prevent the system from overheatingei®eating would result
in weakening of the soldering of the heating coil onto thepmygnantle. As a result,
the maximum operating temperature of this device is°@40rhe whole device is
mounted onto an aluminum base plate by means of an A-frame dékice can
be cooled by an external airflow. This device is used bothirfositu diffraction
experiments as well as sample preparation.
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Figure A.1: A schematic representation of the experimental setup wseerform thdn situ
X-ray experiments discussed in this thesis. A glass capillahoused in a copper heating
mantle and sealed with an o-ring and a steel lid. The devio®mdrolled with a Linkam
TMS94 controller. An opening allows for the entry and exitloé (diffracted) X-ray beam.

A.2 X-ray diffraction (XRD)

Due to the nature of the experiments performed in this thesisventional X-ray
sources such as copper or molybdenum targets do not suffieaceHsynchrotron
radiation is used to perform the X-ray diffraction expemtse Synchrotron radiation
is characterized by high brightness and high intensity, ymamlers of magnitude
higher than the X-rays produced by conventional lab so.ités Additionally the
sharper wavelength of the incident beam used in Synchrosdiation results in less
line broadening compared to conventional sources. Theihtghsity of synchrotron
radiation makes it possible to perform time-resolved expents with a great level of
accuracy*? All synchrotron experiments are performed at the Europgaciotron
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 Mater Science
beamline (ID11f3 Typically an X-ray beam with an energy of 25keV (wavelength
A = 0.04956nm) and beamsize of 3pMn is used. Dry powder samples or powder
samples in the presence of water are heated using a Linkatagetor the in-house
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n L@f SAXS)

sample detector tube

Figure A.2: A schematic representation of the experimental setup omitbk Brilliance
beamline IDO2®

built pressure cell described above; both controlled byrikdin TMS94 controller.
A hole in both the silver hotstage and the pressure cell aftmwthe X-ray beam
to be transmitted though the sample. Typical experimertatlitions are a heating
rate of 10C/min from room temperature to the melt/dissolution terapge. Two-
dimensional X-ray diffraction patterns are collected gsmBruker CCD detector
with a sample to detector distance o40cm. Typically a diffraction pattern is
collected every 10 to 12 seconds with an exposure time inrither @f 6 seconds. A
silicon standard is used to calibrate the sample-to-dateistance and all diffraction
patterns are corrected for spatial distortions and integréo 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 expents are performed on
the High Brilliance beamline (ID02§ as shown in Figure A.2. Here an X-ray beam
with an energy of 12keV X = 0.09951nm) and 30@m beam size is used. The
WAXD detector is placed at an angle relative to the samplétiposresulting in

a limited, and also fixed, scattering range being availabfted&ta collection. An
intricate geometric data correction procedure correcthsample position because
the sample is not in the center of the WAXD detector. As a tasfithe positioning
of the WAXD detector the resolution available for the WAXDtalas less than for
example the WAXD data from ID11. Time resolved, simultare@AXS/WAXD
measurements are performed on samples using a Linkam ¢t controller or
the homebuild pressure cell described above. Typicallyadifg rate of 18C/min is
used from 50C to the melt. X-ray patterns are collected every 12 to 30rsgEvith
an exposure time in the order of 1 second. A Princeton WAXRcatet and a Frelon
1K SAXS detector are used to collect the diffraction pageriihe SAXS detector
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Figure A.3: A schematic of how the data subtraction for the WAXD has besrfiopmed.
The background diffraction pattern originating from theteva glass, and air scatter was
determined experimentally. The background diffractiortgya is subtraction from the
total diffraction pattern. The amorphous part of the polynsemodeled with a Gaussian
distribution and also subtracted from the diffraction eatt 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 WAXBaodet at~25cm.
Para-bromo-benzoic acid (PBBA) is used to calibrate the \DiASdmple-to-detector
distance and Lupolen is used to calibrate the SAXS sampiietiector distance. All
diffraction patterns are corrected for absolute interesitgt integrated to give intensity
against the scattering vect@r The magnitude of the scattering vector is converted to
d-spacing using the relatioh= 27 /q. The SAXS results are Lorentz corrected, i.e.
the intensity data is multiplied by?.

A.2.3 WAXD background correction

It is important to separate the crystalline peaks from theralmus component and
the background scatter obtained during the WAXD experimerithe halo in the
WAXD data originating from the amorphous component of thiyper, the water
encapsulated in the capillary, and the glass capillanfitse subtracted, leaving
only the crystalline part of the diffraction pattern whichginates from the polymer
as shown in Figure A.3. The amorphous halo originating froewvtater and glass are
determined experimentally. The temperature of the polyweader-glass diffraction
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pattern is matched to the temperature of the water-glagactibn pattern to within
1°C. So as to account for absorption in the sample, the cormegtoption of the
background scattering pattern is subtracted from the raigdiffraction pattern.
A Gaussian distribution is used to model the halo resultimgnfthe amorphous
component of the polymer. The shape and area of the Gausstabuwdion are kept
constant over the course of the experiment, i.e. the sames@audistribution is
subtracted for all diffraction patterns of the same polyntéence it is still possible
to resolve any changes in crystallinity or the amorphous laaising in the course
of the experiment. The position of the Gaussian distrilbuteohowever allowed to
vary so as to account for thermal expansion. The Gaussisibditon is subtracted
from the spectra from which the water-glass background lheady been subtracted
resulting in the final spectra used to study the effect of dugatead) water on the
polyamides used in this thesis. Figure A.3 shows a diffoactiattern, together with
the subtracted water-glass pattern and the subtractedsi@ausstribution to give the
final diffraction pattern. The final diffraction pattern ie ftonger 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 ssgpeimn water, are placed
on a carbon-coated copper TEM grid coated with gold. The geldes as an internal
calibrant for the electron diffraction patterns. The TEMtdnces are calibrated using
standard grating replicas. The suspension is allowed tamkigr ambient conditions.
Low dose diffraction images are collected on a Fei Technar&tsmission electron
microscope operating at 200kV.

A.4  Fourier transform infrared spectroscopy (FTIR)

For the infrared experiments performed in this work, all pks are placed on
a zinc selenium disk and heated or cooled atCIthin using a Linkam TMS94
hotstage and controller. FTIR spectra, all averages of ¢@8ss are collected using a
Bio-Rad FTS6000 spectrometer with a resolution of 2énDuring heating/cooling
spectra are collected in steps oPCODuring data collection, the temperature is kept
constant. The resulting spectra are scaled to the area timelenethylene bands
between 3000 and 2800crh
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A.5 Gel permeation chromatography (GPC)

In this thesis GPC analysis is used to test for hydrolysis/andegradation.
Polyamide crystals crystallized from a 15wt% water solutawe prepared using a
glass capillary and the in-house designed pressure ce#. midthod deviates from
the standard protocol described in Section 4.2.2 used wupsothe single crystals
because a faster heating rate oPGOnin is used and the sample is quenched to
room temperature at300°C/min using a strong air flow around the device. The
polyamide is left in solution at 20C for different lengths of time ranging from
0.1 to 1440 minutes before quenching. The crystallized $ssrgre removed from
the glass capillaries and the excess water evaporated binglthe samples in a
vacuum oven at 5C for 2 hours. The molecular weight of the dried water grown
crystals is determined by GPC to test for hydrolysis andégradation. The polymer
samples are dissolved in 1,1,1,3,3,3-HexaFluoro-2-propédFIP) (Biosolve) at a
concentration of 3mg/ml. Calibration of the detectors hesrbdone by the injection
of PMMA standards of known concentration and molecular Wweig

A.6 Differential scanning calorimetry (DSC)

DSC measurements are performed on dry polymer samples anplesain the
presence of water. When samples are measured in the preseneger varying
amounts of polymer and water are placed in large volume tepqllVC) and
cycled twice between 3C and 220C at 10C/min under nitrogen using a Perkin
Elmer Pyris 1 DSC. The amount of polymer and water is cargfuttighed into the
capsules, sealed, and reweighed after sealing so as ty Weeifamount of water
in the capsule. After the two heating cycles, the capsuleswarighed again to
establish if any leakage occurred. When dry polymer samgtesanalyzed, the
samples are placed in hermetic aluminium pans and cycles twider nitrogen using
a TA Instruments Q1000 DSC betweerf@5and the polymer’s melting temperature.
In all events the second heating cycle is used for data asalys
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A.7 Solid state nuclear magnetic resonance (NMR)
spectroscopy

Dried polymer crystals obtained from the melt, water, andmio acid are
investigated with solid state NMR spectroscopy. Large nmisamples (in the order
of milligrams) are prepared by sealing a larger amount ofpdarwith water in a
vessel (vol. ~10ml) and following the previously described heating/auoplcycle
(Section 4.2.2). As a comparison, spectra of acid and mgitaltized samples are
also recorded. Solid state NMR experiments are perform@d@&MHz 'H Larmor
frequency using a Bruker Advance NMR console situated atldwe Planck Institute
for Polymer Science, Mainz, Germany. The samples are placedconia rotors
with 2.5mm outer diameter and spun at the magic angle at B@yfles/sec (30kHz)
in a commercial solid state MAS probéH MAS measurements are performed at
27°C, 67°C, and 117C, collecting 16 transients for all spectra.

A.8 Thermogravimetric analysis and high resolution TGA

Polymer samples are analyzed using a TA Instruments Q500. TGA analysis
are performed using the Hi-RE% procedure available in the TGA software. High
resolution TGA involves a dynamic variation of the heatiageras a function of
weight change in the sample, thus improving the resolutfdheindividual weight
loss event§%8> The increased resolution obtained with the HiRes procedire
essential for the experiments performed here due to theeliimhagnitude of the
weight loss events. The samples are heated from 30 t6C500th a maximum
heating rate of 1/min and a resolution of 5.



Appendix B
Indexing water grown PA2,14 crystals

The X-ray diffraction peaks arising from the water grown stays discussed in
Chapter 7 are indexed using CELREFAABhich is a program designed to refine
cell parameters from powder diffraction patterns. The aolide 2,14 (PA2,14)
monoclinic unit cell described in Chapter 7 is indexed arftheel from an initial
monoclinic unit cell based on polyamide 4,6 taken from Askin al® where the
c-axis is adjusted to allow for the larger PA2,14 chain length

Predictions for the monoclinic and triclinic diffractionagierns are made
using PowderCell for Windows Version $%which allows for the simultaneous
representation of the unit cell and the calculated powdiepa PowderCell predicts
a powder diffraction pattern based on the placement of atacesrding to their
relative atomic coordinates, the space group, and unidaeknsions. The resulting
powder pattern can be directly compared to experimental dat

The atomic positions for PA2,14 are adapted from the postigiven by Bunn
and Garné for polyamide 6,10 and Holmest al#! for polyamide 6. All chain
angles are assumed to be equal to°1a2d the values for the bond lengths are shown
in Figure B.1. The relative atomic coordinates for PA2,1el ar

Atom T Y z

CHy (1) 0.174600 -0.046 0.05688
N 0.006847 0.037 0.11150
C 0.166600 -0.046 0.16360
@) 0.415600 -0.022 0.16360

CH; (2) -0.007988 0.046 0.22050
CH; (3) 0.166600 -0.046 0.27730
CH; (4) -0.007988 0.046 0.33420
CH; (5) 0.166600 -0.046 0.39110
CH, (6) -0.007988 0.046 0.44800
CHy (7) 0.166600 -0.046 0.50490

where the carbon, nitrogen, and oxygen atoms are as showuneB.2.
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Samenvatting

Polyamides: Waterstofbruggen, de Brill transitie, en supehit water

Alifatische polyamide, beter bekend als nylon, was de wisrelerste synthetische
vezel en heeft een brede toepassingsveld gevonden in hamtterbekleding,
kousen, stoffering, en hechtstoffen. Alle polyamides legbben herhalende amide
(—CONH-) groep in het moleculere structuur aanwezig meemgtdfbruggen tussen
deze amide groepen. In vergelijking met andere polymereaaiszpolyethyleen
hebben polyamides een hoog smelt temperatuur.  Polyamiijlesextensief
bestudeerd door verschillende onderzoeksgroepen, ésletenog altijd veel te leren
en te bereiken aangaande deze materialen.

Het eerste belangrijke resultaat dat is bereikt met dit foobift is een nieuw
en verbeterd inzicht in de Brill transitie die waargenomeardt in veel polyamides.
De Brill transitie is een vaste stof kristallijne transitiee waargenomen wordt bij
het verhitten van polyamides. De Brill transitie tempeuatis de temperatuur
waarbij de karakteristieke intersheet en interchain rédleevaargenomen in rontgen
diffractie (WAXD) samenvallen tot een enkele reflectie veelkehouden blijft
totdat de polyamide smelt. De aard van de Brill transitie enodderliggende
mechanismen zijn een onderwerp van discussie sinds déigam®or het eerst werd
waargenomen in 1942. De resultaten in dit proefschrifei@e ‘een beter begrip
van de onderliggende mechanismen en de invlioed van wdtetgigen op de Brill
transitie; een belangrijke factor voor de eigenschappernveal polyamides.

Het lijkt aannemelijk dat de Brill transitie beinvioed vdbrdoor waterstof-
bruggen, of beter gezegd, door een verzwakking van wafbragmgen. We
kunnen de relatie tussen de Brill transitie en waterstgfpem bestuderen door een
unieke verzameling op piperazine gebaseerde copolyam@gebruiken, welke
speciaal vervaardigd zijn om de invloed van waterstofbemggp verschillende
(fysische) eigenschappen te onderzoeken. We tonen aaned8tildl transitie
onafhankelijk is van de piperazine concentratie, en dus mwfhankelijk van de
waterstofbrugdichtheid. De Brill transitie wordt veroaakt door conformationele
veranderingen in de polyamide keten, die de methyleen eenhkaten draaien,
terwijl de waterstofbruggen behouden blijven. Wanneer dtéhgleen eenheden naast
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de amide groepen voldoende kunnen draaien wordt de Brilsitia waargenomen.
De Brill transitie is daarom geen eerste noch tweede ordwsiti@, maar een vaste
stof kristallijne transitie aangedreven door krukas bemgen in de polyamide
hoofdketen.

De resultaten in dit proefschrift over de Brill transitieagen bij aan een
significante toename in het begrijpen van deze transitiet gdbruik van speciaal
vervaardigde en ontworpen copolyamides in combinatie neé, vkwalitatief
hoogwaardige analytische technieken vormen de sleutbktdbereikte succes. Het
werk in dit proefschrift combineert de kennis en expertiaa twee verschillende,
maar elkaar aanvullende kennisgebieden in polymeer ooelerz

Het inzicht verkregen door het onderzoek naar de Brill iteenen de bewegingen
van de ketens die aanwezig zijn in polyamides, bieden de lijidggd om de
invioed van water op polyamides in het algemeen te begrijpenmeer specifiek
de invloed van superverhit water, i.e. water boven°@Met tweede belangrijke
resultaat dat beschreven wordt in dit proefschrift betreftoplossen van polyamides
in water. We tonen aan dat superverhit water een oplosmiddelor verschillende
(commerciéle) polyamides, waaronder polyamide 4,6 erygmoide 6,6. De
conformationele veranderingen in de polyamide tijdens di tBansitie vormen de
sleutel in het oplosproces, daar ze zeer mobiele waternieleén de superverhitte
toestand toestaan het kristalrooster te penetreren en wgstedbindingen tussen
de amide groepen te verbreken. Bij kristallisatie uit de enge oplossing,
wat gebeurt door de oplossing af te koelen, hechten wateraulgn zich
aan de amide groep in het kristalrooster, en daardoor wod#gemamide-amide
waterstofbindingen verzwakt. Door het gedroogde, watkirigfalliseerde polyamide
te verhitten tot boven de Brill transitie, worden de watelenalen bevrijd uit het
kristalrooster en worden de waterstoforuggen hersteld. v&wijdering van de
watermoleculen bij de Brill transitie gaat gepaard met e@tleermische gebeurtenis
in differential scanning calorimetry (DSC) eksperimentgigevoerd op gedroogde,
gesedimenteerde water gekristalliseerde polyamideakast De invioed van
water op het kristalrooster wordt zeer duidelijk waargeaonn polyamide 2,14,
waar de watermoleculen ingesloten in het kristalroosterstip veroorzaken in de
waterstofbrug gebonden vlakken. Deze slip resulteert maa@xistentie van een
triclinische en monoclinische kristalstructuur die waargmen wordt in WAXD.
Bij verhitting boven de Brill transitie temperatuur vedatde watermoleculen het
kristalrooster en toont de polyamide alleen nog de tristihe structuur.

De resultaten die in dit proefschrift gepresenteerd wardermet bijzonder de
resultaten met betrekking tot het gebruik van superverlgitewals oplosmiddel
voor polyamide, maaken de weg vrij voor een milieuvrierjdekn duurzaam
productieproces. Een proces waar water wordt gebruikt ofyapudes te
verwerken, in plaats van organische oplosmiddelen en zufear het gebruik van
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(superverhit) water in productie toepassingen zoals filstig en recycling, is het
van essentieel belang dat de polyamide kristallisatie ivauperverhit water een
gecontroleerd proces is. Momenteel is dit niet het gevileris het koelen van
de polyamide/water oplossing kristalliseert de polyansdel en ongecontroleerd
wanneer voldoende onderkoeling wordt bereikt. Deze sheaktallisatie belemmert
bijvoorbeeld de groei van grote, enkel kristallen. De valig stap die moet
worden ondernomen is een gecontroleerde kristallisatjepdsbeeld door zouten
toe te voegen aan de oplossitigwaardoor kristallisatie bij kamertemperatuur
gemanipuleerd wordt. Afhankelijk van de keuze van ionen ervereiste voor
bepaalde toepassingen kan de kristallisatie op de juigte ieinvioed, dan wel
onderdrukt worden. De mogelijkheden om met behulp van opmgebaseerde
technieken en op milieuvriendelijke wijze polyamides tervaardigen is een
veelbelovend en innovatief vooruitzicht voor de toekomst.
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