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Crystallization Behavior, Tailored Microstructure, and Structure-Property 

Relationships of Poly(Ether Ketone Ketone) and Polyolefins 

Michelle Elizabeth Pomatto 

Abstract 

This work investigates the influence of microstructure and cooling and heating rates on the 

physical and chemical properties of fast crystallizing polymers. The primary objectives were to 1) 

utilize advanced methodologies to accurately determine the fundamental thermodynamic value of 

equilibrium melting temperature (Tm
o°) for the semi-crystalline polymer poly(ether ketone ketone) 

(PEKK), 2) increase understanding of the influence of microstructure (random versus blocky) of 

functionalized semi-crystalline polymers on physical and chemical properties, and 3) understand 

the influence of additive manufacturing process parameters on semi-crystalline polymer 

crystallization and final properties. All objectives utilized the advanced characterization technique 

of fast scanning calorimetry (FSC) using the Mettler Toledo Flash DSC 1. 

The first half of this work focuses on the high-performance semi-crystalline aromatic polymer 

poly(ether ketone ketone) (PEKK) with a copolymerization ratio of terephthalate to isophthalate 

moieties (i.e., T/I ratio) of 80/20. Due to the fast heating and cooling rates of the Flash DSC, PEKK 

underwent melt-reorganization upon heating at slow heating rates. This discovery resulted in 

utilizing a Hoffman-Weeks linear extrapolation of the zero-entropy production temperature to 

establish a new equilibrium melting temperature of 382 oC. 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 heterogeneous gel-state bromination and sulfonation to afford blocky 
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microstructures. The gel state functionalization process resulted in a blocky microstructure with 

runs of pristine crystallizable PEKK retained within the crystalline domains, and amorphous 

domains containing the functionalized PEKK monomers. The preservation of the pristine 

crystalline domains resulted 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 gelation temperatures resulted in differences in 

crystallization behavior between blocky microstructures of the same degree of functionalization. 

This result demonstrates that the blocky microstructure can be tuned through controlling the 

starting gel morphology.  

The second half of this work focuses on understanding the influence of cooling and heating 

rates on the melting, crystal morphology, and crystallization kinetics on isotactic polypropylene 

(iPP), iPP-polyethylene copolymers (iPP-PE), and iPP/iPP-PE blends and using this information 

to gain understanding of how these polymers crystallize during the additive manufacturing 

processes of powder bed fusion (PBF) and material extrusion (MatEx). The crystallization kinetics 

of iPP, iPP-PE copolymers, and iPP/iPP-PE blends exhibited bimodal parabolic-like behavior 

attributed to crystallization of the mesomorphic crystal polymorph at low temperatures and the Ŭ-

form crystal at high temperatures. Incorporation of non-crystallizable polyethylene fractions both 

covalently and blended as a secondary component, resulted in decreasing crystallization rates, 

inhibition of crystallization, and decreased crystallizability. Additionally, the non-isothermal 

crystallization behavior of these systems shows that the non-crystallizable fractions influence the 

crystal nucleation density and temperature at which polymorphic crystallization occurs. Utilizing 

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 FSC. Partial melting in the printing process 
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leads to self-seeding and increased crystallization onset temperatures upon cooling, which 

influences the final part melting morphology. Nucleation from surrounding powder and partially 

melted crystals greatly influences the crystallization kinetics and crystal morphology of the final 

part. Utilizing rheological experiments and process-relevant cooling rates observed in the MatEx 

process, the miscibility of iPP/iPP-PE blends influenced the nucleation behavior and 

crystallization rates, subsequently leading to differences in printed part properties.  
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Crystallization Behavior, Tailored Microstructure, and Structure-Property 

Relationships of Poly(Ether Ketone Ketone) and Polyolefins 

Michelle Elizabeth Pomatto 

General Audience Abstract 

The crystalline morphology of semi-crystalline polymers depends on their microstructure and 

thermal history. The resultant crystalline morphology greatly affects the physical and chemical 

properties. In the first part of this work, the effect of microstructure on material properties is 

explored. Block copolymer microstructures consist of two or more blocks of distinct polymer 

segments covalently bonded to one another. This leads to self-organization of the components into 

unique structural order that would not be attainable if the polymer segments were randomly bonded 

together. This structural order enhances material properties; thus, block copolymers are 

advantageous for many applications. However, synthesis of block copolymers can be tedious and 

expensive. Thus, additional methodologies for block copolymer synthesis are desired. In this work 

blocky (i.e., statistically non-random) copolymers are synthesized through a facile post-

polymerization functionalization method. These blocky copolymers result in enhanced physical 

and chemical properties compared to the randomly synthesized analogs. This work shows blocky 

functionalization of a new polymer under new post-polymerization conditions and expands upon 

the synthesis methodology for block 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 manufacturing modalities of powder 

bed fusion and material extrusion consist of rapid heating and cooling processes, which can affect 

how crystals form and ultimately affect the final printed part properties. Using a technique called 
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fast scanning calorimetry, the different heating and cooling rates that the polymer witnesses during 

printing can be mimicked, and the formation of crystals under these different conditions can be 

replicated. This mimicking analysis can be related to the printing process and be used to help guide 

printing processes to enhance printed part properties.  
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for a homopolymer. The crystallization half time reaches a minimum (fastest crystallization rate) 

at an isothermal crystallization temperature between Tg and Tm
o. Representative data is of PEKK 

80/20 (Chapter 2).  

Figure 1-9. Data of crystallization half time versus isothermal crystallization temperature for 

homopolymers (A) polyether ketone ketone (PEKK) and (B) isotactic polypropylene (iPP). The 

crystallization half time may exhibit a monomodal or bimodal parabolic-like behavior depending 

on the polymer and experimental conditions. Representative data is of PEKK 80/20 and iPP. 

Figure 1-10. The crystallization half-times of polymers with increasing non-crystallizable 

fractions. Increasing the amount of non-crystallizable (A) isophthalate content in PEKK and (B) 

PE content in iPP leads to increases in the t1/2, and shifting of the parabolic minimum to lower 

temperatures due to the chemical confienement effect.  

Figure 1-11. A schematic representing a lamellar crystal.  

Figure 1-12. A schematic representing the annealing process, divided into four steps, as proposed 

by Wunderlich et al.  

Figure 1-13. A graphic representation of utilizing the Gibbs-Thomson relationship of Tm versus 

1/lc for Tm
o determination. 

Figure 1-14. A representative Hoffman-Weeks plot for polymer with and without lamellar 

thickening during isothermal crystallizaiton. No thickening results in a linear extrapolation parallel 

to the Tm = Tx line, resulting in the inability to determine the Tm
o. 
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Figure 1-15. A plot representing (A) determination of the TZEP and (B) a Hoffman-Weeks plot 

utilizing TZEP for determination of Tm
o. 

Figure 1-16. 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 show the delicate electronics- 16 thermocouples 

which measure the sample and reference temperature. The sample on the right was placed after 

turning over the chip.  

Figure 1-17. 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. 

Figure 2-18. 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. 

Figure 2-19. Time-temperature profile for the Flash DSC interrupted isothermal crystallization 

(IIC) method used to determine the t1/2 of PEKK 80/20 and PEKK 70/30 at each Tiso.  

Figure 2-20. Time-temperature profile utilized on the Flash DSC for the Hoffman-Weeks analysis 

of PEKK 80/20. 

Figure 2-4. Aromatic region of the 1H NMR spectrum of a) PEKK 70/30 and b) PEKK 80/20. 

Spectra are referenced to CDCl3. The asterisk (*) refers to reference solvent resonance. 

Figure 2-5. 13C NMR spectra of a) PEKK 70/30 and b) PEKK 80/20. Spectra are recorded in 

DCA/CDCl3 at 25 oC. Referenced to CDCl3. 

Figure 2-6. The fractional crystallinity curves for PEKK 80/20 (black, square) determined in this 

work, and 70/30 (blue diamond), and 60/40 (red circle), determined by Choupin (2018). Fractional 

crystallinity of each data set indicated by ū. Dashed lines to guide the eye only. 

Figure 2-7. Melting thermograms of PEKK 80/20 isothermally 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 using an indium standard. Arrows indicate the shifting of peaks 1 and 2 with increasing 

heating rate. 

Figure 2-8. TZEP analysis of PEKK 80/20 utilizing equation 3. Dashed lines indicate best linear fit 

and extrapolated to a heating rate of zero to indicate the TZEP value for each Tiso. The best fit values 

of the power z for each isothermal crystallization temperature are shown. 

Figure 2-9. TZEP versus Tiso Hoffman-Weeks extrapolation to Tm=Tc. Inset highlights the point of 

intersection and extrapolation to Tm
o (red line).  

Figure 2-10. The Hoffman-Weeks plot of PEKK 80/20. Increasing heating rates suppress 

reorganization of crystallites 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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Figure 2-S1. TGA scan of PEKK 80/20. The temperature at which 5% of PEKK has degraded was 

determined to be 600 oC. Ramp rate of 20 oC/min was utilized. Nitrogen atmosphere. 

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. 

Figure 2-S3. The melting Flash DSC thermogram 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-S4. Time-temperature profiles for the Flash DSC used to determine the time required in 

the melt to completely remove all thermal history. 

Figure 2-S5. The melting Flash DSC thermogram of PEKK 80/20 after isothermally crystallizing 

at 250 oC, 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). 

Figure 2-S6. The melting Flash DSC thermogram of PEKK 80/20 after annealing at 260 oC for 

increasing amounts of time. Continuous nitrogen atmosphere (60 mL/min). Peak area (i.e., degree 

of crystallinity) and peak melting temperature increase with increasing isothermal crystallization 

time. 

Figure 2-S7. HSQC spectra for a) PEKK 70/30 and b) PEKK 80/20. Spectra are recorded in 

DCA/CDCl3 at 25oC. Referenced to CDCl3. The asterisk (*) refers to reference solvent resonance. 

Figure 2-S8. Fractional crystallinity versus Log(tiso) for PEKK 80/20 isothermally crystallized at 

a range of times at temperatures between 200 to 310 oC. The diffusion-controlled regime (a) for 

PEKK 80/20 occurs at crystallization temperatures below approximately 260 oC, and the 

nucleation-controlled regime (b) for PEKK 80/20 occurs at crystallization temperatures above 

approximately 260 oC. The optimal temperature for a maximum crystallization rate occurs at 

approximately 260 oC for PEKK 80/20. 

Figure 2-S9. The crystallization time versus Tiso for PEKK 70/30 referenced in literature (blue, 

half filled) and collected for this work (black, filled) by the IIC method. The crystallization half 

time (ū=0.5) collected for this work lies within the times collected by Choupin et al. 37 of ū=0.3 

and ū=0.8 for the same grade of PEKK 70/30. 

Figure 2-S10. The Hoffman-Weeks plot comparing partially crystallized (<15%, red diamonds) 

to maximum fractional crystallized (100%, blue squares) of PEKK 80/20 samples. The 

extrapolated Tm
o for partially crystallized PEKK is significantly lower than that of the fully 

crystallized PEKK samples, indicating the importance of determining Tm
o from samples of low 

degree of crystallinity. Heating rates of 500 K/s under nitrogen atmosphere (60 mL/min). 

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 for Tiso greater than 260 oC. Hoffman-Weeks analysis utilizing 

this data is shown in Figure 2-S10. 
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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 and Y=20 for PEKK 80/20. 

Figure 3-22. The time-temperature profile for the Flash DSC interrupted isothermal crystallization 

(IIC) method used to determine the t1/2 of BrPEKK copolymers at a range of Tiso. 

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. 1H 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 CDCl3. The asterisk (*) refers to reference 

solvent resonance. 

Figure 3-26. Peak integration versus degree of bromination of (a) monosubstituted, H1aô,cô (circles), 

disubstituted, H1aò,cò (squares) and (b) unsubstituted, H1a-d (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) Tc, (b) Tm, and (c) Xc 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 (Tg) of random (black squares) and blocky (red circles) 

amorphous BrPEKK determined from the midpoint of amorphous samples.  

Figure 3-30. (a) Crystallization half time (t1/2) for PEKK14 (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 temperatures. (b) Crystallization half time (t1/2) 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 wide-angle x-ray scattering profiles of (a) random BrPEKK and (b) 

blocky BrPEKK. All samples were isothermally crystallized from the melt at 280 °C for 30 minutes 

in a nitrogen atmosphere. 

Figure 3-S32. 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. 

Figure 3-S33. Previously reported14 1H and 13C 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. Refer to Figure 2-

S2 for 13C naming conventions. 

Figure 3-S35. Thermogravimetric analysis of PEKK and BrPEKK materials. All materials are 

stable up to 500 oC. Experiments were performed with a 20 oC/min ramp rate in nitrogen. 

Figure 3-S36. The DSC heating scans of melt quenched BrPEKK to determine Tg. Experiments 

were performed with a 10 oC/min ramp rate in nitrogen. 

Figure 3-S37. The WAXS plotted versus 2ⱥ and offset for clarity. The arrows indicate the 

significant presence of form II polymorph of PEKK. 

Figure 4-38. 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. 

Figure 4-39. The time-temperature profile for the Flash DSC interrupted isothermal crystallization 

(IIC) method used to determine the t1/2 of SPEKK copolymers over a range of Tiso. 

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

Figure 4-41. 1H NMR of random (left) and blocky (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. Spectra are referenced to CDCl3. The asterisk (*) refers to reference 

solvent resonance. 

Figure 4-42. TGA results for random (top) and blocky (bottom) sulfonated materials in both H+-

form (left) and Na+-form (right). TGA analysis performed in nitrogen at 20 Co/min 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 10 oC/min in nitrogen atmosphere.  

Figure 4-44. The (a) Tm and (b) Xc 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 guide the eye 

only.  

Figure 4-45. The Tg determined from the midpoint versus degree of sulfonation. Determined from 

second heating DSC scans at 10 oC/min after cooling from the melt at 10 oC/min in nitrogen. No 

clear change in baseline associated with a Tg was observed for the b51 and b57 materials. The 

dashed lines are to guide the eye only.  

Figure 4-46. Tan(ŭ) of PEKK and random (dotted) and blocky (solid) SPEKK membranes. All 

membranes are in Na+-form.  

Figure 4-47. Crystallization half time (t1/2) 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 PEKK29 (black squares), bSPEKK3 (red circles), rSPEKK4 (green triangles), 

bSPEKK8 (blue hexagons), and rSPEKK10 (orange diamonds). Lines are to guide the eye only. 

Figure 4-48. (a) water uptake and (b) ɚ versus degree of sulfonation for the random and blocky 

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 soaked in 90 oC DI 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 NMP at 60 oC for 24 

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

Figure 4-51. Small, mid, and wide-angle x-ray scattering profiles of PEKK, 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 rSPEKK 59 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 wide-angle x-ray scattering profiles of a) rSPEKK and b) bSPEKK 

membranes before and after boiling. Scattering profiles are offset for clarity. 

Figure 5-56. The time-temperature profile for the Flash DSC interrupted isothermal crystallization 

(IIC) method used to determine the t1/2 of BrPEKK copolymers at a range of Tiso. 

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. Small-angle x-ray 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 

Gibbs-Thomson 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. 1H NMR of pristine PEKK (left) and blocky (right) brominated 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 

CDCl3. The asterisk (*) refers to reference solvent resonance. 

Figure 5-69. Crystallization half time (t1/2) as determined by the interrupted isothermal 

crystallization for PEKK18 (black diamonds), randomly brominated PEKK to 32%11 and blocky 

brominated PEKK to approximately 30% from different solvents. Sample A1 data is from Pomatto 

et al. Lines are to guide the eye only.  

Figure 5-70. The crystallizaiton half time at Tiso = 260 oC for the blocky brominated materials. 

Figure 5-71. (a) comparison of the lamellar thickness differences between gels to the t1/2. (b) 

comparison of the surface area of the gels so the t1/2. Comparison of the log(t1/2) 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 10 oC/min ramp rate. 

Figure 5-A76. SAXS scattering profiles of gels. The scattering profiles are shifted 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 gel concentration for gels F1 through J2. 

Figure 6-79. A schematic of a PBF printer.  

Figure 6-80. A schematic representing material extrusion of filament through a nozzel.  

Figure 7-81. Time-temperature profile for the Flash DSC interrupted isothermal crystallization 

(IIC) method used to determine the t1/2 of PP0 at each Tiso. 

Figure 7-2. A generalization of the time-temperature profile indicating the steps to mimic the PBF 

process on the Flash DSC. Step (1) cooling the material to mimic the as-received powder 

morphology (2) heating to the bed temperature and holding to simulate the powder heating the in 

the chamber before laser melting (3) rapid heating and 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 removal of parts from powder bed. Actual temperature and rates are shown in 

subsequent figures. 

Figure 7-3. WAXS of as-received powder versus printed part. Indexed peaks indicate Ŭ polymorph 

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 and was determined to be 42% and 

56.2% for the powder and part, respectively. Ramp rate of 10 °C/min 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 calculated from Figure 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 t1/2 versus Tiso plot of PP0 that was collected utilizing the IIC method. The kinetics 

exhibit bimodal parabolic-like behavior due to the crystallization behavior switching from 

mesomorphic crystallization at low Tiso and Ŭ polymorphic crystallization at high Tiso.  

Figure 7-7. Non-isothermal crystallization of PP0 upon cooling at different rates in the standard 

DSC and Flash DSC. Tc,onset and Tc,peak decrease with increasing cooling rate. Above 40 K/s, 

crystallization of the Ŭ polymorph decreases and appearance of the mesomorphic crystal structure 

(black arrow) appears.  

Figure 7-8. (a) The time-temperature profile utilized to mimic the as-received 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 the as-received powder (heating 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 time-temperature profile utilized to mimic the annealing at Tbed step 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 as-received powder after annealing at 137 °C for 1 

hour (black, ramp rate of 60 °C/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 137 °C. 

Figure 7-10. The time-temperature profile utilized to mimic the printing of the single layer. Tbed= 

137 °C, PL = 35 W. Tmax, time at Tmax, and cooling profile were determined from IR camera 

information in Figure 7-5 and are shown in Table 7-2. The single layer print mimicking effect on 

observed morphology 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 to Tbed , (c) the heating scan after cooling to Tbed and 

holding at Tbed for 300 seconds, and (d) cooling and subsequent heating scan after cooling to Tbed, 

holding for 300 seconds, and cooling to room temperature. Crystallization occurs only after 

cooling to Tbed indicating the simulated PL of 35 W completely melts all crystalline regions in the 

sample, resulting in isothermal kinetics controlling the crystallization at 137 °C. 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 time-temperature profile utilized for self-seeding experiments. The orange arrow 

indicates heating to observe crystalline morphology. 

Figure 7-13. (a) The melting to different Tmax 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 in Figure 7-13. The vertical dashed line 

represents the peak melting temperature of the mimicked material, 166 °C. Tmax > Tm results in an 

increase in the observed Tc,onset and Tc, peak due to complete melting of material. 

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

(c) 10 K/s and (d) 1 K/s. Ramp rate of 50 K/s in nitrogen. As the Tmax increases, the peak melting 

temperature decreases due to the melting of crystals. At lower Tmax, partial melting occurs and 

upon cooling, self-seeding allows for additional crystallization at faster rates than isothermal 

crystallization. At the lowest Tmax, 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 (SLP, Tbed = 137 °C, PL = 35 W) 

compared to the melting profiles of the self-seeded mimics of Tmax = 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, indicating self-seeding and a slow cool after 

printing is what led to the development 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 PP0 collected at an angular 

frequency of 0.01 to 100 rad/s at 200 oC. The zero-shear 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 non-spherical. However, it was observed to recoat well during printing. 

Figure 7-S3. FTIR-ATR spectrum of PP0. The wavenumber of 926 cm-1 is the relevant 

wavenumber that corresponds to the wavelength of the laser (10.6 µm) and is indicated by the red 

arrow. 

Figure 7-S4. TGA thermogram of the as received PP0 powder. A ramp rate of 20 oC/min was 

utilized up to 800 oC. The Td,5% was determined to be 351 oC. 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 as-received PP0 powder. The onset of melting 

from standard DSC at 10 oC/min was determined to be 137.2 oC. The onset of crystallization upon 

cooling from the melt was determined to be 125.2 oC.  

Figure 7-S5. The time-temperature profile utilized to determine the critical heating and cooling 

rate of PP0. 

Figure 7-S6. The heating scans of PP0 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) indicating that cooling 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 dashed lines, respectively.  

Figure 7-S7. Fractional Crystallinity (ū) versus Isothermal Crystallization Time of PP0 at IIC 

temperature of 30 oC. The crystallization half time (t1/2) is determined from when fractional 

crystallinity = 0.5.  

Figure 7-S8. The crystallization half-time of as-received PP0 (black, squares) and purified PP0 

(red, circles). PP0 was purified by dissolving in xylenes and precipitating into acetone followed 

by washing with acetone. The washed material was dried by vacuum oven overnight at 30 oC 

before running the IIC experiments on the Flash DSC. It can be observed that the sharp decrease 

in kinetics from 70 oC to 80 oC is no longer present after purification. This is hypothesized to be 

due to the removal of a non-isotactic 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 10 oC/min, 30 oC/min, and 60 oC/min the onset of melting of 

Indium is calculated to be 156.5, 156.7, and 157.0 oC, respectively. The melting point of indium 

is known to be 156.6 oC. The difference of onset of 0.4 oC for heating rate of 60 oC/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 of as-received powder at 10 oC/min (blue) 

and 60 oC/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 60 oC/min was deemed appropriate to compare to the Flash 

DSC mimicked powder profile.  

Figure 7-A83. TGA thermograms of PP and PP-PE copolymers. 

Figure 7-A84. FTIR spectra for PP and PP-PE copolymers. 

Figure 7-A85. The first heat and first cool thermograms of PP and PP-PE copolymers. All 

thermograms were collected under nitrogen atmosphere at 10 oC/min ramp rate. 

Figure 7-A86. The crystallization half-time of PP and PP-PE 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 transition from Ŭ-form 
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1 Chapter 1.  

Crystallization, Melting, and Structure -Property Relationships of Semi-

Crystalline Polymers 

1.1 Semi-Crystalline Polymer Morphology 

Polymer crystallization occurs when chains organize themselves into an ordered, repeating 

three-dimensional structure. This process is thermodynamically favored due to the reduction in 

free energy associated with increased molecular order. Factors that influence polymer 

crystallization include chemical composition, microstructure, chain topology, molecular weight 

and molecular weight distributions, and thermal and mechanical conditions under which 

crystallization may occur. Thus, the crystalline morphology of a polymer can vary widely in the 

number of crystals, crystal size, crystal thickness, and total amount of crystalline content (i.e., 

degree of crystallinity, %Xc). These factors are controlled both kinetically and thermodynamically. 

Polymers are unable to crystallize completely (i.e., %Xc will never reach 100) due to restrictions 

in the melt from the long-chain structure leading to entanglements and non-crystalline fold surfaces 

on the lamellae. Additionally, because crystallization is both kinetically and thermodynamically 

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 and Spherulites 

Polymers typically crystallize by chain folding into lamellae (Figure 1-1) as first 

hypothesized by Storks1 and empirically observed by Keller2 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 
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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., stems) approaching the nuclei and 

crystallizing from the growth front (indicated by the arrow in Figure 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) laterial representation of chain-folded lamella with growth front 

in the G direction.3 

 

Lamellar growth often 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 additives). Figure 1-2 shows a schematic 

representing 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 lamellae.3 Thus, birefringence allows 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 crystallization.3, 
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4 The thermodynamics and kinetics of polymer crystallization will be discussed in the following 

sections.  

 

Figure 1-111. A schematic representing spherulitic morphology consisting of branched and 

splayed lamella.3 

 

1.2 Thermodynamics of Polymer 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: 

Ў'  Ў' В!ɾ  [1] 

Where ЎὋ is Gibbs free energy, ЎὋ is the bulk free energy change upon crystallization, ὃ is the 

surface area, and ‎ is the surface energy. When ЎὋ<0, crystal growth will occur.  
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The surface energies are positive (i.e., nonspontaneous) for initially formed crystals. Thus, 

an initial energy barrier must be overcome for crystallization to occur. A critical nucleus size, Ro, 

is required for the bulk free energy to overcome the surface energy of the of the system and make 

crystallization favorable. Figure 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 the critical nucleus size, Ro 

must occur to overcome the initial barrier of ЎὋ > 0. For nuclei size < Ro, ЎὋ π, due to the 

unfavorable formation of surface. For nuclei size = Ro, the bulk free energy dominates, and growth 

occurs, which lowers the free energy of the system to ЎὋ π. 

  

Figure 1-112. A schematic showing the change in free energy as a function of primary nuclei size. 

Ro represents the critical nucleus size.  

 

To overcome the positive ЎὋ, local fluctuations are required in the system. The nucleation 

rate is shown in equation 2: 

.  .ÅØÐ ÅØÐ
Ў

  [2] 
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Where ὔ is the nucleation rate, ὔ  is a pre-factor, Ὁ  is the activation energy for molecular chain 

transport across the melt-crystal surface, R is the universal gas constant, T is the temperature, and 

ЎὋ  is the critical free energy of formation of the nucleus of critical size Ro (Figure 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.  

 

1.3 Kinetics of Polymer Crystallization 

The dominate growth theory for polymer crystallization is the Lauritzen Hoffman surface 

nucleation theory.3-5 This theory assumes 1) that the crystal lamella, at the growth front, grow at 

the same rate as the macroscopically observed spherulitic growth rate, 2) the stems (chain 

segments) on the growth front consist of width, a, thickness, b, and length, l , and 3) the lamellar 

thickness does not change after nucleation of critical nuclei size Ro. Figure 1-4 shows a 

representation of the Lauritzen-Hoffman surface nucleation theory in which G is the growth front. 

This theory assumes chains enter adjacently (growth in the g 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 visualized by Figure 1-4, is shown in Figure 1-5. 



6 

 

 

Figure 1-113. Model for surface nucleation and growth of chain-folded lamella. 3 

 

 

Figure 1-114. Free energy of formation versus number of stems for chain-folded nucleus for 

crystallization.3 
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The nucleation rate shown in equation 2, led to the general growth rate equation, equation 

3:  

'  'ÅØÐ ÅØÐ
Ў

  [3] 

Where Ὃ is the crystal growth rate, and Ὃ is a pre-factor. This equation can be expanded into 

equation 4 to describe the dependence of nucleation and diffusion on the crystallization rate. 

ʖ #ÅØÐ
ᶻ

ÅØÐ   [4]  

Where ʖ  is the overall rate of crystallization, Ὕ  is the equilibrium melting temperature for a 

crystal of infinite dimensions, Ὗᶻ is the activation energy for chain motion, Ὕ is the crystallization 

temperature, Ὕ is the temperature which all segmental mobility is frozen (<Tg), ὑ is a kinetic 

constant, ὅ is a rate constant, and R is a gas constant. The kinetic constant, ὑ, stems from the 

Lauritzen-Hoffman surface nucleation theory and is defined by equation 5.  

+
Ў

  [5] 

Where ὲ is an integer value related to the growth regime, ὦ is the stem width, ʎ is the lateral 

surface energy of the lamella, ʎ is the fold surface energy of the lamella, Ὕ  is the equilibrium 

melting temperature, k is Boltzmannôs constant, and ЎὌ  is the enthalpy of fusion.  

 The first term in equation 4 is the diffusion-controlled term, as indicated by the dependence 

of the term on the difference in Tc to To. i.e., the closer to To, the larger the value for term 1, leading 

to an increase in ʖ . The second term in equation 4 is the nucleation-controlled term, as indicated 

by the dependence of the term on the Tm
o. The higher the Tc, the larger the value for term 2, thus 

leading to an increase in ʖ . As seen in equation 4, the overall rate of crystallization is a balance 
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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 melting temperature, 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 (i.e., fastest rate) between the Tg and Tm
o. Figure 1-6 shows a graphic representation 

of this balance of nucleation and diffusion on the crystallization rate.  

 

Figure 1-115. A representation of the balance of nucleation and diffusion controlled regiemes 

resulting in a peak crytallization rate beween Tg and Tm
o. 

 

1.3.1 Avrami and Crystallization Kinetics 

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 crystallization. As stated by 

Wunderlich, the experimentally derived Avrami equation and the Avrami parameters are only a 
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convenient means to represent empirical data of crystallization.6 Additional 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/crystal perfecting. The Avrami equation describing bulk 

crystallization is shown in equation 6. 

ɮ Ô ρ ÅØÐ +Ô)   [6] 

Where ɮ  is the fractional degree of crystallinity at time t, K is the Avrami rate constant, and n is 

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 1-dimensional growth, thus the Avrami exponent for heterogeneous nucleation and 

linear growth is 1. For heterogeneous nucleation, spherical (i.e., spherulitic) growth results in n = 

3. For homogeneous nucleation, which is uncommon in most systems, n = 4 for spherulitic growth. 

Polarized optical microscopy can be used to determine the different nucleation mechanism ï 

heterogeneous or homogeneous.  

Crystallization can be divided into three stages: primary nucleation and initial growth, rapid 

primary crystallization, and slow secondary crystallization, shown in Figure 1-7. In the first stage, 

little if any crystallization is observed with time, and nucleation and initial growth occurs. The 

second stage consists of primary, rapid crystallization. The third stage is slow secondary 

crystallization, and a ñpseudo-equilibriumò degree of crystallinity is approached. As discussed 

previously, equilibrium is impossible to reach in polymer systems. The sigmoidal shape that arises 

from the avrami analysis will retain the sigmoidal shape but will shift along the X-axis depending 

on the Tc, as indicated by Figure 1-6 above. 
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Figure 1-116. Schematic representing 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 crystallization half-time, 

t1/2. This refers to the time at which ɮ Ô = 0.5 or 50% of the maximum achievable crystallinity 

is reached. When t1/2 is plotted as a function of Tc, a parabolic-like trend emerges stemming from 

the balance of the limitations of nucleation at high Tc and diffusion at low Tc. Thus, a minimum 

t1/2 is observed between Tg and Tm
o (Figure 1-8) as predicted shown in Figure 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 between Tg and Tm
o. 

Representative data is of PEKK 80/207 (Chapter 2).  

 

1.3.2 Crystallization Half-Time of Semi-Crystalline Homopolymers  

As shown in Figure 1-9, a monomodal or bimodal parabolic-like t1/2 plot is observed 

depending on the polymer system. Bimodal dependence of the crystallization rate on temperature 

leads to the occurrence of two t1/2 minima at two different Tc. Appearance of a bimodal dependence 

of the crystallization rate on temperature can be attributed to multiple factors: 1) a change in in the 

nucleation mechanism (i.e., heterogeneous versus homogeneous nucleation) 8-11 or 2) formation of 

different crystal polymorphs.8, 12, 13 
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Figure 1-118. Data of crystallization half time versus isothermal crystallization temperature for 

homopolymers (A) polyether ketone ketone (PEKK) and (B) isotactic polypropylene (iPP). The 

crystallization half time may exhibit a monomodal or bimodal parabolic-like behavior depending 

on the polymer and experimental conditions. Representative data is of PEKK 80/207 and iPP. 

 

In regards to the first case, as discussed above, crystallization at high degrees of 

supercooling (low Tc, close to Tg) occurs through homogeneous nucleation while crystallization at 

low degrees of supercooling (high Tc, close to Tm
o) 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 reasons: 1) heterogeneities dominate the nucleation mechanism at all temperatures and 

thus, only heterogeneous nucleation occurs, resulting in a monomodal dependence on 

crystallization or, 2) only one nucleation mechanism is being observed. The former case is self-

explanatory. The latter case is discussed here. As an example, Figure 1-9a shows a monomodal 

parabolic-like dependence on crystallization rate of PEKK 80/20. The Tg and Tm
o of PEKK 80/20 

are known to be 175 oC and 382 oC, respectively. The range of Tiso explored in Figure 1-9a only 

covers temperature close to Tg (200 oC ï 310 oC). Because this temperature range is close to Tg, it 

can be assumed that the parabola that is observed is due to crystallization attributed to 
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homogeneous nucleation. Exploration of the higher range of temperatures (310 oC < Tiso < Tm
o) 

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 temperature range between Tg and 

Tm
o, a monomodal crystallization rate dependence was observed. In contrast, iPP (Figure 1-9b) is 

a significantly faster crystallizer and also has a narrow temperature range between Tg and Tm
o thus, 

the bimodal dependence was observed. 

The formation of different crystal polymorphs is 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 experiment. For polymers such as iPP (Figure 1-9b) where polymorphism may 

occur, the low Tc dependence is associated with crystallization of the mesomorphic crystal, and 

the high Tc dependence is associated with crystallization of the Ŭ-form crystal.8  

In order to determine the reasoning behind the observation of bimodal or monomodal 

crystallization rate dependencies, additional research is required. This includes 1) observation of 

nucleation density by imaging techniques to make conclusions regarding nucleation 

mechanisms11, 2) observing the crystallization behavior of unpurified systems versus purified (i.e., 

heterogeneity free) systems8, and 3) using additional characterization techniques such as wide-

angle x-ray diffraction (WAXD) to observe crystal structures.  
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1.3.3 Crystallization Half-Time of Semi-Crystalline Polymers with Non-Crystallizable 

Monomers 

Figure 1-10 shows the t1/2 of polymers with increasing non-crystallizable monomer 

fractions. Comparison of the t1/2 of a homopolymer to a random copolymer with non-crystallizable 

monomers results in a decrease in the t1/2 as well as decrease in t1/2 minimum to lower Tc. Increasing 

t1/2 with an increase in non-crystallizable monomer content is well understood and explained by a 

decrease in crystallizable content corresponding to a decrease in pristine crystallizable chain 

segments and the non-crystallizable monomers acting as structural defects, resulting in slower 

crystallization kinetics and decreased crystalline phase compactness.14, 15 This effect is termed the 

comonomer confinement effect also known as the chemical confinement effect and is observed for 

both examples of monomodal and bimodal parabolic-like behavior. The comonomer confinement 

effect refers to the phenomenon in which non-crystallizable (e.g., functionalized) comonomers 

interrupt the chain folding capabilities of the crystallizable segments of the copolymer.16 

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 t1/2 versus Tiso shifts to lower Tiso. Similar 

trends have been observed in many semi-crystalline copolymer systems containing randomly 

distributed non-crystallizable monomers including isotactic polypropylene-co-1-butene17, 

isotactic polypropylene-co-1-octene 18, amide 6-co-amide 6,6 19, and PEKK 60/40, 70/3015, 20, and 

80/2021. This effect is also observed for statistically non-random blocky copolymers (i.e., blocky 

or block copolymers) and is discussed in Chapter 2.  
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Figure 1-119. The crystallization half-times of polymers with increasing non-crystallizable 

fractions. Increasing the amount of non-crystallizable (A) isophthalate content in PEKK 7, 15 and 

(B) PE content in iPP leads to increases in the t1/2, and shifting of the parabolic minimum to lower 

temperatures due to the chemical confienement effect.  

 

1.4 Lamellar Thickness, Lamellar Thickening, and Melting  

1.4.1 The Gibbs-Thomson Relationship 

Lamellar crystals have a large amount of surface area which reduces their thermodynamic 

stability, i.e., they have a greater driving force to melt. The overall change in free energy, ȹG in 

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

Ў'  Ў' Ў'  [7] 

Where ЎὋ  is the surface independent change in free energy for a crystal of infinite 

dimension, and ЎὋ is the surface dependent contribution to the free energy. Figure 1-11 shows a 

schematic representing 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 melting; therefore, it is represented by a negative sign. The surface 

dependent contribution to the free energy is therefore defined as: 
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Figure 1-120. A schematic representing a lamellar crystal.  

The surface dependent contribution to the free energy is therefore defined as: 

Ў' ςØ ÙÌʎ ςØÙʎ [8] 

Where ὼ is the lamellar width, ώ is the lamellar length, ὰ is the lamellar thickness, ʎ is the lateral 

surface energy, and ʎ is the fold surface energy. Surface is destroyed by melting; therefore, it is 

represented by a negative sign. The free energy change of a crystal of infinite dimension on a per 

unit volume bases is thus defined as: 

Ў' ØÙÌЎ'  [9] 

Where ЎὋ  is the volumetric change in free energy. A crystal of infinite size is in equilibrium with 

the melt. So, ЎὋ= 0. Thus: 

Ў'= Ў(  - 4Ў3 = 0  [10] 

Ў3 = 
Ў

   [11] 
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At temperature T approaching Ὕȟ equation 10 becomes: 

Ў'  Ў( 4Ў3  Ў( 4
Ў

 Ў( ρ   [12] 

Thus, combining equations 7, 8, 9, and 12, the overall free energy becomes 

Ў'  ØÙÌЎ( ρ ςØ ÙÌʎ ςØÙʎ  [13] 

A crystal of infinite size, ЎὋ π, and accounting for the standard enthalpy of fusion in 

units of J/g and including crystal density (ʍ , equation 13 can be rearranged to become equation 

14, the Gibbs-Thomson Equation. 

4  4 ρ
Ў

   [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 at which the specimen 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 Gibb-Thomson equation is dependent on the equilibrium 

melting temperature, Tm
o. Which, for some polymers, can be difficult to accurately determine with 

the commonly used methods described in the next section.  

1.4.2 Flory Melting Point Depression  

The Gibbs-Thomson equation provides a relationship between the melting point of a crystal 

and its thickness, lc. However, this cannot account for the melting point depression that occurs in 

a system that contains non-crystallizable monomers, i.e., copolymers. The non-crystallizable 

monomer (e.g., monomer B) 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 

Flory22 and assumes that the non-crystallizable B monomers do not crystallize. The introduction 

of the non-crystallizable B monomers shortens the runs of crystallizable monomers (e.g., monomer 

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

relationship22, is shown in equation 15.  

Ў
ÌÎὢ   [15] 

Where Ὕ  is the melting temperature of the homopolymer containing only A monomers, Ὕ  is the 

equilibrium melting temperature of the homopolymer, Ὑ is molar gas constant, ЎὌ  is the enthalpy 

of fusion per unit, and ὢ is the molar fraction of crystallizable A monomer units. 

 The Flory relationship is commonly used for random copolymers containing non-

crystallizable monomers. However, it can also be used for non-random copolymers such as block 

copolymers. In the case of non-random copolymers, the melting point is dependent on the sequence 

propagation probability22, 23 and equation 15 becomes equation 16: 

Ў
ÌÎὴ  [16] 

Where ὴ 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 Lamellar Thickness and the Thickening Coefficient 

The lamellar thickness, according the Lauritzen-Hoffman theory, is defined at the 

temperature of crystallization, Tx, given by equation 17: 
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Ìᶻ ȟ

Ў ȟ
 ɿÌ  [17] 

Where ὰᶻ is the lamellar thickness at temperature Tx, ʎȟ and ЎὋȟ are the fold surface free energy 

and the bulk free energy of fusion at temperature Tx, and ɿὰ is the thickness above the minimum 

lamellar thickness. The minimum lamellar thickness is similar to Ro, whereas the minimum 

lamellar thickness is recognized as the minimum thickness to prevent a crystal formed at Tx to melt 

at Tx. 
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 defined as24: 

ɾ  z  [18] 

Where ‎ is the thickening coefficient and ὰ is the lamellar thickness at melting. The thickening 

coefficient is an important value for determination of Tm
o, discussed later.  

1.4.4 Lamellar Thickening 

As mentioned previously, the chain folded lamellar morphology is not in equilibrium due 

to the difference in fold surface energy to lateral surface energy. The fold surface area of a polymer 

lamella is typically 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 ratio and thus reduce free 

energy. Lamellar thickening is a spontaneous process driven by the systemôs attempt to reduce the 

crystalline-amorphous interfacial free energy.25 The crystalline-amorphous 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 without large-

scale melting.26  
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Although molecular mechanisms have been proposed27, 28 the exact molecular mechanism 

of lamellar thickening remains unknown.29 However, two known features of lamellar thickening 

are 1) the long period (obtained by small-angle x-ray scattering, SAXS) increases linearly with log 

of time at short times, as observed by Mandelkern et al.30 and 2) the thickening rate increases with 

temperature31, 32.  

In regards to known feature 1 listed above, two different mechanisms have been assumed. 

The first being that the 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 melting of smaller crystals or 

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

In regards to mechanism 1, it is generally agreed that the observation of a crystalline Ŭ-

relaxation (through dielectric, dynamic mechanical and NMR spectroscopic measurements) 

provides evidence for the existence of segmental motion within lamellar crystals.33 The segmental 

motions associated with crystal Ŭ-relaxations which enable diffusion of chains leading to lamellar 

thickening was first explored by Schultz et al.34 and further explored by Sanchez et al. 35 with 

extensive evidence collected by Wunderlich et al.6 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 not only temperature but also time, indicating there was no continuous 

melt-recrystallization process occurring.  

A heating rate dependence on lamellar thickening was observed by Fisher et al. 36 who 

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 regards to molecular mechanisms of crystal thickening, the following describes a 

proposed molecular mechanism of crystal thickening by Wunderlich et al.26 for polyethylene. 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 density and the crystallite size increases in the chain direction. 

A schematic of the mechanism for lamellar thickening is shown in Figure 1-12.26  

 

Figure 1-121. A schematic representing 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 position for the 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 crystalline-amorphous interfacial free energy.  
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Not all crystallizable polymers exhibit lamellar thickening. As referenced previously, it is 

generally agreed that the observation of a crystalline Ŭ-relaxation provides evidence for the 

existence of segmental motion within the lamellar crystals.33 It is accepted that this relaxation is a 

necessary, but not sufficient, prerequisite for the lamellar thickening process.24 Boyd et al.33 

provides an excellent discussion on the Ŭ-relaxation in semicrystalline polymers. Some polymers 

(PEEK, PPS, PET, nylons, it-PS) do not exhibit an Ŭ-relaxation in the temperature range between 

crystallization and melting and are therefore not expected to exhibit lamellar thickening. As 

discussed by Boyd et al. polymers with bulky repeat units do not exhibit Ŭ-relaxations due to the 

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

Other factors preventing lamellar thickening are hydrogen bonding, the presence of non-

crystallizable units along the polymer backbone, and a high entanglement density in the 

interlamellar regions. In regards 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 necessary to allow for lamellar thickening is so high 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 process.36, 37 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 

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

At equilibrium, the melting temperature, Tm
o is defined as the melting temperature of a 

crystalline of infinite thickness in equilibrium with the melt.4, 6, 38 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 quantity is essential for a proper understanding of the temperature 

dependence of bulk crystallization and lineal crystal growth rates. More importantly, 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. The Tm
o is experimentally determined in several ways: 1) crystal growth rate experiments, 

2) utilizing the Gibbs-Thomson method to compare melting temperature to lamellar thickness, and 

3) the Hoffman-Weeks linear extrapolation of Tm vs Tc. Each method has its merits. In this work, 

the Gibbs-Thomson and Hoffman-Weeks methods are utilized and improvements in the 

methodology are discussed in detail in Chapter 2.  

1.5.1 The Gibbs-Thomson Approach 

Equation 14, the Gibbs-Thomson equation, can be utilized to determine Tm
o by determining 

the melting temperature, T, and the lamellar thickness, ὰ, 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 thickness of the lamella can be determined from this feature. Once a series of ὰ are 

determined, the melting point of the crystals of the different lc is determined by DSC. Then, the 

extrapolation of the Tm vs 1/ὰ to 1/ὰ = 0 will provide the Tm
o. Figure 1-13 shows a graphic 

representation of Tm
o determination using the Gibbs-Thomson extrapolation.  
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Figure 1-122. A graphic representation of utilizing the Gibbs-Thomson relationship of Tm versus 

1/lc for Tm
o determination. 

 

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

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

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

increase in Tx (i.e., the polymer has a thickening coefficient > 1).24 Some polymers do not exhibit 

a lamellar thickening coefficient > 1 and thus, the Gibbs-Tomson method for Tm
o determination 

will not work.  

1.5.2 The Hoffman-Weeks Approach 

The Hoffman-Weeks method utilizes the correlation between crystallization and melting 

temperatures to determine the equilibrium melting temperature.39 Utilizing the relationships 

between lamellar thickening, the Gibbôs Thomson equation, and the average thickening coefficient 

relationship, the relationship between Tm
o and crystallization temperature can be determined, as 

shown in equation 19. 3, 24, 39 
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4 4 ρ
ȟ Ў

  [19] 

Where ὸ and Ὕ are the time and temperature, ‎ὸȟὝ  is the time and temperature dependent 

isothermal lamellar thickening coefficient, and Ὕ  is always greater than ὝȢ 

To simplify equation 19, several approximation are made. First, at equilibrium, the ratio of 

ʎ to ʎ is close to 1. Next, if it is assumed the crystallization temperature Tx is close to Tm
o such 

that the value of the term 
Ў

 is negligible, thus making 
Ў

 = 1. 

Additionally, the thickening coefficient is assumed constant. Thus, equation 19 then reduces to 

equation 20 and produces a linear relationship between the Tm and Tx. 

4 4 ρ
ȟ ȟ

  [20] 

Where the Ὕ  is the equilibrium melting temperature determined from the intercept of the Tm vs 

Tx linear extrapolation to the Tm = Tx line and ‎ is the thickening coefficient calculated from the 

slope of the Tm vs Tx linear extrapolation line (Figure 1-14). Equation 20 can be rearranged to 

equation 21, the Hoffman-Weeks relationship.  

4 4 4 4   [21] 
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Figure 1-123. A representative Hoffman-Weeks plot for polymer with and without lamellar 

thickening during isothermal crystallizaiton.3 No thickening results in a linear extrapolation 

parallel to the Tm = Tx line, resulting in the inability to determine the Tm
o. 

 

The accuracy of this method is dependent on the observed melting point being free from 

reorganization or annealing upon heating to determine Tm. Additionally, it is important that the 

crystals are isothermally crystallized, i.e., no crystallization occurs upon cooling to the Tcôs for 

each corresponding Tm. Non-isothermal crystallization will lead to uncontrolled differences in the 

thicknesses of the resultant crystals thus, leading to inaccurate slopes of the Hoffman-Weeks plot. 

Additionally, the polymers must exhibit differences in lamellar thickness upon crystallizing at 

different Tc. This change in lamellar thickness depending on Tc is related to the minimum stem 

length required to overcome the free energy barrier to nucleation at the corresponding temperature. 

With increasing Tc, the stem length typically increases, this resulting in higher Tm with higher Tc. 

Annealing while observing the Tm will lead to inaccurate assumptions of the initial lamellar 

thickness upon crystallization.  
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1.5.2.1 The Hoffman-Weeks approach using TZEP to determine Tm
o 

More recently, an improvement in Hoffman-Weeks methodology has been gaining 

popularity in the literature in which the liner Hoffman-Weeks extrapolation uses zero-entropy 

production temperature, TZEP instead of Tm. Recently, this approach has been examined in the 

literature40-43 and is considered to be the more accurate method, as TZEP represents the melting 

point of the examined crystals without non-equilibrium effects of reorganization, recrystallization, 

and superheating.44 Zero-entropy-production (ZEP) refers to melting of a metastable crystal of a 

distinct thickness at its stability limit, i.e. without reorganization or superheating.44, 45 Fast 

crystallizing polymers such as iPP and PEKK, have been shown to reorganize upon heating at rates 

available by standard differential scanning calorimetry (DSC). Utilizing fast scanning calorimetry 

(FSC), faster heating rates are available which prevent reorganization upon heating. However, 

superheating will inevitably occur and thus, the Tm at heating rates fast enough to prevent 

reorganization are still not sufficient and the TZEP must be determined.  

 To determine the TZEP at each Tc for use in the Hoffman-Weeks linear extrapolation, the 

melting temperature of superheated polymer crystals is plotted versus the heating rate, following 

equation 22: 

4ȟ 4 !ɼ ×ÉÔÈ π Ú πȢυ  [22] 

In this analysis Tm,peak is the peak melting temperature, TZEP is the zero-entropy-production 

temperature, A is a constant, ɓ is the heating rate, and z is an exponent which provides information 

regarding melting kinetics. Figure 1-15 shows a representation of (A) the plot of Tm versus ɓz to 

determine the TZEP of PEKK 80/20 and (B) the Hoffman-Weeks extrapolation using TZEP. The 

polymer is crystallized at the corresponding Tc and heated at different heating rates and the melting 

temperature is observed. The Tm versus ɓ is then plotted for each Tc. The intersection of the linear 
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extrapolation to ɓz =0, after determining the best fit value of z, is the TZEP. An in-depth 

determination of the Tm
o of PEKK7 is discussed in Chapter 2. 

 

Figure 1-124. A plot representing (A) determination of the TZEP and (B) a Hoffman-Weeks plot 

utilizing TZEP for determination of Tm
o. 

 

1.6 Fast Scanning 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 non-isothermal crystallization 

upon cooling, and annealing and melt-reorganization upon heating. The recent advances in fast 

scanning calorimetry and commercialization of fast scanning calorimeters offer heating and 

cooling rates orders of magnitude faster than standard DSC, allowing for analysis of materials far 

from thermodynamic equilibrium. 

1.6.1 History and Capabilities of 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 melting and subsequent crystallization of 

materials during processing, such as in injection molding or blow molding.46 The materials in these 

processes are known to experience cooling rates in the range of 100-10,000 K/s. The ability to 

reach both fast cooling rates and heating rates was made possible due to the advancement of micro-

electro-mechanical systems (MEMS) leading to the creation of chip sensor-based fast scanning 

calorimeters, such as the Flash DSC by Mettler Toledo. The UFS1 chip sensor for use in the Flash 

DSC by Mettler Toledo is shown in Figure 1-16.  

The Flash DSC 1 by Mettler Toledo allows for temperature ranges of -95 to 450 oC and 

scan rates of approximately 1 - 4000 K/s upon cooling and 1 - 40,000 K/s upon heating. The sample 

masses are decreased significantly compared to standard DSC, from ~5 mg to < 10 ɛg for chip-

based FSC. Despite the small sample size, FSC results in high sensitivity, making it ideal for the 

study of very small samples (e.g., thin films) and mass-limited samples (e.g., forensic remnants). 

Decreased mass also allows for reduction/elimination of thermal lag in properly prepared 

samples.47 This is essential in determination of fundamental properties of specific heat capacity, 

melting kinetics, reaction kinetics, etc.  
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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 show the delicate electronics- 16 

thermocouples which measure the sample and reference temperature. The sample on the right was 

placed after turning over the chip.  

 

1.6.2 The Theory of Fast Scanning Calorimetry 

The basic requirements for a fast scanning calorimeter modeled in Figure 1-17 are 

simplified as follows: 1) the power of the electric heater (equation 23) must be kept higher than 

the power lost to heat flow between the calorimeter and the surroundings (equation 24, i.e., Pel  >  

Ploss), 2) the surrounding gas is at a low temperature (Tgas <  Tc), 3) the thermal resistance of the gas 

is sufficiently small, and 4) the heat capacity (Cc) of the calorimeter must be small.46 This means 

the calorimeter must be small for low a Cc and 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 which contains the electronic components 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  ὅ‍  [24] 

Where ῳὝ is the temperature difference between the calorimeter and the surrounding gas, Ὑ  is 

the thermal resistance between the calorimeter and the gas, and ‍ is the 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 sample to the chip sensor or by 

using silicone oil. Secondly, any potential surface-induced effects must be suppressed (e.g., run 

experiment in inert environment to prevent reactions on material surface). Additionally, good 

thermal contact between the sensor and calorimeter is vital for precise measurement of the sample 

temperature. Lastly, the sample must be sufficiently thin to prevent temperature gradients.46 These 

considerations ensure the reliability and accuracy of the insights gained from FSC experiments.  
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1.6.3 Applications of 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 (X-ray, neutron) to analyze fast structure formation processes 10, 48-

52, molecular simulations to investigate thermodynamic behaviors 46, 53-57 microscopy to observe 

nucleation phenomenon 51, 58-60, and shear forces to investigate crystallization behaviors and 

morphology 61-63. 

FSC is utilized and exhibits significant potential in a wide range of applications. The most 

obvious being polymer characterization, to study crystallization kinetics, reaction kinetics 64, 65, 

melting kinetics 66, 67, polymorphism 51, 68-70, specific heat capacity 71-74, etc. Additionally, FSC is 

used in the pharmaceutical space 75-77 for investigations including thermal behavior of drug 

formulations for help in optimizing formulations to ensure stability during manufacturing, storage, 

and use. Another space, energetic materials 78, where 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 layers is pivotal to device performance and reliability79-82. Food science utilizes FSC 83-86 for 

the study of 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 for FSC 87, 

88 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 focused on utilization of fast scanning 

calorimetry to characterize fast crystallizing polymers. First, 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 methodologies accounting for 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 processes. It is hypothesized that the crystallization behavior of 

polypropylene during printing can be mimicked by FSC to identify factors that influence final part 

melting morphology. Finally, 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 functionalized PEKK 

copolymers.  
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2.1 Abstract 

 Fast scanning calorimetry (FSC) was used to analyze the crystallization kinetics and 

determine the equilibrium melting temperature (Tm
o) of KEPSTAN PEKK 8001 (PEKK 80/20) 

with a terephthalate to isophthalate (T/I) ratio of 80/20. Quantitative 1H, qualitative 13C 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 temperature range from 200 oC to 310 

oC utilizing an interrupted isothermal crystallization method. The crystallization kinetics of PEKK 

80/20 exhibits parabolic-like behavior with the most rapid crystallization occurring at 260 oC. 

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 DSC). The Tm
o of PEKK 80/20 was 
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determined utilizing the zero-entropy-production temperature (TZEP) allowing for the first time an 

accurate determination of the equilibrium melting temperature of 382 oC. This value was compared 

to a traditional Hoffman-Weeks linear extrapolation over a range of heating rates (500 K/s ï 20,000 

K/s) to arrest melt-reorganization upon heating. Due to unavoidable crystalline reorganization 

during slow heating scans with conventional DSC, this new value for Tm
o using FSC is 

significantly higher than the commonly referenced literature value of 368 oC. 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 interesting PAEK, poly(ether 

ketone ketone) (PEKK) is a linear semi-crystalline thermoplastic gaining increased interest due to 

excellent properties including high impact strength, chemical resistance, high glass transition and 

melting temperatures, low flammability, and good processibility.1-3 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 synthesized.4 This ratio is termed the ñT/I ratioò and 

can be seen in the molecular structure of PEKK shown in Figure 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 crystallization rate with 

increasing isophthalate content.  The isophthalate ñkinkò also leads to an increase in chain mobility 
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attributed to greater free volume, and thus a reduction in the glass transition temperature.4-5 

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 thermo-physical 

properties greatly influences processibility and final properties for semi-crystalline polymers such 

as PEKK.  

 

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 (PET)6-7, isotactic polystyrene8, bisphenol-

A polycarbonate9, ethylene/1-octane copolymer10, poly(ether ether ketone) (PEEK)11-14 and 

PEKK1, 4-5, 15-16. The origin of multiple melting peaks can be attributed to several reasons: (1) 

different crystal structures (i.e., polymorphism), 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 

reorganization 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 PEKK 60/401, 4, 17 and PEKK 70/301 

from the melt have shown an additional endotherm during melting which occurs about 10 oC above 
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the isothermal annealing temperature. Only one crystal form is observed for PEKK when 

crystallized from the melt18 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 melt-reorganization 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 al.11 found that the multiple melting peak behavior 

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 et al.19 suggested the 

reorganization during heating was not fully suppressed due to the slow heating rate of the 

conventional DSC used by Marand. This led to further exploration of the bimodal melting behavior 

dependence on the heating rate of isothermally crystallized PEEK19 and polyamide 620 where the 

reorganization upon heating of the two crystal populations with different melting kinetics were 

suppressed using fast scanning differential calorimetry (FSC). Tardif et al.21 utilized 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 increasing heating rate 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 melting peak 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/s.19 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 angle X-ray 

scattering supports the existence of two distinct populations of crystal thicknesses for isothermally 

crystallized PEEK.22  

The crystallization kinetics4-5, 17 and equilibrium melting temperature (Tm
o)5 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 very fast-crystallizing 

nature and the limitations of standard DSC heating rates to accurately observe the isothermal 

crystallization of PEKK 80/20. Most notably, Gardner et al.4 synthesized a set of PEKK 80/20 

samples and attempted to quantify the crystallization half time (t1/2) and Tm
o using conventional 

DSC. The values they reported are most commonly referenced in recent literature.23-24 We have 

now identified a number of improvements in methodology to allow for more accurate analysis of 

the crystallization kinetics and determination of the Tm
o for 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 lab sample 

showed thermal degradation as early as 400 oC, adding 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 600 oC (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 faster than standard DSC. 

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 

Tm
o.25  

The third improvement in methodology is the enhancement of the Hoffman-Weeks linear 

extrapolation methodology to determine Tm
o. In this work, two different methods of determining 

Tm
o are performed and compared. The first being a linear Hoffman-Weeks extrapolation of the 

zero-entropy-production melting temperature (TZEP) versus the isothermal crystallization 

temperature (Tiso). Recently, this approach has been examined in the literature20, 26-28 and is 

considered to be the more accurate method, as TZEP represents the melting point of the examined 

crystals without non-equilibrium effects of reorganization, recrystallization, and superheating.29 

The second method is a linear Hoffman-Weeks extrapolation of the peak melting temperature 

(Tm,peak) versus Tiso at sufficiently fast heating rates to prevent reorganization. Thoroughly 

examined by Marand et al., the conditions under which the linear Hoffman-Weeks extrapolation 

provides a reliable estimate of the Tm
o include minimizing isothermal thickening by limiting the 

degree of crystallinity of chain folded crystals. Chain folded crystals of limited degree of 

crystallinity are known to exhibit a relatively narrow distribution of thicknesses.25, 30-31 It has even 

been demonstrated that different equilibrium melting temperatures are reported for identical 

samples that differ only by degree of crystallinity.32 Gardner et al. described a 30 minute isothermal 

crystallization period during their method of Tm
o determination. This isothermal crystallization 

period is lengthy compared 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 the Tm
o, as the peak melting temperature is known to shift to 

higher temperatures with increased isothermal crystallization time.25  
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Due to these identified improvements, it is clear that a refined measurement of the 

crystallization kinetics and Tm
o of PEKK 80/20 utilizing FSC is necessary to accurately determine 

these material parameters utilizing state-of-the-art methodologies for the commercially available 

KEPSTAN PEKK 8001. The purpose of this work is to utilize FSC to evaluate the crystallization 

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 and 70/30 to 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 after isothermal 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 melt-reorganization. Furthermore, a quantitative analysis supporting 

this conclusion which utilizes the zero-entropy-production temperature is discussed. Finally, the 

Tm
o of PEKK 80/20 is determined utilizing state-of-the-art methodologies.  

 

2.3 Experimental 

2.3.1 Materials 

 Poly(ether ketone ketone) pellets, KEPSTAN® 7002 (vendor reported T/I = 70/30, Tm = 

331 oC, Tg = 162 oC, MFR at 380 oC/5 kg = 35 cm3/10 min) and KEPSTAN® 8001 (T/I = 80/20, 

Tm = 358 oC, Tg = 165oC, MFR at 380 oC/5 kg = 15 cm3/10 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 80 oC in a vacuum oven for 8 hours prior to use. Dichloroacetic 

acid (DCA) was purchased from Sigma-Aldrich and used as received.  
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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 1H NMR spectroscopy at room temperature in DCA and deuterated chloroform 

(CDCl3) 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 oC to a concentration of 10% w/v. Once dissolved, the solution was cooled to room 

temperature and diluted with CDCl3 with 0.05% v/v TMS to a concentration of 5% w/v. The 

solvent system was previously reported33 from work with the similar poly(aryl ether ketone), 

PEEK. The 1H NMR splitting patterns are designated as follows: s (singlet), d (doublet), dd (double 

doublet), t (triplet), and m (multiplet). Qualitative 13C 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 scans with relaxation delay of 2 seconds. 2D heteronuclear correlation spectroscopy 

(HSQC) was collected on an Agilent U4-DD2 400 MHz spectrometer. The PEKK samples were 

prepared following the procedure as described previously.  

2.3.3 Thermogravimetric Analysis 

 A TA Instruments TGA Q500 was used to evaluate the thermal stability of PEKK 80/20 to 

verify no degradation occurs during FSC analysis (Figure 2-S1). Samples were prepared by melt 

pressing at 400 oC and quenched in ice water. The amorphous films were dried at 80 oC in a vacuum 

oven overnight before use. All analyses were performed with a ramp rate of 20 oC/min 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. The onset of indium melting versus heating 

rate was used to determine the corrected horizontal shifts of the experimental melting profiles. All 

experiments were conducted in an ultra-high purity N2 gas environment with a flow rate of 60 

mL/min to limit oxidation and moisture in the sample chamber. Amorphous PEKK samples were 

prepared by melt pressing at 400 oC, a temperature significantly above any reported Tm
o and below 

the degradation temperature of PEKK 80/20, to a thickness of 0.025 mm and melt-quenched in ice 

water followed by drying in a vacuum oven overnight at 80 oC. Thin samples for FSC 

measurements were cut by microtome (2 ɛm thickness) from the amorphous film and laterally cut 

to size by scalpel under a microscope. A thin layer 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 were pre-melted at 5 K/s to 400 oC 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 between 4 ng ï 13 

ng. Experiments were repeated with fresh samples 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 time-temperature profile in Figure 2-S2 

and found to be 10 K/s for PEKK 80/20 (Figure 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 time-temperature profile in Figure 2-S4. The minimum time required to remove 
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thermal history at 400 oC was found to be 0.1 s for PEKK 80/20 (Figure 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 (IIC) method.21, 34 The time temperature profile for the IIC 

method is shown in Figure 2-2. The isothermal crystallization temperatures (Tiso) between 200 oC 

to 310 oC were analyzed by this method. After removing thermal history at 400 oC for a minimum 

of 1 s, the sample was quenched at 500 K/s to the respective Tiso and held for varying amounts of 

time (0.1 s ï 12,000 s). The sample was quenched at -500 K/s to below the Tg to arrest any further 

crystallization. The partially crystallized sample was then heated to 400 oC 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 time (tiso) was determined when the melting 

enthalpy remained at a constant value with increasing tiso. Figure 2-S6 demonstrates an example 

of a change in melting enthalpy with increasing tiso for PEKK 80/20 at a Tiso of 260 oC. The 

maximum isothermal crystallization time is dependent on Tiso. The observed melting enthalpy 

versus tiso was used to calculate crystallization half-time (t1/2) 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 t1/2 of PEKK 80/20 and PEKK 70/30 at each Tiso.  

 

2.3.5 Equilibrium Melting Temperature 

The equilibrium melting temperature (Tm
o) of PEKK 80/20 was analyzed utilizing two 

different methods: 1) the linear Hoffman-Weeks extrapolation of the zero-entropy-production 

temperature (TZEP) of isothermally crystallized samples with minimal crystal thickening and 2) the 

linear Hoffman-Weeks extrapolation of the peak melting temperature (Tm,peak) of isothermally 

crystallized samples with minimal crystal thickening. The time-temperature profile utilized to 

perform both of the Hoffman-Weeks extrapolations of PEKK 80/20 is shown in Figure 2-3. After 

removing thermal history at 400 oC for 1 s, the sample was quenched at 500 K/s to the respective 

Tiso and held for varying amounts of time (1 s ï 50 s) to allow for low amounts of crystallinity. 

Utilizing the crystallization kinetics information from the IIC method described previously, it was 

possible to determine the tiso needed to crystalize PEKK 80/20 to a low degree of crystallinity 

(<15%) at a given Tiso. The sample was then quenched at -500 K/s to below the Tg to arrest any 

further crystallization. The partially crystallized sample was then heated to 400 oC at 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 TZEP for each Tiso (discussed below). The TZEP values were 

then plotted as a function of Tiso to determine the Tm
o. For method 2, the peak melting temperature 

(Tm,peak) as a function of Tiso for each heating rate was then plotted to determine the Tm
o. The 

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

temperature.  

 

Figure 2-129. Time-temperature profile utilized on the Flash DSC for the Hoffman-Weeks 

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/I ratio) and linear topology of PEKK 70/30 and PEKK 

80/20 were verified by NMR. Due to limited solubility of PEKK no 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 PAEKs.35 
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The aromatic region of the 1H NMR spectra, peak assignments, and integrations for PEKK 70/30 

and PEKK 80/20 are shown in Figure 2-4. Both PEKK 70/30 and PEKK 80/20 exhibit proton 

resonances at 7.19-7.22 (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 protons of the terephthalic and isophthalic moieties. The T/I ratio can 

be determined through comparison of the ratio of the integration of resonance peaks associated 

with protons labeled 3 or 4, located on the isophthalic 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/I ratio. For simplification, the following equation utilizes the integration of 

proton 1 equal to 4.  

When setting the integration value of Ὄ  equal to 4, then: 

ὼ ρ Ὄ᷿        [1] 

Where ᷿ ὌΠ is the integration of the corresponding resonance peak in Figure 2-4, x is the fraction 

of ñTò monomers, y is the fraction of ñIò monomers and x + y = 1. The number of H1 protons will 

not change due to the fact both the T and I monomers contain 4 H1 protons each and the value of 

T+I will never change. Table 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.  

 



58 

 

 

Figure 2-4. Aromatic region of the 1H NMR spectrum of a) PEKK 70/30 and b) PEKK 80/20. 

Spectra are referenced to CDCl3. The asterisk (*) refers to reference solvent resonance. 

 

The T/I ratios for PEKK 70/30 and PEKK 80/20 were calculated according to equation 1 

utilizing the integration values shown in Figure 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, respectively. These values thus verify the manufacturerôs 

reported T/I ratios for the KEPSTAN® PEKK 7002 (T/I = 70/30) and KEPSTAN® PEKK 8001 

(T/I = 80/20) copolymers. Additionally, all resonance peaks in the aromatic region of the 1H NMR 

spectra are accounted for, and no additional peaks appeared in the downfield region which would 

be associated with branching36, thus 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 in Figure 2-4.  

Theoretical 

Ratio 

ñT/Iò 

Calculated Ratio 

╗  ╗  

70/30 70.5/29.5 71.0/29.0 

80/20 80.0/20.0 78.5/21.5 

 

Qualitative 13C NMR spectroscopy was also used to further verify the peak assignments of 

PEKK 70/30 and PEKK 80/20. The 13C NMR spectra for PEKK 70/30 and PEKK 80/20 are shown 

in Figure 2-5. PEKK 70/30 and PEKK 80/20 exhibit distinct 13C resonances at 197, 160, 140, 137, 

134, 133, 131, 130, 129, and 119 ppm associated with the 13C resonance of the terephthalic and 

isophthalic moieties. Peak correlations between the 1H and 13C spectra (i.e., 2D NMR) were probed 

by a heteronuclear single quantum coherence (HSQC) correlation experiment to verify the peak 

assignments (see Figure 2-S7). 
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Figure 2-5. 13C NMR spectra of a) PEKK 70/30 and b) PEKK 80/20. Spectra are recorded in 

DCA/CDCl3 at 25 oC. Referenced to CDCl3. 

 

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 method utilizes 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 process.21, 34 The fractional 

crystallinity (ū) of PEKK 80/20 as a function of time at the designated crystallization temperature, 

Tiso, was recorded and further discussed in Figure 2-S8.  
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The crystallization half-time, t1/2, of PEKK 80/20, or time when the fractional crystallinity 

reaches 50% of total crystallizable content (i.e., ū = 0.5) was extracted from Figure 2-S8 and 

plotted in Figure 2-6 as a function of the isothermal crystallization temperature, Tiso. To confirm 

accuracy of the IIC method, the t1/2 of PEKK 70/30 isothermally crystallized at 210, 230, 240, 250, 

260 and 280 oC were also collected and compared to literature37 (Figure 2-S9). For PEKK 80/20 

the crystallization kinetics are fastest at 260 oC (t1/2 = 12 sec) due to the balance of nucleation and 

diffusion-controlled crystallization with limits between the Tg and Tm
o. Comparison of the t1/2 

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 decrease in t1/2 and increase in ideal Tiso (at minimum t1/2) with 

an increase in T/I ratio. Increasing kinetics with an increase in terephthalate content is well 

understood and explained by a decrease in isophthalate content corresponding to an increase in 

pristine crystallizable terephthalate chain segments and the isophthalate monomers acting as 

structural defects, resulting in slower crystallization kinetics and decreased crystalline phase 

compactness.4, 17 
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Figure 2-6. The fractional crystallinity curves for PEKK 80/20 (black, square) determined in this 

work, and 70/3037 (blue diamond), and 60/4037 (red circle), determined by Choupin (2018). 

Fractional crystallinity of each data set indicated by ū. Dashed lines to guide the eye only. 

 

2.4.3 Equilibrium Melting Temperature Determination 

Commonly referenced literature reports the equilibrium melting temperature, Tm
o, of 

PEKK 80/20 as 368 oC.4 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 Tm
o 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 time, and (3) the experimentally measured melting 

behavior used to create the Hoffman-Weeks plot was not free from crystal reorganization and 

thickening during annealing, which is known to lead to an inaccurate value of Tm
o (see Figures 2-

S10 and 2-S11).  



63 

 

Another complication with the melting behavior of PEKK arises from the multiple melting 

peak behavior likely due to reorganization upon heating, as observed in the similar poly(aryl ether 

ketone), PEEK.19 This reorganization upon heating will influence the peak melting temperature 

and therefore lead to invalid Tm
o analysis by linear Hoffman-Weeks 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 analyzed. Utilizing the fractional crystallinity data in Figure 2-S8, PEKK 80/20 was 

crystallized to low degrees of crystallinity (<15%) at specific Tiso 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 Tm
o, as the peak melting temperature is known 

to shift to higher melting temperatures with increased annealing time (i.e., attributed to lamellar 

thickening at longer tiso).
25 In Figure 2-S6 a clear example of the shifting of the peak melting 

temperature is seen for PEKK 80/20 isothermally crystallized at 260 oC for various amounts of 

time is observed. This result supports the necessity for isothermally crystallizing to low degrees of 

crystallinity (short tiso) for proper Tm
o 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 rates. Peak 1 shifts 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 melt at a temperature above the size-dependent melting temperature.38 

As shown in Figure 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 Tiso is increased to 260 oC and 300 oC (Figures 2-9b and 2-9c, respectively). These results 

indicate that Peak 2 is due to the melting of reorganized crystals during heating as the 

reorganization is suppressed within the time-limited conditions of the increased heating rate. The 

suppression of reorganization with lower heating rates at higher Tiso suggests formation of more 

stable crystals with increasing Tiso. This same behavior has been observed for several polymers 

including PA 620, iPP39, and PEEK19. 
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Figure 2-7. Melting thermograms of PEKK 80/20 isothermally 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 using an 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 (4 ng ï 13 ng) 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.5, 19, 40-42 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 can be analyzed 

utilizing equation 3, developed by Schawe et al. and simplified by Toda et al.43-44 

Ὕȟ Ὕ ὃ‍ ύὭὸὬ π ᾀ πȢυ  [3] 

In this analysis Tm,peak is the peak melting temperature, TZEP is the zero-entropy-production 

temperature, A is a constant, ɓ is the heating rate, and z is an exponent which provides information 

regarding melting kinetics. Zero-entropy-production (ZEP) refers to melting of a metastable 

crystal of a distinct thickness at its stability limit, i.e., without reorganization or superheating.19, 29 

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 crystallite upon heating, 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 superheating. A value 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 crystal-melt interface).41 Figure 2-

8 shows that the relationship between Tm,peak and heating rate scales to a power ɓ
z for Peak 1 where 

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 size, it has been demonstrated that thermal lag 

is not affecting the peak melting temperature over the range of heating rates explored. 19, 29, 44  
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After establishing that the peak melting temperature is not influenced by thermal lag, the 

TZEP is obtained as the y-intercept from the linear extrapolation of the plot of Tm,peak versus ɓ
z to a 

heating rate of zero (Figure 2-8). Over the range of experimental isothermal crystallization 

temperatures, the TZEP is found to increase linearly with increasing Tiso (i.e., a Hoffman-Weeks 

plot, Figure 2-9).29-30 The equilibrium melting temperature, Tm
o, is then obtained from the 

interception of the linear extrapolation of the TZEP to the Tm=Tc line. 20, 26-28 Using this analysis, 

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

o 

is 14 oC higher than the previously reported literature value of 368 oC.4 

  

Figure 2-8. TZEP analysis of PEKK 80/20 utilizing equation 3. Dashed lines indicate best linear 

fit and extrapolated to a heating rate of zero to indicate the TZEP value for each Tiso. The best fit 

values of the power z for each isothermal crystallization temperature are shown. 
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Figure 2-9. TZEP versus Tiso Hoffman-Weeks extrapolation to Tm=Tc. Inset highlights the point of 

intersection and extrapolation to Tm
o (red line).  

 

  The extrapolated Tm
o over a range of heating rates was also explored by linear Hoffman-

Weeks analysis of Tm,peak versus Tiso to compare to the value obtained by the TZEP versus Tiso 

extrapolation. Figure 2-10 shows the Hoffman-Weeks plot of peak melting temperatures, Tm,peak, 

versus Tiso over a range of increasing heating rates. With increasing heating rate, the slope of the 

Hoffman-Weeks plots decreases. As discussed previously, this behavior is explained by more 

stable crystals forming at higher isothermal crystallization temperatures, thus reducing the ability 

to reorganize, resulting in lower heating rates required to suppress reorganization. For each heating 

rate, the Tm
o is extrapolated from the interception of the linear extrapolation of the peak melting 

temperatures to the Tm=Tc line. With increasing heating rate, the extrapolated intersection with 

Tm=Tc 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 of Tm
o = 388 oC. Through this analysis, it is now clear that 

a heating rate of 18,000 K/s is sufficiently fast enough to arrest all melt-reorganization. Therefore, 

in the absence of melt-reorganization or crystal thickening, the Tm
o of PEKK 80/20 by this 

traditional Hoffman-Weeks extrapolation is noted to be 6 oC higher than the TZEP versus Tiso 

determined value of 382 oC. Since the TZEP method 1 considers only the equilibrium melting 

phenomenon i.e., in the absence of heating rate dependence, the 6 oC increase in the extrapolated 

Tm
o value for method 2 is attributed to superheating. 

 

Figure 2-10. The Hoffman-Weeks plot of PEKK 80/20. Increasing heating rates suppress 

reorganization of crystallites 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 Tm
o of fast crystallizing PEKK 80/20. The linear topology and comonomer 

composition are confirmed by 1H and 13C NMR. The crystallization half-time of PEKK 80/20 

exhibits parabolic-like behavior with the most rapid crystallization (t1/2 = 12 sec) occurring at 260 

oC. Furthermore, thorough analysis of the origins of the multiple melting peak behavior of PEKK 

80/20 demonstrated that the multiple melting peaks are due to melt-reorganization 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-

entropy-production temperature, TZEP, was found to increase linearly with increasing Tiso, and 

extrapolation to the Tm=Tc line yielded an accurate determination of Tm
o = 382 oC for the 

commercially available KEPSTAN PEKK 8001 (T/I = 80/20). This refined equilibrium melting 

temperature for PEKK 80/20 is significantly greater than the widely cited value obtained from an 

experimental grade of PEKK using conventional DSC. As a further comparison, a conventional 

Hoffman-Weeks analysis was performed with FSC at heating rates sufficient to arrest melt-

reorganization (i.e., heating rates greater than 18,000 K/s). This analysis yielded a Tm
o value that 

was just 6 oC higher than the TZEP method. While both FSC methods showed reasonably good 

agreement, the somewhat higher Tm
o value from the conventional Hoffman-Weeks extrapolation 

was attributed to unavoidable effects of superheating at fast scan rates.  
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2.7 Supporting Information  

 

Figure 2-S1. TGA scan of PEKK 80/20. The temperature at which 5% of PEKK has degraded was 

determined to be 600 oC. Ramp rate of 20 oC/min was utilized. Nitrogen atmosphere. 

 

To ensure complete suppression of crystallization upon cooling, quench rate versus the 

observed melting upon heating experiments were performed. The time-temperature profile for the 

determination of the quench rate for PEKK 80/20 is shown in Figure 2-S2. To determine the rate 

at which no crystallization occurs upon cooling to a desired temperature above Tg, PEKK 80/20 

was melted and cooled at various cooling rates to a temperature above Tg to observe changes in 

heat flow associated with crystallization. Figure 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 rate of 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.  

 

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 DSC thermogram 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-S4 shows the time-temperature 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, an isothermally crystallized 

sample of PEKK 80/20 was held in the melt for various times, quickly quenched to below Tg, and 

ramped at 500 K/s to observe any endothermic change in baseline, associated with melting of 

crystals that persisted during the melt hold. The thermograms from the melt time experiments are 

shown in Figure 2-S5. The melting of a samples isothermally crystallized for 30 s at 250 oC 

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 needed to melt any crystallites and remaining 

nuclei.  

 

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 oC, 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). 

 

 

Figure 2-S6. The melting Flash DSC thermogram of PEKK 80/20 after annealing at 260 oC for 

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 1H and 13C assignments, peak correlations The quaternary carbon and 

aromatic proton regions of the 2D spectra for PEKK 70/30 and PEKK 80/20 are shown in Figure 

S7. For both PEKK 70/30 and PEKK 80/20 the 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 at a higher frequency of 130 ï 141 ppm are correlated to the H2 ï H5 protons which 

are identified as being on the isophthalate monomer and the protons directly adjacent to the 

carbonyl bond.  

 

Figure 2-S7. HSQC spectra for a) PEKK 70/30 and b) PEKK 80/20. Spectra are recorded in 

DCA/CDCl3 at 25oC. Referenced to CDCl3. The asterisk (*) refers to reference solvent resonance. 
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The crystallization profile sigmoidal shape is consistent at each Tiso but occurs at longer 

times from (a) 260 oC to 200 oC and (b) 260 oC to 310 oC which represents the diffusion controlled 

and nucleation controlled regimes, respectively. The Avrami fit of the fractional crystallinity data 

for Tiso of 260 oC and 310 oC are shown in Figure 2-S8b. It is evident the fractional crystallinity 

curves do not follow traditional Avrami fit due to the disagreement of the Avrami fit to the data at 

long times. This is attributed to the growth of a secondary crystallization process within the 

primary crystallization with slower crystallization kinetics.45-46 Efforts to model the crystallization 

of PEKK 60/4017 and 70/3037 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 to a review 

of isothermal crystallization modeling of PEKK discussed by Perez-Martin et al.24 for further 

information. 
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Figure 2-S8. Fractional crystallinity versus Log(tiso) for PEKK 80/20 isothermally crystallized at 

a range of times at temperatures between 200 to 310 oC. The diffusion-controlled regime (a) for 

PEKK 80/20 occurs at crystallization temperatures below approximately 260 oC, and the 

nucleation-controlled regime (b) for PEKK 80/20 occurs at crystallization temperatures above 

approximately 260 oC. The optimal temperature for a maximum crystallization rate occurs at 

approximately 260 oC for PEKK 80/20. 
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Figure 2-S9. The crystallization time versus Tiso for PEKK 70/30 referenced in literature (blue, 

half filled) and collected for this work (black, filled) by the IIC method. The crystallization half 

time (ū=0.5) collected for this work lies within the times collected by Choupin et al. 37 of ū=0.3 

and ū=0.8 for the same grade of PEKK 70/30. 

 

Gardner et al4 determined the Tm
o 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.25 To demonstrate the importance of determining Tm
o from non-annealed samples, Figure 2-

S10 shows the Hoffman-Weeks 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 non-annealed to annealed scans at the same temperature. The deviation from linearity 

when plotting Peak 2 melting temperature occurs at a higher temperature for fully annealed 

samples. The Tm
o of PEKK 80/20 crystallized to 100% crystallinity under isothermal conditions 

was determined to be 413 oC, 26 oC higher than the experimentally determined value of 388 oC 

and 45 oC higher than the previously reported value of 368 oC.4  
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Figure 2-S10. The Hoffman-Weeks plot comparing partially crystallized (<15%, red diamonds) 

to maximum fractional crystallized (100%, blue squares) of PEKK 80/20 samples. The 

extrapolated Tm
o for partially crystallized PEKK is significantly lower than that of the fully 

crystallized PEKK samples, indicating the importance of determining Tm
o from 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 for Tiso greater than 260 oC. Hoffman-Weeks analysis utilizing 

this data is shown in Figure 2-S10. 
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2.8 Appendix A. Insights and Failures 

Originally, the slope of the TZEP vs Tiso Hoffman-Weeks plot for PEKK was equal to 1, i.e., 

there was no crossover with the Tm = Tc line and an equilibrium melting temperature could not be 

determined. This was because a single z value was used to represent the best fit for all of the 

isothermal crystallization temperatures used. However, upon reevaluation, it was determined that 

the representative z value that was used in the original analysis did not correspond to a best fit 

value for each Tiso. Thus, the revised analysis of this data now follows the detailed approach used 

by Toda, where specific best fit z values for each individual Tiso are used. With this refined 

analysis, the conflict is resolved, as shown in Figures 2-8 and 2-9, the appropriate and expected 

crossover of the TZEP vs Tiso plot with the Tm = Tc line occurs with a reasonably good agreement 

with our Hoffman-Weeks extrapolation in Figure 2-10. 
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3.1 Abstract 

  In this work, the post-polymerization bromination of poly(ether ketone ketone) 

(KEPSTAN 8001, T/I = 80/20) with N-bromosuccinimide is reported for the first time. Two 

microstructures are synthesized ï a random microstructure through functionalization in the 

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 newly discovered benign solvent, diphenyl acetone. The resultant gel exhibits a 

nanoscale fibrillar-network morphology with porosity and surface areas of 85.5%  3 and 152  

12 m2/g, respectively. Degrees of bromination between 12 ï 62 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 (210 °C ï 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 comonomer confinement effect. In contrast, the temperature of fastest crystallization 

for the blocky microstructures remained relatively 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 negligible 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 high melting temperatures 

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 along the chains. 

 

3.2 Introduction  

Poly(ether ketone ketone) (PEKK) is an aromatic high-performance thermoplastic widely 

used in industrial sectors including aerospace, automotive, and oil and gas industries due to its 

excellent mechanical performance and chemical resistance properties.1-4 PEKK 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 and good processibility.3, 5-6 While generally referred to as PEKK, 

commonly utilized grades of PEKK (KEPSTAN 8000, 7000, 6000) are copolymers of 
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terephthalate and isophthalate units and commonly categorized by their ñT/Iò ratio (Figure 3-1). 

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.7 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 transition (Tg), melting temperature (Tm), and crystallization rates.3, 7 

 

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 post-polymerization 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 attention has been given to the post-

polymerization modification of PEKK and subsequent analysis of the effect of functionality on 

thermo-physical 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 applications8-10, biocompatibility11 and improved mechanical 

properties12 as well as reversible dithiolation13 to improve solubility for fiber fabrication). Clearly, 

new solvents for PEKK must be explored to realize the potential advantages of functionalized 

PEKK. 
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 Due to the high melting temperature of PEKK (Tm = 300 °C to 360 °°C, depending on T/I), 

high boiling point solvents must be used in order to break down the semi-crystalline structure of 

PEKK during dissolution. To date, solvents reported for PEKK include: dichloroacetic acid 

(DCA),14 4-phenylphenol,15-17 and 9-fluorenone.17 These solvents require dissolution temperatures 

ranging from 180 °°C for DCA to over 230 °°C for 4-phenylphenol and 9-fluorenone. While these 

solvents are all generally hazardous, they do provide some valuable attributes. For example, we 

have found that DCA is an ideal solvent for quantitative NMR analysis of pure PEKK.14 Moreover, 

solutions of PEKK in 4-phenylphenol and 9-fluorenone have been shown to form semi-crystalline 

foams or gels upon cooling via a thermally-induced phase separation (TIPS) process.17 These 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 framework18. These attributes are particularly relevant to our current approach to 

synthesize and characterize blocky, semicrystalline copolymers formed by post-polymerization 

functionalization in the heterogeneous gel state.19-22 

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 reactions. Using 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 post-polymerization 

bromination of PEKK by two methods (1) halogenation performed in the heterogeneous gel state 

to create blocky microstructures, and (2) halogenation in the homogeneous solution state to create 

random copolymers. The 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 analyze functionalized 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 wide range of crystallization temperatures.  

 

3.3 Experimental 

3.3.1 Materials 

 Poly(ether ketone ketone) pellets, KEPSTAN® 8001 (vendor reported T/I = 80/20, Tm = 

358 °C, Tg = 165 °C, MFR at 380 °C/5 kg = 15 cm3/10 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 Sigma-Aldrich and used as received. N-bromosuccinimide (NBS) 

was purchased from Sigma-Aldrich and purified by recrystallization in 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 185 °C under constant argon purge. Once fully dissolved, the temperature of the 

homogeneous solution was lowered to 80 °C and 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 homogeneous 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 80 °C in 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 w/v%. The homogeneous solution was 

allowed to cool to room temperature. Within 1-3 minutes, the solution formed an opaque solid 

indicating the formation of a semi-crystalline polymer gel. The gel was equilibrated at room 

temperature for 24 hours and then manually broken into small (~ 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 hours. The DCM swollen gels were then suspended in 95/5 

DCA/DCM at 80 °C under reflux and constant argon purge. The addition of the nonsolvent DCM 

ensured that the PEKK gel did not dissolve during the bromination process. 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 unit. 

The DCA/NBS solution was introduced to the gel suspension dropwise with vigorous stirring. The 

reaction was allowed to proceed for a minimum of 24 hours under constant argon purge at 80 °C. 

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

3.3.4 NMR Spectroscopy 

 The degrees of bromination of rBrPEKK and bBrPEKK were determined by 1H NMR 

spectroscopy at room temperature using a unique solvent system14 comprised of DCA and 

deuterated chloroform (CDCl3) with 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 

dissolved, the solution was cooled to room temperature and diluted with CDCl3 with 0.05% v/v 

TMS to a concentration of 5% w/v. The 1H NMR splitting patterns are designated as follows: s 

(singlet), d (doublet), and m (multiplet). Qualitative 13C 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 delay of 2 seconds. 2D heteronuclear correlation spectroscopy (HSQC) 

was collected on an Agilent U4-DD2 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 ethanol, from ethanol to 

water, frozen for a minimum of 12 hours, and lyophilized for 24 hours to produce a PEKK aerogel. 

The aerogel was freeze-fractured 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 aerogel were 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 area was determined utilizing the BrunauerïEmmettïTeller (BET) 

method23. 

3.3.7 Porosity Analysis 

 The porosity of the PEKK aerogel was calculated according to ASTM D6226-15 using an 

AccuPyc 1340 helium pycnometer (Micromeritics Instrument Corporation, USA) with a 1 cm3 

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 porosity (ɩ  was 

calculated as:  

ɩ ρzππϷ         [1] 

 Where ὠ is the volume of aerogel and ὠ is the skeletal volume, defined as:  

ὠ           [2] 

Where ά is the mass of aerogel and ” is 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 80 °C. All analyses were performed with a ramp rate of 20 °C/min in a nitrogen 
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atmosphere. The temperature at which the weight loss of the samples reached 5% (i.e., TD5%) was 

determined using Trios software (TA Instruments). 

3.3.9 Differential Scanning Calorimetry  

 A TA instruments Q2000 differential scanning calorimeter (DSC) was used to probe the 

thermal transitions, degree of crystallinity, and crystallizability of PEKK and BrPEKK 

copolymers. Samples (4 - 8 mg) were heated from 30 °C to 400 °C at 10 °C/min in nitrogen and 

isothermally held at 400 °C 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 400 °C at 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 PEKK and BrPEKK copolymer samples. Samples were prepared by melt-

pressing at 400 °C for 3 minutes to remove thermal history before immediately quenching in ice 

water to obtain amorphous samples. Samples were dried at 100 °C in a vacuum oven for a minimum 

of 12 hours before analyzing the Tg from first heat by standard DSC at 10 °C/min in nitrogen. The 

glass transition temperature (Tg), crystallization temperature (Tc), cold crystallization temperature 

(Tcc) and melting temperature (Tm) 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 10 °C/min to 400 °C, isothermally holding for 3 minutes, rapid cooling (100 °C/min) to 

the desired Tc (210 °C - 280 °C, ȹ10 °C), isothermally holding at the desired Tc for 30 - 120 minutes, 

rapid cooling (100 °C/min) to 30 °C, and finally heating to 400 °C 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 determined14 utilizing 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 temperature 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 ultra-high purity N2 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 - 3 mg of PEKK or BrPEKK copolymer in DCA and 

precipitating into methanol, washing excessively with water, and drying at 80 °C under vacuum 

overnight. Thin (2 ɛm thickness) samples were cut by microtome from the precipitated PEKK or 

BrPEKK copolymers and laterally cut to size by scalpel under a microscope. A thin layer of 

Wacker AK 60000 silicone oil was spread on the sensor prior to sample placement to improve 

thermal contact and allow for removal of the sample after testing. All samples were pre-melted at 

5 K/s to 400 °C 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 between 1 ɛg ï 3 ɛg. 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/s14. Cooling 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 

°C is 0.1 s for PEKK14. 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) method. 14, 24-

25 The time temperature profile for the IIC method is shown in Figure 3-2. Select isothermal 

crystallization temperatures (Tiso) between 200 °C to 310 °C were analyzed by this method. After 

removing the thermal history at 400 °C for a minimum 1 s, the sample was quenched at 500 K/s to 

the respective Tiso and held for varying amounts of time (0.1 s ï 12,000 s). The sample was 

quenched at -500 K/s to below the Tg to arrest any further crystallization. The partially crystallized 

sample was then heated to 400 °C 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 time (tiso) was determined when the melting enthalpy remained at a constant value 

with increasing tiso. The maximum isothermal crystallization time was dependent on Tiso. The 

observed melting enthalpy versus tiso was used to calculate fractional crystallinity and the 

crystallization half-time (t1/2) over a range of isothermal crystallization temperatures.  
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Figure 3-131. The time-temperature profile for the Flash DSC interrupted isothermal 

crystallization (IIC) method used to determine the t1/2 of BrPEKK copolymers at a range of Tiso. 

 

3.3.11 SAXS/MAXS/WAXD of PEKK and BrPEKK Copolymers 

 Samples for small, mid, and wide-angle X-ray 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, heated to 400 °C at 

10 °C/min in nitrogen and isothermally held at 400 °C for 3 minutes to remove all thermal history. 

Samples were then rapidly cooled at 100 °C/min to 280 °C and held for 30 minutes to allow for 

crystallization to occur. After 30 minutes, the samples were cooled at 10 °C/min to room 

temperature. The samples were then removed from the pan and utilized 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 Cu K-Ŭ radiation (ɚ = 0.154 nm). The sample-to-detector distance was 900 

mm for SAXS, 370 mm for MAXS, and 43 mm for WAXD. The q-range 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 azimuthally integrated 

intensity versus scattering vector q profiles, where q = (4ˊ/ɚ)sin(ɗ), ɗ is one half of the scattering 

angle and ɚ is the X-ray wavelength. The data were normalized for background, thickness, and 

absolute intensity, and the SAXS/MAXS/WAXD profiles 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 (sPS)21 and 

poly(ether ether ketone) (PEEK)19-20, 22 have 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 that are accessible in the solvent-swollen 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 crystalline 

domains of the gel, thus crystallizability is retained. The schematic in Figure 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 m2/g, indicating high amounts of surface area available for 

functionalization. The porosity (ɩ  of the PEKK/DPA aerogel was calculated utilizing equations 

1 and 2 as 83.4% +/- 0.4, a value that is higher than previously reported (71 - 81%)17 PEKK gels 

with similar nanoscale morphologies but from different gelation solvents with different wt% and 

higher densities. Additionally, the porosity was also calculated utilizing the degree of crystallinity 

and the following relationship: 

ɩ ρzππϷ             [3] 

 Where ” is the aerogel bulk density (0.194 g/cm3) and ” is the skeletal density, defined as: 

”      [4] 

Where ” is the density of crystalline PEKK (1.39 g/cm3)26, ” is the density of amorphous PEKK 

(1.25 g/cm3)26, and ὢ (53%, see below) is the degree of crystallinity determined from the first 

heat DSC of the aerogel. Porosity was calculated to be 85.5% +/- 3. Future 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 15 wt% PEKK aerogel gelled from DPA. 

 

3.4.2 Bromination of PEKK 

Semi-crystalline polymer gels act as a template to produce blocky copolymers, as shown 

in previous work19-22 where 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 additive27 resulting 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 domains, and amorphous domains containing 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 sPS21 and PEEK19-20.  

Random and blocky microstructures were synthesized by bromination of PEKK in the 

random and gel state as shown in the reaction scheme in Figure 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 work19. When combined with strong acids 

such as dichloroacetic acid, NBS is protonated, which promotes the release of a bromonium ion28, 

thus becoming a strong brominating reagent29.  This 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 bromination reaction. There are 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 shown in Figure 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 process. 

 

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 been limited. However, we recently discovered that DCA is a good 

solvent for NMR analysis of PAEKs30 and previous work14 established the 1H and 13C resonances 

for PEKK 80/20 and PEKK 70/30 from a solvent system of DCA and deuterated chloroform. The 

aromatic region of the 1H NMR spectra, peak assignments, and integrations for PEKK are 

summarized in Figure 3-S2. PEKK exhibits proton resonances at 7.19 - 7.22 (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 protons of the 

terephthalic and isophthalic moieties. Figure 3-5 shows the 1H 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 bromination was determined through comparison of the ratio of the 

integration of resonance peaks associated with the aromatic protons adjacent to the ether linkage 

(H1a-d) to the remaining protons (H2a-d, H3a-b, H4a, H5a). 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: 

άέὰϷ ὄὶ τπ Ὄ᷿ ρzπ    [5] 

Using equation 5, the range of calculated mol% Br of the random and blocky 

microstructures are shown in Table 3-1. Compared to previous work19 with 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 achievable mol% bromination. 
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Table 3-19. Degrees of bromination as determined by 1H NMR utilizing equation 5.  

Calculated mol% Bromination  

Random Blocky 

19% 12% 

32% 31% 

42% 40% 

52% 52% 

62% 62% 

 

Upon bromination, new resonance peaks appear at approximately 7.05 (d), 7.16 (d), 7.85 

(m), and 8.20 (m). The peaks at 7.19 ppm to 7.22 ppm, associated with H1a-d, decrease in intensity 

with increasing degree of bromination due to replacement of H1a-b by the bromine functionality. 

The new resonance peaks at 7.16 ppm and 7.05 ppm are attributed to shifting of H1a-d protons of 

monosubstituted (H1cô) and disubstituted (H1aò,cò) PEKK monomers, respectively. The systematic 

shifting upfield is due to increased shielding from the electron dense bromine functionality. The 

peaks appearing at 7.85 ppm and 8.20 ppm are associated with changes in chemical environment 

of protons H2a-d where protons H2aô, which are ortho to the bromine functionality, shift upfield due 

to shielding, and protons H2bô, which are para to the bromine functionality, shift downfield, due to 

the electronegativity of bromine pulling electron density away from the aromatic ring. Further 

verification of the 1H and 13C assignments, peak correlations, and monosubstituted versus 

disubstituted peak assignments of PEKK and BrPEKK are provided by heteronuclear single 

quantum coherence (HSQC) correlation experiments (Figure 3-S3).  
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Figure 3-134. 1H 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 CDCl3. The asterisk (*) refers to reference 

solvent resonance. 

 

From Figure 3-5, the amount of unsubstituted (a), monosubstituted (b), and disubstituted 

(c) PEKK monomers can be determined from analysis of the H1a-d resonance peaks. As previously 

discussed, H1a-d resonance peaks shift upfield upon monosubstitution (H1cô) or disubstitution 

(H1aò,cò) of the terephthalate or isophthalate monomer. The integration values of the H1a-d, H1cô and 
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H1aò,cò resonance peaks for PEKK, rBrPEKK and bBrPEKK are shown in Figure 3-6a and 3-6b. 

As can be seen in Figure 3-6a, the integration value for H1cô is larger for the random versus the 

blocky microstructure and H1aò,cò remains at an integration value of 0 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. Additionally, the lower number of accessible functionalizable monomers 

in the amorphous region leads to higher frequency of multiple substitutions. In Figure 3-6b the 

H1a-d 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 microstructure. 

  

Figure 3-135. Peak integration versus degree of bromination of (a) monosubstituted, H1aô,cô 

(circles), disubstituted, H1aò,cò (squares) and (b) unsubstituted, H1a-d (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 H1a-d 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 inclusion of the isophthalate units in 

the crystal structure.7 When 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 microstructure, the fraction of crystallizable units for blocky BrPEKK is 

assumed to be higher than what was calculated from NMR and shown in Figure 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 Thermogravimetric Analysis 

 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 in Figure 3-S4. The thermal stability decreases with an increase 

in mol% bromination from a TD5% 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 stable at temperatures utilized for further thermal analysis (up 

to 400 °C). The Td5% for all materials is tabulated in Table 3-S1. 

3.4.5 Differential Scanning Calorimetry 

 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 (Tc), crystallization upon heating (i.e., cold 
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crystallization, Tcc), melting temperature (Tm), degree of crystallinity (Xc), and glass transition 

temperature (Tg) are summarized in Table 3-2. The degree of crystallinity for each sample was 

determined using the following equation: 

Ϸὢ  
Ў

Ў
    [6] 

Where ЎὌ  is the enthalpy of fusion determined by integrating the melting endotherm and ЎὌ  is 

the enthalpy of fusion of 100% crystalline PEKK. The ЎὌ  of KEPSTAN 8001 has not been 

experimentally determined. The ЎὌ  of KEPSTAN 6002 (T/I ratio of 60/40) was calculated from 

molecular dynamics simulations (150 J/g)31 and WAXS and DSC experiments (202 J/g)32. 

However, the most often referenced value used for %Xc calculations of PEKK is 130 J/g33, and 

this value was utilized for this work.  

Table 3-20. Thermal properties of blocky and random brominated PEKK determined by DSC 

analysis at 10 °C/min.  

Sample 
Tc Tcc Tm Xc*  Tg

# 

(°C) (°C) (°C) (%)  (°C) 

PEKK 310 - 352 53 163.5 

rBrPEKK19 290 - 345 26 163.9 

bBrPEKK12 292 - 351 38.7 164.5 

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 

*%X c determined from first heat for the aerogel. %Xc 

determined for rBrPEKK and bBrPEKK from second heat 

after cooling from 400 °C at 10 °C/min.  
#Tg by midpoint of amorphous samples. 
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All samples were heated into the melt, cooled, and subsequently heated to determine the 

effect of microstructure on Tm, Tc, Tcc, %Xc, Tg and crystallizability. After removal of thermal 

history, the cooling and second heat thermograms are shown in Figure 3-7a and 3-7b, respectively. 

Upon cooling (Figure 3-7a), all blocky materials exhibit a pronounced crystallization exotherm 

and the Tc 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%. Relative to the blocky brominated samples, a significantly greater 

depression in Tc is observed for the random samples. As 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. Since bromination in 

the random state yields a statistically shorter average run length of pristine crystallizable PEKK 

units, the probability of a crystallizable segment approaching the crystal growth surface diminishes 

(relative to the blocky microstructure), which consequently decreases crystallizability and the rate 

of crystallization.  

Upon heating (Figure 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% and rBrPEKK52% 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.  

 

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 Tc, Tm and Xc determined from the data in Figure 3-7 are plotted in Figures 3-8a 

through c as a function of mol% bromination. The random and blocky materials exhibit a decrease 

in Tc, Tm, and Xc 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, resulting in slower 

crystallization kinetics, thinner crystallites, and decreased crystallizability. However, the random 

copolymers exhibit a larger decrease in Tc, Tm, and Xc with increasing mol% bromination 
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compared to the blocky microstructure. Figure 3-8a compares the Tc upon cooling for the blocky 

and random analogs. For the blocky samples, the Tc decreases from 310 °C for pristine PEKK to 

271 °C for bBrPEKK62. For the random samples, the Tc decreases more rapidly from 310 °C for 

pristine PEKK to 220 °C for rBrPEKK42, with no crystallization upon cooling observed for 

rBrPEKK52 or rBrPEKK62. Figure 3-8b compares the Tm upon cooling for the blocky and 

random analogs. For the blocky samples, the Tm decreases from 352 °C for pristine PEKK to 338 

°C for bBrPEKK62. For the random samples, the Tm decreases more rapidly from 352 °C for 

pristine PEKK to 309 °C for rBrPEKK52 with no melting observed upon heating for rBrPEKK62. 

Additionally, Figure 3-8c compares the Xc of the blocky and random analogs. For the blocky 

samples, the Xc decreases from 53% for pristine PEKK to 11% for bBrPEKK62. For the random 

samples, the Xc decreases 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) Tc, (b) Tm, and (c) Xc 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% amorphous, Figure 3-S5) 

reveal an increase in Tg for both the blocky and random microstructures with increasing degree of 

bromination, and these Tg data are plotted in Figure 3-9. The blocky microstructure exhibits a 

higher Tg compared to the random microstructure for all degrees of bromination with an increase 

in Tg from 163.5 °C for pristine PEKK to 169.7 °C for bBrPEKK62 and 166.6 °C for rBrPEKK62. 

Similar behavior was previously observed in PEEK19 and is attributed to the addition of the 

bromine functionality on the backbone which increases the Tg due to the steric hindrance of 
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torsional rotation of the phenyl rings due to the bulkiness of the bromine groups.34-35 The 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 microstructures above 40% bromination contain disubstituted 

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

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

further increases the barrier to torsional rotation leading to an increase in the Tg for the blocky 

microstructure as compared to the random microstructure. 

     

Figure 3-138. Glass transition temperatures (Tg) of random (black squares) and blocky (red 

circles) amorphous BrPEKK determined from the midpoint of amorphous samples.  

 

3.4.6 Isothermal Crystallization Kinetics of PEKK and BrPEKK Copolymers by FSC 

The crystallization kinetics of PEKK 80/20 were recently explored14 utilizing 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 second.36 Due to 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 the crystallization kinetics of functionalized PEKK over a wide 

range of temperature can be explored. 

The crystallization kinetics of rBrPEKK32, bBrPEKK31, bBrPEKK40, rBrPEKK52 and 

bBrPEKK52 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 size). Due to this 

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 calculate the degree of crystallinity instead of heat flow 

during crystallization for traditional isothermal crystallization.24-25 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 it was analyzed by the IIC method. The crystallization 

kinetics of the PEKK homopolymer were previously collected14 utilizing the IIC method.  

The crystallization half-time, t1/2, or time when fractional crystallinity reaches 50% of 

maximum crystallinity during the isothermal crystallization process (i.e., ū = 0.5), was extracted 

from the fractional crystallinity versus time data collected from the IIC experiments on the Flash 

DSC and the heat flow versus time experiments on the standard DSC and plotted in Figure 3-10a 

as a function of isothermal crystallization temperature, Tiso. The t1/2 of PEKK is replotted from 

previous work and shown in Figure 3-10a. The crystallization kinetics of BrPEKK exhibits 

parabolic-like behavior due to the balance of nucleation and diffusion-controlled crystallization 
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with limits between the Tg and Tm
°. Compared to pure PEKK, the bulk crystallization rate 

decreases (i.e., t1/2 increases) for the random and blocky analogs with an increase in mol% 

bromination. The inclusion of Br-functionalized units (i.e., defects) on the backbone of the 

crystallizable polymer creates non-crystallizable segments that must be relegated to the amorphous 

fraction. With an increase in the number of structural defects along the chains, the probability of a 

non-crystallizable segment approaching the 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 shortest t1/2 ranging from 100 s for 

rBrPEKK32 up to 1500 s for rBrPEKK52. The difference in kinetics between the blocky and 

random microstructure as a function of degree of bromination is clearly exhibited in the plot of the 

t1/2 versus degree of bromination at Tiso of 240 °C (Figure 3-10b). With increasing degree of 

bromination, the random microstructure exhibits an exponential increase in t1/2 as compared to the 

blocky microstructure. The vastly different kinetics are attributed to the microstructure. Due to the 

semi-crystalline, gel-state functionalization process, the blocky copolymers contain long, 

uninterrupted segments of crystallizable PEKK units that are preserved in the functionalized 

microstructure. These defect-free segments facilitate rapid crystallization compared to the random 

microstructures that contain statistically shorter runs of defect-free segments.  
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Figure 3-139. (a) Crystallization half time (t1/2) for PEKK14 (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 temperatures. (b) Crystallization half time (t1/2) 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 the Tm
°) is 

achievable, allowing for comparisons of the parabolic minimum of the t1/2 versus Tiso profiles. For 

each of the brominated copolymers, the Tiso corresponding to the fastest crystallization kinetics 

(shortest t1/2) 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 copolymer Tiso shifts from 260 °C for pristine PEKK to only 250 °C for 

bBrPEKK52 but shifts to 230 °C for rBrPEKK52. This shifting of Tiso to lower temperatures is 

attributed to the comonomer confinement effect also known as the chemical confinement effect. 

The comonomer confinement effect refers to the phenomenon in which non-crystallizable (e.g., 

functionalized) comonomers interrupt the chain folding capabilities of the crystallizable segments 

of the copolymer.37 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 the t1/2 versus Tiso shifts to lower 

Tiso. Similar trends have been observed in other semi-crystalline copolymer systems including 

isotactic polypropylene-co-1-butene38, isotactic polypropylene-co-1-octene 39, amide 6-co-amide 

6,6 40, and PEKK 60/40 and 70/302, 41. The random copolymers exhibit a larger shift of the 

parabolic-like curve to lower Tiso due to the statistically 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 comonomer confinement effect on the t1/2 parabolic minimum.  

 

3.4.7 SAXS/WAXS of PEKK and BrPEKK Copolymers 

PEKK, rBrPEKK and bBrPEKK copolymers were analyzed by small and wide-angle 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 in Figures 3-11a and 3-11b. The sharp peaks in the wide-angle region (q >8 

nm-1) are primarily attributed to form 1 crystalline reflections of pristine PEKK crystallites.7, 42 For 

ease of comparison, offset WAXS data for the rBrPEKK and bBrPEKK are shown in Figure 3-

S6. Close inspection of the WAXS data for bBrPEKK62% suggests a significant presence of the 

form II polymorph of PEKK7, 42 (as indicated by arrows in Figure 3-S6). We observed similar 

differences in polymorphic composition between random and blocky copolymers of sPS43, but 

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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to 42 mol%, whereas an amorphous halo is observed for rBrPEKK52 and rBrPEKK62% (Figure 

3-11a). This lack of crystallinity in the random copolymers at high degrees of bromination is again 

consistent with the DSC data (Figure 3-7).  

    

Figure 3-140. Small, mid, and wide-angle x-ray scattering profiles of (a) random BrPEKK and (b) 

blocky BrPEKK. All samples were isothermally crystallized from the melt at 280 °C for 30 minutes 

in a nitrogen atmosphere. 

 

In the small-angle region (0.1 < q < 1 nm-1) of the scattering profiles (Figure 3-11), the 

characteristic interlamellar long period peak is observed in neat PEKK at q=0.38 nm-1.32 The same 

feature is observed in random BrPEKK copolymers only up to 42 mol% (Figure 3-11a), since this 

feature is only observed in samples that contain crystallinity. In the SAXS patterns of the blocky 

BrPEKK copolymers (Figure 3-11b), the absolute intensity of the interlamellar long period feature 

decreases with increasing degree of bromination. This reduction in intensity is attributed to the 

blocky microstructure afforded by functionalizing in the semicrystalline gel state. Significant 

crystallization in the blocky brominated PEKK samples effectively concentrates the electron-rich 

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 support this proposed 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 acid-catalyzed 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 attributed to 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 crystallizability 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 as compared to the random BrPEKK analogs. The t1/2 versus Tiso for blocky and 

random BrPEKK exhibited parabolic behavior and shifted to longer t1/2 and lower Tiso upon 

functionalization. The random analogs exhibited larger shifts in the parabolic minimum as 

compared to the blocky analogs, attributed to the comonomer confinement 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 as a facile 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.  
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3.8 Supplemental Information 

  

 

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. 

 

 

Figure 3-S142. Previously reported14 1H and 13C 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. Refer to Figure 2-

S2 for 13C naming conventions. 
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Figure 3-S144. Thermogravimetric analysis of PEKK and BrPEKK materials. All materials are 

stable up to 500 oC. Experiments were performed with a 20 oC/min ramp rate in nitrogen. 

 

Table 3-S1. TD5% of PEKK and BrPEKK materials.  

Sample 
TD5% 

(oC) 

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 BrPEKK to determine Tg. Experiments 

were performed with a 10 oC/min ramp rate in nitrogen. 

 

  

Figure 3-S146. The WAXS plotted versus 2ⱥ and offset for clarity. The arrows indicate the 

significant presence of form II 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 q=0.38 nm-1 for 

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 calculator44. In the SLD calculations, the 

densities were corrected to remove contributions of crystalline density. Densities (ɟ) of 

monosubstituted BrPEKK and disubstituted BrPEKK were calculated based on density changes of 

a brominated small molecule benzophenone analog. The calculated SLDs are shown in Table 3-

S2 with 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 

NISTôs neutron activation and scattering calculator, and the difference of the 100% crystalline 

SLD from the calculated SLDs.  

Sample %X c 
%X c from 

WAXS 

ɟ 

(g/mL) 

Calculated 

Amorphous 

Density (ɟa) 

Scattering Length 

Density (SLD) 

(10-6/A2) 

SLD Difference 

from Crystalline 

PEKK  

PEKK (Crystalline) 100 - 1.39026 - 12.296 - 

PEKK (Amorphous) 0 - 1.25026 - 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 rBrPEKK42 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 from benzophenone 

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'-dibromobenzophenone 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 NMR, Figure 3-7). After correcting for the amount of crystalline component (2%, 

Table 3-S2), the amorphous density (ɟa) of rBrPEKK42 was calculated by the following equation: 

”ȟ  ”ȟ  ὊὶὥὧὸὭέὲ έὪ ὥάέὶὴὬέόί ὖὉὑὑ

”ȟ ὊὶὥὧὸὭέὲ έὪ ὥάέὶὴὬέόί ὓέὲέὄὶὖὉὑὑ 

ρȢςυ πȢυως ρȢυφρ πȢτπψ ρȢσχχ  
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Using the molecular formula of C20H11.58O3Br0.42 (where Br0.42 and H11.58 account for the 

average chemical formula for rBrPEKK42) and density of 1.377 g/mL for rBrPEKK42, the SLD 

was calculated to be 11.951 10-6/A2.  

bBrPEKK40 contains pure PEKK monomers and both monosubstituted and disubstituted 

PEKK monomers (as seen by NMR, Figure 3-7). The fraction of monomers that are 

monosubstituted and disubstituted were calculated using Figure 3-6. After correcting for the 

amount of crystalline component (22%, Table 3-S2) the amorphous density (ɟa) of bBrPEKK40 

was calculated by the following equation: 

”ȟ ”ȟ  ὊὶὥὧὸὭέὲ έὪ ὥάέὶὴὬέόί ὖὉὑὑ

”ȟ ὊὶὥὧὸὭέὲ έὪ ὥάέὶὴὬέόί ὓέὲέὄὶὖὉὑὑ

”ȟ ὊὶὥὧὸὭέὲ έὪ ὥάέὶὴὬέόί ὈὭὄὶὖὉὑὑὊὶὥὧὸὭέὲ έὪ ὥάέὶὴέόί ὄὶὖὉὑὑ  

ρȢςυ πȢφσς ρȢυφρ πȢχρττ ρȢψτ πȢςψυφπȢσφψ ρȢσωτ  

Using the molecular formula of C20H11.6O3Br0.40 and density of 1.394 g/mL for 

bBrPEKK40, the SLD was calculated to be 12.109 10-6/A2. 

The differences in SLD of crystalline PEKK to amorphous rBrPEKK42 and bBrPEKK40 

are 0.345 10-6/A2 and 0.187 10-6/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 q=0.38nm-1 for blocky analogs compared to the random analogs. The blocking up of the 

bromine functionality in addition to the crystallinity concentrating the electron-rich bromine atoms 

into the amorphous domains increases the electron density of the amorphous phase. As shown by 

SLD calculations, the electron density of the amorphous component more closely matched that of 



131 

 

the crystalline PEKK component thus, decreasing the intensity of the crystalline feature at q=0.38 

nm-1. 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 observed in Figure 3-11.  

 

3.9 References 

1. Mazur, R. L.; Oliveira, P. C.; Rezende, M. C.; Botelho, E. C., Environmental effects on 

viscoelastic behavior of carbon fiber/PEKK thermoplastic composites. Journal of Reinforced 

Plastics and Composites 2014, 33 (8), 749-757. 

2. Choupin, T.; Fayolle, B.; Régnier, G.; Paris, C.; Cinquin, J.; Brulé, B., Isothermal 

crystallization kinetic modeling of poly(etherketoneketone) (PEKK) copolymer. Polymer 2017, 

111, 73-82. 

3. Quiroga Cortés, L.; Caussé, N.; Dantras, E.; Lonjon, A.; Lacabanne, C., Morphology and 

dynamical mechanical properties of poly ether ketone ketone (PEKK) with meta phenyl links. 

Journal of Applied Polymer Science 2016, 133 (19). 

4. Hassan, E. A. M.; Ge, D.; Yang, L.; Zhou, J.; Liu, M.; Yu, M.; Zhu, S., Highly boosting 

the interlaminar shear strength of CF/PEEK composites via introduction of PEKK onto activated 

CF. Composites Part A: Applied Science and Manufacturing 2018, 112, 155-160. 

5. Reitman, M.; Jaekel, D.; Siskey, R.; Kurtz, S. M., Chapter 4 - Morphology and 

Crystalline Architecture of Polyaryletherketones. In PEEK Biomaterials Handbook, Kurtz, S. 

M., Ed. William Andrew Publishing: Oxford, 2012; pp 49-60. 

6. Cheng, S. Z. D.; Ho, R.-M.; Hsiao, B. S.; Gardner, K. H., Polymorphism and crystal 

structure identification in poly(aryl ether ketone ketone)s. Macromolecular Chemistry and 

Physics 1996, 197 (1), 185-213. 



132 

 

7. Gardner, K. H.; Hsiao, B. S.; Matheson, R. R.; Wood, B. A., Structure, crystallization and 

morphology of poly (aryl ether ketone ketone). Polymer 1992, 33 (12), 2483-2495. 

8. Swier, S.; Chun, Y. S.; Gasa, J.; Shaw, M. T.; Weiss, R. A., Sulfonated poly(ether ketone 

ketone) ionomers as proton exchange membranes. Polymer Engineering & Science 2005, 45 (8), 

1081-1091. 

9. Vetter, S.; Ruffmann, B.; Buder, I.; Nunes, S. P., Proton conductive membranes of 

sulfonated poly(ether ketone ketone). Journal of Membrane Science 2005, 260 (1), 181-186. 

10. Gasa, J. V.; Boob, S.; Weiss, R. A.; Shaw, M. T., Proton-exchange membranes composed 

of slightly sulfonated poly(ether ketone ketone) and highly sulfonated crosslinked polystyrene 

particles. Journal of Membrane Science 2006, 269 (1), 177-186. 

11. Yuan, B.; Cheng, Q.; Zhao, R.; Zhu, X.; Yang, X.; Yang, X.; Zhang, K.; Song, Y.; 

Zhang, X., Comparison of osteointegration property between PEKK and PEEK: Effects of 

surface structure and chemistry. Biomaterials 2018, 170, 116-126. 

12. Kennedy, Z. C.; Christ, J. F.; Fenn, M. D.; Zhong, L.; Chouyyok, W.; Arnold, A. M.; 

Denny, A. C.; Albrecht, A. M.; Silverstein, J. A.; Erikson, R. L.; Chun, J., Mica filled 

polyetherketoneketones for material extrusion 3D printing. Additive Manufacturing 2022, 49, 

102492. 

13. Aristizábal, S. L.; Upadhyaya, L.; Falca, G.; Gebreyohannes, A. Y.; Aijaz, M. O.; Karim, 

M. R.; Nunes, S. P., Acid-free fabrication of polyaryletherketone membranes. Journal of 

Membrane Science 2022, 660, 120798. 

14. Pomatto, M. E.; Moore, R. B., Crystallization kinetics and equilibrium melting 

temperature of poly (ether ketone ketone) with high terephthalate content utilizing fast scanning 

calorimetry. Polymer 2023, 125810. 



133 

 

15. Rusakov, D.; Menner, A.; Bismarck, A., High Performance Polymer Foams by 

Thermally Induced Phase Separation. Macromolecular Rapid Communications 2020, 41 (11), 

2000110. 

16. Rusakov, D.; Menner, A.; Spieckermann, F.; Wilhelm, H.; Bismarck, A., Morphology 

and properties of foamed high crystallinity PEEK prepared by high temperature thermally 

induced phase separation. Journal of Applied Polymer Science 2022, 139 (1), 51423. 

17. Rusakov, D.; Menner, A.; Bismarck, A., High Porosity Poly(ether ketone ketone): 

Influence of Solvents on Foam Properties. Macromolecular Materials and Engineering 2023, 

308 (6). 

18. Talley, S. J.; Yuan, X.; Moore, R. B., Thermoreversible Gelation of Poly (ether ether 

ketone). ACS Macro Letters 2017, 6 (3), 262-266. 

19. Kasprzak, C. R.; Anderson, L. J.; Moore, R. B., Tailored sequencing of highly 

brominated Poly (ether ether ketone) as a means to preserve crystallizability and enhance Tg. 

Polymer 2022, 251, 124918. 

20. Anderson, L. J.; Yuan, X.; Fahs, G. B.; Moore, R. B., Blocky Ionomers via Sulfonation 

of Poly(ether ether ketone) in the Semicrystalline Gel State. Macromolecules 2018, 51 (16), 

6226-6237. 

21. Noble, K. F.; Noble, A. M.; Talley, S. J.; Moore, R. B., Blocky bromination of 

syndiotactic polystyrene via post-polymerization functionalization in the heterogeneous gel state. 

Polymer Chemistry 2018, 9 (41), 5095-5106. 

22. Anderson, L. J.; Moore, R. B., Sulfonation of blocky brominated PEEK to prepare 

hydrophilic-hydrophobic blocky copolymers for efficient proton conduction. Solid State Ionics 

2019, 336, 47-56. 



134 

 

23. Dollimore, D.; Spooner, P.; Turner, A., The bet method of analysis of gas adsorption data 

and its relevance to the calculation of surface areas. Surface Technology 1976, 4 (2), 121-160. 

24. Seo, J.; Gohn, A. M.; Dubin, O.; Takahashi, H.; Hasegawa, H.; Sato, R.; Rhoades, A. M.; 

Schaake, R. P.; Colby, R. H., Isothermal crystallization of poly(ether ether ketone) with different 

molecular weights over a wide temperature range. Polymer Crystallization 2019, 2 (1). 

25. Tardif, X.; Pignon, B.; Boyard, N.; Schmelzer, J. W. P.; Sobotka, V.; Delaunay, D.; 

Schick, C., Experimental study of crystallization of PolyEtherEtherKetone (PEEK) over a large 

temperature range using a nano-calorimeter. Polymer Testing 2014, 36, 10-19. 

26. Josh Kemppainen, V. V., Evan Pineda, Gregory Odegard Thermomechanical Property 

Prediction of Amorphous and Crystal PEKK via Molecular Dynamics; E-20122; NASA: NTRS, 

June 9, 2023, 2022. 

27. Synthetic flavoring substances and adjuvants. National Archives Code of Federal 

Regulations, 2022; Vol. Title 21 Chapter 1 Subchapter B Part 175 Subpart F 172.515. 

28. "Bock, T. R. Catalytic phosphonation of high performance polymers and POSS. Novel 

components for polymer blend and nanocomposite fuel cell membranes. ; Albert Ludwigs Univ., 

Freiburg (Germany). Fakultaet fuer Chemie und Pharmazie, Germany, 2006. 

29. Rajesh, K.; Somasundaram, M.; Saiganesh, R.; Balasubramanian, K. K., Bromination of 

Deactivated Aromatics: A Simple and Efficient Method. The Journal of Organic Chemistry 

2007, 72 (15), 5867-5869. 

30. Talley, S. J.; AndersonSchoepe, C. L.; Berger, C. J.; Leary, K. A.; Snyder, S. A.; Moore, 

R. B., Mechanically robust and superhydrophobic aerogels of poly(ether ether ketone). Polymer 

2017, 126, 437-445. 



135 

 

31. Li, C.; Strachan, A., Prediction of PEKK properties related to crystallization by 

molecular dynamics simulations with a united-atom model. Polymer 2019, 174, 25-32. 

32. Tencé-Girault, S.; Quibel, J.; Cherri, A.; Roland, S.; Fayolle, B.; Bizet, S.; Iliopoulos, I., 

Quantitative Structural Study of Cold-Crystallized PEKK. ACS Applied Polymer Materials 2021, 

3 (4), 1795-1808. 

33. Blundell, D.; Osborn, B., The morphology of poly (aryl-ether-ether-ketone). Polymer 

1983, 24 (8), 953-958. 

34. Mukherjee, A. K.; Mohan, A., Thermal studies on brominated atactic polypropylene. 

Journal of Applied Polymer Science 1992, 44 (5), 773-779. 

35. McCaig, M. S.; Seo, E. D.; Paul, D. R., Effects of bromine substitution on the physical 

and gas transport properties of five series of glassy polymers. Polymer 1999, 40 (12), 3367-3382. 

36. Schawe, J. E. K., Influence of processing conditions on polymer crystallization measured 

by fast scanning DSC. Journal of Thermal Analysis and Calorimetry 2014, 116 (3), 1165-1173. 

37. Hu, W.; Mathot, V. B. F.; Alamo, R. G.; Gao, H.; Chen, X., Crystallization of Statistical 

Copolymers. Springer International Publishing: 2016; pp 1-43. 

38. Kalapat, D.; Tang, Q.; Zhang, X.; Hu, W., Comparing crystallization kinetics among two 

G-resin samples and iPP via Flash DSC measurement. Journal of Thermal Analysis and 

Calorimetry 2017, 128 (3), 1859-1866. 

39. Mileva, D.; Androsch, R.; Cavallo, D.; Alfonso, G. C., Structure formation of random 

isotactic copolymers of propylene and 1-hexene or 1-octene at rapid cooling. European Polymer 

Journal 2012, 48 (6), 1082-1092. 

40. Wang, T.; Li, X.; Luo, R.; He, Y.; Maeda, S.; Shen, Q.; Hu, W., Effects of amide 

comonomers on polyamide 6 crystallization kinetics. Thermochimica Acta 2020, 690, 178667. 



136 

 

41. Choupin, T.; Fayolle, B.; Régnier, G.; Paris, C.; Cinquin, J.; Brulé, B., A more reliable 

DSC-based methodology to study crystallization kinetics: Application to poly(ether ketone 

ketone) (PEKK) copolymers. Polymer 2018, 155, 109-115. 

42. Gardner, K. H.; Hsiao, B. S.; Faron, K. L., Polymorphism in poly(aryl ether ketone)s. 

Polymer 1994, 35 (11), 2290-2295. 

43. Fahs, G. B.; Benson, S. D.; Moore, R. B., Blocky Sulfonation of Syndiotactic 

Polystyrene: A Facile Route toward Tailored Ionomer Architecture via Postpolymerization 

Functionalization in the Gel State. Macromolecules 2017, 50 (6), 2387-2396. 

44. NIST Center for Neutron Research Neutron Activation and Scattering Calculator. 

https://www.ncnr.nist.gov/resources/activation/ (accessed 12/1/2023). 

 

  



137 

 

4 Chapter 4.  

Tailoring the Microstructure of Sulfonated Poly(Ether Ketone Ketone) 

Through Blocky Functionalization in the Gel State: A Facile Route to 

Enhanced Crystallizability and Proton Conductivity 

Michelle E. Pomatto1,2, Erin R. Crater2, Mark S. McCrary1,2, Robert B. Moore*,1,2 

1Macromolecules 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 post-polymerization sulfonation of poly(ether ketone ketone) (KEPSTAN 

8001, T/I = 80/20) with chlorosulfonic acid is reported for the first time. Two microstructures are 

synthesized ï a random microstructure through functionalization in the 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 sulfonation between 3 ï 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 conductivity, and improved solubility resistance in water, as compared to the random 

analogs. SAXS/WAXS analysis showed the ionomer peak scattering is affected by the copolymer 

microstructure. Conductivities comparable to state-of-the-art benchmark material Nafion 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 sulfonated monomers as compared to the random 



138 

 

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 the chains.  

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.1-4 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 electrochemical 

exposure), the PEMs need to be chemically and electrochemically stable, exhibit mechanical 

strength, and high proton conductivity.  

The search for novel, low-cost, high-performance PEMs has gained significant attention in 

recent years.5-6 Sulfonated aromatic hydrocarbon polymers including polyaryl ether ketones 

(PAEKs) 7-10, polybenzimidazoles11-12, polyphenyl sulfones 7, 13-14, and other polyaromatics 15 have 

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 stemming from the phase separation of the hydrophobic 

poly(tetrafluoroethylene) (PTFE) backbone from the hydrophilic sulfonic acid groups. This results 

in a well-defined nano-separated morphology with a continuous hydrophilic domain. However, 

Nafion is costly, complicated 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 literature16, with most work focusing on the use of a similar PAEK, 
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PEEK. Similar to PEEK, PEKK is an aromatic semi-crystalline high-performance thermoplastic 

widely used in industrial sectors including aerospace, automotive, and oil and gas industries due 

to its excellent mechanical performance and chemical resistance.17-22 Commonly utilized grades 

of PEKK are copolymers of terephthalate and isophthalate units and classified by their ñT/Iò ratio 

(Figure 4-1). The PEKK copolymer is of particular interest due to the ability to tune the melting 

and glass transition temperature by tuning the ratio of terephthalate to isophthalate moieties when 

synthesized.23 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 transition (Tg), melting temperature (Tm), and crystallization rates.19, 23  

 
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 shown that the facile heterogeneous gel state functionalization results 

in blocky microstructures which exhibit superior properties as compared to the random 

microstructure analogs.24-28 This method consists of functionalization of a semi-crystalline 

aromatic polymer in the semi-crystalline gel state. The functionalization reagent is excluded from 

the densely packed crystalline components. Thus, functionalization can only occur on the 

monomers in the amorphous domain. This leads to statistically non-random blocks of 

functionalized and unfunctionalized monomers. The first reported heterogeneous gel state 

functionalization of PEKK was recently performed28, with the resultant blocky microstructures 
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exhibiting enhanced crystallizability, Tg, Tm, 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 to enhance properties. 

In this work, we demonstrate for the first time the efficient post-polymerization 

heterogeneous gel state sulfonation of PEKK to create blocky microstructures. Sulfonation in the 

homogeneous solution state is performed to create random copolymers analogs for comparison. 

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 PEKK to assess 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 by x-ray 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/I = 80/20, Tm = 

358 oC, Tg = 165 oC, MFR at 380 oC/5 kg = 15 cm3/10 min) were obtained from Arkema and 

referenced hereon as PEKK. Pellets were washed with acetone and deionized water and dried at 

80 oC in a vacuum oven for 8 hours prior to use. Dichloroacetic acid (DCA), dichlorethane (DCE), 

chlorosulfonic acid (CSA), acetonitrile, and sodium dodecylbenzenesulfonate (NaDBS) were 
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purchased from Sigma-Aldrich and used as received. Diphenyl acetone (DPA) was purchased from 

Oakwood Chemical and used as received. Cesium hydroxide (CsOH), sodium chloride (NaCl), 

and hydrochloric acid (HCl, 12 N) were purchased from Fisher and used as received. 

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 oC under an argon atmosphere. Once fully dissolved, the temperature of the 

homogeneous solution was lowered to 80 oC and 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 homogeneous PEKK solution dropwise with 

vigorous stirring over 1 hour. The reaction proceeded for 24 hours under constant argon purge at 

80 oC. 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 Na+-form by soaking in a 2 M NaOH/DI water solution for a minimum of 1 hour. 

The off-white product was then reprecipitated into acetonitrile and dried at 80 oC in a 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 literature28. To form the 

PEKK gel, PEKK (3 g) was dissolved in diphenyl acetone (DPA) at 320 oC under constant argon 

purge to a concentration of 15 w/v%. The homogeneous solution was allowed to cool to room 

temperature. Within 1-3 minutes, the solution formed an opaque solid indicating the formation of 

a semi-crystalline polymer gel. The PEKK/DPA gel was equilibrated 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 extraction for a minimum of 24 hours. 

The DCE swollen gel particles were then suspended in DCE at 80 oC under 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 NaDBS prevents clumping of the PEKK particles 

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 CSA 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 was 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 product was neutralized and 

converted into Na+-form by soaking in a 2 M NaOH/DI water solution for a minimum of 1 hour. 

The off-white sulfonated gel particles were then washed repeatedly with acetonitrile and dried at 

80 oC in a vacuum oven for a minimum of 12 hours before analysis. 

4.3.4 NMR Spectroscopy 

 The degrees of sulfonation of rSPEKK and bSPEKK were determined by 1H NMR 

spectroscopy at room temperature using a unique solvent system29 comprised of DCA and 

deuterated chloroform (CDCl3) with 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 with CDCl3 with 0.05% v/v 

TMS to a concentration of 5% w/v. Qualitative 13C 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 concentration of 10% w/v. 13C NMR spectra were collected as the 

average of 256 scans with relaxation delay of 2 seconds. HSQC experiments utilized a non-uniform 

sampling of 50%, number of scans of 80, and number of increments of 256. COSY experiments 

were collected as the average 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 (Na+-form) were dissolved in DCA at 100 oC to a final concentration 

of 10 wt%. Once dissolved, the casting solution was filtered through a 0.45 ɛm PTFE syringe 

filter. The filtered solution was sonicated for 20s to remove air bubbles. After sonication, the 

solution was equilibrated to 100 oC. The solutions were cast onto glass at 100 oC using a doctor 

blade set to 16 mils. The cast membranes were left to dry at 100 oC for 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 Ca+, Na+, or H+-form by stirring in CsOH 

(1M), NaOH (2M), or HCl (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. Na+-form and Cs+-form membranes were dried at 

100 oC 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. Membranes (Na+-form and H+-

form) were prepared as detailed above. All analyses were performed with a ramp rate of 20 oC/min 

in a nitrogen atmosphere. The temperature at which the weight loss of the samples reached 5% 

(i.e., TD5%) 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 thermo-mechanical properties of PEKK, rSPEKK and bSPEKK Na+-form 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 ɛm, and a static force of 0.01 N.  

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 samples (3 - 5 mg) were 

heated from 30 oC to 400 oC at 10 oC/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 oC for 3 minutes to remove thermal history. Samples were then cooled from 400 oC to 30 

oC at 10 oC/min to observe changes in heat flow associated with crystallization upon cooling. 

Samples were then reheated to 400 oC at 10 oC/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., cold-crystallization). The glass transition temperatures were determined from the 

second heat of the PEKK and SPEKK copolymer samples. The glass transition temperature (Tg), 
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melting temperature (Tm), and crystallization temperature (Tc) were determined using Trios 

software (TA Instruments).  

 The crystallization kinetics at low degrees of supercooling (i.e., temperatures close to Tm
o) 

of the SPEKK copolymers were analyzed by DSC. Isothermal crystallization experiments were 

performed by heating samples at 60 oC/min to 400 oC, isothermally holding for 3 minutes, rapid 

cooling (100 oC/min) to the desired Tiso, isothermally holding at the desired Tiso for 30 - 120 

minutes, rapidly cooling (100 oC/min) to 30 oC, and heating to 400 oC at 10 oC/min. The 

crystallization half-time was determined from the heat 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 far from Tm
o) of the 

SPEKK copolymers. The crystallization kinetics of PEKK were previously determined29 utilizing 

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 temperature 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 ultra-high purity N2 gas environment with a flow rate of 60 mL/min to limit 

oxidation and moisture in the sample chamber. Thin (2 ɛm thickness) samples were cut by 

microtome from the SPEKK copolymer membranes and laterally cut to size by scalpel under a 

microscope. A thin layer 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 pre-melted at 5 K/s to 400 oC 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/s29. Cooling 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 

oC is 0.1 s for PEKK29. 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) method.28-31 The time temperature profile for the IIC 

method is shown in Figure 4-2. After removing the thermal history at 400 oC for a minimum 1 s, 

the sample was quenched at 500 K/s to the respective Tiso and held for varying amounts of time 

(0.1 s ï 10,000 s). The sample was quenched at -500 K/s to below the Tg to arrest any further 

crystallization. The partially crystallized sample was then heated to 400 oC 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 time (tiso) was determined when the melting 

enthalpy remained at a constant value with increasing tiso. The maximum isothermal crystallization 

time was dependent on Tiso. The observed melting enthalpy versus tiso was used to calculate 

fractional crystallinity and the crystallization half-time (t1/2) over a range of isothermal 

crystallization temperatures.  
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Figure 4-148. The time-temperature profile for the Flash DSC interrupted isothermal 

crystallization (IIC) method used to determine the t1/2 of SPEKK copolymers over a range of Tiso. 

 

4.3.10 Water Uptake, Areal Swelling, and Solubility Analysis of SPEKK Membranes 

 A TA Instruments Q5000 sorption analyzer (TGA-SA) 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 100 oC before analysis. 

Samples (3-5 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 the 2 hr hold at 0% RH (ὓ ) to the weight of the wet 

membrane after the extended hold at 95% RH (ὓ  using Equation 1. All reported values are 

the average of 3 samples. 

ὡὥὸὩὶ ὟὴὸὥὯὩ   ρππϷ  (1) 

The areal swelling of the SPEKK (H+-form) membranes after submerging in DI water 

(100% RH) were determined as follows. Membranes were dried in a vacuum oven at 100 oC for a 
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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 the wet mass, length, and width 

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

ὃὶὩὥὰ ὛύὩὰὰὭὲὫ 
    

  
  ρππϷ  (2) 

Where ὒ  and ὡ  are the dry length and width, respectively, and ὒ  and ὡ  are the wet 

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

 The solubility resistance of the SPEKK membranes in 90 oC water was determined as 

follows. Membranes (H+-form) were dried in a vacuum over at 100 oC for 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 oC DI water for 1 hour. After 1 hour, the membranes were removed, redried, and the 

mass was recorded. The solubility of the membranes is characterized by the mass loss after soaking 

in 90 oC DI water for 1 hour.  

4.3.11 Proton Conductivity  

 The effect of ionomer microstructure (random versus blocky) on the in-plane proton 

conductivity of PEKK and SPEKK copolymers was analyzed using a four-point conductivity cell 

from BekkTech (Scribner, LLC). Prior to analysis, membranes (H+-form) were soaked in room 

temperature DI water for a minimum of 12 hours. Measurements were taken from -0.2 V to 0.2 V 

using a SI 1287 electrochemical interface (Solartron Analytical). Data analysis was performed 

using Zplot software (Scribner, LLC). The proton conductivity („) was calculated using equation 

3: 
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„   
  

  (3) 

where ” is the resistivity, l is the distance between the contact electrodes, R is the resistance, and 

A is the cross-sectional 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 (Cs+-form) for small, mid, and 

wide-angle X-ray scattering/diffraction (SAXS, MAXS, WAXS/D) analysis were prepared as 

previously stated. Prior to analysis, Cs+-form membranes were dried at 100 oC 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 Cu K-Ŭ radiation (ɚ = 0.154 nm). The sample-to-detector distance was 900 

mm for SAXS, 370 mm for MAXS, and 43 mm for WAXD. The q-range 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, 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 azimuthally integrated 

intensity versus scattering vector q profiles, where q = (4ˊ/ɚ)sin(ɗ), ɗ is one half of the scattering 

angle and ɚ is the X-ray wavelength. The data 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 (sPS)24, 

poly(ether ether ketone) (PEEK)25-26, 32, and poly(ether ketone ketone) (PEKK)28 have 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 that are accessible in the 

solvent-swollen 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 crystalline domains of the gel, thus crystallizability is 

retained. In this work, PEKK was gelled following previously published work28, from diphenyl 

acetone (DPA). These gels exhibit a highly interconnected fibrillar morphology with high surface 

areas (152 +/- 12 m2/g) and porosities (83.4% +/- 0.4) 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 

Semi-crystalline polymer gels act as a template to produce blocky copolymers, as shown 

in previous work24-26, 28, 32 where 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 PEKK retained 

within the crystalline domains, and amorphous domains containing the sulfonated PEKK 

monomers. The preservation of the pristine crystalline domains allows for significant 
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crystallization even at high degrees of functionalization, as demonstrated with syndiotactic 

polystyrene (sPS)24, PEEK25-26, and PEKK28. 

Random and blocky microstructures were synthesized by sulfonation of PEKK in the 

random and gel state as shown in the reaction scheme in Figure 4-3. The sulfonation of PEKK 

utilized chlorosulfonic acid (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 reaction to occur 

on the PEKK backbone. These sites include the protons adjacent to the ether linkage in both the 

isophthalate and terephthalate monomer, as shown in Figure 4-3. Due to these multiple reaction 

sites available for sulfonation, degrees of sulfonation greater 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. 

 

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 PAEKs. Previous work established the 1H and 13C 
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resonances for PEKK 80/2029 and functionalized PEKK 80/2028 from a solvent system of DCA 

and deuterated chloroform. Figure 4-4 shows the 1H 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 7.19 - 7.22 (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 protons of the terephthalic and isophthalic moieties. 

Upon sulfonation, new resonance peaks appear at approximately 7.1-7.2 ppm (H1cô), 7.34 ppm 

(H1a,1b), 8.05 ppm (H2aô), and 8.5 ppm (H2bô,H2bò). The peaks at 7.2 ppm to 7.3 ppm, associated 

with H1a-d, decrease in intensity with increasing degree of sulfonation due to replacement of H1d 

by the sulfonate functionality. Addition of the sulfonate functionality also causes the 

unfunctionalized H1a,1b, 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 H1cô proton, located on the aromatic ring with the sulfonate group, shifts upfield to 7.1-7.2 ppm. 

The proton directly adjacent to the sulfonate group, H2bô, drastically shifts downfield to 8.5 ppm 

due to the electron withdrawing nature of the sulfonate group. H2aô, located para from the sulfonate 

group, shifts slightly downfield to 8.05 ppm, and overlaps with H3. At higher degrees of 

sulfonation, H2bò appears and is associated with a disubstituted monomer (discussed below). The 

resonance peak of H4 appears to change with increasing degree of 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 long-range effects of the sulfonate group on 

the chemical environment of H4. 
13C assignments are discussed in Figure 4-S1. Further 

verification of the 1H and 13C 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 in Figure 4-S2 and 4-S3, respectively.  

 

Figure 4-150. 1H NMR of random (left) and blocky (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. Spectra are referenced to CDCl3. The asterisk (*) refers to reference 

solvent resonance. 

 

The degree of sulfonation was determined through comparison of the resonance peak 

associated with the aromatic proton adjacent to the sulfonation site, H2bô (8.5 ppm) to resonance 

peak of the aromatic proton H5 (triplet at 7.75 ppm). H2, H3, H4 and H5 are not capable of 

undergoing an EAS reaction. Due to large shifting of resonance peaks upon sulfonation, resonance 

peaks associated with H2 H3 and H4 should not be used to determine the degree of sulfonation. H5 
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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 of H5 is used as an internal standard to 

determine the degree of sulfonation. When setting the integration of H5 (triplet at 7.75 ppm) equal 

to 1, then the degree of sulfonation (DS) in mol% is calculated by: 

ὈὛ Ὄ᷿ πzȢςπ zρππ   (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 

H5 proton per monomer. The integration value of either H1cô could also be used to determine the 

DS. However, at low DS, H1cô overlaps with H1a-d, introducing error into the integration. Thus, H2bô 

is utilized in this work. The DS of the synthesized random and blocky microstructures were 

calculated using equation 4 and are shown in Table 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 determined by 1H NMR 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 PEKK monomer can occur28 and is more 

prevalent in blocky microstructures compared to random microstructures at the same degree of 



155 

 

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 accessible functionalizable 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 of a shoulder on the resonance peak associated with H2bô (8.5 ppm) 

was labeled H2bò and is investigated further by 13C NMR, COSY, and HSQC in Figures 4-S1, 4-

S2, and 4-S3, respectively. To summarize, the appearance of new peaks in the 13C spectrum (C7ò, 

157 ppm), and appearance of new correlations to H2bò in 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 Thermogravimetric Analysis 

 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 H+- and Na+-form are shown in Figure 4-5. The TD5% for 

all materials are shown in Table 4-2. For all materials in both the H+ and Na+-form, the thermal 

stability decreases with an increase in DS. However, there is no significant difference in thermal 

stability when comparing random and blocky microstructures of the same degree of functionality 

and counterion form. The H+-form shows a two-step 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 of sulfonation, as 

expected. Once converted to Na+-form, the weight loss step associated with desulfonation 

disappears. This is attributed to the improved thermal stability of the sulfonate group in the salt 
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form.33 The TGA analysis indicates all Na+-form membranes are thermally stable at temperatures 

utilized for further thermal analysis (up to 400 oC).  

 

Figure 4-151. TGA results for random (top) and blocky (bottom) sulfonated materials in both 

H+-form (left) and Na+-form (right). TGA analysis performed in nitrogen at 20 Co/min ramp rate.  

 

Table 4-22. TD5% of PEKK and SPEKK membranes in H+-form and Na+-form.  

Sample 
TD5% (oC) 

H+-form Na+-form 

PEKK 571 571 

rSPEKK4 517 523 

bSPEKK3 529 518 

rSPEKK10 515 528 

bSPEKK8 479 519 

rSPEKK14 495 522 




































































































































































































































































































































































































































