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Abstract

This workinvestigats the influence ofmicrostructureand cooling and heating rates on the
physical and chemical properties of fast crystallizing polymiérs.primary objectives were to 1)
utilize advanced methodologiesaocurately determine the fundamental thermodynamic value of
equilibrium melting temperaturd{°°) for the semcrystalline polymepoly(ether ketone ketone)
(PEKK), 2) increaseunderstanithg of the influence of microstructure (randorarsis blocky)of
functionalized semcrystalline polymers ophysical and ksemical properties, and 3) understand
the influence ofadditive manufacturing process parameters on -seystalline polymer
crystallization and final propertie8ll objectives utilized the advancetiaracterizatiotechnique

of fast scanning calorimetfFSC)using the Mettler Toledo Flash DSC 1.

The first half of this work focuses on the higarformance serrystalline aromatic polymer
poly(ether ketone ketone) (PEKM)ith a copolymerization ratio of terephthalate to isophthalate
moieties (i.e.T/I ratio) of 80/20.Due tothe fast heating and cooling rates of the Flash DSC, PEKK
underwentmeltreorganization upon heating at slow heating rates. This discovery resulted in
utilizing a HoffmanWeeks linear extrapolation of the zesotropy production temperature to
establish a new equilibrium melgrtemperature of 38ZC. Additionally, a new NMR solvent,
dichloroacetic acid, was discovered for PEKK, allowing for comprehensive NMR analysis of
PEKK for the first time. Diphenyl acetone (DPA) was discovered as a novel, benign gelation

solvent for PEKK, enabling heterogenegeatstate bromination and sulfonation to afford blocky



microstructuresThe gel state functionalization process resiilh a blocky microstructure with

runs of pristine crystallizable PEKK retained within the crystalline domains, and amorphous
domains containing the functionalized PEKK monomérke preservation of the pristine
crystalline domaingesuled in enhanced physical and chemical properties compared to the
randomly functionalized analogs. Additionally, heterogeneous gel state functionalization of PEKK
gels prepared from different solvents and getattemperatures resulted in differences in
crystallization behavior between blocky microstructures of the same degree of functionalization.
This result demonstratebat theblocky microstructure can be tuned througgntrolling the

startinggel morphology.

The second half of this woiflocuses orunderstanding the influence of cooling and heating
rates on the melting, crystalorphology and crystallization kineticson isotactic polypropylene
(iPP), iPPpolyethylenecopolymergiPP-PE), and iPP/iPHPE blendsand ugng this information
to gain understanithg of how these polymers crystallize duritige additive manufacturing
processes of powder bed fusi@BF)and material extrusiofMatEx). The crystallization kinetics
of iPP, IPRPE copolymers, and iPP/IFFE blendsexhibited bimodal parabolidike behavior
attributed to crystallization of thmesomorphic crystgpolymorphat low temperatures arbe U-
form crystalat high temperaturefcorporation of nofrcrystallizable polyethylene fractions both
covalently and blended as a secondary component, @dsultdecreasing crystallization rates,
inhibition of crystallization, and decreased crystallizability. Additionally, tloerisothermal
crystallization behaviorof these systemshowsthatthe noncrystallizable fractiongfluencethe
crystal nucleation densignd temperature at which polymorphic crystallization ocdutitizing
in-situ IR thermography in the PBF system, the heating and cooling rates observed for-a single

layer PBF print were used to mimic the PBF process by P&Gal melting in therinting process



leads to selbeeding and increased crystallization onset temperatures upon coshiap
influences the final part melting morphologyucleation from surrounding powdand partially
melted crystalgreatlyinfluencesthe crystallization kinetics and crystal morpholagfythe final
part. Utilizing rheological experiments and procesievant cooling rates observed in the MatEx
process, the miscibility of iPP/iPRPE blends influenak the nucleation behavior and

crystallization rates, subsequently leading to differences in printed part properties.
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General Audience Abstract

Thecrystallinemorphology of semcrystalline polymesdepend®n their microsuctureand
thermal history. The resultantystallinemorphologygreatly affects th@hysical and chemical
properties In the first part of this workthe effect of microstructurenomaterial properties is
explored. Blockcopolymermicrostructures consist of two or more blocks of distinct polymer
segments covalently bonded to one another. This leads-orgalfization of the components into
unique structural order that wouldt be attainable if the polymer segments were randomly bonded
together. This structural order enhances mategpraperties;thus, block copolymers are
advantageous for many applicatior@wever synthesis of block copolymers cantbdiousand
expensiveThus,additionalmethodologies for block copolymer synthesis are desired. In this work
blocky (i.e., statistically noaandom) copolymersare synthesizedhrough a facile post
polymerizationfunctionalizationmethod.These bbcky copolymersresult in enhanced physical
and chemical properties compared to the randomly synthesized analogs. This work shows blocky
functionalization of a new polymer under new ppstymerization conditions and expands upon

the synthesisnethodology foblock copolymers.

In the second part of this work, the effect of heating and cooling rates on the formation of
crystals during additive manufacturing is explored. Additive manufactuniodgglities of powder
bed fusion and material extrusioansist of rapid heating and cooling processes, which can affect

how crystals form and ultimately affect the final printed part properties. Using a technique called



fast scanning calorimetry, the different heating and cooling rates that the polymer witnesses during
printing can be mimickedand the formation of crystals under these different conditions can be
replicated This mimicking analysisan be related to the printing process and be used to help guide

printing processes to enhance printed part properties
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Figure 2-S7. HSQC spectra for a) PEKK 70/30 and b) PEKK 80/20. Spectra are recorded in
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Figure 3-21. The molecular structure of poly(ether ketone ketone) copolymer repeat unit
comprising of terephthalic, "T" and isophthalic, "I'" monomers. X=80¥n20 for PEKK 80/20.

Figure 3-22. The timetemperature profile for the Flash DSC interrupted isothermal crystallization
(IC) method used to determine the bf BrPEKK copolymers at a range ofol

Figure 3-23. SEM image of 15 wt% PEKK aerogel gelled from DPA.

Figure 3-24. Schematic demonstrating synthesis of A) random vs B) blocky brominated
microstructure of PEKK.

Figure 3-25. 'H NMR of random (left) andlocky (right) brominated PEKK up to 62 mol%
bromination and the corresponding chemical structures of (a) pristine PEKK, (b) monosubstituted
BrPEKK, and (c) disubstituted BrPEKK. Assignments are further verified by 2D NMR in the
supplemental information.pg@ctra are referenced to CRCThe asterisk (*) refers to reference
solvent resonance.

Figure 3-26. Peak integration versus degree of bromination of (a) monosubstituted(¢¥cles),
disubstituted, Ha o (Sgtiares) and (b) unsubstitutedail(diamonds) random (black) and blocky

(red) BrPEKK. The blocky microstructure shows an increase in disubstituted monomers due to the
chemical confinement effect of gel state functionalization.

Figure 3-27. Standard DSC scans of blocky (solid lines) and random (dashed lines) BrPEKK (a)
first cool after removal of thermal history and (b) second heat. All DSC scans were performed at
10 °C/min in a nitrogen atmosphere.

Figure 3-28. The (a) T, (b) Tm, and (c) X% as a function of degree of bromination for blocky (red,
circles) and random (black, squares) BrPEKK. Dashed lines are to guide the eye.

Figure 3-29. Glass transition temperatures) ©f random (black squares) and blocky (red circles)
amorphous BrPEKK determined from the midpoint of amorphous samples.

Figure 3-30. (a) Crystallization half time {t) for PEKK* (black diamonds), bBrPEKK31 (blue
circles), rBrPEKK32 (blue open circles), bBrPEKK40 (green triangles), rBrPEKK42 (green open
triangles), bBrPEKK52 (red squares), rBrPEKK52 (red open squares) and bBrPEKK62 (orange
stars) over a wide range of temperatu@s. Crystallization half time (k) versus degree of
bromination of random (black squares) and blocky (red circles) BrPEKK isothermally crystallized
at 240°C. Dashed lines are to guide the eye.

Figure 3-31. Small, mid, and widengle xray scattering profiles of (a) random BrPEKK and (b)
blocky BrPEKK. All samples were isothermally crystallized from the melt af@86r 30 minutes
in a nitrogen atmosphere.

Figure 3-S32. Schematic representing tlgelation and solvent exchange process of PEKK in
DPA. First, PEKK is dissolved in DPA using a metal bath under constant argon purge. After
dissolving, the solution is cooled to room temperature. The gel is manually broken and solvent
exchanged by Soxhlet.

Figure 3-S33. Previously reported *H and'3C NMR of PEKK with resonance peak assignments.
Figure redesigned for clarity.
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Figure 3-S34. 2D NMR of (a) PEKK, (b) rBrPEKK30, and (c) rBrPEKK168. RefefFigure 2-
S2for 1*C naming conventions.

Figure 3-S35. Thermogravimetric analysis of PEKK and BrPEKK materials. All materials are
stable up to 500C. Experiments were performed with a Z/min ramp rate in nitrogen.

Figure 3-S36. The DSC heating scans of melt quenched BrPEKK to determingxperiments
were performed with a 1%/min ramp rate in nitrogen.

Figure 3-S37. The WAXS plotted versus@ and offset for clarity. The arrows indicate the
significant presence of form Il polymorph of PEKK.

Figure 4-38. The molecular structure of poly(ether ketone ketone) (PEKKDlymer repeat unit
comprising of terephthalic (left) and isophthalic (right) monomers. Where x=80 and y=20 for
PEKK 80/20.

Figure 4-39. The timetemperature profile for the Flash DSC interrupted isothermal crystallization
(IIC) method used to determine the bf SPEKK copolymers over a range GioT

Figure 4-40. A schematic representing the synthesis of random and blocky sulfonated PEKK.

Figure 4-41. *H NMR of random (left) andlocky (right) sulfonated PEKK up to 59 mol%
sulfonation and the corresponding chemical structures of (a) pristine PEKK, (b) monosubstituted
PEKK, and (c) disubstituted PEKK. Assignments are further verified by 2D NMR in the
supplemental information. Speatare referenced to CDLIThe asterisk (*) refers to reference
solvent resonance.

Figure 4-42. TGA results for random (top) and blocky (bottom) sulfonated materials in beth H
form (left) and Na-form (right). TGA analysis performed in nitrogen at 20n@n ramp rate.

Figure 4-43. Standard DSC scans of random (top) and blocky (bottom) SPEKK (left) first heat,
(middle) first cool after removal of thermal history and (right) second heat. All DSC scans were
performed at 10C/min in nitrogen atmosphere.

Figure 4-44. The (a) T»and (b) X as a function of degree of sulfonation for blocky (blue, squares)
and random (black, triangles) sulfonated PEKK. Values determined from first heat and second
heat and indicated by filled and open symbols, respectively. The dashed lines are to guiele the ey
only.

Figure 4-45. The Ty determined from the midpoint versus degree of sulfonation. Determined from
second heating DSC scans at’@dmin after cooling from the melt at 2G/min in nitrogen. No
clear change in baseline associated withy avds observed for the b51 and b57 materials. The
dashed lines are to guide the eye only.

Figure 4-46. Tan(ld) of PEKK and random (dotted) and
membranes are in Ndorm.

Figure 4-47. Crystallization half time (k) as determined by the interrupted isothermal
crystallization (closed symbols) by FSC or by the direct isothermal crystallization method (open
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symbols) by DSC for PEK® (black squares), bSPEKK3 (red circles), rISPEKK4 (green triangles),
bSPEKKS (blue hexagons), and rSPEKK10 (orange diamonds). Lines are to guide the eye only.

Figure 4-48. (a) water wuptake and (b) & versus degr
sulfonated membranes. Values are obtained in from 95% relative humidity.

Figure 4-49. The (a) areal swelling and (b) mass loss versus degree of sulfonation for rSPEKK
and bSPEKK membranes. Membranes were soakedi@ 80 water for 1 hour to determine the
mass loss.

Figure 4-50. Proton Conductivity versus Degree of sulfonation of rSPEKK (black, triangle),
bSPEKK (blue, square), benchmark Nafion 212 (red, circle) and literature (purple open diamonds).
Literature utilized PEKK 80/20 sulfonated in sulfuric acid/oleum, cast from HMID°C for 24

hours. Conductivity was collected for hydrated membranes in liquid water.

Figure 4-51. Small, mid, and widengle xray scattering profiles oPEKK, rSPEKK, and
bSPEKK membranes.

Figure 4-S52. 13C NMR of PEKK, rSPEKK14, and rSPEKK 59 with molecular structures showing
peak assignments for (a) unsubstituted, (b) monosubstituted, and (c) disubstituted PEKK
monomers.

Figure 4-S53. 2D NMR (COSY) of PEKK, rSPEKK14, and rSPEKIQ with molecular structures
showing peak assignments for (a) unsubstituted, (b) monosubstituted, and (c) disubstituted PEKK
monomers.

Figure 4-S54. 2D NMR (HSQC) of PEKK, rSPEKK14, and rSPEKK 59 with molecular structures
showing peak assignments for (a) unsubstituted, (b) monosubstituted, and (c) disubstituted PEKK
monomers.

Figure 4-S55. TGA-SA plots of weight change versus time for the (a) random and (b) blocky
SPEKK membranes.

Figure 4-C1. The proton conductivity versus degree of sulfonation of blocky and random
membranes before (solid symbols) and after(open symbols) boiling in DI water for 1 hour.

Figure 4-C2. Small, mid, and wid@angle xray scattering profiles af) rSPEKK and bpSPEKK
membrane®efore and after boiling. Scattering profiles are offset for clarity.

Figure 5-56. The timetemperature profile for the Flash DSC interrupted isothermal crystallization
(IIC) method used to determine the bf BrPEKK copolymers at a range ool

Figure 5-57. A schematic representing the synthesis of random and blocky brominated PEKK
from different gelation solvents, hypothesized to result in different blocky character.

Figure 5-58. SEM images of PEKK gels from different solvents and annealing temperatures.
Figure 5-59. Surface area determined by BET for each gel.

Figure 5-60. Smallangle xray scattering profiles of PEKK aerogels prepared from different
solvents. Curves are shifted vertically for clarity.
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Figure 5-61. The lamellar thickness in nm determined by SAXS for each gel sample.

Figure 5-62. First heat melting profiles of the PEKK aerogels. Profiles are shifted for clarity. Endo
up.

Figure 5-63. The (a) peak melting temperature and (b) degree of crystalinity of gels determined
from DSC first heat thermograms.

Figure 5-64. Comparison of the lamellar thickness determined by SAXS (orange, left) and the
GibbsThomson relationship (green right) of the PEKK gels.

Figure 5-65. The WAXD patterns of the PEKK gels. Diffraction patterns are vertically shifted for
clarity. PEKK crystalline form 1 reflections are indexed.

Figure 5-66. The degree of crystallinity determined by DSC (left, orange) and WAXD (right,
green).

Figure 5-67. Schematic demonstrating synthesis of (top) blocky and (bottom) random brominated
microstructures of PEKK.

Figure 5-68. 'H NMR of pristine PEKK (left) and blocky (righthrominated PEKK and the
corresponding chemical structures of (a) pristine PEKK, (b) functionalized PEKK. Remaining
functionalized gel spectra are shown in the supplemental information. Spectra are referenced to
CDCls. The asterisk (*) refers to reference solvent resonance.

Figure 5-69. Crystallization half time (k) as determined by the interrupted isothermal
crystallization for PEKK® (black diamonds), randomly brominated PEKK to 32%nd blocky
brominated PEKK to approximately 30% from different solvents. Sample Al data is from Pomatto
et al. Lines are to guide the eye only.

Figure 5-70. The crystallizaiton half time ats§ = 260°C for the blocky brominated materials.

Figure 5-71. (a) comparison of the lamellar thickness differences between gels tg»th{b)t
comparison of the surface area of the gels soith€€bmparison of the log(t) as a dunction of
degree of crystallnity calculated by (c) DSC and (d) WAXD.

Figure 5-S72. SEM images of each PEKK gel with increasing magnification from left to right.

Figure 5-S73. The aromatic region of the 1H NMR spectra of PEKK, rBrPEKK, and bBrPEKK
materials.

Figure 5-A74. SEM images of gels D1 through E5. Each row represents a gel sample with
magnification increasing from left to right.

Figure 5-A75. First heat DSC thermograms of PEKK gels. All thermograms were collected under
nitrogen atmosphere at 2G/min ramp rate.

Figure 5-A76. SAXS scattering profiles of gels. The scattering profilessaited vertically and
split into two plots for clarity.
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Figure 5-A77. The lamellar thicknesses of the gel samples calculated from the scattering profiles
in Figure 5-A3.

Figure 5-A78. Density versus gealoncentration for gels F1 through J2.
Figure 6-79. A schematic of a PBF printer.
Figure 6-80. A schematic representing material extrusion of flament through a nozzel.

Figure 7-81. Time-temperature profile for the Flash DSC interrupted isothermal crystallization
(IIC) method used to determine the bf PPO at eachisb.

Figure 7-2. A generalization of the time&emperature profile indicating tls¢eps to mimic the PBF
process on the Flash DSC. Step (1) cooling the material to mimic trexeiged powder
morphology (2) heating to the bed temperature and holding to simulate the powder heating the in
the chamber before laser melting (3) rapid hgaand cooling to simulate laser melting and
subsequent cooling back down to bed temperature (4) holding at bed temperature to simulate post
process annealing and (5) slow cooling from bed temperature to room temperature to simulate end
of the run and remal of parts from powder bed\ctual temperature and rates are shown in
subsequent figures.

Figure 7-3. WAXSofasr ecei ved powder versus printed part
crystal structure. Curves are vertically shifted for clarity.

Figure 7-4. Standard DSC melting profile of the as received powder versus the printed part. The
printed part exhibits a narrower melting peak indicating a narrow distribution of crystal sizes. The
degree of crystallinity increases from powder to processed part artkteasiined to be 42% and
56.2% for the powder and part, respectively. Ramp rate &/bdin in nitrogen.

Figure 7-5. (a) The temperature versus time data collected by the IR camera during printing of the
single layer print. (b) The rate versus time data calculatedFigare 5a. The green shaded area
indicates the rate limitations of standard DSC. The observed heating and cooling rates of the print
process are well within the heating and cooling capabilities of the Flash DSC.

Figure 7-6. The t2 versus Tso plot of PPO that was collected utilizing the IIC method. The kinetics
exhibit bimodal parabolitike behavior due to the crystallization behavior switching from
mesomorphic crystallization atlowsdJand U pol ymor phic s¢crystalliza

Figure 7-7. Norrisothermal crystallization of PPO upon cooling at different rates in the standard
DSC and Flash DSC.chnsetand Tcpeak decrease with increasing cooling rate. Above 40 K/s,
crystallization of the U polymorph decreases
(black arrow) appears.

Figure 7-8. (a) The timetemperature profile utilized to mimic the-esceived powder morphology

on the Flash DSC. Orange indicates the observation step and is not part of building in the
crystalline morphology. (b) The first heat of melting of theexeived powdetheating rate of 1

K/s, standard DSC) versus the mimicked powder (heating rate of 50 K/s, Flash DSC). Curves are
offset for clarity.
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Figure 7-9. (a) The timetemperature profile utilized to mimic the annealing & $tep on the

Flash DSC. The orange arrow indicates the observation step and is not part of the mimicking
procedure(b) The first heat of melting of the-asceived powder after annealing at 1@7for 1

hour (black, ramp rate of 6@&/min) versus the mimicked annealed powder (orange, ramp rate of
50 K/s). Nitrogen atmosphere. Both melting profiles exhibit bimodal melting due to thickening
and formation of secondary crystals during annealing at@37

Figure 7-10. The timetemperature profile utilized to mimic the printing of the single laygi=T
137°C, R = 35 W. Tmax time at Thax and cooling profile were determined from IR camera
information inFigure 7-5 and are shown ifiable 7-2. The single layer print mimicking effect on
observednorphology was examined in three ways indicated by the red dotted, dashed, and dash
dot lines and arrows.

Figure 7-11. (a) The resultant heating profiles simulating melting with laser power of 35 W, (b)
the heating scan immediately after cooling tedT (C) the heating scan after cooling tedland
holding at bedafor 300 seconds, and (d) cooling and subsequent heating scan after coolisag to T
holding for 300 seconds, and cooling rmom temperatureCrystallization occurs only after
cooling to hegindicating the simulated Pof 35 W completely melts all crystalline regions in the
sample, resulting in @thermal kinetics controlling the crystallization at 187 The kinetics at

137 °C are too slow for any crystalline formation after 300 s. Red arrows indicate the heating
direction. Blue arrow indicates the cooling direction.

Figure 7-82. The timetemperature profile utilized for sedeeding experiments. The orange arrow
indicates heating to observe crystallmerphology.

Figure 7-13. (a) The melting to different iJax and the subsequent cooling profiles showing
crystallization upon cooling at (b) 50 K/s, (c) 30 K/s, (d) 10 K/s and (e) 1 K/s. Endo up.

Figure 7-14. The (a) onset of crystallization and (b) peak crystallization temperature as a function
of Tmax extracted from the cooling profiles shown kigure 7-13. The vertical dashed line
represents the peak melting temperature of the mimicked materiaC 16x> Tm results in an
increase in the observed chserand T, peakdue to complete melting of material.

Figure 7-15. The melting profiles of the sampleskigure 7-13 cooled at (a) 50 K/s, (b) 30 KI/s,

(c) 10 K/s and (d) 1 K/s. Ramp rate of 50 K/s in nitrogenthe Tnaxincreases, the peak melting
temperature decreases due to the melting of crystals. At lowar partial melting occurs and
upon cooling, selfseeding allows for additional crystallization at faster rates than isothermal
crystallization. At the lowestnlax, the material is not being melted and so there is no significant
change in melt morphology from the starting mimicked melt morphology.

Figure 7-16. The melting profiles of the single layer print (SLRed= 137 °C, R. = 35 W)
compared to the melting profiles of the ssdfeded mimics of Jax = 156°C, cooled at different

rates. As the cooling rate decreases the peak melting temperature of the broad shoulder increases
to more closely match that of the single layer print, indicatingssadtling and a slow cool after
printing is what led to the develoyent of the crystalline morphology in the SLP. Curves are offset

for clarity.
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Figure 7-S1.Complex viscosity versus angular frequency sweep of PPO collected at an angular
frequency of 0.01 to 100 rad/s at 2@ The zereshear viscosity was determined to be 1155 Pa.s.
25 mm parallel plate geometry was used with a 1 mm gap and a 0.1% strain.

Figure 7-S2.SEM image showing the powder surface morphology. The surface morphology is
angular and nospherical. However, it was observed to recoat well during printing.

Figure 7-S3. FTIR-ATR spectrum of PPO. The wavenumber of 926'cim the relevant
wavenumber that corresponds to the wavelength of the laser (10.6 um) and is indicated by the red
arrow.

Figure 7-S4. TGA thermogram of the as received PPO powder. A ramp rate 8C/28n was
utilized up to 80C°C. The Ti,5% was determined to be 3%C. The experimental temperatures
utilized in this work are well below the degradation temperature of the polymer.

Figure 7-S5. The first heat and first cool of the-esceived PPO powder. The onset of melting
from standard DSC at €/min was determined to be 13?Q. The onset of crystallization upon
cooling from the melt was determined to be 12&.2

Figure 7-S5.The timetemperature profile utilized to determine the critical heating and cooling
rate of PPO.

Figure 7-S6.The heating scans of PPO used to determine the critical cooling rate from the melt.
As the material is quenched at increasing rates, the subsequent melting profile changes (1 K/s to
1,000 K/s) before becoming constant (above 5,000 K/s and above) indtbatimgoling at 5,000

K/s is sufficient to prevent crystallization upon cooling from the melt, a critical condition for
isothermal crystallization kinetic experiments. Cold crystallization and melting are indicated by
the blue and red dashbdes, respectively.

Figure 7-S7.Fr act i onal Crystallinity (0G4) wversus 1so
temperature of 30C. The crystallization half time 1($) is determined from when fractional
crystallinity = 0.5.

Figure 7-S8.The crystallization halfime of asreceived PPO (black, squares) and purified PPO
(red, circles). PPO was purified by dissolving in xylenes and precipitating into acetone followed
by washing with acetone. The washed material was dried by vacuum oveigbvetn30°C

before running the 1IC experiments on the Flash DSC. It can be observed that the sharp decrease
in kinetics from 7C°C to 80°C is no longer present after purification. This is hypothesized to be
due to the removal of a nasotectic fraction of polypropylene which hinders crystallization at
higher isothermal crystallization temperatures.

Figure 7-S9.The second heat melting profile of indium and iPP after removal of thermal history.
With increasing heating rate from 2G/min, 30°C/min, and 6(°C/min the onset of melting of
Indium is calculated to be 156.5, 156.7, and 18C,0respectively. The melting point of indium

is known to be 156.8C. The difference of onset of ’@ for heating rate of 68C/min shows that
thermal lag from the sample stage through the sample pan and to the sample is minimal.

Figure 7-S10.The melting profile from standard DSC ofi@seived powder at 1%/min (blue)
and 60°C/min (black). It is observed that the peak melting temperature decreased with increasing
heating rate. This is due to the suppression of crystal thickening during the heating process. Due
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to this, utilizing the profile collected at 6G/min was deemed appropriate to compare to the Flash
DSC mimicked powder profile.

Figure 7-A83. TGA thermograms of PP and HHE copolymers.
Figure 7-A84. FTIR spectra for PP and HFE copolymers.

Figure 7-A85. The first heat and first cool thermograms of PP anePEFRcopolymers. All
thermograms were collected under nitrogen atmosphere®@y/iiin ramp rate.

Figure 7-A86. The crystallization haltime of PP and PIPE copolymers.

Figure 7-A87. The cooling thermograms of a) PP, b) PP3, c) PP3b, and d) PP5. All thermograms
are endo up and collected under nitrogen atmosphere. Arrows indicate the transitiokifdrom
crystallization to mesomorphic crystallization.

Figure 8-88. The temperaturéime profile for the Flash DSC interrupted isothermal crystallization
method used to determine the of PP and PP blends.

Figure 8-89. DSC thermograms of (a) first heat, (b) first cool (c) second heat and (d) calculated
%X of all materials. Performed under nitrogen at 10 C/min ramp rate. Closed and open symbols
represent the %0f the first and second heat, respectively. DSC traces are offset for clarity.

Figure 890. The crystallization halftime versus isothermal crystallization temperatures of PP
filament and PP blends.

Figure 8-91. Cooling profiles of (a) PP homopolymer filament, (b) PP/V1 90/10, (c) PP/V1 80/20,
(d) PP/V5 90/10, and (e) PP/V5 80/&xofiles were cooled at the indicated cooling rates under
nitrogen atmosphere.

Figure 8-92. Crystallization peak temperature versus cooling rate PP and PP blends.
Figure 8-93. Cooling rate versus total peak area in J/g.

Figure 8-94. POM images of PP filament and blends isothermally crystallized.aifTA) 120
°C, (B) 125°C, (C) 130°C, (D) 135°C and (E) 140C.

Figure 8-95. The average spherulite diameter versus isothermal crystallization temperature
extracted fronfFigure 8-7.

Figure 8-S96. Thermogravimetric analysis of PP pellet, PP filament, filament blends, V1, and V5.
Collected under in a nitrogen atmosphere with a ramp rate W/adin.

Figure 8-S97. Time-temperature profiles for the Flash DSC used to determine the quench rate
required to prevent any crystallization upon cooling to the desired isothermal crystallization
temperature.

Figure 8-98. Endo up heating profiles of PP at 5,000 K/s to analyze the amount of crystallization
formed upon cooling at various cooling rates from the melt. Blue dashed lines indicate cold
crystallization occurring upon heating. Red dashed lines indicate meltimgstdls formed from
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cold crystallization or crystallization upon cooling from the melt. The red arrow indicates these
are heating profiles.

Figure 9-99. Complex viscosity data tfEPSTAN PEKK materials The nomenclature of X001,
X002, and X003 refer to a range of molecular weights with X001 having the highest molecular
weight and X003 having the lowest molecular weight. The leading numbers of 8, 7, and 6 refer to
the T/l ratios of 80/20, 70/30, and 60/pectively.

Figure 9-100 The aromatic region of the NMR spectra for KEPSTAN PEKK 8002, 7002, and
6002 with T/I ratios of 80/20, 70/30, and 60/40, respectively.

Figure 9-101 The crystallization half times of PEKK 8002, 7002, and 6002.

Figure 9-102 The crystallization onset temperature versus polymer fraction of PEKK 8002, 7002,
and 6002 gels after cooling at «'min and 50C/min. Samples were tested in triplicate.

Figure A-103 Synthetic route to the functionalization of LLDPE.
Figure A-104. SEM images of HDPE and LLDPE gels. Magnification increases from left to right.
Figure A-105. The first heat thermograms of the HDPE and LLDPE gels.

Figure A-106 The (a) peak melting temperature and (b) degree of crystallinity of the HDPE and
LLDPE gels.

Figure A-107. Ultra small, small, and widangle xray scattering profiles of PE gels.

Figure A-108 A schematic representation of the synthesis of random and blocky functionalized
PE.

Figure A-109 The (a) degree ofrystallinity and (b) melting temperature of the random and
blocky functionalized LLDPE provided by collaboredo

XXXI



List of Tables

Table 2-1. Theoretical and calculated T/I ratios utilizing the integration values of protons 3 and 4
shown inFigure 2-4.

Table 3-2. Degrees of bromination as determined'HyNMR utilizing equation 5.

Table 3-3. Thermal properties of blocky and random brominated PEKK determined by DSC
analysis at 10C/min.

Table 3-S1.Tpsy of PEKK and BrPEKK materials.

Table 3-S2. Degree of crystallinity of sample, amorphous density ¢netalline component

included in this calculation unless specified otherwise), scattering length density calculated from

NI ST6s neutron activation and scattering calc
SLD from the calculated SLDs.

Table 3-S3.Table of small molecule analog densities and increase in density upon bromination.

Table 3-S4.Table of PEKK, MonoBrPEKK, DiBrPEKK amorphous densities. PEKK amorphous
density is known. BrPEKK densities are calculated using the increase in density of the small
molecule analog.

Table 4-4. Degrees of sulfonation as determinedHyNMR utilizing equation 4.
Table 4-5. Topsy of PEKK and SPEKK membranes irifbrm and Na-form.

Table 4-6. Thermal properties of PEKK, rSPEKK, and bSPEKK determined from DSC analysis
at 10°C/min in nitrogen.

Table 4-7. Comparison of theg[ tan(delta), and %0f PEKK and select rSPEKK and bSPEKK
samples. The givalue is from the midpoint at TC/min ramp rate upon second heat. Thetan(
value is from the peak at®/min ramp rate. The %Xs from the first heat of the ggepared
membranes.

Table 5-8. The sample name, gelation solvent, gel wt%, dissolution temperature, gelation
temperature (i.e., annealing temperature) and time at that annealing temperature.

Table 59. The sample name and calculated degree of brominaton using equation 3 from the
integrations of the NMR spectra showrFigure 5-13 andFigure 5S2

Table 5-A10. The table of gelation parameters for additional PEKK gels.

Table 5A11 Sample gelation conditions and surface area determined by the BET method. A dash
indicated the sample was not run.

Table 5A12 The degree of crystallinity of each gel calculated ffeigure 5-A2 thermograms.

Table 7-13. Powder parameters provided by manufacturer.

XXXii



Table 7-2. The step number and corresponding starting and ending temperature and heating rate
for each steghown inFigure 7-10. The temperature values and cooling rates were determined
from in-situ temperature monitoring of the print process.

Table 814. Composition of the blends of polypropylene and thermoplastic elastomer studied.

Table A-15. Experimental conditions for the functionalization of LLDPE performed by
collaborators.

Table A-16. Thegelation conditions and naming conventions of the HDPE and LLDPE gels.

Table A-17. Degrees of functionalization of functionalized LLDPE gel L1 in the solution and gel
State

XXXili



List of Abbreviations

4CP 4-Chlorophenol
ABS Acrylonitrile Butadiene Styrene
AM Additive Manufacturing

bBrPEKK Blocky Brominated Poly(Ether Ketone Ketone)
BET BrunauerEmmettTeller

BrPEKK Brominated Poly(Ether Ketone Ketone)

CDCI3 Deuterated Chloroform

COSsYy Correlation Spectroscopy

CSA Chlorosulfonic Acid

CsOH Cesium Hydroxide

DCA Dichloroacetic Acid

DCE Dichloroethane

DCM Dichloromethane

DPA Diphenyl Acetone

DPS Diphenyl Sulfone

DS Degree of Sulfonation

DSC Differential ScanningCalorimeter/Calorimetry
EAS Electrophilic Aromatic Substitution
EPDM Ethylene Propylene Diene Monomer
FFF Fused Filament Fabrication

FSC Fast Scanning Calorimetry

HCI Hydrochloric Acid

XXXV



HDPE
HSQC
HW
ICTAS
lc

iPP
LLDPE
MatEx
MAXS
MFRs
MiI
NacCl
NaDBS
NBS
NMR
PA 6
PA11
PA12
PAEKS
PBF
PE
PEEK

PEKK

High Density Polyethylene
Heteronuclear Correlation Spectroscopy
Hoffman Weeks

Institute For Critical TechnologgndApplied Science
Interrupted Isothermal Crystallization
Isotactic Polypropylene

Linear Low Density Polyethylene
Material Extrusion

Mid-Angle X-Ray Scattering

Melt Flow Rates

Macromolecules Innovation Institute
Sodium Chloride

Sodium Dbdecylbenzenesulfonate
N-Bromosuccinimide

Nuclear Magnetic Resonance
Polyamide 6

Polyamide 11

Polyamide 12

Poly(Aryl Ether Ketone)S

Powder Bed Fusion

Polyethylene

Poly(Ether Ether Ketone)

Poly(Ether Ketone Ketone)

XXXV



PEMs

PET

PET

PLA

PLLA

POM

PPO

PPS

rBrPEKK

SAXS

SEBS

SEM

SLD

SPEKK

sPS

TGA

TIPS

TPEs

TPVs

USAXS

WAXD

WAXS

ZEP

Proton Exchange Membranes
Poly(Ethylene Terephthalate)
Polyethylene Terephthalate

Polylactic Acid

Poly(L-Lactide)

Polarized Optical Microscopy/Microscope
Polypropylene

Poly(Phenylene Sulfide)

Random Brominated Poly(Ether Ketoetone)
SmallAngle X-Ray Scattering
Styrene(EthyleneButylene}Styrene
Scanning Electron Microscopy/Microscope
Scattering Length Density

Sulfonated Poly(Ether Ketone Ketone)
Syndiotactic Polystyrene
Thermogravimetric Analysis/Analyzer
Thermally Induced Phase Separation
Thermoplastic Elastomers

Thermoplastic Vulcanizates

Ultra SmaltAngle X-Ray Scattering
Wide-Angle X-Ray Diffraction

Wide-Angle X-Ray Scattering

Zero-Entropy Production

XXXVI



Attributions

Professor RobRerste aBr.c hRoAadfve sssoar of Chemi stry at

Garrett F. Godshall i Moore Group Member.

Contributed to Chapters 3, 5, and 7 and Appendix A.

Erin R. Crater i Moore Group Member.

Contributed to Chapters 3 and 4 and Appendix A.

Glenn A. SpieringT Moore Group Member

Contributed to Chapters 5, 7 and 8.

Dr. Jackson S. Bryanti PhD in Macromolecular Science and Engineefiog Virginia Tech.

Collaborator on Chapter 7.

Professor Michael J. Bortner i Committee memberAssociate Professor of Chemical

Engineering at Virginia Tech.

Collaborator on Chapter 7 and 8.

Professor Christopher B. Williams i Committee memberL.S. RandolphProfessor of

Mechanical Engineering at Virginia Tech.

Collaborator on Chapter 7.

Eliza K. Neidhart i Chemistry Phxandidatet The University of North Caroliret Chapel Hill.

Collaborator on Appendix A.

XXXVil



Professor Frank A. Leibfarth i Associate Professor of Chemistry at The University of North

Carolinaat Chapel Hill.

Collaborator on Appendix A.

Dr. Arit Das 7 PostDoctoral Associate in the Chemical Engineering and Materials Science

department at The University of Minnesota

Collaborator on Chapter 8.

Alan J. Kennedyi PhD Candidatan Macromolecular Science and Engineerad/irginia
Tech and Researcher at the U.S. Army Engineer Research and Development Center in

Vicksburg Mississippi

Collaborator on Chapter 8.

XXXVili



Chapter 1.
Crystallization, M elting, and Structure -Property Relationships ofSemi-

Crystalline Polymers

1.1 SemiCrystalline Polymer Morphology

Polymer crystallization occurs when chains organize themselves into an ordered, repeating
threedimensional structure. This process is thermodynamically favored due to the reduction in
free energy associated with increased molecular order. Factors thanoef polymer
crystallization include chemical composition, microstructure, chain topology, molecular weight
and molecular weight distributiongnd thermal and mechanical conditions under which
crystallization may occur. Thus, the crystalline morpholotyg polymer can vary widely in the
number of crystals, crystal size, crystal thickness, and total amount of crystalline content (i.e.,
degree of crystallinity, %). These factors are controlled both kinetically and thermodynamically.
Polymers are unable to crystallize completely (i.e< %ill never reach 100) due to restrictions
in the melt from the longhain structure leading to entanglements andangstalline fold surfaces
on the lamellae. Additionally, because crystallization is both kineticallythermodynamically
controlled, reaching 100% crystalline implies allowing for infinite amount of time to crystallize as

well as implying the system reaches thermodynamic equilibrium, which is unattainable.

1.1.1 Lamella andpherulites

Polymers typically crystallize by chain folding into lamellagrigure 1-1) as first
hypothesized by Storkand empirically observely Keller by electron diffraction experiments.
The phase transition of crystallization from the melt occurs in multiple steps. First, primary

nucleation followed by rapid growth. Primary nucleation may occur homogeneously through



statistically random fluctuations in the melt or heterogeneously from heterogeneities in the melt
such as impurities, partially melted crystals, or residual melt history (nuclei). Growth occurs
through crystallizable segments of polymer chains (i.e., 3tepproaching the nuclei and
crystallizing from the growth front (indicated by the arrowrigure 1-1). The rate at which this

occurs is determined by the rate at which the stems can be added onto the crystalline growth face.

Figure 110-1. The A) areal and B) lateriaépresentationf chainfolded lamella with growth front
in the G directior?.

Lamellar growthoften contains imperfections, causing branching and splaying. This leads
to axialitic (i.e., premature spherulitic) and spherulitic morphology for typical crystallization
temperatures and conditions (i.e., not under shear, no addifirgsie 1-2 shows a schematic
represenng the interlamellar amorphous regions, lamellar crystals, and their arrangement in
spherulites. Spherulites are birefringent i.e., they exhibit two refractive indices due to the
anisotropy of the chain folded lamela&hus, birefringencallows for observation of spherulitic
growth using polarized optical microscopy (POM). The growth rates of spherulites from the melt

using POM at different temperatures led to the development of models of polymer crystaffization.



4 The thermodynamics and kinetics of polymer crystallization will be discussed in the following

sections.

Entangled
interlamellar
links

Branch
points

Figure 1-111 A schematic representingpherulitic morphology consisting of branched and
splayed lamell&.

1.2 Thermodynamics ofPolymer Crystallization
Assuming two phases, melt and crystalline, crystallization can be explained by the change
in Gibbs free energy as a function of temperature. First, nuclei must be formed. The energy

associated with primary nucleation is defined as:
y Yy Blr [1]

WhereY Ois Gibbs free energy 'O is the bulk free energy change upon crystallizatiois the

surface area, aridis the surface energyWWhenY"Gz0, crystal growth will occur.



The surface energies are positive (i.e., nonspontaneous) for initially formed crystals. Thus,
an initial energy barrier must be overcome for crystallization to ofcaritical nucleus sizeR°,
is required for the bulk free energy to overcome the surface energy of the of the system and make
crystallization favorablgrigure 1-3 shows the relationship between the Gibbs free energy on the
size of the nuclei. As previously mentioned, nuclei are formed from random fluctuations in the
melt. A random fluctuation of nuclei of size greater than or equal to theatniticleus sizeR°
must occur to overcome the initial barrier¥6©> 0. For nuclei size €, YO m, due to the
unfavorable formation afurface. For nuclei sizeR, the bulk free energggominatesand growth

occurs, which lowers the free energy of the systeli@o T.
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Figure 1-112 A schematic showing the change in free energy as a function of prmmelgi size.
R° represents the critical nucleus size.

To overcome the positiv¥'Q local fluctuations are required in the system. The nucleation

rate is shown in equation 2:

Aob— Agp - 2]



Where0 is the nucleation rat®, is a prefactor,O is the activation energy for molecular chain
transport across the maltystal surfaceR is the universal gas constaftis the temperature, and

YO is the critical free energy of formation of the nucleus of critical Bz&igure 1-3). The
nucleation rate equation led to the general growth rate equation and subsequently expanded to

describe crystallization rates. This will be discussed in the subsequent sections.

1.3Kinetics of Polymer Crystallization

The dominate growth theory for polymer crystallization is the Lauritzen Hoffman surface
nucleation theory? This theory assumes 1) that the crystal lamella, at the growth dromt, at
the same rate as the macroscopically observed spherulitic growth rate, 2) the stems (chain
segments) on the growth front consist of widththicknessb, and lengthl , and 3) the lamellar
thickness does not change after nucleation of critical nuclei Rizd-igure 1-4 shows a
representation of the Lauritzétoffman surface nucleation theory in which G is the growth front.
This theory assumes chains enter adjacently (growttheng direction), the fold length is
consistent, and chain ends and defect effects are ignored. The energy map showing the decrease in

free energy upon addition of each stem, as visualizéddwre 1-4, is shown inFigure 1-5.



Figure 1-113 Model for surface nucleation and growth of chfsitded lamella3
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Figure 1-114 Free energy of formation versus number of stems for doéded nucleus for
crystallization®



The nucleation rate shown in equation 2, led to the general growth rate equation, equation

" Rgp— Agp - [3]

Where“Ois the crystal growth rate, an@ is a prefactor. This equation can be expanded into

equatiord to describe the dependence of nucleation and diffusion on the crystallization rate.
5 #AoPp—  AQPD—— [4]

Whered is the overall rate of crystallizationy is the equilibrium melting temperature for a
crystal of infinite dimensionsY is the activation energy for chain motiéN,s thecrystallization
temperature;Y is the temperature which all segmental mobility is frozefy)<0 is akinetic
constant0 is a rate constant, ariflis a gas constant. The kinetic constant, stems from the

LauritzenHoffman surface nucleation theory and is defined by equation 5.
S [5]

Wheret is an integer value related to the growth regimeis the stem width4 is the lateral
surface energy of the lamell&, is the fold surface energy of the lamell, is the equilibrium

melting temperatur&kisBo | t z mann 6 s Y@ i thes enthatpy of fusion. d

The first term in equation 4 is the diffusioontrolled term, as indicated by the dependence
of the term on the difference T to To. i.e., the closer td,, the larger the value for term 1, leading
to an increase i . The second term in equation 4 is thecleationcontrolledterm, as indicated
by the dependence of the term on The. The higher thd, the larger the value for term 2, thus

leading to an increase In . As seen in equation 4, the overall rate of crystallization is a balance



between nucleation and diffusion terms. At low temperatures close to the glass transition
temperature, crystallization is limited due to limited chain mobility i.e., diffusion of chains through
the melt. At high temperatures close to the equilibrium ngeftemperature, crystallization is
limited due to infrequent nucleation i.e., chains prefer to be in the melt and nuclei of sufficient size
to overcome the initial surface energy are less abundant. Due to this, the crystallization rate reaches
a maximum (., fastest rate) between theandTm°. Figure 1-6 shows a graphic representation

of this balance of nucleation and diffusion on the crystallization rate.
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Figure 1-115 A representation of theatance of nuclean and diffusion controlled regiemes
resulting ina peak crytallization rate beweeg dnd T°.

1.3.1 Avrami andCrystallizationKinetics

The Avrami approach is commonly used to analyze bulk crystallization of polymers.
However, the Avrami approach is not specific to polymers and is strictly a simple way to describe
the solidification process following nucleation and growth of polymer dhgstion. As stated by

Waunderlich, the experimentally derived Avrami equation and the Avrami parameters are only a



convenient means to represent empirical data of crystalliZat#aiditional knowledge of the
microscopic growth is needed to make sense of the Avrami analysis. The Avrami approach
limitations include 1) the inability to separate the effect of nucleation and growth, 2) no accounting
for secondary crystallization/crystaperfecting. The Avrami equation describing bulk

crystallization is shown in equation 6.
E O p A@bp+0) [6]

Wherel3 is the fractional degree of crystallinity at timé is the Avrami rate constant, ands

the avrami exponent (which depends on the types of nucleation and growth processes). The Avrami
exponent increases with increasing dimensionality in the growth of the crystalline domains. E.g.,
lamella are ddimensional growth, thus the Avrami exponémt heterogeneous nucleation and
linear growth is 1. For heterogeneous nucleation, spherical (i.e., spherulitic) growth resaits in

3. For mmogeneous nucleatiowhich is uncommon in most systems; 4 for spherulitic growth.
Polarized optical microscopy can be used to determine the different nucleation mechanism

heterogeneous or homogeneous.

Crystallization can be divided into three stages: primary nucleation and initial growth, rapid
primary crystallization, and slow secondary crystallization, shov#anguare 1-7. In the first stage,
little if any crystallization is observed with timand nucleation and initial growth occurs. The
second stage consists of primary, rapid crystallization. The third stage is slow secondary
crystallizatonand a -Bpseludbriumo degree of <crystalli
previously, equilibrium is irpossible to reach in polymer systems. The sigmoidal shape that arises
from the avrami analysis will retain the sigmoidabpe buwill shift along the Xxaxis depending

on theT, as indicated b¥igure 1-6 above.
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Figure 1-116. Schematic represany the volume of crystallinity versus time for polymer

crystallization. The sigmoidal curve is represetative of nucleation and initial growth, rapid primary
crystallization, and slow secondary crystallization at long times.

The crystallization kinetics of polymers is often reported as the crystallizatiotirhalf
t2. This refers to the time at whigh O = 0.5 or 50% of the maximum achievable crystallinity
is reached. When/ is plotted as a function @k, a parabolidike trend emerges stemming from
the balance of the limitations of nucleation at higtand diffusion at lowl.. Thus, a minimum
ti2 is observed betweehy and T’ (Figure 1-8) as predicted shown irigure 1-6 and predicted

by equation 4.
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Figure 1-117. Example data of crystallization half time versus isothermal crystallization
temperature for a homopolymer. The crystallization half time reaches a minimum (fastest

crystallization rate) at an isothermal crystallization temperature betvigerand Tm°.
Representative data is of PEKK 80/ZChapter 2).

1.3.2 CrystallizationHalf-Timeof SemiCrystalline Homopolymers

As shown inFigure 1-9, a monomodal or bimodal parabelike t1/> plot is observed
depending on the polymeystem. Bimodal dependence of the crystallization rate on temperature
leads to the occurrence of tid@ minima at two different J. Appearance of a bimodal dependence
of the crystallization rate on temperature can be attridotedultiple factors: 1) a changeimthe
nucleation mechanism (i.e., heterogenearsie homogeneousucleationf*! or 2) formation of

different crystal polymorph%12 13
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Figure 1-118 Data of crystallization half time versus isothermal crystallization temperature for
homopolymers (Apolyether ketone keton®EKK) and (B)isotactic polypropyleneiRP). The
crystallization half time may exhibit a monomodal or bimodal parath&kcbehavior depending

on the polymeand experimental conditionRepresentative data is of PEKK 80/20d iPP.

In regaré to the first case, as discussed above, crystallization at high degrees of
supercoolinglpw T, close toTg) occurs through homogeneous nucleation while crystallization at
low degrees of supercooling (high, close toTm°) occurs through heterogeneous nucleation.
Polymers typically contain some degree of heterogeneities; thus, heterogeneous nucleation is often
observed. When a bimodal dependence on crystallization rate is not observed, this can be attributed
to multiple regons: 1) heterogeneities dominate the nucleation mechanism at all temperatures and
thus, only heterogeneous nucleation occurs, resultinga imonomodal dependence on
crystallization or, 2) only one nucleation mechanism is being observed. The former saée is
explanatory Thelatter case is discussed here. As an exanftpre 1-9a shows a monomodal
paraboliclike dependence on crystallization rate of PEKK 80/20. Tyend Tm° of PEKK 80/20
are known to be 17% and 382C, respectively. The range ©§, explored inFigure 1-9aonly
covers temperature closeTg(200°Ci 310°C). Because this temperature range is clo3g,ti

can beassumed that the parabola that is obsengediue to crystallization attributed to
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homogeneous nucleation. Exploration of the higher range of temperaturé®C(3Iso < Tm°)
may result in the appearance of a second minima in crystallization rate. This second parabola
would therefore be attributed to crystallization by heterogeneous nucleation. Because PEKK
crystallizes significantly slower and has a significantly larger tzatpre range betwedry and
Tm°, @ monomodal crystallization rate dependence was obsémveahtrast, iPPHRigure 1-9b) is
a significantly faster crystallizer and also has a narrow temperature range b&jaedm,° thus,

the bimodal dependence wasselved.

The formation of different crystal polymorphs another potential explanation for the
occurrence of bimodal dependence of the crystallization rate. This explanation is only viable for
polymers that exhibit polymorphism under the isothermal crystallization conditions of the
crystallization rate expenent.For polymers such as iPPigure 1-9b) where polymorphism may
occur, the lowT. dependences associated witlerystallization of theanesomorphic crystaand

thehigh T. dependencis associated witbrygallization ofthe Uform crystal®

In order to determine the reasoning behind the observation of bimodal or monomodal
crystallization ratelependenciesadditional research is required. This includes 1) observation of
nucleation density by imaging techniques to make conclusiggarding nucleation
mechanism', 2) observing the crystallization behavior of unpurified systems versus purified (i.e.,
heterogeneity free) systefpnsnd 3) using additional characterization techniques suebidas

angle xray diffraction VAXD) to observe crystal structures.
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1.3.3 Crystallization Half-Time of SemCrystalline Polymers with NonCrystallizable

Monomers

Figure 1-10 shows theti> of polymers with increasing neerystallizable monomer
fractions. Comparison of ttig> of a homopolymer to a random copolymer with fooystallizable
monomers results in a decrease intthas well as decrease ipminimum to lowerT.. Increasing
t12 with an increase in nearystallizable monomer content is well understood and explained by a
decrease in crystallizable content corresponding to a decrease in pristine crystallizable chain
segments and the namystallizablemonomers acting as structural defects, resulting in slower
crystallization kinetics and decreased crystalline phase compatinéssis effect is termed the
comonomer confinement effect also known as the chemical confinement effect and is observed for
both examples of monomodal and bimodal parabidebehavior. The comonomer confinement
effect refers to the phenomenon in which fooystallizable (e.g., functionalized) comonomers
interrupt the chain folding capabilities of the crystallizable segments of the copdfymer.
Consequently, homogeneous nucleation at high degrees of supercooling becomes more difficult
and thus heterogeneous nucleation dominates at lower temperatures compared to the
homopolymer. Thus, the parabolic minimum of the versusTiso shifts to lowerTiso. Similar
trends have been ofiwed in many serrystalline copolymer systems containing randomly
distributed norcrystallizable monomers including isotactic polypropytenel-butené’,
isotactic polypropyleneo-1-octene'®, amide 6co-amide 6,6°, and PEKK 60/40, 70/30 2% and
80/2F*. This effect is also observed for statistically mandom blocky copolymers (i.e., blocky

or block copolymers) and is discussedimapter 2.
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Figure 1-119 The crystallization halfimes of polymers withincreasing noscrystallizable
fractions. Increasing the amount of ronystallizable (A) isophthalate content in PEKK® and
(B) PE content in iPP leads to increases in #heaind shifting of the parabolic minimum to lower
temperatures due to the chemical confienement effect.

1.4Lamellar Thickness,Lamellar Thickening, and Melting

1.4.1 The GibbsThomsorRelationship
Lamellar crystals have a large amount of surface area which reduces their thermodynamic
stability, i.e., they have a greater driving forcete | t . The overall change

the transition from the crystal to the melt is a sum of two contributions, shown in equation 7.
Yy y y [7]

Where ¥'O is the surface independent change in free energy for a crystal of infinite
dimension, and"O is the surface dependent contribution to the free enBigyre 1-11 shows a
schematic represeng the geometry and variables of a lamella, used in the following equations to
derive thermodynamic relationship between the crystalline phase and its melting temperature.
Surface is destroyed by meltintherefore,it is represented by a negative sigihe surface
dependent contribution to the free energy is therefore defined as:
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Figure 1-120. A schematiaepresenting a lamellar crystal.

The surface dependent contribution to the free energy is therefore defined as:
y ¢c@ UK ¢ aU [8]

Wherewis the lamellar widtheis the lamellar lengthy is the lamellar thicknes, is the lateral
surface energy, anfl is the fold surface energ$urface is destroyed by meltingpereforeijt is
represented by a negative sigihe free energy change of a crystal of infinite dimension on a per
unit volume bases is thus defined as:

y oy [9]

WhereY O is the volumetric change in free energy. A crystal of infinite size is in equilibrium with
the melt. Soy"O= 0. Thus:

Yy =Y( -4 Y3 = [10]

[11]



At temperaturd approachingY hequation 10 becomes:
y Y( 43 Y 4 YO p — [12]
Thus, combining equations 7, 8, 9, and 12, the overall free energy becomes

Yy @Y p — ¢@ UK ¢aU [13]

A crystal of infinite sizeY'O 1, andaccounting for the standard enthalpy of fusion in
units of J/g and including crystal density (, equation 13 can be rearranged to become equation

14, the GibbsThomson Equation.

4 4 p — [14]

Thus, providing an empirical equation to determine the relationship between melting
temperature and lamellar thickness. However, it is important to note that the melting of polymers
occurs over a large temperature range and can depend on the rate @hevbpgtimen is heated
and the thermal history of the polymer. Thus, the peak temperature is often used in the Gibbs
Thomson equation. The accuracy of the Gltitmmson equation is dependent on the equilibrium
melting temperaturd,»®. Which, for some polyers, can be difficult to accurately determine with

the commonly used methods described in the next section.

1.4.2 Flory Melting Point Depression

The GibbsThomson equation provides a relationship between the melting point of a crystal
and its thicknesd¢. However, this cannot account for the melting point depression that occurs in
a system that contains norystallizable monomers, i.e., copolymers. The -oystallizable

monomer (e.g., monom@&) can either be incorporated into the crystal or, more commonly, will
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be rejected into the amorphous phase. The rejection into the amorphous phase was modeled by
Flory?? and assumes that the RorystallizableB monomers do not crystallize. The introduction

of the noncrystallizableB monomershortenghe runs of crystallizable monomers (e.g., monomer

A), thus resulting in shorter lamella with lower melting temperatures. This relationship, the Flory

relationship?, is shown in equation 15.

T [N [15]

Where"Y is the melting temperature of the homopolymer containing Amhonomers;Y is the
equilibrium melting temperature of the homopolyni¥is molar gas constant/O is the enthalpy

of fusion per unit, and is the molar fraction of crystallizablemonomer units.

The Flory relationship is commonly used for random copolymers containing non
crystallizable monomers. However, it can also be used forammom copolymers such as block
copolymers. In the case of noandom copolymers, the melting point is dependetihesequence

propagation probabili# 22and equation 15 becomes equation 16:

110 [16]

'“<<|

Wheren is defined as the probability that a crystallizable monomer is succeeded by another
crystallizable monomer unit and is assumed to be constant. This is useful for block copolymers

where the block lengths are generally well understood.

1.4.3 LamellarThickness anthe ThickeningCoefficient
The lamellar thickness, according the Lauritt®sffman theory, isdefined atthe

temperature of crystallizatioily, given by equatin 17:
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L [17]

Whered is the lamellar thickness at temperatligef  andY Oy, are the fold surface free energy

and the bulk free energy of fusion at temperaiyr@andy a is the thickness above the minimum
lamellar thickness. The minimum lamellar thickness is similaRtowhereas the minimum
lamellar thickness is recognized as the minimum thickness to prevent a crystal fofatedag|t

atTx. 24 Since some polymer crystals can thicken, the lamellar thickness at the time of melting may
be greater than the lamellar thickness observed at the temperature of crystallization. Thus, a

thickening coefficient can be definedas
r - [18]

Wherel is the thickening coefficient anglis the lamellar thickness at melting. The thickening

coefficient is an important value for determinatiornmgf, discussed later

1.4.4 LamellarThickening

As mentioned previously, the chain folded lamellar morphology is not in equilibrium due
to the difference in fold surface energy to lateral surface enengyfold surface area of a polymer
lamella istypically much larger than the lateral surface area of the lamella, leading to a high surface
to volume ratio. Polymer lamellae thicken in an effort to reduce this ratiaghaisdeduce free
energy. Lamellar thickening is a spontaneous |
crystallineamorphousnterfacial free energs? The crystallineamorphous interfacial free energy
is reduced through thickening of the lamella by annealing at a temperature below the melting
temperature. Annealing is defined as imparting a certain property by heat treatment witheut large

scale melting®
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Although molecular mechanisms have been propdséthe exact molecular mechanism
of lamellar thickening remains unknowhHowever, two known features of lamellar thickening
are 1) the long period (obtained &iyallangle xray scatteringSAXS) increases linearly with log
of time at short times, as observed by Mandelkern®izald 2) the thickening rate increases with

temperaturé 32

In regard to known feature 1 listed above, two different mechanisms have been assumed.
The firstbeing thatthe thickening process is believed to occur in the crystalline lattice by means
of diffusion, allowing for translation of molecular segments through the crystal lattice. The second
mechanism in which the increase in lamellar thickness is due to a nudltsngaller crystals or

partial melting of larger crystals which then recrystallize from the melt.

Inregardt o mechani sm 1, it I's generally- agree:
relaxation (through dielectric, dynamic mechanical and NMR spectroscopic measurements)
provides evidence for the existence of segmental motion within lamellar cAjsthks segmental
moti ons as s o c i-raldaxaiohs which enable difjuson af thaing leading to lamellar
thickening was first explored by Schultz eaand further explored by Sanchez et3alwith
extensive evidenceollected by Wunderlic et al® The main observations supporting this
mechanism include 1) repeated observations of electron microscopy of single lamellae orientation
remaining consistent, suggesting no complete molten phase was formed and 2) long spacing after
annealing depended on nmly temperature but also time, indicating there was no continuous

meltrecrystallization process occurring.

A heating rate dependence on lamellar thickening was observed by Fishet® attad.
concluded that the increase in long spacing (i.e. lamellar thickness) was due to both thickening by

molecular diffusion and melting followed by recrystallization, supporting mechanism 2 and known
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feature 2 mentioned previously. This led to the conclusion that both processes can occur, but which
mechanism dominates is dependent on molecular weight, crystallization temperature, heating rate,

and annealing temperature

In regaréd to molecular mechanisms of crystal thickeninbe tfollowing describes a
proposed molecular mechanism of crystal thickening by Wunderlici*&foalpolyethylene. For
the mechanism of crystal thickening in polyethylene, point defects are present in the crystal
structure introduced during crystal growth or deformation, and are equilibrium defects. Upon
annealing, these defects increase in densitytlae crystallite size increases in the chain direction.

A schematic of the mechanism for lametlaickening is shown ifrigure 1-12.2°

1) 2) 3) 4)

a a (/a\\
be' DY Be f}

bc

Figure 1-121 A schematic represeang the annealing process, divided into four steps, as proposed
by Wunderlich et al.

The mechanism is as follows: lamellae (step 1) develop holes with rims of about double
the original thickness (step 2). The crystal becomes more irregular (unfavorable) but fold length
increases (favorable). A hole in one lamella becomes the ideal pdsititve adjacent lamella to
thicken into (step 3). In step 4, The dislocation energy (point a), is regained but the fold length has

increased, which reduces the crystallamorphous interfacial free energy.
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Not all crystallizable polymers exhibit lamellar thickening. As referenced previously, it is
generally agreed that t heaxatiorb mavideg avidéncenfor thd a ¢
existence of segmental motion within the lamellar crystdiss accepted that this relaxation is a
necessary, but not sufficient, prerequisite for the lamellar thickening prdcBsyd et af®
provides an exc e l-felexatibn irdsensicrystalisei polymers. Bome polymets
(PEEK, PPS, PET, nylons;®S) d o n ot -relxation it thettempenaturd range between
crystallization and melting and are therefore not expected to exhibit lamellar thickening. As
discussed by Boydetg.ol ymer s wi th bul ky Jetayagoastduedothet s do

high energy requirement for segmental relaxation to occur in the crystal.

Otherfactors preventing lamellar thickening are hydrogen bonding, the presence- of non
crystallizable units along the polymer backbone, and a high entanglement density in the
interlamellar regionsin regard to hydrogen bonding, an example polymer being a polyamide.
The hydrogen bonding energy associated with the amide groups leads to layers of the groups in
the crystal structure. A simple analysis by Boyd et al. showed the disruption of the hydrogen
bonding neessary to allow for lamellar thickening is Bigh that the lamellar thickening event
cannot be observed due to the required amount of energy to break all the hydrogen bonds resulting

in a temperature that is above the melting temperature of the crystal.

It is important to keep in mind that lamellar thickening is not only temperature dependent
but also a time dependent proc&ss! Certain polymers which are expected to demonstrate
lamellar thickening according to the previously discussed criteria, may not exhibit this behavior
initially. However, under the influence of sufficient thermodynamic driving force and/or extended

periodsof time, these polymers may undergo thickening.
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1.5The Equilibrium Melting Temperature

At equilibrium, the melting temperaturé,® is defined as the melting temperature of a
crystalline of infinite thickness in equilibrium with the m&l: % The equilibrium melting
temperature of a polymer is one of the most important thermodynamic properties of crystallizable
chain polymers, as it is the reference temperature from which the driving force for crystallization
is defined. Knowledge of this quitly is essential for a proper understanding of the temperature
dependence of bulk crystallization and lineal crystal growth rates. Morertenglyg, a precise
determination of this thermodynamic quantity is necessary for the evaluation and comparison of
crystallization theories. Thus, the accuracy of the value, which is experimentally determined, is
pivotal. TheTn? is experimentally determined in several ways: 1) crystal growth rate experiments,
2) utilizing the GibbsThomson method to compare melting temperature to lamellar thickness, and
3) the HoffmarWeeks linear extrapolation df, vs Tc. Each method hats merits. In this work,
the Gibls-Thomson and HoffmakVeeks methods are utilized and improvements in the

methodology are discussed in detaiOhapter 2.

1.5.1 TheGibbsThomsompproach

Equation 14, the Gibb§homson equation, can be utilized to deternTigby determining
the melting temperatur@&, and the lamellar thickness, by X-ray scattering. Due to the increase
in electron density of the crystalline phase, the amorphous region and the crystalline region of
polymer exhibit differences in electron density. Thus, a scattering feature arises in the scattering
profile. The thicknes of the lamella can be determined from this feature. Once a setiearef
determined, the melting point of the crystals of the differeist dletermined by DSC. Then, the
extrapolation of the ff vs 1/& to 1/& = O will provide theTy’. Figure 1-13 shows a graphic

representation ofn° determination using the Gib{Iomson extrapolation.
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Figure 1-122 A graphic representation of utilizing the Giebsomsonrelationstp of Trm versus

1/Icfor Tn° determination.

11,

This method works well for polymers that have distinct melting points (narrow melting

peaks), do not reorganize during fietermination (i.e., heating rate is fast enough to prevent

crystal thickening/annealing), and the polymer exhibits increases in lamellar thickness with

increase ifx (i.e., the polymer has a thickening coefficient *4$ome polymers do not exhibit

a lamellar thickening coefficient > 1 and thus, the Gibbeison method fofm° determination

will not work.

1.5.2 TheHoffmanWeeksApproach

The HoffmanWeeks method utilizes the correlation between crystallization and melting

temperatures to determine the equilibrium melting temperdtuddilizing the relationships
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relationship, the relationship betwe&r® and crystallization temperature can be determined, as

shown in equationd 3 24 39
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4 4 p _ — - [19]

Where6 and”Y are the time and temperatufe 0 RY is the time and temperature dependent

isothermal lamellar thickening coefficient, and is always greater thary8

To simplify equatiorlL9, several approximation are made. First, at equilibrium, the ratio of

Ato A is close to 1. Next, if it is assumed the crystallization temperaiigeclose tolm® such

that the value of the term—— ——— s negligible, thus making 5 = 1.

Additionally, the thickening coefficient is assumed constant. Thus, equEitren reduces to

equation20 and produces a linear relationship betweentthandTx.

4 4 _ _ [20]

Where the'Y is the equilibrium melting temperature determined from the intercept dithe
Tx linear extrapolation to thé&w = Tx line and’ is the thickening coefficient calculated from the
slope of theTm vs Tx linear extrapolation lineRigure 1-14). Equation 20 can be rearranged to

equation21, the HoffmarWeeks relationship.

4 4 - 4 4 [21]
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Figure 1-123 A representativeHoffmanWeeks plot for polymer with and without lamellar

thickening during isothermatrystallizaiton® No thickening results in a linear extrapolation
parallel to thelm = Tx line, resulting in the inability to determine thg°.

The accuracy of this method is dependent on the observed melting point being free from
reorganization or annealing upon heating to determimeAdditionally, it is important that the
crystals are isothermally crystallized, i.e., no crystallization occurs upon cooling Tettee f o r
each correspondintm. Nonisothermal crystallization will lead tencontrolled differences in the
thicknesgsof theresultant crystals thus, leading to inaccurate slopes of the Holfviesks plot.
Additionally, the polymers must exhibit differences in lamellar thickness upon crystallizing at
different Tc. This change in lamellar thickness dependingrers related to the minimum stem
length required to overcome the free energy barrier to nucleation at the corresponding temperature.
With increasingTc, the stem length typically increases, this resulting in highewvith higherT..

Annealing while observing th&m, will lead to inaccurate assumptions of the initial lamellar

thickness upon crystallization.
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1.5.2.1TheHoffmanWeeksapproachusing Tepto determine #°

More recently, an improvement in Hoffmdkeeks methodology has been gaining
popularity in the literature in which the liner Hoffmélieeks extrapolation uses ze¥otropy
production temperaturd;zep instead ofTm. Recently, this approach has been examined in the
literaturé®*® and is considered to be the more accurate methotzeasepresents the melting
point of the examined crystals without requilibrium effects of reorganization, recrystallization,
and superheatintf.Zero-entropyproduction (ZEP)efers to melting of a metastable crystal of a
distinct thickness at its stability limit, i.e. without reorganization or superhéedtifigyFast
crystallizing polymers such as iPP and PEKKye beeshown to reorganize upon heating at rates
available by standamifferential scanning calorimetrypSC). Utilizing fast scanning calorimetry
(FSO, faster heating rates are available which prevent reorganization upon heating. However,
superheating will inevitably occur and thus, the at heating rates fast enough to prevent

reorganization are still not sufficient and thep must be determined.

To determine th8zep at eachT. for use in the HoffmaiWeeks linear extrapolation, the
melting temperature of superheated polymer crystals is plotted versus the heating rate, following

equation22:
4 ; 4 'r xEQEU m™@ [22]

In this analysiSIm peakiS the peak melting temperatuiiegr is the zereentropyproduction
temperatured is a constanf is the heating rate, and z is an exponent which provides information
regarding melting kineticszigure 1-15 shows a representation of (A) the plotTafversusb’ to
determine theélzep of PEKK 80/20 and (B) the Hoffmaweeks extrapolation usin@ep. The
polymer is crystallized at the correspondingnd heated at different heating rates and the melting

temperature is observed. The versusb is then plotted for eack. The intersection of the linear
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extrapolation tob* =0, after determining the best fit value nfis the Tzep. An in-depth

determination of th&m° of PEKK’ is discussed iChapter 2.
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Figure 1-124. A plot representing (A) determination of thigepand (B) a HoffmasWeels plot
utilizing Tzep for determination offm°.

1.6 Fast Sanning Calorimetry Utilizing the Flash DSC

The polymers disused in this work are rapid crystallizers and exhibit reorganization and
annealing upon heating at rates available in standard DSC. Thus, the use of Flash DSC is pivotal
to exploring their crystallization and melting behavior free from-isothermal crystallization
upon cooling, and annealing and ragbrganization upon heating. The recent advances in fast
scanning calorimetry and commercialization of fast scanning calorimeters offer heating and
cooling rates orders of magnitude fastenteeandard DSC, allowing for analysis of materials far

from thermodynamic equilibrium.

1.6.1 Historyand Caabilitiesof Fast Scanning Calorimetry
Motivations for increased cooling and heating rates became apparent in the late half of the

twentieth century. One motivation arose from fundamental studies of the behavior of systems
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which FSC heating rates could compete with the rates of crystallization, reorganization, melting,
chemical reactions, evaporation, decomposition, etc. Another motivation arose from the desire to
study the influence of processing conditions on the meltmi) subsequent crystallization of
materials during processing, such as in injection molding or blow mdi¢fifige materials in these
processes are known to experience cooling rates in the range-&0, 000 K/s. The ability to

reach both fast cooling rat@and heating rates was made possible due to the advancement of micro
electremechanical systems (MEMS) leading to the creation of chip séwased fast scanning
calorimeters, such as the Flash DSC by Mettler Toledo. The UFS1 chip sensor for useastthe Fl

DSC by Mettler Toledo is shown Figure 1-16.

The Flash DSC 1 by Mettler Toledo allows for temperature rangedbab 450°C and
scan rates of approximately 4000 K/s upon cooling and-#0,000 K/s upon heating. The sample
masses are decreased significantly compared
based FSC. Despite the small sample size, FSC resultshirsdmgitivity, making it ideal for the
study of very small samples (e.g., thin films) and masged samples (e.g., forensic remnants).
Decreased mass also allows for redudgtimination of thermal lag in properly prepared
sampled’ This is essential in determination of fundamental properties of specific heat capacity,

melting kinetics, reaction kineticstc.
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Figure 1-125 Images of the chip sensor (left) and sample reference area (right) containing a
sample of indium. The chip on the left is upside down to showd#iieate electroniesl16
thermocoupds which measure the sample and reference temperature. The sample on the right was
placed after turning over the chip.

1.6.2 TheTheory of Fast Scanning Calorimetry

The basic requirements for a fast scanning calorimeter model€&igune 1-17 are
simplified as follows: 1) the power of the electric heater (equat®ymist be kept higher than
the power lost to heat flow between the calorimeter and the surroundings (eqdatien e >
Pioss), 2) thesurrounding gas is at a low temperatur@d& Tc), 3) the thermal resistance of the gas
is sufficiently small, and 4) the heat capaciBy)(of the calorimeter must be sm#lThis means
the calorimeter must be small for lowCaand must be surrounded by a cold gas. The maximum
cooling rate increases with decreasing gas temperature and with increasing heat conductivity of
the gas. Small heat capacity of the calorimeter is achieved by using a thin silicone nitride

membrane whichantains the electronicomponents for the heater and temperature sensor.
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Figure 1-126. A schematic representing a fast scanning calorimeter and the required properties of
electric power, gas temperature, heat capacity and temperature of calorimeter, and power loss to
the surroundings.

0 — [23]

0 Y [24]

Wherew “¥ the temperature difference between the calorimeter and the surrogadjivg is

the thermal resistance between the calorimeter and the gas sttt scan rate.

The sample needs to meet various essential criteria before undergoing analysis by FSC.
First, the sample must have good thermal contact with the chip membrane and the surrounding
gas. Good thermal conduct can be established by premelting the samplehip thensor or by
using silicone oil. Secondly, any potential surfauduced effects must be suppressed (e.g., run
experiment in inert environment to prevent reactions on material surfedeitionally, good
thermal contact between the sensor and ca&ignmnis vital for precise measurement of the sample
temperature. Lastly, the sample must be sufficiently thin to prevent temperature grédibate

considerations ensure the reliability and accuracy of the insights gained from FSC experiments.
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1.6.3 Applicationsof Fast Scanning Calorimetry

Increasing in popularity, FSC has been used in combination with different analytical
techniques and molecular simulations to gain further insight into materials. Examples include FSC
in combination with scattering €kay, neutron) to analyze fast structwemation processe$ 42
52 molecular simulations to investigate thermodynamic behaffot®’ microscopy to observe
nucleation phenomenott: °8¢0 and shear forces to investigate crystallization behaviors and

morphology?*3,

FSC is utilized and exhibits significant potential in a wide range of applications. The most
obvious being polymer characterization, to study crystallization kinetics, reaction kitfetics
melting kinetics® ®7 polymorphisnr? 6870 specific heat capacity’4, etc. Additionally, FSC is
used in the pharmaceutical spaCé’ for investigations including thermal behavior of drug
formulations for help in optimizing formulations to ensure stability during manufacturing, storage,
and use. Another space, energetic mateffalshere FSC is applied to study the heat release and
storage of explosives and propellants for study of safety assessments and development of safer
formulations. Thin films and coatings are ideal for FSC analysis where the thermal behavior of the
thin layes is pivotal to device performance and reliabiftf. Food science utilizes FS€8¢ for
the studyof solubility, and quality control of food products to aid in optimization of food
processing and product quality. Catalyst development and analysis of materials is ideal¥or FSC
8 due to the small sample size of FSC experiments while still allowing for accurate analysis of

thermal behavior of catalytic systems.

1.7 Dissertation Objectives
This work aims to address the gaps in literature focusedtilization of fast scanning

calorimetryto characterize fast crystallizing polymeFrst, this work aims to utilize updated
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methodologies in determining the equilibrium melting temperature of PEKK to ensure an accurate
value. It is hypothesized that the redetermined equilibrium melting temperature will be higher than
what is reported in literature due to the new methodologiesuatingfor superheating and
reorganization upon heating. Secondly, this work aims to utilize fast scanning calorimetry to
further understand crystallization behavior of polypropylene during fast cooling inherent in
additive manufacturing processel. is hypothesized that the crystallization behavior of
polypropylene during printing can be mimicked by FSC to identify factors that influence final part
melting morphologyFinally, this work aims to show the necessity of fast scanning calorimetry to
fully characterize the crystallization kinetics of fast crystallizing PEKK and elucidate the
difference in crystallization rates and behaviors of random and blocky function®&K&

copolymers.
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Crystallization Kinetics and Equilibrium Melting Temperature of Poly(Ether
Ketone Ketone)with High Terephthalate Content Utilizing Fast Scanning

Calorimetry
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2.1 Abstract

Fast scanning calorimetry (FSC) was used to analyze the crystallization kinetics and
determine the equilibrium melting temperature,\qjTof KEPSTAN PEKK 8001 (PEKK 80/20)
with a terephthalate to isophthalate (T/1) ratio of 80/20. Quantitakyeualitative3C and 2D
HSQC NMR spectroscopy for KEPSTAN 8001 and KEPSTAN 7002 were collected to confirm
linear topology and comonomer composition. Utilizing FSC, the isothermal crystallization kinetics
for PEKK 80/20 are reported for the first time over a large tenyperaange from 200 to 310
°C utilizing an interrupted isothermal crystallization method. The crystallization kinetics of PEKK
80/20 exhibits parabolitke behavior with the most rapid crystallization occurring at 260
Compared to earlier studies of PEKK copolymers with lower T/I ratios (i.e., PEKK 70/30 and
60/40) using conventional DSC, PEKK 80/20 is observed to crystallize up to 1 to 2 orders of

magnitude faster (i.e., at rates inaccessible with conventional D8€)I° of PEKK 80/20 was
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determined utilizing the zerentropyproduction temperature £#p) allowing for the first time an
accurate determination of the equilibrium melting temperature df@G38bhis value was compared

to a traditional HoffmafWeeks linear extrapolation over a range of heating rates (50(2K/600

K/s) to arrest melteorganization upon heating. Due to unavoidable crystalline reorganization
during slow heating scans with a@ntional DSC, this new value formT using FSC is
significantly higher than the commigrreferenced literature value of 368. The double melting

peak behavior observed after isothermal crystallization of PEKK 80/20 is discussed and
understood to be due to reorganization during heating at relatively slow heating rates, as commonly

observed with conventional DSC.

2.2 Introduction

Poly(aryl ether ketone)s (PAEKS) are a family of thermoplastics widely used in industrial
sectors including aerospace, automotive, and oil and gas industries due to their excellent
mechanical performance and chemical resistance properties. One intelPdsiKg poly(ether
ketone ketone) (PEKK) is a linear seanystalline thermoplastic gaining increased interest due to
excellent properties including high impact strength, chemical resistance, high glass transition and
melting temperatures, low flammabilitgnd good processibility® PEKK is of particular interest
due to the ability to tune the melting and glass transition temperatures by tuning the ratio of
terephthalate to isophthalate moieties when synthe$ized.i s r ati o i s ter med
can be seen in the molecular structure of PEKK shovamgare 2-1. The isophthalate containing
monomers produce a configurational defect within the chain structure, which lowers

crystallizability leading to a reduction in melting temperature and crystadlizaate with

increasing isophthalate conteith e i sopht hal ate Akinko al so | eac
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attributed to greater free volume, and thus a reduction in the glass transition tempeérature.
Therefore, a deeper understanding of the effect of T/I ratio on melting and glass transition
temperature is important for industrial applications as accurate knowledge of the-figrsiaal
properties greatly influences processibility and final propeftiesemticrystalline polymers such

as PEKK.

e e

“I”

Terephthalic “T” Isophthalic

Figure 2-127. Molecular structure of poly(ether ketone ketone) copolymer repeat unit comprising
of terephthaloyl, "T" and isophthaloyl, "I" isomers. X=80 and Y =20 for PEKK 80/20.

It is known that thermal processing conditions influence crystallization behavior. One
interesting phenomenon arising from variable thermal histories is multiple melting peaks, observed
in many polymers including polyethylene terephthalate (PET9otactic polystyrerfebisphenol
A polycarbonat® ethylene/loctane copolymé?, poly(ether ether ketone) (PEEK}* and
PEKK! #5 1516 The origin of multiple melting peaks can be attributed to several reasons: (1)
different crystal structures (i.e., patprphism), each with a different melting temperature, (2) the
melting of small secondary lamella between primary lamella whereby small secondary lamella
melt at a lower temperature than the primary lamella (i.e., bimodal melting), or (3) melt and rapid
reaganization whereby small thin crystals melt at a lower temperature during heating and rapidly
recrystallize into thicker lamella that subsequently melt at a higher temperature (i.e., melt
reorganization). Isothermal crystallization kinetic studies of PBRKIG" * "and PEKK 70/3

from the melt have shown an additional endotherm during melting which occurs aBowtidye
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the isothermal annealing temperature. Only one crystal form is observed for PEKK when
crystallized from the méft and so this multiple melting peak behavior has been attributed to
bimodal melting. However, studies exploring the effect of heating rate on the multiple melting
peak behavior have not been performed for PEKK, and so multiple melting peak behavior due to

the meltreorganization of crystals cannot be ruled out.

The effect of heating rate on the multiple melting peak behavior has been explored in a
similar polyaryl ether ketone, PEEK. Marand et'dbund that the multiple melting peakhavior
observed in PEEK was dependent on the heating rate, which suggested that the low temperature
melting peak is due to melting of small secondary crystals. Furushima®esuajgested the
reorganization during heating was not fully suppressed due to the slow heating rate of the
conventional DSC used by Marand. This led t¢Herr exploration of the bimodal melting behavior
dependence on the heating rate of isothermally crystallized FPEBEH polyamide ¥ where the
reorganization upon heating of the two crystal populations with different melting kinetics were
suppressed using fast scanning differential calorimetry (FSC). Tardif?eutiized FSC to
determine the crystallization kinetics of isothermally crystallized PEEK and observed a shifting of
the higher endothermic peak to a lower melting temperature with increasitiggh@te while the
lower endothermic peak shifted to higher temperatures with faster heating rates, leading to a single
melting peak observed at heating rates of 2,000 K/s. It was concluded that these observations were
evidence that the multiple meltingeak behavior is due to the melting and recrystallization of
crystallites upon heating. Furushima et al. further showed that with increased heating rate (500 K/s
to 60,000 K/s), the bimodal melting peaks of isothermally crystallized PEEK at high degrees of
crystallinity converged to one peak and then exhibited bimodal character again at heating rates

above 20,000K/8’ They suggested this disappearance of bimodal melting is due to reorganization
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of secondary crystallites being suppressed with faster heating and the true melting of the primary
and secondary crystallites being observed at faster heating rates. Real time small-aygle X
scattering supports the existence of two distinct populatibagstal thicknesses for isothermally

crystallized PEEK?

The crystallization kinetiés* 1" and equilibrium melting temperature,(J° of PEKK has
been explored by various groups with a primary focus on PEKK 60/40 and 70/30. The
crystallization kinetics of PEKK 80/20 is less explored most likely due to its vergrigstallizing
nature and the limitations of standard DSC heating ratesd¢arately observe the isothermal
crystallization of PEKK 80/20. Most notably, Gardner et synthesized a set of PEKK 80/20
samples and attempted to quantify the crystdibmahalf time (,2) and T’ using conventional
DSC. The values they reported are most commonly referenced in recent lit€t4twe have
now identified a number of improvements in methodology to allow for more accurate analysis of
the crystallization kinetics and determination of the fbr PEKK 80/20. The first improvement
in methodology is utilization of a commercially available material, KEPSTAN PEKK systems
manufactured by Arkema, instead of a lab grade material. The TGA of the PEKK 80/20 fdd» sam
showed thermal degradation as early as ¥00adding to the fact that the sample analyzed by
Gardner et al. is not translatable to current commercially available PEKK 80/20 with a degradation

temperature of 608C (see below)

The second improvement in methodology is the use of FSC for true isothermal
crystallization analysis of fast crystallizing materials, such as PEKK 80/20. Recent advances in
FSC offer heating and cooling rates that are many orders of magnitude fastéaniaandsDSC.

For example, the quench rate of 320 K/min (5.3 K/s) used in the Gardner analysis of PEKK 80/20

is significantly slower than the critical quench rate to prevent crystallization upon cooling from
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the melt (see below). Arresting crystallization upon cooling from the melt is critical to ensure true
isothermal crystallization and prevention of annealing of crystals, leading to an improper value of

Tmo 25

The third improvement in methodology is the enhancement of the Hoffiesaks linear
extrapolation methodology to determing®TIn this work, two different methods of determining
Tm® are performed and compared. The first being a linear HofWwlaeks extrapolation of the
zeroentropyproduction melting temperature AF) versus the isothermal crystallization
temperature (%,). Recently, this approach has been examined in the litetatth€ and is
considered to be the more accurate methodzasr@presents the melting point of the examined
crystals without nomequilibrium effects of reorganization, recrystallization, and superhe&ting.
The second method is a linear Hoffrddfeeks extrapolation of the peak melting temperature
(Tmpead) Versus ko at sufficiently fast heating rates to prevent reorganization. Thoroughly
examined by Marand et al., the conditions under which the linear Hoffkfesaks extrapolation
provides a reliable estimate of the®linclude minimizing isothermal thickening by limitingeth
degree of crystallinity of chain folded crystals. Chain folded crystals of limited degree of
crystallinity are known to exhibit a relatively narrow distribution of thickne&sé¥! It has even
been demonstrated that different equilibrium melting temperatures are reported for identical
samples that differ only by degree of crystallifit@ardner et al. described a 30 minute isothermal
crystallization period during their method of°Tdetermination. This isothermal crystallization
period is lengthy @mpared to the crystallization kinetics of PEKK 80/20, and so it is likely that
the degree of crystallinity of the samples was near maximum. As previously discussed, this will
lead to an improper extrapolation of thg®Tas the peak melting temperature is known to shift to

higher temperatures with increased isothermal crystallization’time.
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Due to these identified improvements, it is clear that a refined measurement of the
crystallization kineticand Tm° of PEKK 80/20 utilizing FSC is necessary to accurately determine
these material parameters utilizing stateéhe-art methodologies for the commercially available
KEPSTAN PEKK 8001. The purpose of this work is to utilize FSC to evaluate the crystaflizatio
kinetics of PEKK 80/20 over a large temperature range and make use of refined measurement
methodologies to determine a representative equilibrium melting temperature for KEPSTAN
PEKK 8001.This includes the collection of NMR spectra of PEKK 80/20 an@¥ @ verify
linear topology and T/I ratio. This study identifies the necessity of the rapid scanning capabilities
of FSC to properly evaluate the crystallization kinetics of PEKK 80/20 and elucidate the origin of
multiple melting endotherms observed afi®sthermal crystallization. Additionally, this study
includes a detailed analysis and discussion of the multiple melting peak behavior of PEKK 80/20
at low heating rates due to me#organization. Furthermore, a quantitative analysis supporting
this condusion which utilizes the zerentropyproduction temperature is discussed. Finally, the

Tm° of PEKK 80/20 is determined utilizing statéthe-art methodologies.

2.3 Experimental

2.3.1 Materials

Poly(ether ketone ketone) pellets, KEPSTAN® 7002 (vendor reported T/l = 70430, T
331°C, Ty = 162°C, MFR at 38C°C/5 kg = 35 cr/10 min) and KEPSTAN® 8001 (T/I = 80/20,
Tm= 358°C, Ty = 168C, MFR at 380°C/5 kg = 15 cr#/10 min) were obtained from Arkema and
referenced herein as PEKK 70/30 and PEKK 80/20, respectively. Pellets were washed with acetone
and deionized water and dried at°@Din a vacuum oven for 8 hours prior to use. Dichloroacetic

acid (DCA) was purchased from SigrAddrich and used aseceived.
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2.3.2 NMR Spectroscopy

The T/I comonomer ratios and linear topology of PEKK 70/30 and PEKK 80/20 were
verified by 'H NMR spectroscopy at room temperature in DCA and deuterated chloroform
(CDCls) with 0.05% v/v TMS on a Bruker Avance 400 MHz spectrometer. Spectra were collected
as the average of 128 scans with relaxation delay of 10 seconds. The PEKK samples were dissolved
in DCA at 185°C to a concentration of 10% w/v. Once dissolved, the solution was cooled to room
temperature and diluted with CDGVith 0.05% v/v TMS to a conogration of 5% w. The
solvent system was previously repofteftom work with the similar poly(aryl ether ketone),
PEEK. ThetH NMR splitting patterns are designated as follows: s (singlet), d (doublet), dd (double
doublet), t (triplet), and m (multiplet). Qualitatit% NMR spectra were measured using a Bruker
Avance 500 MHz spectrometer. The PEKK samples were prepared following the same procedure
as described previously to a final concentration of 10% w/v. Spectra were collected as the average
of 256 £ans with relaxation delay of 2 seconds. 2D heteronuclear correlation spectroscopy
(HSQC) was collected on an Agilent {BD2 400 MHz spectrometer. The PEKK samples were

prepared following the procedure as described previously.

2.3.3 Thermogravimetridnalysis

A TA Instruments TGA Q500 was used to evaluate the thermal stability of PEKK 80/20 to
verify no degradation occurs during FSC analyBigyre 2-S1). Samples were prepared by melt
pressing at 408C and quenched in ice water. The amorphous films were dried?@ti8@ vacuum

oven overnight before use. All analyses were performed with a ramp raté@haa in nitrogen.

2.3.4 Fast Scanning Chip Calorimetry
A Mettler Toledo Flash DSC 1 with a Huber intra cooler TC100 was employed to analyze

the crystallization behavior of PEKK 80/20. Prior to any evaluation, the chip sensors were
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individually conditioned and temperature corrected utilizing Mettler Toledo supplied calibration
data and following Mettler Toledo instrument specifications. The temperature was experimentally
calibrated by an indium standard for each heating rate. Tle¢ oinsdium melting versus heating

rate was used to determine the corrected horizontal shifts of the experimental melting profiles. All
experiments were conducted in an utliigh purity N gas environment with a flow rate of 60
mL/min to limit oxidationand moisture in the sample chamber. Amorphous PEKK samples were
prepared by melt pressing at 4@ a temperature significantly above any reportgthiid below

the degradation temperature of PEKK 80/20, to a thickness of 0.025 mm arglieredhed in ice

water followed by drying in a vacuum oven overnight at °80 Thin samples for FSC
measurements were cut by microtome (2 em thic
to size by scalpel under a microscope. A thin layer of Wacker AK 60000 silmibwas spread

on the sensor prior to sample placement to improve thermal contact and allow for removal of
sample after testing. All samples were-prelted at 5 K/s to 408C for 1 s to establish good
thermal contact. The sample mass was estimated from the change in heat capacity at the glass
transition temperature from an amorphous sample with all samples measured betwéeh34 ng

ng. Experiments were repeated with fresmgles and over multiple chip sensors to ensure

reproducibility.

To prevent crystallization upon cooling, the critical cooling rate from the melt was
determined utilizing rapid cooling rates as shown in the-tengperature profile ifrigure 2-S2
and found to be 10 K/s for PEKK 80/2Bigure 2-S3). A cooling rate of 500 K/s was utilized for
all experiments. The time in the melt to completely remove thermal history was determined

utilizing the timetemperature profile ifFigure 2-S4. The minimum time required to remove
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thermal history at 408C was found to be 0.1 s for PEKK 80/Zdure 2-S5. A melt time of 1

s was utilized for all experiments.

The crystallization kinetics for PEKK 70/30 and PEKK 80/20 were analyzed utilizing an
interrupted isothermal crystallization (1IC) methdd®* The time temperature profile for the 1IC
method is shown irigure 2-2. The isothermal crystallization temperaturesof between 200C
to 310°C were analyzed by this method. After removing thermal history at@&fr a minimum
of 1 s, the sample was quenched at 500 K/s to the respegti@ad held for varying amounts of
time (0.1 5 12,000 s). The sampleas quenched ab00 K/s to below thedlto arrest any further
crystallization. The partially crystallized sample was then heated t&C480a heating rate of 500
K/s to measure degree of crystallinity as observed by the integration of the melting endotherm
upon heating. The maximum isothermal crystallization timg \{tas determined when the melting
enthalpy remained at a constant value with increasindigure 2-S6 demonstrates an example
of a change in melting enthalpy with increasirg for PEKK 80/20 at a &o of 260°C. The
maximum isothermal crystallization time is dependent @a The observed melting enthalpy
versus it was used to calculate crystallization Haifie (t/2) for PEKK 80/20 over a range of

isothermal crystallization temperatures.
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Figure 2-128 Time-temperature profile for the Flash DSC interrupted isothermal crystallization
(IIC) method used to determine the bf PEKK 80/20 and PEKK 70/30 at eackoT

2.3.5 Equilibrium Melting Temperature

The equilibrium melting temperature o) of PEKK 80/20 was analyzed utilizing two
different methods: 1) the linear Hoffmaeeks extrapolation of the zeemtropyproduction
temperature (Zep) of isothermally crystallized samples with minimal crystal thickening and 2) the
linear HoffmanWeeks extrapolation of the peak melting temperaturgpdal) of isothermally
crystallized samples with minimal crystal thickening. The tteraperature profile utilized to
perform both of the HoffmakVeeks extrapolations of PEKK 80/20 is showirigure 2-3. After
removing thermal history at 40C for 1 s, the sample was quenched at 500 K/s to the respective
Tiso and held for varying amounts of time (I $0 s) to allow for low amounts of crystallinity.
Utilizing the crystallization kinetis information from the IIC method described previously, it was
possible to determine theotneeded to crystalize PEKK 80/20 to a low degree of crystallinity
(<15%) at a given iJo. The sample was then quenched580 K/s to below the glto arrest any

further crystallization. The partially crystallized sample was then heated t6G4@0 various
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heating rates to determine the minimum rate needed to eliminate reorganization upon heating for

proper HW analysis (see below). For method 1, the peak melting temperature as a function of

heating rate was used to determine the Tor each Tso (discussed below). Thesdp values were

then plotted as a function ofsdJto determine the f°. For method 2, the peak melting temperature

(Tm,pead @s a function of ¥, for each heating rate was then plotted to determine {ieThe

melting peaks were deconvadat in OriginPro (OriginLab) to extract the peak melting

temperature.

Temperature

Ty
tn, = 95
400 °C A
Tm f
I
-500K/s I
I
I
__________ : 500K/s —
Tiep = 200(A,10) 310°C ;  20,000K/s
fieo = 15 — 90s (<15% X.) :
-500K/s !
T, I
I
I
100 °C
t=1s

Time

Figure 2-129 Time-temperature profile utilized on the FIaBBC for the HoffmanNeeks
analysis of PEKK 80/20.

2.4 Results and Discussion

2.4.1 NMR of PEKK 80/20 and 70/30
The comonomer content (i.e., T/l ratio) and linear topology of PEKK 70/30 and PEKK

80/20 were verified by NMR. Due to limited solubility of PEKK NMR characterization of

KEPSTAN® PEKK 7002 and KEPSTAN® PEKK 8001 have been reported. We recently

discovered dichloroacetic acid (DCA) to be a reasonable solvent for NMR analysis of BPAEKSs.
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The aromatic region of th#d NMR spectra, peak assignments, and integrationBEstK 70/30

and PEKK 80/20 are shown Figure 2-4. Both PEKK 70/30 and PEKK 80/20 exhibit proton
resonances at 7.4R22 (m), 7.687.72 (t), 7.967.94 (m), 8.048.06 (m), and 8.16 (s) ppm
associated with the aromatic protons of the terephthalic and isophthalic moieties. The T/I ratio can
be determined tlough comparison of the ratio of the integration of resonance peaks associated
with protons labeled 3 or 4, located on thapisthalic monomer unit, to proton 1, located on both

the isophthalic and terephthalic units in equal amounts (4 in each unit) for a total value of 4
regardless of the T/l ratio. For simplification, the following equation utilizes the integration of

protonl equal to 4.
When setting the integration value®f equal to 4, then:
w p , 0 [1]

Where, "Gy is the integration of the corresponding resonance pefigure 2-4, x is the fraction

of ATO nydsrthe fraetiore f A1 0 mox+qymke The nuanimedof Horotons will

not change due to thact both the T and | monomers contain 4gtbtons each and the value of

T+l will never changeTable 2-1 shows the range of calculated ratios of PEKK 70/30 and PEKK
80/20 when setting the integration value of proton 1 equal to 4 and utilizing the resultant integration

values of protons 3 or 4.
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Figure 2-4. Aromatic region of théH NMR spectrum of a) PEKK 70/30 and b) PEKK 80/20.
Spectra are referenced to CRCIhe asterisk (*) refers to reference solvent resonance.

The T/I ratios foPEKK 70/30 and PEKK 80/2@ere calculated according to equation 1

utilizing the integration values shown kigure 2-4 and found to range between 70.5/29.5 to

71.0/29.0 and 80.0/20.0 to 78.5/21.5, respectivEh.e s e val ues thus verify

reported T/I ratios for thEEPSTAN® PEKK 7002 (T/I =

70/30) and KEPSTAN® PEKK 8001

(T/I = 80/20)copolymers. Additionally, all resonance peaks in the aromatic region tf th&R

spectra are accounted for, and no additional peaks agbieathe downfield region which would

be associated with branchifigthus verifying a linear topology. Verifying the linear topology of

the polymer is important as the topology of a polymer greatly influences the resultant

crystallization kinetics.
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Table 2-18. Theoretical and calculated T/I ratios utilizing the integration values of protons 3 and
4 shown inFigure 2-4.

t Cal cul at e

Th r

o g

eo
at
T/

oo ®

i
| l 1l

70/ 30 70.5/71.0/
80/ 20 80.0/78.5/

Qualitative’>C NMR spectroscopy was also used to further verify the peak assignments of
PEKK 70/30 and PEKK 80/2@he!*C NMR spectra foPEKK 70/30 and PEKK 80/28re shown
in Figure 2-5. PEKK 70/30 and PEKK 80/2€xhibit distinct'*C resonances at 197, 160, 140, 137,
134, 133, 131, 130, 129, and 119 ppm associated witf@Gheesonance of the terephthalic and
isophthalic moieties. Peak correlations betweenHhand™*C spectra (i.e., 2D NMR) were probed
by a heteronuclear single quantum coherence (HSQC) correlation experiment to verify the peak

assignments (sdegure 2-S7).
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Figure 2-5. ¥*C NMR spectra of a) PEKK 70/30 and b) PEKK 80/20. Spectra are recorded in

DCA/CDClz at 25°C. Referenced to CD@ll

2.4.2 Isothermal Crystallization Kinetics of PEKK 80/20

The crystallization process for PEKK 80/20 is too fast to analyze by standard DSC but too

slow for direct isothermal analysis with Flash DSC. Consequently, the crystallization kinetics were

analyzed utilizing the previously described IIC method. This nuetititizes the melting enthalpy

upon heating after isothermal crystallization to calculate the degree of crystallinity instead of a

direct measure of heat flow during the isothermal crystallization préte¥sThe fractional

crystal l i ni t/30aqadunction bf tirkelatkhie deSighated crystallization temperature,

Tiso, was recorded and further discusseéigure 2-S8
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The crystallization halfime, t,2, of PEKK 80/20, or time when the fractional crystallinity
reaches 50% of total crystall i z aHlgure 2-88amidt ent (
plotted inFigure 2-6 as a function of the isothermal crystallization temperatuge, Tio confirm
accuracy of the [IC method, the-of PEKK 70/30 isothermally crystallized at 210, 230, 240, 250,

260 and 280C were also collected and compared to literdfuféigure 2-S9). For PEKK 80/20

the crystallization kinetics are fastest at 26Qt.2 = 12 secyue to the balance of nucleation and
diffusion-controlled crystallization with limits between thg and Tw°. Comparison of theip
performed in this work to the kinetics of PEKK 70/30 and 60/40 performed by Choupin et al.
follows the expected trend with a decreasasanhd increase in ideals§ (at minimum 12) with

an increase in T/l rationcreasing kinetics with an increase in terephthalate content is well
understood and explained by a decrease in isophthalate content corresponding to animcreas
pristine crystallizable terephthalate chain segments and the isophthalate monomers acting as
structural defects, resulting in slower crystallization kinetics and decreased crystalline phase

compactnes$.t’
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2.4.3 Equilibrium Melting Temperature Determination
Commonly referenced literature reports the equilibrium melting temperatwfe,of

PEKK 80/20 as 368C.* As previously discussed, the need to determine a more representative

equilibrium melting temperature for PEKK 80/20, with an updated methodology, is established as:

(1) the reported A° is for a lab grade material and not a commercially available material
(KEPSTAN® PEKK 8001), (2) a controlled quench rate for true isothermal crystallization was not
attainable with instrumentation available at that tiemed (3) the experimentally measured melting
behavior used to create the HoffmAfeeks plot was not free from crystal reorganization and
thickening during annealing, which is known to lead to an inaccurate valu€ (feEFigures 2-

S10and2-S11).
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Another complication with the melting behavior of PEKK arises ftioenmultiple melting
peak behavior likely due to reorganization upon heating, as observed in the similar poly(aryl ether
ketone), PEEK? This reorganization upon heating will influence the peak melting temperature
and therefore lead to invalidwT analysis by linear HoffmakVeeks extrapolation utilizing the
peak melting temperatures. To identify if the multiple melting peak behavior is due to melt
reorganization upon heating, the melting behavior of PEKK 80/20 as a function of heating rate
was analzed. Utilizing the fractional crystallinity data iRigure 2-S8 PEKK 80/20 was
crystallized to low degrees of crystallinity (<15%) at speciiic and the melting behavior as a
function of heating rate was observed. As discussed previously, it is known that large amounts of
crystallinity lead to an improper extrapolation of the,Tas the peak melting temperature is known
to shift to higher melting temperatures with increased annealing time (i.e., attributed to lamellar
thickening at longeris).?® In Figure 2-S6 a clear example of the shifting of the peak melting
temperature is seen for PEKK 80/20 isothermally crystallized af@@0r variols amounts of
time is observed. This result suppdHs necessity for isothermally crystallizing to low degrees of

crystallinity (short ito) for proper ° analysis of PEKK 80/20.

Figure 2-7 shows the FSC heating curves of PEKK 80/20 isothermally crystallized to low
degrees of crystallization then heated from 500 K/s to 20,000 K/s. Multiple melting peak behavior
is observed for all isothermal temperatures when heated at lower heating eate4. $hifts to
higher temperature with increasing heating rate due to superheating. Superheating refers to the
phenomenon where the heating rate is faster than the kinetics of melting of the polymer crystals
and so the crystals appear to me# temperature above the sidependent melting temperatuife.

As shown inFigure 2-9a, Peak 2 shifts to slightly lower temperatures and then disappears above

a certain critical heating rate (i.e., 18,000 K/s). In addition, Peak 2 disappears at a lower heating
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rate as Eoisincreased to 268C and 300°C (Figures 2-9b and2-9c, respectively). These results
indicate that Peak 2 is due to the melting of reorganized crystals during heating as the
reorganization is suppressed within the tilngited conditions of the increased heating rate. The
suppression of reorganization withwler heating rates at higherosuggests formation of more
stable crystals with increasingsd This same behavior has been observed for several polymers

including PA 6°, iPP®, and PEEK?®,
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Figure 2-7. Melting thermograms of PEKK 80/28othermally crystallized to low degrees of
crystallinity at the indicated isothermal temperature and heated at the specified heating rate to
observe suppression of melt reorganization. All thermograms were temperature corrected at each
heating rate usingn indium standard. Arrows indicate the shifting of peaks 1 and 2 with increasing
heating rate.

The sample masses utilized in this study are sufficiently small (418ghg) and thus the

broadening and shifting of the melting peak to higher temperatures is not expected to be attributed
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to thermal lag: 1 4®*? To quantitatively demonstrate that the shifting and broadening of Peak 1
with increased heating rate is not due to thermal lag but due to superheating only, the heating rate
dependence of the melting temperature of the superheated polymer crystals araalybed

utilizing equation 3, developed by Schawe et al. and simplified by Tod4%t al.
Y Y o 0 a ™ [3]

In this analysis # peaxiS the peak melting temperaturegdis the zereentropyproduction
temperature, A is a constant, b is the heati ng
regarding melting kinetics. Zesmntropyproduction (ZEP) refers to melting of a metastable
crystal of a distinct thicknes# its stability limit,i.e., without reorganization or superheatig?®
A value of z 0.5 indicates no thermal lag effects and z > 0.5 indicates reorganization,
recrystallization, and thermal lag effects cannot be ruled out. As discussed in detail by Toda et al.,
the exponent z is related to the characteristic melt time of a crystalbie hgating, which
describes the transient nature of the melting kinetics. The characteristic melt time represents the
mean residence time in the state of superheating and influences the degree of shift of the peak
melting temperature due to superheatigvalue of z 0.5 indicates that the interfacial free
energy is low indicating no nucleation upon heating is occurring (i.e., the observed melting point
is not affected by reorganization attributed to nucleation at the crystainterfacef! Figure 2-

8 shows that the relationship betweenpdas@a Nd heat i ng r afferPeaklavheres t 0 ¢
the z values corresponding to the best linear fits to equation 3 for each temperature are shown.
With z values 0.5 and a sufficiently small sample sizéhas been demonstrated that thermal lag

is not affecting the peak melting temperature over the range of heating rates expl¥éd.
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After establishing that theeak melting temperature is not influenced by thermalthesy,

Tzepis obtained as the-iptercept from the linear extrapolation of the plot efpdakv € r Sto a

b

heating rate of zeroF{gure 2-8). Over the range of experimental isothermal crystallization

temperatures, thezgp is found to increase linearly with increasing, Ti.e., a HoffmarWeeks

plot, Figure 2-9).2%%° The equilibrium melting temperatur@,’, is then obtained from the

interception of the linear extramaion of the Tep to the T=T. line. 2* 2628 Using this analysis,

the Tm° for PEKK 80/20 is determined to be 382. It is important to note that this value of°T

is 14°C higher than the previously reported literature value o868
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Figure 2-8. Tzepanalysis of PEKK 80/20 utilizing equation 3. Dashed lines indicate best linear
fit and extrapolated to a heating rate of zero to indicate i#ev&lue for each ifo. The best fit
values of the power z for each isothermal crystallization temperature are shown.
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Figure 2-9. Tzepversus Tso HoffmanWeeks extrapolation tomETc. Inset highlights the point of
intersection and extrapolation ta(red line).

The extrapolated -° over a range of heating rates was also explored by linear Hoffman
Weeks analysis of nlpeak Versus Jsoto compare to the value obtained by therlversus To
extrapolationFigure 2-10 shows the HoffmaiWeeks plot of peak melting temperatures pdax
versus o over a range of increasing heating rates. With increasing heating rate, the slope of the
HoffmanWeeks plots decreases. As discussed previously, this behavior is explained by more
stable crystals forming at higher isothermal crystallizatiomperatures, thus reducing the ability
to reorganize, resulting in lower heating rates required to suppress reorganization. For each heating
rate, the |° is extrapolated from the interception of the linear extrapolation of the peak melting
temperatures to thenETc line. With increasing heating rate, the extrapolated intersection with
Tm=T¢ line decreases due to the inhibition of reorganization of crystallites. At sufficiently fast
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heating rates (to prevent reorganization or thickening of crystallites), the extrapolated plots
converge to a relatively constant value @f ¥ 388°C. Through this analysis, it is now clear that

a heating rate of 18,000 K/s is sufficiently fast enough to arrest alremetianization. Therefore,

in the absence of meleorganization or crystal thickening, the.°Tof PEKK 80/20 by this
traditional HoffmarWeeks extrapolation is noted to beé’® higher than the ZEp versus To
determined value of 38ZC. Since the Ter method 1 considers only the equilibrium melting
phenomenon i.e., in the absence of heating rate dependencéCtivecfease in the extrapolated

Tm® value for method 2 is attributed to superheating.
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Figure 2-10. The HoffmanWeeks plot of PEKK 80/20. Increasing heating rates suppress
reorganization otrystallites and result in a lower equilibrium melting temperature. Peak melting
temperature was determined by deconvolution of melting peaks from indium corrected melting
profiles.
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2.5 Conclusions

Fast scanning calorimetry (FSC) is necessary to study the crystallization kinetics and
determine the J° of fast crystallizing PEKK 80/20. The linear topology and comonomer
composition are confirmed byH and**C NMR. The crystallization hatime of PEKK 80/20
exhibits parabolidike behavior with the most rapid crystallization{t 12 sec) occurring at 260
°C. Furthermore, thorough analysis of the origins of the multiple melting peak behavior of PEKK
80/20 demonstrated that the multiple melting peaksdue to melteorganization upon heating at
insufficient rates and not due to a bimodal distribution of crystal sizes with district melting
temperatures. Over a wide range of experimental isothermal crystallization temperatures; the zero
entropyproducton temperature, ZEp, was found to increase linearly with increasing, Tand
extrapolation to the =T¢ line yielded an accurate determination of°E 382 °C for the
commercially availabl&KEPSTAN PEKK 8001 (T/I = 80/20)This refined equilibrium meltig
temperature for PEKK 80/20 is significantly gredtean the widely cited value obtained from an
experimental grade of PEKK using conventional DSC. As a further comparison, a conventional
HoffmanWeeks analysis was performed with FSC at heating rates sufficient to arrest melt
reorganization (i.e., heatingtes greater than 18,000 K/s). This analym#led a T° value that
was just 6°C higher than the zEr method. While both FSC methods showed reasonably good
agreement, the somewhat highaf Value from the conventional Hoffmaieeks extrapolation

was aftributed to unavoidable effects of superheating at fast scan rates.
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2.7 Supporting Information
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Figure 2-S1.TGA scan of PEKK 80/20. The temperature at which 5% of PEKK has degraded was
determined to be 60. Ramp rate of 28C/min was utilized. Nitrogen atmosphere.

To ensure complete suppression of crystallization upon cooling, quench rate versus the
observed melting upon heating experiments were performed. Théetinpeerature profile for the
determination of the quench rate for PEKK 80/20 is showkiigare 2-S2 To determine the rate
at which no crystallization occurs upon cooling to a desired temperature af)dEKK 80/20
was melted and cooled at various cooling rates to a temperature ajifoveb$erve changes in
heat flow associated with crystallizatiofigure 2-S3 shows the thermograms of PEKK 80/20
cooled from the melt at the indicated cooling rate. A change in baseline is observed at 5 K/s
associated with crystallization. From this, it was determined that crystallization occurs when

cooling from the melt at a mabf 5 K/s and for isothermal analysis, cooling rates greater than 5K/s
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must be utilized. It was determined that 500 K/s is sufficient to prevent any crystallization upon

cooling from the melt and was chosen as the quench rate for all experiments.

Temperature

T4
tn =55
400°C A
Tm \\
A Y
Cooling Rate *,
5KI/s to 4000K/s
\ Heating rate
N 500K/s
A"
190°C ~
T, Cooling rate ‘.
-5000K/s
100 °C
t.=1s
Time

Figure 2-S2. Time-temperature profiles for the Flash DSC used to determine the quench rate
required to prevent any crystallization upon cooling to the desired isothermal crystallization

temperature.
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Figure 2-S3.The melting Flash DS@ermogram of PEKK 80/20 after cooling at various cooling
rates (5 K/s to 4000 K/s). Continuous nitrogen atmosphere (60 mL/min).

Figure 2-S4shows the tim@emperature profile used to determine the time required in the
melt to completely remove all thermal history of the sample. To ensure complete melting of all
crystallites before quenching to isothermal crystallization temperature, arrmsallyecrystallized
sample of PEKK 80/20 was held in the melt for various times, quickly quenched to hglamdT
ramped at 500 K/s to observe any endothermic change in baseline, associated with melting of
crystals that persisted during the iebld. The thermograms from the melt time experiments are
shown inFigure 2-S5 The melting of a samples isothermally crystallized for 30 s at°@50

followed by the temperature ramp of the sample after being held in the melt for various times
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ranging from 10 s to 0.1 s. It was observed that 0.1 s is enough time in the melt to completely
remove all thermal history of the sample. This is explained by the sample size being significantly
small (4 ng 13 ng) that a minimal amount of time is neettethelt any crystallites and remaining

nuclei.

All ramp rates = 500K/s

t,=10sto 0.1s

250°C

Temperature

t.=1s t.= 1s

Time

Figure 2-S4.Time-temperature profiles for the Flash DSC used to determine the time required in
the melt to completely remove all thermal history.
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Figure 2-S5.The melting Flash DSC thermogram of PEKK 80/20 after isothermally crystallizing
at 250°C, ramping to observe crystallinity, holding in the melt for various amounts of time and
observing the removal of all crystallinity. Hold times vary from 10 s to 0.1 s. Continuous nitrogen
atmosphere (60 mL/min).
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Figure 2-S6. The melting Flash DSC thermogram of PEKK 80/20 after annealing &t @dY
increasing amounts of time. Continuous nitrogen atmosphere (60 mL/min). Peak area (i.e., degree
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of crystallinity) and peak melting temperature increase with increasing isothermal crystallization
time.

To further verify the'H and*3C assignments, peak correlations The quaternary carbon and
aromatic proton regions of the 2D spectraR&KK 70/30 and PEKK 80/28re shown irFigure
S7. For bothPEKK 70/30 and PEKK 80/2the location and 2D correlations of the protons and
carbons are identical, as expected. The quaternary carbon (C1) resonance at 118 ppm is correlated
to the H1 protons identified as the protons directly adjacent to the ether bond. The carbon
resonances a higher frequency of 130141 ppmare correlated to the H2H5 protons which
are identified as being on the isophthalate monomer and the protons directly adjacent to the

carbonyl bond.
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Figure 2-S7. HSQC spectra for a) PEKK 70/30 and b) PEKK 80/20. Spectra are recorded in
DCA/CDClzat 2%C. Referenced to CD&IThe asterisk (*)efers to reference solvent resonance.
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The crystallization profile sigmoidal shape is consistent at eggbut occurs at longer
times from (a) 260C to 200°C and (b) 260C to 310°C which represents the diffusion controlled
and nucleation controlled regimes, respectively. The Avrami fit of the fractional crystallinity data
for Tiso Of 260°C and 310C are shown irrigure 2-S8h. It is evident the fractional crystallinity
curvesdo not follow traditional Avrami fit due to the disagreement of the Avrami fit to the data at
long times. This isattributed to the growth of a secondary crystallization process within the
primary crystallization with slower crystallization kinetitt$® Efforts to model the crystallization
of PEKK 60/437 and 70/36" have been made utilizing a modified Avrami fit taking into account
secondary crystallization. Due to the scope of this paper, further Avrami analysis was not
performed but the need for modified Avrami fit is acknowledged. The reader is referred tava revie
of isothermal crystallization modeling of PEK#iscussed by Perddartin et al?* for further

information.

a)

1.0 A .y =
o
~ 0.8+
> —=—200°C
% ~e 210°C
® 06 - —Aa— 220°C
S v 230°C
T 240°C
S 04 o
2 250°C
© 260°C
LL

0.2

0.0 ¢+ T LAk B ] B R L |

01 1 10 100 1000 10000

Isothermal Crystallization Time (s)

78



b)

1.0 +

g 0.8

>

£ —»—260°C

7 06- —e—270°C

S - 280°C

E —+—290°C

S %47 —o300°C

® ———310°C

" 0o —— Avrami Fit - 260°C

—>— Avrami Fit - 310°C

0.0

0.1 1 10 100 1000 10000

Isothermal Crystallization Time (s)

Figure 2-S8 Fractional crystallinity versus Logg) for PEKK 80/20 isothermally crystallized at

a range of times at temperatures between 200 t6@G1U0he diffusioncontrolled regime (a) for
PEKK 80/20 occurs at crystallization temperatures below approximately°@6Gnd the
nucleationcontrolled regime (b) for PEKK 80/20 occurs at crystallization temperatures above
approximately 26(°C. The optimal temperature for a maximum crystallization rate occurs at
approximately 260C for PEKK 80/20.
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Figure 2-S9. The crystallization time versussdfor PEKK 70/30 referenced in literature (blue,
half filled) and collected for this work (black, filled) by the IIC method. The crystallization half

time (0=0.5) collected for this wortlofl iled . 8i t
and u=0.8 for the same grade of PEKK 70/ 30.

Gardner et dldetermined the #° for a PEKK 80/20 sample utilizing a 30 minute annealing
step for their sample. It is known that melting peak temperatures for PEKK shift with annealing
time 2° To demonstrate the importance of determining ffom nonannealed sampleBigure 2-
S10shows the HoffmaiWeeks plot for PEKK 80/20 at maximum annealing time (time to reach
fractional crystallinity of 100%). There is a clear shift in the peak melting temperature when
comparing norannealed to annealed scans at #raestemperature. The deviation from linearity
when plotting Peak 2 melting temperature occurs at a higher temperature for fully annealed
samples. The ° of PEKK 80/20 crystallized to 100% crystallinity under isothermal conditions
was determined to be 428, 26°C higher than the experimentally determined value of°838

and 45°C higher than the previously reported value of 368
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Figure 2-S10.The HoffmanWeeks plot comparing partially crystallized (<15%, red diamonds)
to maximum fractional crystallized (100%, blue squares)P&KK 80/20 samples. The
extrapolated #° for partially crystallized PEKK is significantly lower than that of the fully
crystallized PEKK samples, indicating the importance of determiniigrdm samples of low
degree of crystallinity. Heating rates of 500 K/s under nitrogen atmosphere (60 mL/min).
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Figure 2-S11.The melting thermograms (500 K/s, nitrogen) of PEKK 80/20 after annealing at
various temperatures for maximum time to reach 100% fractional crystallinity. Multiple melting
peak behavior is no longer observed fgs greater than 26@C. HoffmanWeeks analysis utilizing

this data is shown iRigure 2-S1Q



2.8 Appendix A. Insights and Failures

Originally, the slope of thezEp vs Tiso HoffmanWeeksplot for PEKK was equal to 1, i.e.,
there was nearossover with the = T¢ line and an equilibrium melting temperature could not be
determined. This was becaugesingle z value was used represent the best fit for all of the
isothermal crystallization temperatures used. However, upon reevaluatias, determined #t
the representative z value thadsused inthe original analysis did not correspond to a best fit
value for each ifo. Thus, he revised analysis ofithdata now follows the detailed approach used
by Toda, where specific best fit alues for each individualish are used. With this refined
analysis, the conflict is resolved, as showifrigures 28 and2-9, the appropriate and expected
crossover of the zEp vs Tiso plot with the T, = Tc line occurs with a reasonably good agreement

with our HoffmanWeeks extrapolatiom Figure 2-10.
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3.1 Abstract

In this work, the pospolymerization bromination of poly(ether ketone ketone)
(KEPSTAN 8001, T/I = 80/20) witiN-bromosuccinimide is reported for the first time. Two
microstructures are synthesizéda random microstructure through functionalization in the
homogeneous solution state and a blocky microstructure through functionalization in the
heterogeneous gel stateoly(ether ketone ketone) (PEKK) is gelled by thermally induced phase
separation from a newly discovered benign solvent, diphenyl ac@toaeesultant gel exhibits a
nanoscale fibrillanetwork morphology with porosity and surface area805% 3 and 152
12 n¥/g, respectivelyDegrees of bromination between 1182 mol% were obtained for both the
random and blocky brominated PEKK and verified by NMR. At similar degrees of bromination,
blocky brominated PEKK exhibited increased glass transition temperatures, greater

crystallizability, higher melting temperatures and faster crystallization kinetics as compared to the
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randomly brominated analogs. The crystallization kinetics were analyzed over a range of
isothermal crystallization temperatures (200 290 °C) utilizing fast scanning calorimetry. For

the random microstructure, the isothermal crystallization temperature resulting in the fastest
crystallization kinetics decreased to lower temperatures with increasing mol% bromination,
attributed to a comonomeonfinement effect. In contrast, the temperature of fastest crystallization
for the blocky microstructures remairelatively constant with increasing mol% bromination and
similar to that of pure, unfunctionalized PEKK. This behavior was attributed to the longer runs of
pristine PEKK units between brominated monomers compared to the random analogs, resulting in
a naligible confinement effect. SAXS/WAXS analysis shows that the electron density of the
amorphous phase is affected by the copolymer microstructure. It is shown that blocky
functionalization of PEKK in the gel state preserves crystallizability and higingvedimperatures

with minor decreases in crystallization rates. This finding further demonstrates blocky
functionalization in the gel state is a facile way to effectively block up functionality, while

preserving long runs of crystallizable segments albeghains.

3.2 Introduction

Poly(ether ketone ketone) (PEKK) is an aromatic {pghformance thermoplastwidely
used in industrial sectors including aerospace, automotive, and oil and gas industries due to its
excellent mechanical performance and chemical resistance prop@fiekK is a linear semi
crystalline thermoplastic gaining increased interest in these sectors due to excellent properties
including high impact strength, chemical resistance, high glass transition temperature and melting
temperatures, low flammability andap processibility’: >® While generally referred to as PEKK,

commonly utilized grades of PEKK (KEPSTAN 8000, 7000, 6000) are copolymers of
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terephthal ate and i sophthal ate uni Figuread).d comm

The PEKK copolymer is of particular interest in industry due to the ability to tune the melting and
glass transition temperature by tuning the ratio of terephthalate to isophthalate moieties when
synthesized.It is well understood that the isophthalate moieties act as defects within the crystal
structure, with increasing isophthalate content leading to an increase in chain mobility and

reduction in the glassansition (), melting temperature JJ, and crystallization rate's!

0.0 000, 0y

Figure 3-130. The molecular structure of poly(ether ketone ketone) copolymer repeat unit
comprising of terephthalic, "T" and isophthalic, "I" monomers. X=80 and Y=20 for PEKK 80/20.

In addition to the property control imparted by the T/I ratio, it may be advantageous to
chemically modify the structure of PEKK by pgmilymerization functionalization to further tune
Tg, Tm, crystallization kinetics, chemical compatibility, solubility, and other physical and chemical
properties. However, due to limited solubility of PEKK in solvents conventionally used for
functionalization chemistry, it is not surprising that little att@mthas been given to the post
polymerization modification of PEK and subsequent analysis of the effect of functionality on
thermophysical properties. Functionalization chemistries that have been explored are generally
limited to reactions that facilitate dissolution by chemically modifying the polymer backbone (e.g.,
sulfonation for membrane applicatiéi§ biocompatibility* and improved mechanical
propertie$? as well as reversible dithiolatibtto improve solubility for fiber fabricationiClearly,
new solvents for PEKK must be explored to realize the potesdiantages of functionalized

PEKK.
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Due to the high melting temperature of PEKI, € 300°C to 360" C, depending on T/1),
high boiling point solvents must be used in order to break down thecsgstalline structure of
PEKK during dissolutionTo date, solvents reported for PEKK includéchloroacetic acid
(DCA),** 4-phenylphenot>” and Sfluorenone!’ These solvents require dissolution temperatures
ranging from 180°C for DCA to over 23G°C for 4phenylphenol and-8uorenone While these
solvents are all generally hazardous, they do provide some valuable attffoutegample, we
have found that DCA is an ideal solvent for quantitative NMR analysis of pure PAWéteover,
solutions of PEKK in ghenylphenol and-fluorenone have been shown to form semyistalline
foams or gelsipon cooling via a thermaHinduced phase separation (TIPS) pro¢é3siese semi
crystalline gels are defined as substantially dilute continuous polymer networks that exhibit solid
like behavior while physically retaining liquids within the amorphous domains of the 3D
macromolecular framewotk These attributes are particularly relevant to our current approach to
synthesize and characterize blocky, semicrystalline copolymers formed bgobhoserization

functionalization in the heterogeneous gel st&té.

Halogenation is a particularly useful functionalization of poly(aryl ether ketones) that
provides a synthetic pathway for further functionalization and structure modifications including
nitration, amination, oxidation, and a variety of other coupling i@astUsing our new solvents
for PEKK (i.e., DCA and DPA), we are now able to synthesize random and blocky brominated

PEKK with accurate characterization of the degree of bromination by NMR.

In this work, we demonstrate for the first time the efficient ypmdymerization
bromination of PEKK by two methods (1) halogenation performed in the heterogeneous gel state
to create blocky microstructures, and (2) halogenation in the homogeneousissiltedo create

random copolymerd.he purpose of this work is to quantitatively compare matched sets of blocky
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and random brominated PEKK to assess the influence of microstructure on a range of thermal
properties including: the glass transition temperature, melting behavior, crystallinity, and
crystallization kinetics. Additionally, a novel NMR technique to anafyretionalized PEKK is
presented due to the discovery of a solvent that allows for room temperature NMR analysis.
Finally, in depth analysis of the crystallization kinetics of the BrPEKK copolymers is probed by

fast scanning calorimetry (FSC) over a widage of crystallization temperatures.

3.3 Experimental

3.3.1 Materials

Poly(ether ketone ketone) pellets, KEPSTAN® 8001 (vendor reported T/l = 83420, T
358°C, Ty = 165°C, MFR at 380C/5 kg = 15 cr@10 min) were obtained from Arkema and
referenced hereon as PEKK. Pellets were washed with acetone and deionized water and dried at
80°C in a vacuum oven for 8 hours prior to use. Dichloroacetic acid (DCA) and dichloromethane
(DCM) were purchased from Sigr#ddrich and used as receiveld-bromosuccinimide (NBS)
was purchased from Sigra#ddrich and purified by recrystallizatioin water before use. Diphenyl

acetone (DPA) was purchased from Oakwood Chemical and used as received.

3.3.2 Random Bromination of PEKK

To synthesize randomly brominated PEKK (rBrPEKK), PEKK (2.0 g) was dissolved in
DCA (20 mL) at 185C under constant argon purge. Once fully dissolved, the temperature of the
homogeneous solution was lowered toB@nd equilibrated for a minimum of 1 hour. A solution
of N-bromosuccinimide (NBS) was prepared by dissolving in 5 mL of DCA at room temperature.
The degree of substitution was controlled by controlling the molar ratio of NBS to PEKK repeat

units. The DCA/NBS solution was introduced to the homiogous PEKK solution dropwise with
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vigorous stirring. The reaction proceeded for a minimum of 24 hours under constant argon purge
at 80°C. The reaction was terminated by precipitating into methanol. The white precipitate was

washed repeatedly with water and then washed with methanol by Soxhlet extraction for a
minimum of 24 hours. The product was dried at®0n a vacuum oven for a minimum of 12

hours before analysis.

3.3.3 Blocky Bromination of PEKK

To synthesize blocky brominated PEKK (bBrPEKK), a PEKK gel was prepared prior to
brominating. To form the PEKK gel, PEKK (2 g) was dissolved in diphenyl acetone (DPA) at 320
°C under constant argon purge to a concentration of 15 wivié.homogeneous solution was
allowed to cool to room temperature. WithirB Iminutes, the solution formed an opaque solid
indicating the formation of a serarystalline polymer gel. The gel was equilibrated at room
temperature for 24 hours and then manubibken into smal(~ 1-2 mm) pieces and transferred
to Soxhlet to solvent exchange the DPA with ethanol. After washing with ethanol by Soxhlet
extraction for a minimum of 48 hours, the gel was then solvent exchanged to DCM by Soxhlet
extraction for a minimum of 24 hour§he DCM swollen gels were then suspended in 95/5
DCA/DCM at 80°C under reflux and constant argon purfjee addition of the nonsolvent DCM
ensured that the PEKK gel did not dissolve during the bromination prokessution of N-
bromosuccinimide (NBS) was prepared by dissolving in 5 mL of DCA at room temperature. The
degree of substitution was controlled by controlling the molar ratio of NBS to PEKK repeat unit.
The DCA/NBS solution was introduced to the gel suspension droputls&igorous stirring. The
reaction was allowed to proceed for a minimum of 24 hours under constant argon purg@. at 80

The reaction was terminated by precipitating into methanol. The brominated gel pieces were then
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washed repeatedly with water and washed with methanol by Soxhlet extraction for a minimum of

24 hours. The product was dried at'80n a vacuum oven for a minimum of 12 hours.

3.3.4 NMR Spectroscopy

The degrees of bromination of rBrPEKK and bBrPEKK were determinetHo)MR
spectroscopy at room temperature using a unique solvent $§stemprised of DCA and
deuterated chloroform (CDg}lwith 0.05% v/v TMS on a Bruker Avance 400 MHz spectrometer.
Spectra were collected as the average of 128 scans with a relaxation delay of 10 seconds. The
samples were dissolved in DCA at elevated temperature to a concentration of 10% w/v. Once
dissolvedthe solution was cooled to room temperature and diluted withl &G 0.05% v/v
TMS to a concentration of 5% w/The *H NMR splitting patterns are designated as follows: s
(singlet), d (doublet), and m (multiplet). Qualitatt# NMR spectra were measured using a
Bruker Avance 500 MHz spectrometer. The samples were prepared following the same procedure
as described above to a final concentration of 10% w/v. Spectra were collected as the average of
256 scans with relaxation delaf2 seconds. 2D heteronuclear correlation spectroscopy (HSQC)
was collected on an Agie U4DD2 400 MHz spectrometer. The samples were prepared

following the procedure described above.

3.3.5 Scanning Electron Microscopy

The internal surface morphology of PEKK aerogels formed from DPA solutions were
characterized using a LEO (Zeiss) 1550 scanning electron microscope (SEM) with an accelerating
voltage of 10 kV. The gel samples were solvent exchanged from DPA to ethamoétfranol to
water, frozen for a minimum of 12 hours, and lyophilized for 24 hours to produce a PEKK aerogel.
The aerogel was freedeactured utilizing liquid nitrogen and coated with iridium (5 nm) prior to

SEM imaging.
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3.3.6 Surface Area Analysis

The surface areas of the PEKK aerogefe characterized using a Micrometrics 3 Flex
Adsorption Analyzer (Micromeritics Instrument Corporation, USA) using nitrogen adsorption.
The solvent extracted aerogel sample was prepared following the same procedure described for
SEM analysis. The surface arevas determined utilizing the BrunauEémmeti Teller (BET)

method?®.

3.3.7 Porosity Analysis

The porosity of the PEKK aerogel was calculated according to ASTM B86226ing an
AccuPyc 1340 helium pycnometer (Micromeritics Instrument Corporation, USA) with &1 cm
insert and a helium equilibration rate of 0.05 psig/min. The solvent extracted aerogel sample was
prepared following the same procedure described for SEM analysis. The potositya$

calculated as:

zpmmb [1]
Wherew is the volume of aerogel amadlis the skeletal volume, defined as:

w - [2]
Whered is the mass of aerogel ahdis the skeletal density, reported from the pycnometer.

3.3.8 Thermogravimetric Analysis
A TA Instruments TGA Q550 thermogravimetric analyzer was used to determine the
thermal stability of PEKK and BrPEKK copolymers. Samples were prepared by vacuum drying

overnight at 80C. All analyses were performed with a ramp rate of @@nin in a nitrogen
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atmosphere. The temperature at which the weight loss of the samples reached 586/ wad

determined using Trios software (TA Instruments).

3.3.9 Differential Scanning Calorimetry

A TA instruments Q2000 differential scanning calorimé€®@8C) was used to probe the
thermal transitions, degree of crystallinity, and crystallizability of PEKK and BrPEKK
copolymers. Samples @8 mg) were heated from 3Q to 400°C at 10°C/min in nitrogen and
isothermally held at 40 for 3 minutes to remove all thermal history. Samples were then cooled
from 400°C to 30°C at 10°'C/min to observe changes in heat flow associated with crystallization
upon cooling. Samples were then reheated to @@@ 10°C/min to observe changes in heat flow
associated with the crystallization and melting of crystals which crystallized upon cooling from
the melt or cold crystallization upon heating. The glass transition temperatures were determined
from fully amorphous PEK and BrPEKK copolymer sampleSamples were prepared by melt
pressing at 400C for 3 minutes to remove thermal history before immediately quenching in ice
water to obtain amorphous samples. Samples were dried & 08 vacuum oven for a mmum
of 12 hours before analyzing thg ffom first heat by standard DSC at ‘Tmin in nitrogen. The
glass transition temperaturegf;Tcrystallization temperature {T cold crystallization temperature

(Tee) and melting temperature 4 were analyzed using Trios software (TA Instruments).

The crystallization kinetics of rBrPEKK40 were analyzed by standard differential scanning
calorimetry. Isothermal crystallization experiments were performed by heating rBrPEKK40
samples at 18C/min to 400°C, isothermally holding for 3 minutes, rapid cooling (1G0min) to
the desired J(210°'C-280°C, @), iBothermally holding at the desiregfdr 30- 120 minutes,

rapid cooling (106C/min) to 30°C, and finally heating to 40@ at 10°C/min.
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3.3.10 Fast Scanning Chip Calorimetry

A Mettler Toledo Flash DSC 1 with a Huber intra cooler TC100 was employed to analyze
the crystallization kinetics of the synthesized BrPEKK copolymers. The crystallization kinetics of
PEKK were previously determin&dutilizing the same procedure described here. Prior to
evaluation, the chip sensors were individually conditioned, and temperature corrected utilizing
Mettler Toledo supplied calibration data and following Mettler Toledo instrument specifications.
The temprature was experimentally calibrated by an indium standard. The onset of indium
melting versus heating rate was used to determine the corrected horizontal shift of the experimental
melting profiles. All experiments were conducted in an thigh purity N> gas environment with
a flow rate of 60 mL/min to limit oxidation and moisture in the sample chamber. Homogeneous
samples were prepared by dissolving 2 mg of PEKK or BrPEKK copolymer in DCA and
precipitating into methanol, washing excessively with waaad drying at 86C under vacuum
overnight. Thin (2 em thickness) samples were
BrPEKK copolymers and laterally cut to size by scalpel under a microscope. A thin layer of
Wacker AK 60000 silicone oil was sgad on the sensor prior to sample placement to improve
thermal contact and allow for removal of the sample after testing. All samples wenelped at
5 K/s to 400C for 1 s to establish good thermal contact. The sample mass was estimated from the
change in heat capacity at the glass transition temperature from an amorphous sample with all
sampl es measurie8d eclget vEexeprerl meqt s wer e repeat ec

multiple chip sensors to ensure reproducibility.

Our previous work demonstrated that the critical cooling rate needed to prevent
crystallization upon cooling from the melt for PEKK 80/20 is 10'K/€o0ling rates of 500 K/s

were utilized for all experiments. Previous work also determined the time in the melt to completely
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remove thermal history for PEKK. The minimum time required to remove thermal history at 400

‘Cis 0.1 s for PEKK*. Thus, a reasonable melt time of 1 s was utilized for all experiments.

The crystallization kinetics for rBrPEKK32, bBrPEKK31, bBrPEKK40, rBrPEKK52 and
bBrPEKK52 were analyzed utilizing an interrupted isothermal crystallization (IIC) méthét!.
25 The time temperature profile for the IIC method is showifFigure 3-2. Select isothermal
crystallization temperatures i{J) between 200C to 310°C were analyzed by this method. After
removing the thermal history at 400 for a minimum 1 s, the sample was quenched at 500 K/s to
the respective ido and held for varying amountsf time (0.1 si 12,000 s). The sample was
guenched a500 K/s to below theglto arrest any further crystallization. The partially crystallized
sample was then heated to 4Q0at a heating rate of 500 K/s to measure degree of crystallinity as
observed by the integration of the melting endotherm upon heating. The maximum isothermal
crystallization time ($,) was determined when the melting enthalpy remained at a constant value
with increasingito. The maximum isothermal crystallization time was dependanTso. The
observed melting enthalpy versus tvas used to calculate fractional crystallinity and the

crystallization haltime (t2) over a range of isothermal crystallization temperatures.
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Figure 3-131 The timetemperature profile for the Flash DSC interrupted isothermal
crystallization (1IC) method used to determine theadf BrPEKK copolymers at a range ofol

3.3.11 SAXS/MAXS/WAXD of PEKK and BrPEKK Copolymers

Samples for small, mid, and widengle Xray scattering/diffraction (SAXS, MAXS,
WAXS/D) analysis were prepared as follows. The PEKK, rBrPEKK, and bBrPEKK copolymer
samples were prepared utilizing a DSC. Samples were loaded into a DSC pan, heaté@ tat 400
10 °C/min in nitrogen and isothermally held at 4@0for 3 minutes to remove all thermal history.
Samples were then rapidly cooled at 100min to 280°C and held for 30 minutes to allow for
crystallization to occur. After 30 minutes, the sampleseweooled at 10C/min to room
temperature. The samples were then removed from the pan and utlized for

SAXS/MAXS/WAXS/D analysis.

The SAXS, MAXS, WAXS/D experiments were performed on the solid samples using a
Xenocs Xeuss 3.0 SAXS/WAXS system equipped with a GeniX 3D Cu HFVLF microfocus X
ray source utilizing CukKJ r adi ati on ( & = -todetdctorddistance)was 900h e s a
mm for SAXS, 370 mm for MAXS, and 43 mm for WAXD. Thergnge was calibrated using a

silver behenate standard for SAXS and MAXS, and a lanthanum hexaboride standard for WAXD.
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The exposure times were 2 h, 1 h, and 30 min for SAXS, MAXS, and WAXD, respectively. The

two dimensional scattering patterns were collected using a Dectris EIGER 4M detector in an
evacuated chamber and reduced using the XSACT software to obtain azimurteghated
intensity versus scattering vector g profiles
angl e an drayaavelengtht The dafd were normalized for background, thickness, and
absolute intensity, and the SAXS/MAXS/WAXD prie were merged into a single dataset for

visualization purposes.

3.4 Results and Discussion

3.4.1 Preparation and Characterization of PEKK Gel for Blocky Functionalization Template

In our previous work, semicrystalline gels from syndiotactic polystyrene {sBS)
poly(ether ether ketone) (PEERY" ?2have been demonstrated to act as effective templates for
blocky functionalization, where the polymer chains are organized into a network of tightly packed
chain segments in lamellar crystallites and solvent swollen amorphous chains. The tightly packed
crystallites sterically exclude the functionalization reagent thus the functionalization reagent reacts
only with monomer units thare accessible in the solveswollen amorphous component. The
resultant copolymer consists of randomly functionalized blocks and unfunctionalized blocks. The
unfunctionalized blocks originate from the monomer units that were isolated within the crgstallin
domains of the gel, thus crystallizability is retained. The schematdgure 3-S1 details the
gelation procedure. In this work, PEKK was gelled from a newly discovered, benign gelation
solvent, DPA. The microstructure of the 15 wt% PEKK/DPA gel collected by SEM is shown in
Figure 3-3. The microstructure shows a porous gel with a highly interconnected fibrillar

morphology. The crystalline domains and amorphous domains exist within the polymer phase
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consisting of the interconnected axialitic struts. The surface area determined by nitrogen
adsorption is 152 +/12 ntf/g, indicating high amounts of surface area available for
functionalization. The porosity ( of the PEKK/DPA aerogel was calculated utilizing equations

1 and 2 as 83.4% -HD.4, a value that is higher than previously repoitgt- 81%):’ PEKK gels

with similar nanoscale morphologies but from different gelation solvents with different wt% and
higher densitiesAdditionally, the porosity waalso calculated utilizing the degree of crystallinity

and the following relationship:

zpmmp [3]

Where” is the aerogel bulk density (0.194 gRyrand” is the skeletal density, defined as:

" [4]

Where” is the density of crystalline PEKK (1.39 g/, ” is the density of amorphous PEKK
(1.25 g/cm)?®, and® (53%, see below) is the degree of crystallinity determined from the first
heat DSC of the aerogel. Porosity was calculated to be 85:536Fture work will focus on the

difference in blocky microstructure of bBrPEKK from different gelation solvents and conditions.
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Figure 3-132 SEM image of 1awt% PEKK aerogel gelled from DPA.

3.4.2 Bromination of PEKK

Semicrystalline polymer gels act as a template to produce blocky copolymers, as shown
in previous work®>22where the crystalline regions exclude the functionalization reagent and allow
for functionalization to the amorphous region only. It was discovered that PEKK gels from 1,3
diphenylacetone (DPA), a nonhazardous, food grade additesulting in a high porosity, high
surface area, nanoscale fibrillar morphology gel. The gel state functionalization process reported
here results in a blocky microstructure with runs of pristine crystallizable PEKK retained within

the crystalline domaingnd amorphous domainentaining the functionalized PEKK monomers.
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The preservation of the pristine crystalline domains allows for significant crystallization even at

high degrees of functionalization, similar to that demonstrated with sR& PEER®2C,

Random and blocky microstructures were synthesized by bromination of PEKK in the
random and gel state as shown in the reaction schefigure 3-4. The bromination of PEKK
utilized N-bromosuccinimide (NBS) dissolved in dichloroacetic acid. This reagent system is
discussed in detail in previous blocky functionalization wWoM/hen combined with strong acids
such as dichloroacetic acid, NBS is protonated, which promotes the release of a bromdfjum ion
thus becoming a strong brominating reagentThis bromonium ion is highly electrophilic,
facilitating efficient electrophilic aromatic substitution (EAS) reactions on the deactivated
aromatic rings of PEKK that are proximal to the ether linkage, thus dictating the regiochemistry
of the brominatiomeaction.There ae 4 available sites for the EAS reaction to occur on the PEKK
backbone, including the protons adjacent to the ether linkage in both the isophthalate and
terephthalate monomer, as showrrigure 3-4. Due to these multiple reaction sites available for
bromination, degrees of bromination greater than 100 mol% are possible. This allows for high
degrees of bromination while retaining blocks of unfunctionalized monomers in the gel state

bromination proces

Solutlon State Random Copolymer
Poly(ether ketone ketone) @
o] - o
@ m R R'=H or Br
(@) y ' Gel suspended in Crystalllzable
) ¥ DCA/DCM, NBS /@)\O
b 80 °C )lb}
Gel State Blocky Copolymer R R'=H or Br

Figure 3-133 Schematic demonstrating synthesis of A) random vs B) blocky brominated
microstructure of PEKK.
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3.4.3 Degree of Bromination Determined by NMR Spectroscopy

Due to the limited solubility of PEKK, comprehensive NMR characterization of PEKK and
functionalized PEKK has bedmited. However, we recently discovered that DCA is a good
solvent for NMR analysis of PAER%and previous work established th&H and**C resonances
for PEKK 80/20 and PEKK 70/30 from a solvent system of DCA and deuterated chloroform. The
aromatic region of théH NMR spectra, peak assignments, and integrations for PEKK are
summarized irFigure 3-S2 PEKK exhibits proton resonances at 7-1022 (m), 7.68 7.72 (t),
7.90- 7.94 (m), 8.04 8.06 (m), and 8.16 (s) ppm associated with the aromaticnzatbthe
terephthalic and isophthalic moieti€sgure 3-5 shows thetH spectra of the random and blocky
brominated PEKK up to 62% bromination, and the molecular structure of (a) unsubstituted, (b)
monosubstituted, and (c) disubstituted BrPEKK with their corresponding proton resonance
assignments. The degree of brominaticaswletermined through comparison of the ratio of the
integration of resonance peaks associated with the aromatic protons adjacent to the ether linkage
(H1ad) to the remaining proton$ifad, Hzab, Haa Hsg). Protons 2, 3, 4 and 5 are not capable of
undergoing an EAS reaction and so the total sum of protons 2, 3, 4 and 5 will remain constant
regardless of the degree of bromination. When setting the integration of 7.65 ppm to 8.25 ppm

equal to 80, then:
GeEmoOi tm_ O zpm [5]

Using equation 5, the range of calculated mol% Br of the random and blocky
microstructures are shown Trable 3-1. Compared to previous wdfkwith PEEK, the maximum
degree of bromination is much lower (62% vs 175%). This is because PEKK has a maximum of
two bromine functionalities per monomer, while PEEK has a maximum of four bromine

functionalities per monomer, resulting in a higher achievaidgo bromination.
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Table 3-19. Degrees of bromination as determined'HyNMR utilizing equation 5.

Cal cul ated mol

Random Blocky
19 % 12%
32 % 31 %
42 % 40 %
52 % 52 %
6 2 % 6 2 %

Upon bromination, new resonance peaks appeap@bximately 7.05 (d), 7.16 (d), 7.85
(m), and 8.20 (m). The peaks at 7.19 ppm to 7.22 ppm, associated:iwitddédrease in intensity
with increasing degree of bromination due to replacement£f by the bromine functionality.
The new resonance peaks at 7.16 ppm and 7.05 ppm are attributed to shifting mbtbns of
monosubstituted (Hy) &and disubstituted (H ), REKK monomers, respectively. The systematic
shifting upfield is due to increased shielding from the electron dense bromine falittiorhe
peaks appearing at 7.85 ppm and 8.20 ppm are associated with changes in chemical environment
of protons Haq where protons K, svhich are ortho to the bromine functionality, shift upfield due
to shielding, and protonszH, svhich are para to the bromine functionality, shift downfield, due to
the electronegativity of bromine pulling electron density away from the aromaticHmther
verification of the'H and °C assignments, peak correlations, and monosubstituted versus
disubstituted peak agnments of PEKK and BrPEKK are provided by heteronuclear single

guantum coherence (HSQC) correlation experimditgife 3-S3).
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Figure 3-134. *H NMR of random (left) and blocky (right) brominated PEKK up to 62 mol%
bromination and the corresponding chemical structures of (a) pristine PEKK, (b) monosubstituted
BrPEKK, and (c) disubstituted BrPEKK. Assignments are further verified by 2D NMR in the

supplemental information. Spectra are referenced to €0O0@GE asterisk (*) refers to reference

solvent resonance.

FromFigure 3-5, the amount ofinsubstituted (a), monosubstituted (b), and disubstituted

(c) PEKK monomers can be determined from analysis of the tdsonance peaks. As previously

discussed, k4 resonance peaks shift upfield upon monosubstitutiond@dr disubstitution

(H1 a o), of the terephthalate or isophthalate monomer. The integration values af.thélH.and
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Peak Integration

Hi1 a o resenance peaks for PEKK, rBrPEKK and bBrPEKK are showiguare 3-6a and 3-6b.

As can be seen iRigure 3-6a, the integration value for H is larger for the random versus the
blocky microstructure and H » re/aains at an integration value of O for the random but is non
zero for the blocky microstructure. These results can be explained by the confinement effect of
blocky functionalization in which the fraction of unfunctionalized monomers is preserved in the
crystal regions of the gel. Additiafly, the lower number of accessible functionalizable monomers

in the amorphous region leads to higher frequency of multiple substitutioRgyure 3-6b the

Hiad peak integration is lower for the random microstructure versus the blocky microstructure
indicating more protons are being substituted from pristine monomers at the same degree of

functionalization for the random microstructure versus the blocky micobsteu
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Figure 3-135 Peak integration versus degree of bromination of (a) monosubstituteds H o
(circles), disubstituted, +h o (sgsares) and (b) unsubstitutedafi(diamonds) random (black)

and blocky (red) BrPEKK. The blocky microstructure shows an increase in disubstituted
monomers due to the chemical confinement effect of gel state functionalization.

The integration value of 4 can be thought of as the fraction of crystallizable units of the

polymer where the blocky microstructure retains a higher fraction of crystallizable units compared
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to the random microstructure. It is acknowledged that the ratio of the bromination of the
isophthalate unit to the terephthalate unit is higher for the blocky versus the random due to the
preference of terephthalate units to crystallize and minimal imecius the isophthalate units in

the crystal structuréWhen taking into account the crystallizability of the terephthalate monomer
compared to the isophthalate monomer and the amount of crystallizable terephthalate monomers
preserved in the blocky micregtture, the fraction of crystallizable units for blocky BrPEKK is
assumed to be higher than what was calculated from NMR and shé&wgune 3-6. Future work

will explore utilizing 2D NMR to determine the number of functionalized terephthalate versus
isophthalate units to show differences in the comparative amounts of bromination of these units

between the random and blocky microstructures.

3.4.4 Thermogravimetri@nalysis

Thermogravimetric analysis (TGA) was utilized to probe the thermal properties of the
brominated PEKK before further thermal analysis by DSC and FSC. The degradation profiles for
PEKK and BrPEKK are shown iRigure 3-S4. The thermal stability decreases with an increase
in mol% bromination from a dsy% of 600 'C to 506°C for pure PEKK and rBrPEKK62,
respectively. However, there is no significant difference in thermal stability when comparing
random and blocky microstructures of the same degree of functionality. The TGA analysis
indicates all materials are thermally staht temperatures utilized for further thermal analysis (up

to 400°C). The Tuse for all materials is tabulated Fable 3-S1

3.4.5 Differential ScanningCalorimetry
Differential scanning calorimetry (DSC) was utilized to determine the influence of random
versus blocky microstructure on the thermal properties of rBrPEKK and bBrPEKK. The measured

values of crystallization temperature upon cooling),(€rystallization upon heating (i.e., cold
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crystallization, Ec), melting temperature (), degree of crystallinity (J, and glass transition
temperature (J) are summarized ifiable 3-2. The degree of crystallinity for each sample was

determined using the following equation:

P ®

*<<| K

[6]

WhereY'O is the enthalpy of fusion determined by integrating the melting endotherdi@nis
the enthalpy of fusion of 100% crystalline PEKK. TH® of KEPSTAN 8001 has not been
experimentally determined. THO of KEPSTAN 6002 (T/I ratio of 60/40) was calculated from

molecular dynamics simulations (150 3fghnd WAXS and DSC experiments (202 ¥g)
However, the most often referenced value used fog és¥culations of PEKK is 130 Jf§ and

this value was utilized for this work.

Table 3-20. Thermal properties of blocky and random brominated PEKK determined by DSC
analysis at 10C/min.

Te Tee Tm Xc* Tg#

Sample i . i .
Q) (© ((© O (©)

PEKK 310 - 352 53 163.5
rBrPEKK19 290 - 345 26 163.9
bBrPEKK12 292 - 351 38.7 1645
rBrPEKK31 250 - 333 22 164.7
bBrPEKK32 280 - 345 28 164.9
rBrPEKK42 220 241 316 12.4 165.8
bBrPEKK40 281 - 343 22 166.4
rBrPEKK52 - 261 309 1 166.4
bBrPEKK52 271 - 341 18 167.2
rBrPEKK62 - - - 0 166.6
bBrPEKK62 266 - 338 11 169.7

*00X ¢ determined from first heat for the aerogel. &X
determined for rBrPEKK and bBrPEKK from second heat
after cooling from 400C at 10'C/min.

*T4 by midpoint of amorphous samples.
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All samples were heated into the melt, cooled, sutosequently heated to determine the
effect of microstructure onnl Te, Tee, %X, Tg and crystallizability. After removal of thermal
history, the cooling and second heat thermograms are shéwguire 3-7aand3-7b, respectively.

Upon cooling Figure 3-7a), all blocky materials exhibit a pronounced crystallization exotherm
and the T decreases with increasing degree of bromination. In contrast, the crystallization
exotherm for the random materials diminishes profoundly above 31 mol% bromination and is
totally absent above 52 mol%elative to the blocky brominated samples, a significantly greater
depression in Jis observed for the random sampl&s.discussed previously, this difference in
crystallization behavior upon cooling is attributed to a retention of long runs of pristine
crystallizable PEKK units during heterogeneous bromination in the gel state b8ingeation in

the random state yields a statistically shorter average run length of pristine crystallizable PEKK
units, the probability of a cryallizable segment approaching the crystal growth surface diminishes
(relative to the blocky microstructure), which consequently decreases crystallizability and the rate

of crystallization.

Upon heating Kigure 3-7b), the blocky materials all exhibit distinct melting endotherms
with a minimal melting point depression. In contrast, the melting endotherms for the random
materials show a decrease in intensity, profound broadening at degrees of bromination greater than
31 mol%, and a significantly greater melting point depression. While the blocky bBrPEKK62%
remains crystallizable, the rBrPEKK62% sample remains amorphous. It is also observed that cold
crystallization occurs in the rBrPEKK42% arBrPEKK52% materials, indicating a significant
decrease in crystallization kinetics compared to the blocky analogs. No cold crystallization is
observed for the blocky materials indicating that all crystallization occurred quickly (during the

cooling cycle) for the blocky microstructures and slowed significantly for the random
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microstructures. This behavior is again attributed to the long runs of pristine PEKK in the blocky
microstructure facilitating the ability to quickly form thicker crystals with higher melting

temperatures.

(b)

N
|
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1

Heat Flow (Normalized) (W/q)
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150 200 250 300 350 150 200 250 300 350
Temperature (°C) Temperature (°C)
Figure 3-136. Standard DSC scans of blocky (solid lines) and random (dashed lines) BrPEKK (a)

first cool after removal of thermal history and (b) second heat. All DSC scans were performed at
10 "C/min in a nitrogen atmosphere.

The T, Tm and X determined from the data Figure 3-7 are plotted inFigures 3-8a
throughc as a function of mol% bromination. The random and blocky materials exhibit a decrease
in T¢, Tm, and X as compared to pristine PEKK due to the introduction of the bromine functionality
acting as a defect along crystallizable segments of PEKK. The introduction of these defects
shortens the runs of pristine PEKK monomers between brominated units, resulStoyver
crystallization kinetics, thinner crystallites, and decreasedadligability. However, the random

copolymers exhibit a larger decrease i Tm, and X with increasing mol% bromination
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compared to the blocky microstructukegure 3-8a compares the clupon cooling for the blocky
and random analogs. For the blocky samples, tfiedreases from 31C for pristine PEKK to
271°C for bBrPEKK62. For the random samples, thel@creases more rapidly from 31D for
pristine PEKK to 220C for rBrPEKK42, with no crystallization upon cooling observed for
rBrPEKK52 or rBrPEKK62.Figure 3-8b compares the oI upon cooling for the blocky and
random analogs. For the blocky samples, theldcreasesdm 352°C for pristine PEKK to 338

‘C for bBrPEKK62. For the random samples, the decreases more rapidly from 352 for
pristine PEKK to 309C for rBrPEKK52 with no melting observed upon heating for rBrPEKK62.
Additionally, Figure 3-8c compares the Xof the blocky and random analogs. For the blocky
samples, the Xdecreases from 53% for pristine PEKK to 11% for bBrPEKK62. For the random
samples, the Xdecreases more rapidly from 53% for pristine PEKK to only 1% for rBrPEK52

with no crystallinity observed for rBrPEKK62.
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Figure 3-137. The (a) T, (b) Tm, and (c) % as a function of degree of bromination for blocky (red,
circles) and random (black, squares) BrPEKK. Dashed lines are to guide the eye.

DSC heating scans from melt quenched samples (i.e., 100% amorpigue, 3-S5
reveal an increase inyTor both the blocky and random microstructures with increasing degree of
bromination, and theseyTata are plotted ifrigure 3-9. The blocky microstructure exhibits a
higher Ty compared to the random microstructure for all degrees of bromination with an increase
in Tq from 163.5°C for pristine PEKK to 169.7TC for bBrPEKK62 and 166.& for rBrPEKK62.
Similar behavior was previously observed in PEEHNd is attributed to the addition of the

bromine functionality on the backbone which increases thdu€ to the steric hindrance of
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torsional rotation of the phenyl rings due to the bulkiness of the bromine gfotiisie blocking

up of the bromine functionality leads to an increase in the steric hindrance of the torsional rotation

in the blocky microstructure compared to the random microstructure. Additionally, the NMR data

above indicates that the blocky microstruetiabove 40% bromination contain disubstituted

monomers while the random microstructure contains only monosubstituted monomers. Thus, it is

hypothesized that the incisad density of bromine functionalities on the blocky microstructure

further increases the barrier to torsional rotation leading to an increase igftrettie blocky

microstructure as compared to the random microstructure.
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Figure 3-138 Glass transition temperaturesg)Tof random (black squares) and blocky (red
circles) amorphous BrPEKK determined from thelpoint of amorphous samples.

3.4.6 Isothermal Crystallization Kinetics of PEK&hd BrPEKK Copolymers by FSC

The crystallization kinetics of PEKK 80/20 were recently explthetilizing fast scanning

calorimetry (FSC) which allows for analysis of crystallization at high degrees of supercooling due

to rapid cooling (4,000 K/s) and heating (40,000 K/s) capabilities. Cooling rates during polymer
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melt processes can reach up to several thousand Kelvin per $é@arelto such high cooling
rates, crystallization commonly occurs at high degrees of supercooling where fast crystallizing
materials cannot be evaluated by standard differential scanning calorimetry (DSC). Utilizing FSC,
the effect of microstructure on tleeystallization kinetics of functionalized PEKK over a wide

range of temperature can be explored.

The crystallization kinetics of rBrPEKK32, bBrPEKK31, bBrPEKK40, rBrPEKK52 and
bBrPEKKS52 are too fast to analyze by standard DSC but too slow for traditional analysis by direct
evaluation from the isothermal step by FSC (due to such small sample sizejo Bhis
phenomenon, the crystallization kinetics were analyzed utilizing the previously described
interrupted isothermal crystallization (IIC) method. This method utilizes the melting enthalpy upon
heating after isothermal crystallization to calculatedégree of crystallinity instead of heat flow
during crystallization for traditional isothermal crystallizatf6?> The crystallization kinetics of
rBrPEKK40 were slow enough for traditional analysis by direct evaluation from the isothermal
step. The degree of crystallinity of rBrPEKK52 was too low for traditional isothermal
crystallization by standard DSC and so itswanalyzed by the 1IC method. The crystallization

kinetics of the PEKK homopolymer were previously collettedilizing the 11IC method.

The crystallization hailfime, t2, or time when fractional crystallinity reaches 50% of
maxi mum crystallinity during the isother mal
from the fractional crystallinity versus time data collected from the 1IC experiments on the Flash
DSCand the heat flow versus time experiments on the standard DSC and pl&iiguarén3-10a
as a function of isothermal crystallization temperaturg, The 1> of PEKK is replotted from
previous work and shown iRigure 310a The crystallization kinetics of BrPEKK exhibits

paraboliclike behavior due to the balance of nucleation and diffusmmtrolled crystallization
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with limits between the grand T. Compared to pure PEKK, the bulk crystallization rate
decreases (i.e.y4 increases) for the random and blocky analogs with an increase in mol%
bromination. The inclusion of Bunctionalized units (i.e., defects) on the backbone of the
crystallizable polymer creates naorystallizable segments that must be relegated to thgptimas
fraction. With an increase in the number of structural defects along the chains, the probability of a
noncrystallizable segment approadhithe crystal growth surface increases, thus decreasing the
rate of crystallization and the overall crystallizability. For all comparable degrees of bromination,
the blocky copolymers crystallize significantly faster than the random analogs. The blocky
copolymers exhibit kinetics on time scales similar to the pristine PEKK 80/20 polymer, while the
random analogs exhibit vastly slower kinetics with the shortestainging from 100 s for
rBrPEKK32 up to 1500 s for rBrPEKK52. The difference in kinetics betwine blocky and
random microstructure as a function of degree of bromination is clearly exhibited in the plot of the
t12 versus degree of bromination atoTof 240 °C (Figure 3-10b). With increasing degree of
bromination, the random microstructure exhibits an exponential increageasmdompared to the
blocky microstructure. The vastly different kinetics are attributed to the microstructure. Due to the
semicrystalline, gelstate functionalization process, the blocky copolymers contain long,
uninterupted segments of crystallizable PEKK units that are preserved in the functionalized
microstructure. These defeftee segments facilitate rapid crystallization compared to the random

microstructures that contain statistically shorter runs of défeesegments.
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Figure 3-139, (a) Crystallization half time {t) for PEKK!* (black diamonds), bBrPEKK31 (blue
circles), rBrPEKK32 (blue open circles), bBrPEKK40 (green triangles), rBrPEKK42 (green open
triangles), bBrPEKK52 (red squares), rBrPEKK52 (red open squares) and bBrPEKK62 (orange
stars) over a wide range of temperatu®@3. Crystallization half time (k) versus degree of
bromination of random (black squares) and blocky (red circles) BrPEKK isothermally crystallized
at 240°C. Dashed lines are to guide the eye.

Due to the rapid cooling capabilities of the Flash DSC, isothermal crystallization of the
BrPEKK copolymers at high degrees of supercooling (i.e., temperatures far below this T
achievable, allowing for comparisons of the parabolic minimum ofitheetsus Tso profiles. For
each of the brominated copolymers, thg Gorresponding to the fastest crystallization kinetics
(shortest #2) shifts to lower temperatures with increasing mol% bromination, compared to pure
PEKK. This behavior is more prominent for the random copolymers compared to the blocky
copolymers. The copolymerisg shifts from 260°C for pristine PEKK to only 256C for
bBrPEKK52 but shifts to 230C for rBrPEKK52. This shifting of if, to lower temperatures is
attributed to the comonomer confinent effect also known as the chemical confinement effect.
The comonomer confinement effect refers to the phenomenon in whietrysiallizable (e.g.,
functionalized) comonomers interrupt the chain folding capabilities of the crystallizable segments

of the copolymer®” Consequently, homogeneous nucleation at high degrees of supercooling
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becomes more difficult and thus heterogeneous nucleation dominates at lower temperatures
compared to the homopolymer. Thus, the parabolic minimum of givetsus Tso shifts to lower

Tiso. Similar trends have been observed in other seysitalline copolymer systems including
isotactic polypropyleneo-1-butené?®, isotactic polypropyleneo-1-octene®, amide 6co-amide

6,6 “°, and PEKK 60/40 and 70/30% The random copolymers exhibit a larger shift of the
paraboliclike curve to lower &o, due to thestatistically random distribution of brominated
monomers along the polymer chains (i.e., greater confinement of crystallizable PEKK segments).
The blocky microstructure has longer uninterrupted runs of pure PEKK, resulting in a reduced

influence of the camonomer confinement effect on the parabolic minimum.

3.4.7 SAXS/WAXS of PEKK and BrPEKIXpolymers

PEKK, rBrPEKK and bBrPEKK copolymers were analyzed by small and-andge x
ray scattering (SAXS/WAXS) to further characterize differences between the blocky and random
microstructures. The SAXS/WAXS profiles of isothermally crystallized PEKK, rBrPEKK and
bBrPEKK are shown ifrigures 311aand3-11b. The sharp peaks in the widegle region (q >8
nmt) are primarily attributed to form 1 crystalline reflections of pristine PEKK crystallitéBor
ease of comparison, offset WAXS data for the rBrPEKK BBIPEKK are shown ifrigure 3-
S6. Close inspection of the WAXS data for bBrPEKK62% suggests a significant presence of the
form 1l polymorph of PEKK' #? (as indicated by arrows iRigure 3-S6). We observed similar
differences in polymorphic composition between random and blocky copolymers Sf B&S
further studies will be required to probe the origin of this observation. Retention of crystallinity
(i.e., sharp WAXS reflections) is evident for all blocky copolymers, in agreement with the DSC

data Figure 3-7). In comparison, the random copolymers exhibit crystalline reflections only up
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Intensity (A.U.)

to 42 mol%, whereas an amorphous halo is observed for rBrPEKK52 and rBrPEKK&fRfe (
3-1148). This lack of crystallinity in the random copolymers at high degrees of bromination is again

consistent with the DSC datgigure 3-7).
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Figure 3-140 Small, mid, and wid@ngle xray scattering profiles of (a) random BrPEKK and (b)
blocky BrPEKK. All samples were isothermally crystallized from the melt at@86r 30 minutes
in a nitrogen atmosphere.

In the smaHangle region (0.1 < q < 1 nthof the scattering profilef{gure 3-11), the
characteristic interlamellar long period peak is observed in neat PEKK at q=0138 fihe same
feature is observed in random BrPEKK copolymers only up to 42 nfét§are 3-118), since this
feature is only observed in samples that contain crystallinity. In the SAXS patterns of the blocky
BrPEKK copolymersKigure 3-11b), the absolute intensity of the interlamellar long period feature
decreases with increasing degree of brominafldms reduction in intensity is attributed to the
blocky microstructure afforded by functionalizing in the semicrystalline gel state. Significant
crystallization n the blocky brominated PEKK samples effectively concentthteslectrorrich

bromine atoms into the amorphous phase, thus increasing the average electron density of the
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amorphous phase. This results in lower contrast between the crystalline and amorphous phases,
leading to a reduction in absolute scattering intensity of the long period peak. Calculated
estimations of electron density contrast in these systems supperojhised origin of a reduction

in scattering contrast for the blocky microstructures, as detailed in the supplemental information.

3.5 Conclusions

The bromination of PEKK by acidatalyzed electrophilic aromatic substitution utilizing
NBS in DCA was successful in both the homogeneous solution state and heterogeneous gel state.
Diphenyl acetone was discovered as a new gelation solvent for PEKK resulting in nanoscale
fibrillar-network morphologies with high porosity and surface area. The heterogeneous gel state
functionalization of PEKK resulted in a blocky microstructure attatduio steric exclusion of
NBS from the tightly packed crystallites within the gel. Consequently, bromination is restricted to
the amorphous segments between crystallites within the gel. The retention of pristine
unfunctionalized blocks preserves crystalbiity even at high degrees of bromination (62 mol%)
while the random analog (62 mol%) is no longer crystallizable. Blocky BrPEKK samples exhibited
higher glass transition temperatures, melting temperatures, crystallization rates and
crystallizability ascompared to the random BrPEKK analogs. Tieversus Tso for blocky and
random BrPEKK exhibited parabolic behavior and shifted to longeand lower Tso upon
functionalization. The random analogs exhibited larger shifts in the parabolic minimum as
compared to the blocky analogs, attributed to the comonam@inement effect. SAXS and
WAXS analysis further discern differences in the microstructures of the random and blocky
brominated copolymers as supported by scattering length density estimations. This work

demonstrates blocky functionalization of PEKK adaaile method to effectively block up
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functionality while preserving long runs of crystallizable segments on the backbone resulting in

enhanced thermal properties as compared to randomly functionalized analogs.

3.6 Authorship Contribution Statement

Michelle E. Pomatta Conceptualization; Data curation; Formal analysis; Investigation;
Methodology Roles/Writing original draft; Writingi review & editing.Erin R. Crater : Data
curation; Formal analysis of SAXS/WAXS; Writinigoriginal draft.Garrett. F. Godshall: Data
curation. Writingi original draft.Robert B. Moore: Conceptualization; Project administration;

Supervision; Writing review & editing.

3.7 Acknowledgements
The authors thank Arkema for providing KEPSTAN PEKK used for this work. We thank

Glenn Spiering for guidance with the SLD calculations. The authors also thank the Institute for
Critical Technology and Applied Science (ICTAS), the Macromolecules Innovéistitute

(MII), and the Department of Chemistry for laboratory support. This material is based upon work
supported by the National Science Foundation under grant nos.-IZd8291 and DMR
2104856. Purchase of the Xenocs Xeuss 3.0 SAXS/WAXS instrumenttaisgatain results
included in this publication was supported by the National Science Foundation under the award

DMR MRI 2018258.

123



3.8 Supplemental Information

re D™ &
.‘T*,\(}#r {< Solvent
:r PEPKKIIBtO/ZO Cool Exchange
Bew
rv\(‘\ >
(N \-«.q
P Pe
\ \ PEKK Gel in DCM

Diphenyl acetone >~
\

(DPA) Dissolve at elevated \ \

y T

temperature | 8

15wt% PEKK-DPA Gel

Figure 3-S141 Schematic representing the gelation and solvent exchange process of PEKK in
DPA. First, PEKK is dissolved in DPA using a metal bath under constant argon purge. After
dissolving, the solution is cooled to room temperature. The gel is manually broken and solvent

exchanged by Soxhlet.
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Figure 3-S142 Previously reporteéd 'H and 3C NMR of PEKK with resonance peak
assignments. Figure redesigned for clarity.
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Figure 3-S143 2D NMR of (a) PEKK, (b) rBrPEKK30, and (c) rBrPEKK168. RefeFigure 2-
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Figure 3-S144 Thermogravimetric analysis of PEKK and BrPEKK materials. All materials are
stable up to 500C. Experiments were performed with a°€min ramp rate in nitrogen.

Table 3-S1.Tpsy of PEKK and BrPEKK materials.

Sample Toss
i (°C)
PEKK 600

rBrPEKK19 546
bBrPEKK12 534
rBrPEKK31 531
bBrPEKK32 532
rBrPEKK42 520
bBrPEKK40 510
rBrPEKK52 508
bBrPEKK52 507
rBrPEKK62 508
bBrPEKK62 506
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Figure 3-S145 The DSC heating scans of melt quenched BrPEK#etermine . Experiments
were performed with a 1@C/min ramp rate in nitrogen.

1.24(a) rBrPEKK62% 1.2 4(b) bBrPEKK62%
—— rBrPEKK52% ] —— bBrPEKK52%
—— BrPEKK42% —— bBrPEKK40%
1.0 rBrPEKK32% 1.0 bBrPEKK31%
—— rBrPEKK19% ] —— bBrPEKK12%
—— PEKK — —— PEKK
5 0.8 4 D 0.8 4 i

Intensity (A.U.)
o

o
'S
I

:
|

o
N
1

|
j

00 T T T T T 00 T T T T T
10 20 30 40 50 10 20 30 40 50

20 20

Figure 3-S146. The WAXS plotted versus@ and offset for clarity. The arrows indicate the
significant presence of form Il polymorph of PEKK.
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Calculations estimating the electron density contrast between amorphous and crystalline
components of the PEKK copolymers

To explain the decrease in intensity of the scattering feature at g=0.38famm
bBrPEKK40, estimations of scattering length density (SLD) were calculated for PEKK,
rBrPEKK42, bBrPEKK40, and bBrPEKK62. The SLD was estimated utilizing the NIST Center
for Neutron Research Neutron activation and scattering calctfldtothe SLD calculations, the
densities wer e corrected to remove contri but
monosubstituted BrPEKK and disubstituted BrPEKK were calculated baskshsity changes of
a brominated small molecule benzophenone analog. The calculated SLDs are shatle 81

S2with the parameters shown.

Table 3-S2. Degree of crystallinity of sample, amorphous density (no crystalline component
included in this calculation unless specified otherwise), scattering length density calculated from

NI ST6s neutron activation and se80%aystallmgg cal c
SLD from the calculated SLDs.

%X < from | Calculated Scatter!ng Length SLD Differer)ce
Sample %X ¢ WAXS  (g/mL) Amorphous Density (SLD) from Crystalline
Density ( a) (10%A?) PEKK
PEKK (Crystalline) 100 - 1.39G° - 12.296 -
PEKK (Amorphous) 0 - 1.25@° - 11.057 1.239
rBrPEKK42 - 2 - 1.377 11.951 0.345
bBrPEKK40 - 22 - 1.394 12.109 0.187

Estimations of amorphous density/electron density for r BrPEKK42 and bBrPEKK40

The amorphous phase densities of rBrPEKK40 and bBrPEKK40, shown above, are
estimated by assuming that the densities of small molecule analogs increase upon bromination
comparable to the polymer counterparts. For example, the increase in density fronmnéeozep
to 3-bromobenzophenone is used to represent the increase in density upon monosubstitution of

PEKK. The analogs are shown below.
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Table 3-S3.Table of small molecule analog densities and increase in density upon bromination.

Small molecule analog Density (g/mL) Increase in density with additional Br Unit

benzophenone 1.11 -
3-bromobenzophenone 1.42 0.311
3,3-dibromobenzophenon 1.70 0.279

The theoretical densities of a fully monosubstituted PEKK (MonoBrPEKK) and a fully
disubstituted PEKK (DiBrPEKK) were calculated by adding the increase in density of the

additional Br unit to the density of amorphous PEKK.

Table 3-S4.Table of PEKK, MonoBrPEKK, DiBrPEKK amorphous densities. PEKK amorphous
density is known. BrPEKK densities are calculated using the increase in density of the small
molecule analog.

Sample Amorphous Density (g/mL) Calculated Amorphous Density (g/mL)

PEKK 1.25 -
MonoBrPEKK - 1.561
DiBrPEKK - 1.840

SLD calculations for rBrPEKK42 and bBrPEKK40

rBrPEKK42 contains both pure PEKK monomers and monosubstituted PEKK monomers
(as seen by NMRFigure 3-7). After correcting for the amount of crystalline component (2%,

Table3-S2 , t he amor pdf BPEKKM2evasalculated pyjthe following equation:
R R O God WEEE BRoD 0L L
"R O God WEGEE BRod ¢ £ £61 DOV D
PE u— T WG P® Op- T MY PH X X
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Using themolecular formula of @H11.5403Bro.42 (Where Be.42and Haisgsaccount for the
average chemical formula for rBrPEKK42) and density of 1.377 g/mL for rBrPEKK42, the SLD

was calculated to be 11.951°%82.

bBrPEKK40 contains pure PEKK monomers and both monosubstituted and disubstituted
PEKK monomers (as seen by NMHM®igure 3-7). The fraction of monomers that are
monosubstituted and disubstituted were calculated usiggre 3-6. After correcting for the
amount of crystalline component (22%able 3-S22t he a mor p h Q) WfLBrEEKIK4® | t vy

was calculated by the following equation:
"R "R Ol OOE WEGEE @GO 0L L
"R Ol O®OE WEGEE BROG EEES6T 0OV O

"R Ol Ooé WEGE BROOQET 00D GOE WEGEET NEIGH OV

PE U— THOC PBOH TPTT PP+ T YU O @ Y pH WF

Using the molecular formula of »6H11.60sBro4o and density of 1.394 g/mL for

bBrPEKK40, the SLD was calculated to be 12.109/28.

The differences in SLD of crystalline PEKK to amorphous rBrPEKK42 and bBrPEKK40
are 0.345 18/A% and 0.187 18/A2, respectively Table 3-S2). The difference is smallest for
bBrPEKK40, which supports the observed trend of the reduction in the intensity of the long period
peak at g=0.38nrhfor blocky analogs compared to the random analogs. The blocking up of the
bromine functionality in addition to the crystallinity concentrating the elegiotrbromine atoms
into the amorphous domains increases thdreledensity of the amorphous pha&s.shown by

SLD calculationsthe electron density of the amorphous component more closely matched that of
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the crystalline PEKK component thus, decreasing the intensity of the crystalline feature at g=0.38
nmt. The SLD for bBrPEKK62 was also calculated and the difference from the SLD of crystalline

PEKK was-0.083. Thus, further supporting the decrease in intensity obseriglire 3-11.
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Chapter 4.
Tailoring the Microstructure of Sulfonated Poly(Ether Ketone Ketone)
Through Blocky Functionalization in the Gel State: A Facile Rout¢o

Enhanced Crystallizability and Proton Conductivity

Michelle E. Pomattt? Erin R. Cratet;, Mark S. McCrary?, Robert B. Moore*2
Macromolecules Innovation Institute, Virginia Tech, Blacksburg, Virginia 24061, United States
2Department of Chemistry, Virginia Tech, Blacksburg Virginia 24060, United States

4.1 Abstract

In this work, the pospolymerization sulfonation of poly(ether ketone ketone) (KEPSTAN
8001, T/l = 80/20) with chlorosulfonic acid is reported for the first time. Two microstructures are
synthesized a random microstructure through functionalizatiorthe homogeneous solution
state and a blocky microstructure through functionalization in the heterogeneous gel state.
Poly(ether ketone ketone) (PEKK) is gelled by thermally induced phase separation from a benign
solvent, diphenyl acetone. Degrees of sudtion between 8 59 mol% were obtained for both
the random and blocky sulfonated PEKK and verified by NMR. At similar degrees of sulfonation,
blocky sulfonated PEKK membranes exhibited greater crystallizability, faster crystallization rates,
higher condativity, and improved solubility resistance in water, as compared to the random
analogsSAXS/WAXS analysis showed the ionomer peak scattering is affected by the copolymer
microstructureConductivities comparable stateof-the-artbenchmark material Nigin 212 were
obtained for the blocky materials. Superior thermal properties and proton conductivities of the
blocky microstructures are attributed to the heterogeneous gel state functionalization resulting in

longer runs of pristine PEKK units between sulfieelamonomers as compared to the random
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analogs. This finding further demonstrates blocky functionalization in the gel state is a facile way
to produce potential PEMs through effective blocking up of the sulfonate functionality, while

preserving long runs of crystallizable segments along thasha

4.2 Introduction

Fuel cells have emerged as a promising alternative energy source, owing to their high
efficiency, minimal environmental impact, benign byproducts, and versatility across various
applications:* The proton exchange membrane (PEM) within the fuel cells plays a critical role,
serving as both the proton conductor and gas separator. To function effectively in the demanding
environments of the fuel cell (high temperature, humidity, chemical and celkemical
exposure), the PEMs need to be chemically and eldwmically stable, exhibit mechanical

strength, and high proton conductivity.

The search for novel, lowost, highperformance PEMs has gained significant attention in
recent years® Sulfonated aromatic hydrocarbon polymers including polyaryl ether ketones
(PAEKS) 1 polybenzimidazolé$'?, polyphenyl sulfones 14, and other polyaromati¢ghave
been explored as viable alternative PEMs to the most widely studied PEM, Nafion. Nafion is a
perfluorinated ionomer known for its excellent thermal and mechanical stability, along with
exceptional transport properties stemmingnfraghe phase separation of the hydrophobic
poly(tetrafluoroethylene) (PTFE) backbone from the hydrophilic sulfonic acid groups. This results
in a weltdefined naneseparated morphology with a continuous hydrophilic domain. However,
Nafion is costly, compliated to synthesize, and has limited performance at high temperatures and

low humidity.

The sulfonation of poly(ether ketone ketone) (PEKK) for use as a PEM has not been

extensively explored in the literatdfewith most work focusing on the use of a similar PAEK,
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PEEK. Similar to PEEK, PEKK is an aromatic sesrystalline highperformance thermoplastic
widely used in industrial sectors including aerospace, automotive, and oil and gas industries due
to its excellent mechanical performance and chemical resistaffd8ommonly utilized grades

of PEKK are copolymers of terephthal ate and
(Figure 4-1). The PEKK copolymer is of particular interest due to the ability to tune the melting
and glass transition temperagusy tuning the ratio of terephthalate to isophthalate moieties when
synthesized® It is well understood that the isophthalate moieties act as defects within the crystal
structure, with increasing isophthalate content leading to an increase in chain mobility and

reduction in the glass transitiongfTmelting temperature JJ, and crystallization rate$. 2

OO T O Oy

Figure 4-147. The molecular structure of poly(ether ketone ketone) (PEKK) copolymer repeat
unit comprising of terephthalic (left) and isophthalic (right) monomers. Where x=80 and y=20
for PEKK 80/20.

Recently, we have showthat the facile heterogeneous gel state functionalization results
in blocky microstructures which exhibit superior properties as compared to the random
microstructure analogd?® This method consists of functionalization of a senystalline
aromatic polymer in the serarystalline gel state. The functionalization reagent is excluded from
the densely packed crystalline components. Thus, functionalization can only occur on the
moromers in the amorphous domain. This leads to statistically-rarmdom blocks of
functionalized and unfunctionalized monomers. The first reported heterogeneous gel state

functionalization of PEKK was recently perfornf&dwith the resultant blocky microstructures
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exhibiting enhanced crystallizability,g,TTm, and crystallization kinetics compared to random
analogs. Therefore, it is advantageous to synthesize blocky sulfonated PEKK for analysis of its
viability as a proton exchange membrane and further demonstrate the effectiveness of blocky

microstructures tenhance properties.

In this work, we demonstrate for the first time the efficient {pmdymerization
heterogeneous gel state sulfonation of PEKK to create blocky microstructures. Sulfonation in the
homogeneous solution state is performed to create random copolymers aoalmgagarison.

The heterogeneous gel state and homogeneous solution state sulfonation of PEKK is performed
through sulfonation by chlorosulfonic acid. The purpose of this work is to quantitatively compare
matched sets of blocky and random sulfonated PEK&Ssess the influence of microstructure on

a range of properties including the glass transition temperature, melting behavior, crystallizability,
crystallization kinetics, water uptake, areal swelling, water solubility, and proton conductivity.
Additionally, a novel NMR technique to determine the degree of sulfonation is presented. The
microstructures are further analyzed byay scattering. Finally, analysis of proton conductivity

from cast membranes is performed.

4.3 Experimental
4.3.1 Materials

Poly(ether ketone ketone) pellets, KEPSTAN® 8001 (vendor reported T/l = 8420, T
358°C, Ty = 165°C, MFR at 380°C/5 kg = 15 cr//10 min) were obtained from Arkema and
referenced hereon as PEKK. Pellets were washed with acetone and deionized water and dried at
80°C in a vacuum oven for 8 hours prior to use. Dichloroacetic acid (DCA), dichlorethane (DCE),

chlorosulfonic acid (CSA), acetonitrile, and sodium dodecylbenzenesulfonate (NaDBS) were

140



purchased from Sigmaldrich and used as received. Diphenyl acetone (DPA) was purchased from
Oakwood Chemical and used as received. Cesium hydroxide (CsOH), sodium chloride (NacCl),

and hydrochloric acid (HCI, 12 N) were purchased from Fisher and usettagte

4.3.2 Random Sulfonation of PEKK

To synthesize randomly sulfonated PEKK (rSPEKK), PEKK (3.0 g) was dissolved in DCA
(30 mL) at 185°C under an argon atmosphere. Once fully dissolved, the temperature of the
homogeneous solution was lowered t8&nd equilibrated for a minimum of 1 hour. A solution
of chlorosulfonic acid (CSA) was prepared by diluting in 30 mL of DCA at room temperature. The
degree of substitution was controlled by controlling the molar ratio of CSA to PEKK repeat units.
The CSA/NBS solution was introduced to the homegeis PEKK solution dropwise with
vigorous stirring over 1 hour. The reaction proceeded for 24 hours under constant argon purge at
80°C. The reaction was terminated by precipitating into acetonitrile. The pale yellow product was
washed excessively with acetonitrile before neutralizing. The product was neutralized and
converted into Naform by soaking in a 2 M NaOH/DI water solution for a minimum of 1 hour.
The offwhite product was then reprecipitated into acetonitrile and dried°at 80a vacuum oven

for a minimum of 12 hours before analysis.

4.3.3 Blocky Sulfonation of PEKK

To synthesize blocky sulfonated PEKK (bSPEKK), a PEKK gel was prepared prior to
sulfonating. Preparation of PEKK/DPA gel followed previously reported liteitife form the
PEKK gel, PEKK (3 g) was dissolved in diphenyl acetone (DPA) aP@2inder constant argon
purge to a concentration of 15 w/v%the homogeneous solution was allowed to cool to room
temperature. Within-B minutes, the solution formed an opaque solid indicating the formation of

a semicrystalline polymer gel. The PEKK/DPA gel was éifprated at room temperature for 24
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hours and then ground into a powder and transferred to a Soxhlet to solvent exchange the DPA
with ethanol. After washing with ethanol by Soxhlet extraction for a minimum of 24 hours, the gel
particles were then solvent exchanged to DCE by Soxhlet extrdoti@ minimum of 24 hours.

The DCE swollen gel particles were then suspended in DCE°@ @&@der a constant argon purge.
Sodium dodecylbenzenesulfonate (NaDBS) was added to the DCE/PEKK suspension in a molar
ratio of 1:1 PEKK:NaDBS. The addition of N&3 prevents clumping of the PEKK patrticles
during the sulfonation process. A solution of chlorosulfonic acid (CSA) was prepared by diluting
into 30 mL of DCE at room temperature. The degree of substitution was controlled by controlling
the molar ratio of SA to PEKK repeat unit plus mols of NaDBS. For example, when aiming for
40% sulfonation, the molar ratios of PEKK:NaDBS:CSA used were 1:1:1.4. The CSA/DCE
solution was introduced to the suspension dropwise with vigorous stirring over 1 hour. The
reaction vas allowed to proceed for a minimum of 24 hours under constant argon purge. The
reaction was terminated by pouring the suspension into acetonitrile. The pale yellow gel particles
were washed excessively with acetonitrile before neutralizing. The prodaateudralized and
converted into Naform by soaking in a 2 M NaOH/DI water solution for a minimum of 1 hour.
The offwhite sulfonated gel particles were then washed repeatedly with acetonitrile and dried at

80°C in a vacuum oven for a minimum of 12 hobefore analysis.

4.3.4 NMR Spectroscopy

The degrees of sulfonation of rSPEKK and bSPEKK were determinetH bl MR
spectroscopy at room temperature using a unique solvent $ystemprised of DCA and
deuterated chloroform (CDg}lwith 0.05% v/v TMS on a Bruker Avance 400 MHz spectrometer.
Spectra were collected as the average of 128 scans with a relaxation delay of 2 seconds. The

samples were dissolved in DCA at elevated temperature to a concentration of 10% w/v. Once
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dissolved, the solution was cooled to room temperature and diluted withs @RICI0.05% v/v

TMS to a concentration of 5% wAQualitative *3C NMR, 2D heteronuclear correlation
spectroscopy (HSQC), and homonuclear correlation spectroscopy (COSY) was performed using a
Bruker Avance 600 MHz spectrometer. The samples were prepared following the same procedure
as described above to a final concentratib©086 w/v. 13C NMR spectra were collected as the
average of 256 scans with relaxation delay of 2 seconds. HSQC experiments utilizeshéaram
sampling of 50%, number of scans of 80, and number of increments of 256. COSY experiments

were collected as ¢haverage of 2 scans with a relaxation delay of 2 seconds.

4.3.5 Membrane Preparation and Counterion Conversion

An Elcometer 4340 Motorized Film Applicator with temperature control casting station
was used to cast membranes for analysis of proton conductivity, areal swelling, and water uptake.
PEKK and SPEKK samples (KN&orm) were dissolved in DCA at 10C to a final concentration
of 10 wt %. Once dissolved, the casting solut.i
filter. The filtered solution was sonicated for 20s to remove air bubbles. After sonication, the
solution was equilibrated to 10C. The solutios were cast onto glass at 1Wusing a doctor
blade set to 16 mils. The cast membranes were left to dry &CLfa0 1 hour. After 1 hour, the

membranes were removed from the glass slide by submerging into DI water.

The SPEKK membranes were converted into the Ba, or H-form by stirring in CsOH
(A1M), NaOH (2M), or HCI (1M) solutions for a minimum of 12 hours at room temperature. After
a minimum of 12 hours, the membranes were washed excessively with DI water to a neutral pH.
H*-form membranes were stored in DI water."ft&am and C&-form membranes were dried at

100°C under vacuum for a minimum of 8 hours prior to further analysis.
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4.3.6 Thermogravimetric Analysis
A TA Instruments TGA Q550 thermogravimetric analyzer was used to determine the
thermal stability of PEKK and the SPEKK copolymer membranes. Membrangsoiifaand H-
form) were prepared as detailed above. All analyses were performed with a ramp r&@/ofie0
in a nitrogen atmosphere. The temperature at which the weight loss of the samples reached 5%

(i.e., Tosw) was determined using Trios software (TA Instruments).

4.3.7 Dynamic Mechanical Analysis

A TA Instruments Discovery 850 DMA in oscillatory tension mode was used to determine
the thermemechanical properties of PEKK, rSPEKK and bSPEKK-fé&m membranes as a
function of temperature. Samples were ramped at 2 °C/min to 400 °C at a frequency of 1 Hz, an

oscillatory amplitude of 15 em, and a static

4.3.8 Differential Scanning Calorimetry

A TA Instruments Discovery 2500 differential scanning calorimeter with RCS90
refrigerated cooling system was used to probe the thermal transitions, degree of crystallinity, and
crystallizability of PEKK and SPEKK copolymer membranes. Membrane sampléx1(8) were
heated from 30C to 400°C at 10°C/min in nitrogen to observe changes in heat flow associated
with melting of crystallites that formed during membrane casting. Samples were isothermally held
at 400°C for 3 minutes to remove thermal histoBamples were then cooled from 4@to 30
°C at 10°C/min to observe changes in heat flow associated with crystallization upon cooling.
Samples were then reheated to 400at 10°C/min to observe changes in heat flow associated
with melting of crystals which crystallized upon cooling from the melt or crystallization upon
heating (i.e., coletrystallization). The glass transition temperatures were determined from the

second heat dhe PEKK and SPEKK copolymer samples. The glass transition temperagyre (T
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melting temperature @), and crystallization temperature ¢JTwere determined using Trios

software (TA Instruments).

The crystallization kinetics at low degrees of supercooling (i.e., temperatures claSg to T
of the SPEKK copolymers were analyzed by DSC. Isothermal crystallization experiments were
performed by heating samples at®min to 400°C, isothermally holding for 3 minutes, rapid
cooling (100°C/min) to the desired s, isothermally holding at the desiredsoIfor 30 - 120
minutes, rapidly cooling (100C/min) to 30°C, and heating to 400C at 10°C/min. The

crystallization haltime was determined frométeat flow versus time profile.

4.3.9 Fast Scanning Chip Calorimetry

A Mettler Toledo Flash DSC 1 with a Huber intra cooler TC100 was employed to analyze
the crystallization kinetics at high degrees of supercooling (i.e., temperatures farfoof the
SPEKK copolymers. The crystallization kinetics of PEKK were previously deterflintiizing
the same procedure described here. Prior to evaluation, the chip sensors were individually
conditioned, and temperature corrected utilizing Mettler Toledo supplied calibration data and
following Mettler Toledo instrument specifications. The temgture was experimentally
calibrated by an indium standard. The onset of indium melting versus heating rate was used to
determine the corrected horizontal shift of the experimental melting profiles. All experiments were
conducted in an ultrhigh purity N gas environment with a flow rate of 60 mL/min to limit
oxidation and moisture in the sample chamber
microtome from the SPEKK copolymer membranes and laterally cut to size by scalpel under a
microscope. A thin lagr of Wacker AK 60000 silicone oil was spread on the sensor prior to sample

placement to improve thermal contact and allow for removal of sample after testing. All samples
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were premelted at 5 K/s to 40@C for 1 s to establish good thermal contact. Experiments were

repeated over multiple samples and multiple chip sensors to ensure reproducibility.

Our previous work demonstrated that the critical cooling rate needed to prevent
crystallization upon cooling from the melt for PEKK 80/20 is 10?°K/€ooling rates of 500 K/s
were utilized for all experiments. Previous work also determined the time in the melt to completely
remove thermal history for PEKK. The minimum time required to remove thermal history at 400

°Cis 0.1 s for PEKR®. Thus, a reasonable melt time of 1 s was utilized for all experiments.

The crystallization kinetics of the SPEKK copolymers were analyzed utilizing an
interrupted isothermal crystallization (IIC) meth@d! The time temperature profile for the 1IC
method is shown ifigure 4-2. After removing the thermal history at 480 for a minimum 1 s,
the sample was quenched at 500 K/s to the respectivantd held for varying amounts of time
(0.1 si 10,000 s). The sample was quencheeb@0 K/s to below the Jto arrest any further
crystallization. The partially crystallized saraplas then heated to 490 at a heating rate of 500
K/s to measure degree of crystallinity as observed by the integration of the melting endotherm
upon heating. The maximum isothermal crystallization tingg \{tas determined when the melting
enthalpy remained at a constant value with increasi@he maximum isothermal crystallization
time was dependent onsd The observed melting enthalpy versys was used to calculate
fractional crystallinity and the crystallization hdifine (t2) over a rage of isothermal

crystallization temperatures.
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Figure 4-148 The timetemperature profile for the Flash DSC interrupted isothermal
crystallization (1IC) method used to determine thedf SPEKK copolymers over a range ool

4.3.10 WaterUptake, Areal Swellinggnd SolubilityAnalysis of SPEKK Membranes

A TA Instruments Q5000 sorption analyzer (T&A) was used to determine the water
uptake behavior of PEKK and SPEKK membranes at 95% relative humidity (RH). Membranes
(H*-form) were prepared as detailed above, and vacuum dried overnight°at éfdre analysis.
Samples (& mg) were held in a 0% RH environment for 2 hr then subsequently held at 95% RH
for up to 2 hr to track the water uptake as a function of time. The % water uptake was determined
from the weight of the dry membrane after therkold a0% RH ( ) to the weight of the wet
membrane after the extended hold at 95% BH ( using Equation 1. All reported values are

the average of 3 samples.
WO N OWOe—— pmmb (1)

The areal swelling of the SPEKK {Horm) membranes after submerging in DI water

(100% RH) were determined as follows. Membranes were dried in a vacuum overf@tféoa
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minimum of 12 hours. The mass, length, and width of the dry membranes were recorded. The
membranes were then soaked in DI water for a minimum of 12 hours to reach equilibrium. After
12 hours, the membranes were blotted to remove excess water and thaesydemgsh, and width

of the membranes were recorded. The areal swelling was calculated using equation 2.

51 QBBEQE & R0 pTTP @)

Whered andw  are the dry length and width, respectively, &d andw  are the wet

length and width, respectively. All reported values are the average of 3 samples.

The solubility resistance of the SPEKK membranes if@Q@vater was determined as
follows. Membranes (Hform) were dried in a vacuum over at 1for a minimum of 12 hours.
The mass of the dry membrane was recorded. The membranes were then soaked in DI water for a
minimum of 12 hours to reach equilibrium. After 12 hours, the membranes were soaked with gentle
stirring in 90°C DI water for 1 hour. After 1 hour, the membranes were removed, redried, and the
mass was recorded. The solubility of the memisameharacterized by the mass loss after soaking

in 90°C DI water for 1 hour.

4.3.11 Proton Conductivity

The effect of ionomer microstructure (random versus blocky) on theame proton
conductivity of PEKK and SPEKK copolymers was analyzed using agoimt conductivity cell
from BekkTech (Scribner, LLC). Prior to analysis, membranésf@kin) were soaked in room
temperature DI water for a minimum of 12 hours. Measurements were takefOffoxhto 0.2 V
using a Sl 1287 electrochemical interface (Solartron Analytical). Data analysis was performed
using Zplot software (Scribner, LLC). Tipeoton conductiuy (,, ) was calculated using equation
3:
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- 3)

where” is the resistivity] is the distance between the contact electrd@esthe resistanceind
Alis the crosssectional area of the membrane. All reported values are the average of three separate

samples.

4.3.12 SAXS/MAXS/WAXD of PEKK and SPEKK Copolymers

The PEKK, rSPEKK, and bSPEKK copolymer membranes-{@sn) for small, mid, and
wide-angle Xray scattering/diffraction (SAXS, MAXS, WAXS/D) analysis were prepared as
previously stated. Prior to analysis,"@srm membranes were dried at 1@ for a minimum of

12 hours.

The SAXS, MAXS, WAXS/D experiments were performed on the solid samples using a
Xenocs Xeuss 3.0 SAXS/WAXS system equipped with a GeniX 3D Cu HFVLF microfocus X
ray source utilizing CukKJ r adi ati on ( & = -todetdctorddistance)was 9T0h e s a
mm for SAXS, 370 mm for MAXS, and 43 mm for WAXD. Thergnge was calibrated using a
silver behenate standard for SAXS and MAXS, and a lanthanum hexaboride standard for WAXD.
The exposure times were 2 h, 1 h, and 30 min for SAXS, MAXS, and WAXD, respeciihely
two dimensional scattering patterns were collected using a Dectris EIGER 4M detector in an
evacuated chamber and reduced using the XSACT software to obtain azimuthally integrated
intensity versus scattering dvecstomneq hpmrldf iolfed
angl e an drayaavelengtht The datd were normalized for background, thickness, and
absolute intensity, and the SAXS/MAXS/WAXD profiles were merged into a single dataset for

visualization purposes.
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4.4 Results and Discussion

4.4.1 Preparation of PEKK Gel for Blocky Functionalization Template

In our previous work, semicrystalline gels from syndiotactic polystyrene {5PS)
poly(ether ether ketone) (PEERF® 32 and poly(ether ketone ketone) (PERKhave been
demonstrated to act as effective templates for blocky functionalization, where the polymer chains
are organized into a network of tightly packed chain segments in lamellar crystallites and solvent
swollen amorphous chains. The tightly packedtaites sterically exclude the functionalization
reagent thus the functionalization reageaicts only with monomer units that are accessible in the
solventswollen amorphous component. The resultant copolymer consists of randomly
functionalized blocks and unfunctionalized blocks. The unfunctionalized blocks originate from the
monomer units thavere isolated within the crystalline domains of the gel, thus crystallizability is
retained. In this work, PEKK was gelled following previously published #Wpfkom diphenyl
acetone (DPA). These gels exhibit a highly interconnected fibrillar morphalitkyyhigh surface
areas (152 +/12 nt/g) and porosities (83.4% -HD.4) indicating high amounts of surface area
available for functionalization. For this work, the previously reported 15wt% PEKK/DPA gels are

utilized.

4.4.2 Sulfonation of PEKK

Semicrystalline polymer gels act as a template to produce blocky copolymers, as shown
in previous work*2® 28 32where the crystalline regions exclude the functionalization reagent and
allow for functionalization to the amorphous region only. The gel state sulfonation process
reported here results in a blocky microstructure with runs of pristine crystallizable REked
within the crystalline domains, and amorphous domains containing the sulfonated PEKK

monomers. The preservation of the pristine s@alfine domains allos for significant
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crystallization even at high degrees of functionalization, as demonstrated with syndiotactic

polystyrene (sP$%j, PEEK>25 and PEKK?,

Random and blocky microstructures were synthesized by sulfonation of PEKK in the
random and gel state as shown in the reaction schefgure 4-3. The sulfonation of PEKK
utilized chlorosulfoniacid (CSA) diluted in dichloroacetic acid (DCA) or dichloroethane (DCE)
for random and blocky sulfonation, respectively. The sulfonation of PEKK is an electrophilic
aromatic substitution (EAS) reaction, and there are 4 available sites for the EAS reactioar
on the PEKK backbone. These sites include the protons adjacent to the ether linkage in both the
isophthalate and terephthalate monomer, as showmgure 4-3. Due to these multiple reaction
sites available for sulfonation, degrees of sulfonagogater than 100 mol% are theoretically
attainable. This allows for high degrees of sulfonation while retaining blocks of unfunctionalized

monomers in the gel state sulfonation process.

Solu!ion State Random Copolymer

! 7y o
Y ) IR DCA, CSA NN ~ A8 % o
g 800, N U-f‘o"ﬂ‘»ﬁ’ | JE’?\E T
= T o7
I. A R '

R, R"=H or SOzH

Gel suspended O o
in DCE, CSA S /-\ o
__80°c ' J W[ 00 j b
7o ~F
R R

Crystalllzable —— =PEKK R, R"=H or SO;H

PEKK 80/20

O OCA

Crystals “-k/—{

Gel State Blocky Copolymer

{ = Sulfonated PEKK

Figure 4-149. A schematic representing the synthesis of random and blocky sulfonated PEKK.

4.4.3 Degree of Sulfonation Determined by NMR Spectroscopy
Due to the limited solubility of PEKK, comprehensive NMR characterization of PEKK and
functionalized PEKK has been limited. However, we discovered that DCA is a good solvent for

NMR analysis of PAEKs and functionalized PAEKSs. Previous work establishettaed*C
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resonances for PEKK 80/20and functionalized PEKK 80/2®from a solvent system of DCA

and deuterated chloroforrfrigure 4-4 shows the'tH NMR spectra of the random and blocky
sulfonated PEKK, and the molecular structure of (a) unsubstituted, (b) monosubstituted and (c)
disubstituted SPEKK with their corresponding proton resonance assignments. Pristine PEKK
exhibits proton resonances at 7:1R22 (m), 7.68 7.72 (t), 7.90 7.94 (m), 8.04 8.06 (m), and

8.16 (s) ppm associated with the aromatic protinthe terephthalic and isophthalic moieties.
Upon sulfonation, new resonance peaks appear at approximately27ppm (H 9J57.34 ppm
(H1a,19, 8.05 ppm (H 9sand 8.5 ppm (kb2 n)s The peaks at 7.2 ppm to 7.3 ppm, associated
with Hiaq, decrease in intensity with increasing degree of sulfonation due to replacemast of H
by the sulfonate functionality. Addition of the sulfonate functionality also causes the
unfunctionalized kk 14 located on the aromatic ring adjacent to the sulfonated aromatic ring to
experience a different chemical environment, leading to a downfield shift to 7.34 ppm. Conversely,
the H. cproton, located on the aratic ring with the sulfonate group, shifts upfield to-7.2 ppm.

The proton directly adjacent to the sulfonate groups, irastically shifts downfield to 8.5 ppm

due to the electron withdrawing nature of the sulfonate groap dbtated para from the sulfonate
group, shifts slightly downfield to 8.05 ppm, and overlaps with At higher degrees of
sulfonation, H » appears and is associated with a disubstituted monomer (discussed below). The
resonance peak ofsHhppears to change with increasing @egof sulfonation. From 2D NMR
experiments, it is known that this is not due to overlap from shifting resonance peaks associated
with different protons but hypothesized to be due to-@rge effects of the sulfonate group on

the chemical environment of 4H'°C assignments are discussed Rigure 4-S1 Further

verification of the'H and '3C assignments and peak correlations of PEKK and SPEKK are
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provided by homonuclear correlation experiments (COSY) and heteronuclear single quantum

coherence (HSQC) shown ligure 4-S2and4-S3 respectively.

b22% )\ NI
b17% 1\ B

b8%

|
JL J‘L/ \\\/JJL\/_ ) ek PEKK

"85 83 81 79 7.7 75 73 74 "85 83 81 79 77 75 73 71
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 4-150. 'H NMR of random (left) and blocky (right) sulfonated PEKK up to 59 mol%
sulfonation and the corresponding chemical structures of (a) pristine PEKip(lmsubstituted
PEKK, and (c) disubstituted PEKK. Assignments are further verified by 2D NMR in the

supplemental information. Spectra are referenced to €0@GE asterisk (*) refers to reference
solvent resonance.

The degree of sulfonation waketermined through comparison of the resonance peak
associated with the aromatic proton adjacent to the sulfonation sitg313 ppm) to resonance
peak of the aromatic protonsHftriplet at 7.75 ppm). K Hs, Hs and H are not capable of
undergoing an EAS reaction. Due to large shifting of resonance peaks upon sulfonation, resonance

peaks associated witheHiz and H; should not be used to determine the degree of sulfonation. H
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is located on the isophthalate unit and its resonance peak location is free from overlap of shifting
peaks due to sulfonation. Therefore, the integration ©fsHised as an internal standard to
determine the degree of sulfonation. When setting the integration(boiptet at 7.75 ppm) equal

to 1, then the degree of sulfonation (DS) in mol% is calculated by:
OY O zmg mzpmm (4)

The multiplication value of 0.20 is derived from the T/I ratio of the polymer (80/20).
Regardless of the DS, 20% of the polymer consists of the isophthalate monomers containing one
Hs proton per monomer. The integration value of eithee gbuld also be used to determine the
DS. However, at low DS, Haverlaps with Haq, introducing error into the integration. Thus, b
is utilized in this work. The DS of the synthesized random and blocky microstructures were
calculated using equation 4 and are shawhable 4-1. Higher DS can be attained in the random
state; however, due to constraints in achieving an equivalent DS in the blocky analogs, this study

exclusively investigates DS ranges of random SPEKK that are comparable to the blocky analog.

Table 4-21. Degrees of sulfonation as determinedyNMR utilizing equation 4.

Degree of Sulfonation (mol%)

Random Blocky

4 3

10 8

14 17
25 22
30 36
35 45
49 51
59 57

Previous work shows that disubstitution of the PEKKnomer can occtftand is more

prevalent in blocky microstructures compared to random microstructures at the same degree of
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functionalization. Disubstitution is hypothesized to occur due to the confinement effect of the
blocky functionalization in which a fraction of unfunctionalized monomers is preserved in the
crystal regions of the gel, thus decreasing the number of adedssibtionalizable monomers in

the amorphous region. This leads to a higher frequency of multiple substitutions. Evidence of
disubstitution is observed in SPEKK when analyzing high degrees of substitution (>b45%, r59%).
In Figure 4-4, the appearance ofshoulder on the resonance peak associated witltgb ppm)

was labeled Hp and is investigated further BYC NMR, COSY, and HSQC iRigures 4S1, 4-

S2 and4-S3 respectively. To summarize, the appearance of new peaks'iiCtepectrum (€,

157 ppm), and appearance of new correlations 1@ dd the COSY and HSQC indicates
disubstitution. Further studies analyzing higher degrees of sulfonation will be required to further

probe and verify disubstitution.

4.4.4 Thermogravimetri@nalysis

Thermogravimetric analysis (TGA) was utilized to probe the thermal properties of the
PEKK and SPEKK membranes before further thermal analysis by DSC and FSC. The degradation
profiles for PEKK and SPEKK in both*Hand Na-form are shown ifrigure 4-5. The Tbse for
all materials are shown ifiable 4-2. For all materials in both the'tand Né&-form, the thermal
stability decreases with an increase in DS. However, there is no significant difference in thermal
stability when comparing random and blocky microestures of the same degree of functionality
and counterion form. The *Horm shows a twestep weight loss associated with the loss of the
sulfonic acid group at lower temperatures and main chain degradation at higher temperatures. The
weight loss step associated with desulfonation increases with increase in degree ofylsat
expected. Once converted to ‘Narm, the weight loss step associated with desulfonation

disappears. This is attributed to the improved thermal stability of the sulfonateigrigosalt
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form.3® The TGA analysis indicates all Néorm membranes are thermally stable at temperatures

utilized for further thermal analysis (up to 4T0).
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Figure 4-151 TGA results for random (top) and blocky (bottom) sulfonated materials in both
H*-form (left) and N&form (right). TGA analysis performed mtrogen at 20 &min ramp rate.

Table 4-22. Tpsy, of PEKK and SPEKK membranes irf4#brm and N&-form.

Tose% (°C)
Sample
H*-form  Na'-form

PEKK 571 571
rSPEKK4 517 523
bSPEKK3 529 518
rSPEKK10 515 528
bSPEKKS 479 519
rSPEKK14 495 522

156






















































































































































































































































































































































































































































































































































































































































