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ABSTRACT 

 
 
 The phase diagrams for the thermoreversible gelation of poly(ether ether ketone) 

(PEEK) in dichloroacetic acid (DCA) and 4-chlorophenol (4CP) were constructed over 

broad temperature and concentration ranges, revealing that PEEK is capable of dissolving 

and forming gels in DCA and 4CP up to a weight fraction of 25 wt.%. Highly porous 

aerogels of PEEK were prepared through simple solvent exchange and solvent removal of 

the PEEK/DCA or PEEK/4CP gels. Solvent removal utilized freeze-drying (sublimation) 

methods or supercritical CO2 drying methods. Varying the weight fraction of PEEK 

dissolved in solution determined PEEK aerogel density. Mechanical properties (in 

compression) were shown to improve with increasing density, resulting in equivalent 

compressive moduli at comparable density regardless of preparation method 

(concentration variation, gelation solvent, solvent removal method, or annealing 

parameters). Additionally, density-matched aerogels from various MW PEEK showed a 

correlation between increasing MW and increasing compressive modulus. Contact angle 

and contact angle hysteresis revealed that PEEK aerogels have a high contact angle, 

exceeding the conditions necessary to be classified as superhydrophobic materials. PEEK 

aerogel contact angle decreases with increasing density and a very low contact angle 

hysteresis that increases with increasing density, regardless of gelation solvent or drying 

method. Small angle neutron scattering (SANS) contrast-matching experiments were 

used to elucidate the morphological origin of scattering features, wherein it was 



determined that the origin of the scattering feature present in the small angle scattering 

region was stacked crystalline lamella. Ultra-small angle X-ray scattering 

(USAXS)/SAXS/Wide angle X-ray scattering (WAXS) was then used to probe the 

hierarchical nanostructure of PEEK aerogels across a broad range of length scales. The 

Unified Fit Model was used to extract structural information, which was then used to 

determine the specific surface areas of PEEK aerogels. Regardless of gelation solvent, gel 

concentration, or solvent removal method, all PEEK aerogels display high surface areas 

as determined by SAXS and high surface areas as determined by nitrogen adsorption 

methods. Surface area values determined from SAXS data were consistently higher than 

that measured directly using nitrogen adsorption, suggesting that pore densification 

diminishes the accessible aerogel surface area.   
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GENERAL AUDIENCE ABSTRACT 

 
 
 Poly(ether ether ketone) (PEEK) is a semicrystalline polymer with high 

temperature thermal transitions and excellent mechanical strength, making it an ideal 

candidate for many high-performance polymer applications. When PEEK is dissolved in 

particular solvents, it will form a 3-dimensional network where crystalline polymer is the 

cross-linking unit of the network. Careful solvent removal does not significantly perturb 

the gel network structure and produces a low-density aerogel. This work details the first 

reported instance of the monolithic gelation of PEEK and the first examples of PEEK 

aerogels.  The nanostructure of these gels and aerogels is fully characterized to relate 

structural features to physical properties such as mechanical stiffness and wettability
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Chapter 1 

Introduction to X-ray scattering 

1.1 Introduction 

 X-ray scattering is capable of elucidating a broad range of feature sizes due to the 

inverse relationship between scattering angle and real-space dimension, which will be 

discussed in more detail later. Wide angle X-ray diffraction (WAXD) probes small 

dimensions, such as the distance between crystalline planes and small angle X-ray 

scattering (SAXS) can probe up to micron-sized features.1 This versatile, powerful 

characterization technique has been employed to investigate morphological features in 

various polymer systems including semicrystalline polymers2-4,  ion-containing 

polymers5-7, phase-separated block copolymers8-10 and blends11,12. Phenomena such as 

crystallization and phase separation can be probed in real-time using time- and 

temperature-resolved SAXS or WAXS.13,14  

1.2 Wide angle X-ray diffraction 

 1.2.1 Bragg’s law 

 X-rays are electromagnetic waves with a wavelength between 0.01-10 nm. X-rays 

interact with matter via three main interactions: photoabsorption, inelastic scattering, and 

elastic scattering. Elastic scattering occurs when X-rays incident on a scattering center 

(atoms or cluster of atoms) cause the electron cloud to oscillate at the same frequency of 

the incident X-ray. Each oscillating electron emits radiation with a frequency identical to 

that of the incident wave. These electromagnetic waves interfere with each other to create 

an interference pattern, or scattering pattern, which can be measured to determine atomic 

and micro-structural information. 
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Figure 1.1. X-rays interact with scattering centers producing scattered photons 

 Crystalline solids are comprised of regularly arranged atoms, which act as 

scattering centers to incident photons. In Bragg’s law of diffraction X-rays scattered from 

crystalline planes produce an interference pattern, or diffraction pattern, that used to 

determine the precise arrangement of atoms within the crystal structure.15 As shown in 

Figure 1.2, when X-rays incident on crystalline planes scatter, constructive interference 

occurs at some characteristic angle, θ, which is dependent upon the distance, d, between 

diffraction planes (Bragg spacing). When the scattered waves interfere constructively 

their path lengths remain in phase because the path lengths equal an integer multiple of 

the wavelength of radiation. Constructive interference is at its maximum under the Bragg 

condition in Equation 1.1 

 !" = 2! sin! 1.1 

where λ is the wavelength of radiation, d is the Bragg spacing, θ is the scattering angle, 

and n is an integer multiple. 
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Figure 1.2 Bragg’s law of diffraction: two waves of identical wavelength and phase are 

scattered off of two identical crystalline planes. The scattered waves are identical 

wavelength and phase but the lower wave travels an extra length of dsinθ. 

 1.2.2 Single crystal and powder diffraction 

 A single perfect crystal is comprised of an array of periodic, regularly arranged 

atoms, called a Bravais lattice.1 For reasons that will be discussed, diffraction phenomena 

within a Bravais lattice is interpreted using the reciprocal lattice, which is the Fourier 

transform of the Bravais lattice. In contrast to the Bravais lattice, which exists in real 

space, the reciprocal lattice exists in reciprocal space, or momentum space. Reciprocal 

space is particularly convenient for X-ray diffraction because the measured θ is indicative 

of the momentum difference between the incident photon and the diffracted photon. The 

relationship between θ and the momentum difference is given by Equation 1.2 

 ! = 4!
! sin! 1.2 

where q is the momentum difference between the incident and diffracted photons and λ is 

the wavelength of the photons.1 The reciprocal lattice has the same symmetry of the 

Bravais lattice, such that the direction of a vector in reciprocal space (dhkl*) connecting 

two points of the reciprocal lattice corresponds to the direction of a vector normal to the 

real space planes, and the magnitude of that reciprocal space vector is equal to the inverse 

dsinθ 

d 

θ 

θ 
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of the real space interplanar spacing, d. The integers h, k, and l are used to describe a 

family of lattice planes in both the real and reciprocal lattices. A crystalline unit cell is 

defined by the real space lattice vectors a, b, and c and the reciprocal lattice vectors a*, 

b*, and c* where the real space and reciprocal vectors are related according to Equation 

1.3. 

 !∗ = 1
!  ;  !∗ = 1

!  ;  !∗ = 1
!  1.3 

The reciprocal lattice vector d*hkl can then be described using the linear combination of 

the reciprocal space vectors whose coefficients are h, k and l as follows in Equation 1.4.  

 !!!"∗ = ℎ!∗ + !!∗ + !!∗ 1.4 

Furthermore, d*hkl is related to the distance, d, between lattice planes given by Equation 

1.5. 

 ! = 2!
!!!"∗  

1.5 

It is possible to then determine the precise unit cell dimensions of a crystal by rotating the 

crystal about a fixed axis (along a, b, or c), modulating θ, and measuring d*hkl (q). When 

θ is such that Bragg conditions are met, diffraction maxima from constructive 

interference appear on a detector positioned at an angle 2θ from the incident beam. The 

resulting diffraction pattern under these conditions is depicted in Figure 1.3 
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Figure 1.3 X-ray diffraction pattern of a single crystal are collected when Bragg 

conditions are met 

 Powder diffraction is similar to single crystal diffraction in that X-rays are 

scattered by a sample, in this case a polycrystalline sample, and the resulting diffraction 

pattern is collected and used to determine crystalline dimensions. The primary difference 

between single crystal and powder diffraction is the nature of the sample; in powder 

diffraction the sample is comprised of many crystals oriented isotropically, such that 

every set of crystalline planes and every orientation therein is represented. Single crystal 

diffraction requires precession about a crystallographic axis whereas that is unnecessary 

in powder diffraction. The isotropic nature of the polycrystalline sample therefore results 

in a diffraction pattern comprised of diffraction rings, rather than discrete diffraction 

spots, as shown in Figure 1.4.  

Incident X-rays 

Diffracted X-rays 

Crystal 

Detector plate 

Diffraction pattern 
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Figure 1.4. The X-ray diffraction pattern of a polycrystalline sample (powder) is 

comprised of diffraction rings corresponding to characteristic Bragg angles. 

 1.2.3 Semicrystalline polymer X-ray diffraction 

 Semicrystalline polymers scatter X-rays as polycrystalline powder samples, 

producing diffraction rings similar to Figure 1.4. In addition to scattering from 

crystallites, scattering from semicrystalline polymers also produces an amorphous “halo”, 

which is the result of diffuse scattering from amorphous polymer chains at the interface 

of the polymer crystallite. The relative intensity of a given diffraction ring is directly 

related to the abundance of the particular crystalline plane responsible for producing the 

diffraction ring. The Intensity versus scattering angle (2θ) profile of a sample is simply 

obtained by radially integrating the 2-dimensional diffraction pattern about the beam 

center from the beam center outward (minimum 2θ) to the detector edge (maximum 2θ). 

An example of the Intensity versus 2θ profile is shown in Figure 1.5. The degree of 

crystallinity is obtained by first deconvoluting the scattering profile into individual 

contributions from crystalline reflections and diffuse amorphous scattering.  Figure 1.5 

Incident X-rays 

Diffracted X-rays 

Polycrystalline 
sample 

Detector plate 

Diffraction pattern 
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shows the deconvoluted profile of semicrystalline syndiotactic polystyrene.16 The degree 

of crystallinity by weight fraction (Xc) is then obtained using Equation 1.6 by dividing 

the integrated intensity of the crystalline contributions (Ic) by the sum of integrated 

scattering intensity from crystalline and amorphous contributions (Ia).17 This method is 

utilized in Chapter 6 as a method to determine the density of porous semicrystalline 

poly(ether ether ketone) gels. 

 

Figure 1.5 Diffraction profiles of amorphous sPS (left) and semicrystalline sPS 

deconvoluted into amorphous and crystalline scattering intensity contributions.16 

Reproduced with permission from The Royal Society of Chemistry (Copyright 2018). 

 Χ! =
!!

!! + !!
 

1.6 

 

 1.2.5 WAXD of oriented polymers 

 Mechanical and physical properties of polymers are highly dependent upon 

processing conditions. Polymers reinforced with filler material exhibit enhanced 

mechanical properties that improve (along the orientation direction) with increasing filler 
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orientation.18 Additionally, it is often necessary to quantify any processing-induced 

anisotropy or orientation from methods such as membrane casting19 techniques or 3D 

printing20,21. Wide angle X-ray diffraction can be used to quantify the degree of 

orientation of a collection of similar scattering features (of a given Bragg spacing).  

 Consider the case of strain-induced orientation of a semicrystalline polymer film. 

The un-oriented film is composed of isotropically oriented crystallites as shown in 

Figure 1.6. WAXD from this un-oriented sample would result in diffraction rings due to 

the presence of many orientations of the Bragg dimension, as previously discussed in 

Figure 1.4. When strain is applied to the sample under uniaxial tension, the crystallites, 

and therefore one or more crystalline planes, preferentially orient along the draw 

direction (Figure 1.6). This orientation necessarily eliminates plane orientations 

deviating from the draw direction, such that scattering from the oriented crystal plane 

produces a diffraction pattern similar to that of a single crystal as shown in Figure 1.7. 

The more oriented the Bragg spacing is throughout a sample, the more defined and 

discrete the diffraction spots. In reality, even very well oriented polymer samples will 

contain a narrow distribution of orientations of the Bragg spacing, resulting in diffraction 

spot arching.  
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Figure 1.6 Representation of strain-induced orientation of a crystal plane in a 

semicrystalline polymer sample. The crystallites assume isotropic orientation in the un-

oriented sample, but align preferentially along the draw direction under uniaxial tension. 

Isotropic orientation 
of crystal plane 

Preferential orientation of 
crystal plane 

Draw direction 

Un-oriented sample 
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Figure 1.7 The X-ray diffraction pattern of an oriented sample is similar to that of a 

single crystal. Spot arching, or diffuse diffraction spots, results from less-than-perfect 

orientational alignment of the scattering planes. 

 The extent of diffraction spot arching is directly related to the breadth of the 

distribution of allowed plane orientations in the sample. These diffraction spots can then 

be measured and used to determine Herman’s orientation factor, which is a value used to 

describe orientation. The diffraction pattern is collected on a detector plated and, instead 

of radially integrating, the intensity versus azimuthal angle is obtained 0-360° about the 

direct beam center in which the intensity is integrated between pertinent 2θ (so as to only 

integrate within the characteristic 2θ of the plane of interest) as shown in Figure 1.8.  
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Figure 1.8 The intensity versus azimuthal angle profile of a particular scattering angle is 

obtained from the anisotropic diffraction pattern. 

 Individual scattering maxima in the intensity versus azimuthal angle profile are 

used to determine Herman’s orientation factor. In the example depicted in Figure 1.8, 

each of the two intensity maxima are individually fit using Gaussian functions. Individual 

fits must then be shifted horizontally along the azimuthal angle until centered about 0° so 

that they can then be used to calculate Herman’s orientation factor, fx, using Equation 1.7 

and Equation 1.8 

 
 1.7 

 

 

1.8 

where δ is the azimuthal angle in radians.22 The value of fx must fall between -0.5 and 1, 

wherein a perfectly aligned scattering features will give fx equal to 1, perfectly isotropic 

features give fx equal to 0, and scattering features aligned perpendicular to the axis of 
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interest give fx equal to -0.5. This method is used in Chapter 7 (section 2.9) to determine 

the orientation factor of oriented nanoclays in 3-D printed nanocomposite materials. 

1.3 SAXS  

 1.3.1 I(q) 

 Small angle X-ray scattering relies on the same physical phenomena as X-ray 

diffraction, but concerns photons scattered at angles less than approximately 5° 2θ. Due 

to the inverse relationship between scattering angle and real space dimension small angle 

scattering is used to probe large structures on the order of 1-10 nm. The larger structures 

probed with SAXS are complex scattering centers comprised of aggregates of atoms; it is 

therefore necessary to now expound upon scattering phenomena and the many 

contributions to the measured scattering pattern.  

 As stated previously, the measured diffraction (or scattering) pattern is the 

interference pattern created by constructive and destructive interference from elastic 

scattering of photons incident on scattering centers. The magnitude of scattering is the 

sum of all scattering events. This relationship is shown in Equation 1.9 where the 

amplitude of scattering at a particular angle, A(q), is equal to the summation of scattering 

at all scattering centers  

 
! ! = !!!!!!!!

!

!!!
 1.9 

where ri is the position of the ith scattering center, and be is the scattering length of one 

electron.1 A sufficiently large quantity of scattering centers is better understood to 

contain a density distribution of scattering centers, n(r), rather than discrete positions (ri). 

The amplitude of scattering from some volume, V, is then defined as  
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! ! = !!!

!
! !!!!!!!! 1.10 

where n(r) is the number of electrons in some volume element, dr, about r. Equation 

1.10 is then rewritten in terms of the scattering length density distribution, ρ(r) which is 

the scattering length in a volume element, dr, about r as shown in Equation 1.11.  

 
! ! = !

!
! !!!!!!!! 1.11 

It is now obvious that the scattering amplitude is the Fourier transform of the scattering 

length density distribution. The magnitude of the measured scattering intensity is the 

square of the Fourier transform of the SLD distribution as follows:1 

 
! ! = ! ! ! = !

!
! !!!!!!!!

!

 1.12 

This relationship between I(q) and A(q) cannot be inverted, which is to say, one cannot 

obtain phase information from I(q). In fact, I(q) is more so a measurement of the 

correlation function of the electron density distribution rather than a measure of the 

electron density distribution itself indicated by 

 
! ! = !

!
! !!!!!!!!

!

= Γ! !
!

!!!!!!!" 1.13 

where Γρ is the correlation function of the scattering length density distribution defined in 

real space as follows.23 

 Γ! ! = ! ! ! ! + ! !" 1.14 

This relationship is perhaps best understood in terms of the electron density distribution, 

n(r), rather than ρ(r). Consider the relationship between directly imaging n(r) using a 

technique such as SEM or TEM, and measuring the correlation function of the electron 
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density distribution, Γn(r), via SAXS as shown in Figure 1.9. Direct images of a sample’s 

electron density distribution (Figure 1.9) contain a great deal of information, such as the 

exact two-dimensional location of particular features. Periodicity in the correlation 

function of the electron density distribution indicates some characteristic distance (ξ) 

such as the radius of a scattering center or the distance between scattering centers (d in 

Figure 1.9). The scattering intensity measured in SAXS then necessarily indicates that 

the material is comprised of scattering centers with radius ξ, spatially arranged distance d 

apart. 

 

Figure 1.9 The difference between a direct measurement of the electron density 

distribution (left), the correlation function of the electron density distribution (center), 

and measured scattering intensity (right). 

 The scattering intensity measured in SAXS contains considerable structural 

information, and can therefore be expressed as 

 ! ! ∝ Δ! !! ! !(!) 1.15 

where scattering intensity is a function of Δρ, F(q), and S(q).1 Δρ is the difference 

between the scattering length density of some morphological feature (particle) and that of 

the matrix material. The form factor, F(q), is the scattering contribution related to the 
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shape and size of particles. The structure factor, S(q), gives information regarding the 

spatial arrangement of particles in a matrix, such as the inter-particle distance. 

 1.3.2 Form factor 

 Information regarding the size and shape of individual particles is contained in 

form factor scattering. To obtain this information, the sample must be prepared in such a 

way to remove any inter-particle interferences, effectively removing S(q) from Equation 

1.15. For example, nanoparticles are suspended in solvent and polymers are dissolved in 

dilute solution to satisfy this condition. Many form factors exist to satisfy particular 

scattering object shapes such as spheres, ellipsoids, cylinders, parallelepipeds, polymer 

coils, and others.24 

 Consider the case in which the scattering object is a sphere, such as metal 

nanoparticles suspended in solution. For the purposes of explanation, the sphere has 

uniform SLD, ρ0, and radius R so that the SLD distribution is as follows.1 

 ! ! = !! ! ≤ !
0 ! > ! 1.16 

The amplitude of scattering from spherical particles is then described by inserting the 

conditions in Equation 1.16 into Equation 1.11 

 ! ! = !!4!!!
!

!

sin !"
!" !" 1.17 

which yields the following expression of A(q) 

 ! ! = !!!
3(sin !" − !" cos !")

(!")!  1.18 

where v is the volume of a sphere. The scattering intensity from spherical particles is 

therefore 

 
! ! = ! ! ! = !!!!!

3(sin !" − !" cos !")
(!")!

!
 1.19 
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The form factor of a sphere is 

 
! ! = 3(sin !" − !" cos !")

(!")!
!
 1.20 

because no inter-particle interferences are present.1 The spherical form factor is periodic 

such that I(q) is zero when  

 !" = tan !" 1.21 

visualized in Figure 1.10 where F(q) is a function of qR. The radius, R, can be 

conveniently calculated from the minima along the plot of I(q) versus q. 

 

Figure 1.10 Form factor scattering of a sphere with radius R exhibits periodicity with 

respect to R. 
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It is also important to note that the relationship between scattering intensity and q in 

Equation 1.19 is  

 !(!) ∝ !!! 1.22 

which is also depicted pictorially in Figure 1.11 for scattering from a spherical particle. 

In form factor scattering, this power law relationship reflects the dimensionality of the 

scattering object; q-4 for 3-dimensional spheres, q-2 for 2-dimensional cylinders, and q-1 

for 1-dimensional infinitely thin cylinders.1  
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Figure 1.11 Form factor scattering from a sphere shown F(q) versus q (Log-Log plot) 

shows a drop-off of intensity with q-4 dependence 

 1.3.3 Structure factor 

 Morphological investigation often extends beyond dilute solutions to dispersions, 

films, or membranes. These materials are more structurally complex such that both form 

and structure factor scattering contribute to the measured scattering intensity. Similar to 

the diverse collection of shape-specific expressions for F(q), many system-specific 

structure factors, S(q), have been devised. For simplicity, let us only consider the case of 

a colloidal suspension of sphereical particles.  The scattering from this system is 
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described using the Teubner-Strey model, which uses the pair correlation function in the 

form  

 Γ ! = !
2!" !

!!
! sin 2!"

!  1.23 

where ξ is a correlation length (describing correlations related to a single particle) and d 

is the periodic center-to-center distance between particles (d-spacing).25 The scattering 

intensity is then described by 

 ! ! = !Δ!!!!! ! !(!) = !Δ!! !"
!

!
!!4! sin !"!" Γ !  1.24 

where ϕ is the volume fraction of scattering objects and Vp is the scattering particle 

volume.25 The scattering intensity can be visualized in Figure 1.12 depicting similarly-

sized particles dissolved in solution in different concentrations. The (blue) particles are 

dissolved in dilute solution so all interparticle distances are random. This effectively 

cancels out any S(q) contributions and I(q) simply reflects the form factor of a sphere. As 

particle concentration is increased to the concentrated solution of particles (green), the 

interparticle distance , d, becomes increasingly more periodic, such that a Bragg peak 

(and any higher-order reflections thereof) from d-space scattering begins to dominate the 

scattering profile. A multitude of analytical models are availble to precicely describe the 

form and structure factor scattering in complex morphologies so experimental 

deconvolution is rarely necessary if imaging techniques are used in conjunction with 

SAXS to identify the appropriate model. The following section will discuss only 

analytical scattering models relevant to the work described in this thesis and is far from a 

comprehensive review of scattering models.   
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Figure 1.12 Scattering intensity of particles in solution. Blue particles are dissolved in 

dilute solution and only F(q) contributions are present in the scattering profile. Red 

particles are more concentrated, and green are very concentrated. As particle 

concentration increases, the interparticle distance, d, becomes periodic and produces a 

large structure factor peak dominating the contributions from spherical form factor 

scattering. 

1.4 The Unified Fit Approach 

 As previously discussed, scattering profiles are determined in part according to 

the effective real space size of the scattering object. All scattering objects, regardless of 

complexity, obey this rule. Convoluted small angle scattering from polymer coils, 

proteins, micelles, nanoparticles, or the domain space in a phase-separated system 

q 

Dilute 

Concentrated I(
q)
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includes information regarding the effective size of the scattering object. Guinier’s law 

defined as 

 
! ! = !!!

!!!!!!
!  1.25 

describes scattering from the effective size of the scattering object, its radius of gyration, 

Rg.26 Guinier’s law does not describe scattering from local features such as surface and 

mass fractals. These local features give rise to power law scattering described using 

Porod’s law 

 ! ! ∝ !!! 1.26 

where P is the Porod exponent.26 The Porod region refers to the power law scattering on a 

scattering profile probing length scales smaller than that of the scattering object. Porod 

exponents of P = 4 describe smooth interfaces, discussed previously for spheres of 

uniform SLD. Rough surfaces give rise to power law scattering defined by 3 < P < 4   

and are termed surface fractals.27 Mass fractals exhibit Porod exponents between 2 < P < 

3, and polymer coils have P = 3/5.27 The contributions from Guinier and Porod scattering 

can be summed in the unified equation 

 

! ! = !!
!!!!!!
! + !

!"# !"!!
6

!

!

!

 1.27 

in which k is the packing factor and G is the exponential prefactor following 

 ! = !!!!!! 1.28 

where Np is the number of particles in the scattering volume, n is the number of electrons 

in a particle, and Ie is the scattering factor for a single electron. B is the prefactor specific 

to the type of power law scattering defined by the value of P. In Porod’s law,  (P = 4) 



 22 

 ! = 2!!!!!!!!!! 1.29 

where !! = ! !!, Vp is the volume of the particle, and Sp is the surface area of the 

particle. The error function, erf, in Equation 1.27 describes the power-law scattering low 

q cut-off due to finite size effects (i.e. finite size particle size, Rg). The summation of 

Guinier scattering and the structurally limited power law scattering is depicted in Figure 

1.14. Both sources of scattering in Equation 1.27 are limited by Rg, allowing for the 

independent analysis of scattering contributions from both particle and particle surface 

over broad q as shown in Figure 1.14.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
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Figure 1.13 Unified model of scattering from the summation of independent Guinier and 

Porod contributions 

 In systems consisting of multiple structural levels, such as mass fractal systems, 

Equation 1.27 is modified to include a high-q exponential cutoff of the power law 
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scattering and scattering from each structural level is summed into the Unified Fit model 

following 

 

! ! = !!!
!!!!!"!

! + !
!!!!!"#!

! !!
!"# !"!!"

6
!

!

!!
!

!!!
 1.30 

where Rgco is the high-q cut-off equal to Rgi-1.26,28 In the 2-level system depicted in Figure 

1.14 the primary scattering object, spatially defined as Rg1 with surface characteristic P1, 

clusters into the secondary particle defined with Rg1. The power law scattering of the 

secondary scattering object, defined by P2, is bound at low q by R2 and at high q by Rgco = 

Rg1. The Unified Fit model is applied extensively to work in Chapter 5 and Chapter 6  

to describe mass fractal scattering from poly(ether ether ketone) gels and aerogels. 
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Figure 1.14 Two structural levels of the Unified Fit describing the scattering profile from 

complex, mass fractal morphology. 
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1.5 Experimental approach 

 The scattering instrument available for use at Virginia Tech is a Rigaku S-Max 

3000 shown in Figure 1.15. The X-ray beam is generated from a rotating copper anode 

emitting X-rays with a wavelength of 0.154 nm (Cu Kα). The beam is collimated using a 

series of three pinholes. The sample may be mounted in one of two completely evacuated 

sample chambers to modulate the q-range from small angle to mid-range angle. The 

sample chambers come equipped with adjustable stages to insert an image plate to collect 

X-rays scattered at wide angles (WAXD). For temperature-resolved SAXS/WAXD, the 

system is equipped with a Linkam hot stage for experiments at temperatures ranging from 

-196 °C (cryo-cooled) to 600 °C. Additionally, the system includes a capillary stage for 

solution samples, a liquid cell for wet membranes, and a Linkam stretching stage for 

orientation experiments. The SAXS detector is a 2D multi-wire, proportional counting, 

gas-filled detector. 
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Figure 1.15 Rigaku S-Max 3000 Small and Wide Angle Scattering system in the Moore 

research group at Virginia Tech 

 Typical SAXS experiments consisted of a 1-2 hour exposure time under the 

desired experimental conditions. The collected 2D SAXS patterns were analyzed using 

the SAXSGUI software package to obtain radially integrated I(q) versus q scattering 

profiles. The q-range was calibrated using the first diffraction ring of a silver behenate 

standard. Scattering intensity was normalized for sample thickness. In cases where 

absolute intensity (units of cm-1) was required for quantitative purposes, the data were 

corrected using a glassy carbon standard from the Advanced Photon Source (APS) at 

Argonne National Laboratory to obtain the background-subtracted scattering intensity 

correct for sample thickness and transmission.29 

 
 

14 
 

 

Figure 1.4. SAXS system in Hahn Hall 1018, Virginia Tech 

 

1.2.8 Experimental Approach, Absolute Intensity, and Data Collection 

A typical two-dimensional SAXS pattern was obtained by using a fully integrated 2D 

multiwire, proportional counting, gas-filled detector, with an exposure time of 1 hour. 

SAXS data were analyzed using the SAXSGUI software package to obtain radically 

integrated SAXS intensity versus scattering vector q, where q=(4𝜋/𝜆)sin(θ), θ is one half 

of the scattering angle and 𝜆 is the wavelength of X-ray, which is 0.154 nm. The q-range 

was calibrated using a silver behenate standard. For variable temperature SAXS, samples 

were heated using a Linkam hot stage positioned in the sample chamber and held for 30 

min to equilibrate at a given temperature before data acquisition. An exposure time of 1 

hour was used for all samples. 
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Chapter 2 

Morphological Characterization and Physical Properties of Porous Polymers 

2.1 Introduction 

 Polymer gels are substantially dilute, continuous polymer networks that exhibit 

solid-like behavior while physically retaining liquids or gases within their three-

dimensional macromolecular framework.1 In Flory’s widely used classification, gels are 

divided into four classes based on network structure: (I) well-ordered lamellar structures, 

(II) covalently cross-linked networks, (III) physically cross-linked networks, and (IV) 

particulate disordered structures.2 Gels of the first type consist of lamella arranged in 

parallel exhibiting long-range order though electrostatic or van der Waals forces, 

entrapping solvent within the ordered structure. Examples of Type I well-ordered 

lamellar gels include soap gels, phospholipids, and clays.2 Type II gels (covalently cross-

linked gels or thermosets) are formed when polymer chains are linked together though a 

chemical reaction with a polyfunctional cross-linker forming a 3-dimensional, continuous 

network consisting of a single macromolecule. Protein aggregates and flocculent 

precipitates both form Type IV gels consisting of liquid-swollen disordered particles.2 

 Physically cross-linked gels consist of a three-dimensional network comprised of 

crosslinks formed from crystallization, ionic aggregation, phase separation, hydrogen 

bonding, complex formation, or helix formation.3,4 Physically cross-linked gels are often 

termed thermoreversible gels because the physical cross-links that establish the gel 

network are thermally labile. Semicrystalline polymer gels form when crystallization 

locks sections of polymer chains into a physical crosslink at the confluence of multiple 

chains, the crystallite, forming an interpenetrating polymer network capable of holding 
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solvent. Sufficiently high temperature will melt the crystallites, destroying the network. 

Conversely, lowering the temperature back to a suitable crystallization temperature will 

reform the physically cross-linked gel network as crystallization occurs, locking chains 

back together in crystallites. 

2.2 Phase separation 

 Semicrystalline networks form when the temperature of a polymer solution is 

lowered below the solution-gelation (sol-gel) transition, inducing liquid-liquid phase-

separation and subsequent crystallization within the polymer-rich phase. 

Thermoreversible gels typically exhibit upper critical solution temperature (UCST) 

behavior.5 As shown in Figure 2.1, UCST phase separation is characterized by a 

homogenous polymer-solvent mixture at elevated temperature, and a two component 

inhomogeneous mixture of polymer-rich and polymer-poor phases upon cooling the 

solution to a temperature below the sol-gel transition.5 A homogeneous solution cooled 

through the UCST sol-gel transition will phase separate following one of two different 

mechanisms: spinodal decomposition or nucleation and growth.6-8 In spinodal 

decomposition, a biphasic system forms consisting of a continuous polymer rich phase 

and a continuous polymer poor phase. Crystallization then proceeds via heterogeneous 

nucleation within the polymer-rich phase, forming a continuous interconnected 

crystalline network.6 Gel morphology from spinodal decomposition followed by 

crystallization has been observed for stereoregular poly(methyl methacrylate) (PMMA)9, 

poly(4-methyl-1-pentene) (P4M1P)10, poly(vinyl chloride) (PVC)11, poly(vinylidene 

fluoride) (PVDF)12, stereoregular polystyrene6,13, isotactic polypropylene (iPP)14, 

poly(phenylene oxide) (PPO)15, and poly(L-lactic acid) (PLLA)16. 
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Figure 2.1. Temperature versus polymer concentration phase diagram for a polymer 

solution exhibiting an upper critical solution temperature (Tc) at the critical concentration 

(ϕc). 

 Liquid-liquid phase separation occurring within the metastable region proceeds 

via nucleation and growth. In this case, polymer concentration is important. If solvent is 

in excess, then a polymer rich phase will begin to nucleate surrounded by a solvated 

matrix. The polymer rich phases grow as more polymer chains diffuse through solution, 

resulting in globular polymer rich phases suspended in a solvated matrix. Subsequent 

crystallization will occur within the discrete polymer rich domains, producing a 

disconnected globular semicrystalline morphology rather than a continuous 
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semicrystalline polymer network. Conversely, if the polymer is in excess, solvent-rich 

domains will nucleate within the polymer-rich matrix. Ensuing crystallization within the 

polymer-rich matrix yields a continuous semicrystalline network containing dispersed 

solvent clusters. 

 Gelation phase diagrams are experimentally derived by preparing varied 

concentrations of polymer dissolved in solvent at elevated temperature, reducing the 

temperature to the desired gelation temperature, at which the solution is held isothermally 

until gelation occurs. The sol-gel transition boundary is determined by the maximum 

temperature at a given polymer concentration that gelation occurs. Aubert et al. 

experimentally determined the phase diagram for the thermoreversible gelation of 

isotactic polystyrene (iPS) and utilized scanning electron microscopy (SEM) to probe gel 

morphology.6 In this study, various concentrations of iPS were dissolved in nitrobenzene 

and gelled over a range of temperatures. Solvent was removed for SEM imaging using 

supercritical CO2 exchange, which will be described in depth in section 2.5. Three 

regions within the phase diagram of iPS in nitrobenzene were organized based on visual 

gelation cues and morphology as depicted in Figure 2.2: region I) slow clouding 

followed by gelation, region II) fast gelation followed by clouding, and region III) 

solvent freezing.6 The gel morphology within region I in Figure 2.3 is indicative of solid-

liquid phase separation. The boundary between regions I and II suggests that region II is 

formed through UCST liquid-liquid phase separation via spinodal decomposition 

followed by crystallization. The continuous, interpenetrating polymer network (Figure 

2.3) present in region II in Figure 2.3 is further evidence of the spinodal decomposition 

mechanism. Gels in region III were formed through solid-liquid phase separation, in 
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which the solution was cooled to a temperature below the freezing temperature of the 

solvent (nitrobenzene). Solvent crystallization created a pure solid-solvent phase and a 

polymer-rich phase at the exclusion zones beyond solvent crystallite boundaries. Polymer 

crystallization within the polymer-rich phase produces a platelet-like microstructured gel 

(Figure 2.3). 

 

Figure 2.2. Phase diagram of iPS in nitrobenzene: slow clouding followed by gelation 

(filled circles), fast gelation followed by clouding (open circles), nitrobenzene freezing 

(filled squares), and gel melting points by DSC (open squares).6 Reprinted with 

permission from Aubert, J. H., Isotactic polystyrene phase diagrams and physical 

gelation. Macromolecules, 1988, 21, 3468-3473. Copyright (1988) American Chemical 

Society. 
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Figure 2.3. SEM images of iPS gel morphology within regions I (left), II (center), and II 

(right).6 Reprinted with permission from Aubert, J. H., Isotactic polystyrene phase 

diagrams and physical gelation. Macromolecules, 1988, 21, 3468-3473. Copyright (1988) 

American Chemical Society. 

2.3 Physical properties of physically cross-linked polymer gels 

 The “tip” test is the most common method for determining the gel point. In the 

“tip” test, a sample-containing vial is turned upside down; if no flow is observed, gelation 

is assumed. This method alone is insufficient; a highly viscous solution or an arrested 

phase separated solution could pass as a false positive, or a gel with a very small yield 

stress may be mislabeled a solution.17 This is a reasonable bench top method to use in 

real time; however, systems that pass the “tip” test must be substantiated with simple 

mechanical test before they can be classified a gel. Gel networks must exhibit solid-like 

behavior; such is the basis of the following mechanical test conceived by Guenet.18 The 

experiment consists of applying a small compressive deformation (15% strain), allowing 

the system to relax under this deformation for 60 minutes and then quickly raising the 

platen to remove the deformation (10% strain). Suddenly raising the platen causes stress 
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to immediately drop to zero. In arrested phase separated solutions or systems comprised 

of densely packed particles, stress will remain at zero because the system has undergone 

irreversible deformation. Gels, however, will exhibit an elastic restoring force, causing 

the specimen to partially regain its original dimensions resulting in stress greater than 

zero. Figure 2.4 shows how this method was applied to sPS/toluene gels and sPS/trans-

decalin suspensions, both of which pass the “tip” test. 

 

Figure 2.4. Relaxation curves obtained by applying the relaxation/recovery mechanical 

test to sPS/toluene gels (left) and sPS/trans-decalin (right).18 Reprinted from Polymer, 

Volume 35, Issue 19, Daniel, C., Dammer, C., Guenet, J-M., On The Definition Of 

Thermoreversible Gels: The Case Of Syndiotactic Polystyrene, Copyright (1994), with 

permission from Elsevier 

 A rheological approach to gel point measurement is the most precise method of 

the time scale of gelation. At the time of gelation, or gel point (GP), the dynamic 

viscosity diverges and the storage modulus (G’) is zero as shown in Figure 2.5.19 Close 

to the GP, the relaxation modulus, G’(t), follows the power law (Equation 2.1) where 
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G(t) is the time dependent modulus at constant deformation, t is the time of relaxation, 

and n is the relaxation exponent.19,20 

  

Figure 2.5. Schematic representation of the dynamic viscosity (ηdyn) and shear storage 

modulus (G’) behavior as a function of time. The gel point is labeled as tgel.  

! !  ~ !!! (2.1) 

The frequency dependent storage modulus G’(t) and loss modulus G”(t) must therefore 

follow power laws with the same exponent at the GP (Equation 2.2).19,21 

!′(!) = !!! and !"(!) = !!! with a=b=n at GP (2.2) 

According to Equation 2.2 and the condition a=b=n, Chambon and Winter show that for 

thermoreversible gels the tangent of the phase angle, δ, is given by Equation 2.3 and is 

frequency independent at the GP.19,22  
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!"#$ = !"
!′ = !"# !" 2  (2.3) 

 The frequency independence of tanδ at the GP can be used to approximate the GP 

of a polymer network found at the intersection of the fixed frequency tanδ curves on a 

plot of tanδ over time. This method has been used to reliably determine the GP in 

semicrystalline gels such as PVC in bis(2-ethylhexyl)phthalate shown in Figure 2.6.23 

This rheological method may also be adapted to determine the temperature of gelation 

(Tgel) in which Tgel is the intersection of fixed frequency tanδ curves on a plot of tanδ 

over temperature at a fixed heating rate.24,25 

 

Figure 2.6. tanδ as a function of time during gelation of PVC in bis(2-

ethylhexyl)phthalate (T = 90 °C). The GP was estimated from the intersection of tanδ 

curves for angular frequencies ω =0.39, 1.26, 3.9, 12.6, 31.6 rad/s.23 Copyright (1989) 

American Chemical Society. 
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 The rheological method is the most reliable approach if a precise gel time or gel 

temperature must be determined. A tabletop method such as the “tip” test accompanied 

by the mechanical test devised by Guenet et al.18 is otherwise sufficient. Furthermore, the 

mechanism of gelation cannot be determined by simply observing the conditions outlined 

by a phase diagram; morphological characterization offers good insight into the gelation 

mechanism. Gel characterization often requires the solvent to be removed without 

perturbing the gel network morphology. Air-containing polymer networks prepared by 

removing liquid solvent from wet gels are another class of porous polymers called 

aerogels. 

2.4 Polymer aerogels 

 Early examples of aerogels consisted of inorganic silicate networks26, or 

organic aerogels based on the polycondensation of multifunctional small molecule 

precursors, such as resorcinol-formaldehyde27  aerogels. These aerogels are prepared 

using a sol-gel process by which the solvent-imbibed network is established as a wet gel 

and the liquid solvent is then removed using supercritical CO2 extraction. Solvent 

removal from wet gels results in low-density, highly porous network structures consisting 

of >85% air.28 These low density materials have exceptional mechanical, thermal, and 

electrical properties and have vast potential as thermal insulators29, energy storage 

materials30, and separation media31. Today, the most widely studied aerogel materials 

remain chemically cross-linked inorganic silicates, but the field has expanded to include a 

diverse subset of polymer aerogels.29 Covalently cross-linked organic polymer aerogels 

are being developed for advanced acoustic and thermal insulation applications including 
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use as chemical absorbents, low dielectric constant materials, cryogenic systems, and 

clothing for space exploration32. 

 The majority of the literature surrounding polymer aerogels is focused on 

chemically cross-linked polymer networks; however, a few organic polymer aerogels 

formed by removing liquid solvent from semi-crystalline thermoreversible gels have been 

reported. Semi-crystalline polymer aerogels include the gel-forming polymers: sPS33, 

iPP14, PE14,34, PPO15, PVDF12, PVC35, and P4M1P36. In the case of semi-crystalline 

polymers capable of forming host—guest crystal forms, such as sPS, PPO, and P4M1P, 

supercritical drying removes the guest solvent molecules resulting in micro- or 

mesoporous aerogels.15,33,36 Aerogels such as these formed from clathrate crystal 

structures contain nanometer-scale pores within the crystallite, which are suitable for 

selective gas separation and storage.36-39 Semicrystalline polymer aerogels exhibit low 

densities below 0.40 g/cm3 due to the high volume fraction of pore-space within the 

porous aerogel framework.36,40 These low-density aerogels are naturally expected to 

exhibit high water contact angles, low thermal conductivity, and low dielectric 

properties.41,42 

2.5 Characterization and physical properties of polymer aerogels 

 Aerogel porosity, pore size distribution, and surface area are important 

morphological characteristics directly related to physical properties such as compressive 

strength, thermal conductivity, dielectric constant, and wettability.43-46 Typically, 

nitrogen adsorption methods such as BET are used to measure the high surface area of 

highly porous materials, such as areogels.44 SAXS can also be used to quantify the 

specific surface area of scattering objects when an appropriate model fit is applied to the 
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scattering profile.47 Often, direct morphological visualization using SEM is used 

alongside SAXS to aid in interpretation of the scattering profiles and subsequent fitting 

routines. When done properly, the surface area obtained from SAXS is more accurate 

than measurements from nitrogen adsorption.48  

  The light-weight nature of aerogels make them ideal material candidates to 

mitigate high fuel costs in aerospace applications; however, their intricate microstructure 

often leads to fragile materials that shatter easily under small compressive loads.28,49 

Mechanically robust aerogels with high compressive modulus are therefore necessary to 

meet usability demands of nearly any porous material application. Semicrystalline 

polymer aerogels, such as syndiotactic polystyrene aerogels, demonstrate a much higher 

compressive modulus than silica aerogels of comparable density: 4.2 MPa (sPS, ρ=0.061 

g/ml),50 compared to 0.40 MPa (silica, ρ=0.060 g/ml)42. Low density chemically cross-

linked polyimide aerogels exhibit remarkably high compressive modulus of 10.4 MPa 

(ρ=0.086 g/ml), up to 78.7 MPa (ρ=0.395 g/ml), setting the standard for high 

performance aerogels.32 

 The rough, high surface area inherent to aerogels leads to hydrophobic and even 

superhydrophobic aerogels.51,52 Superhydrophobicity, also referred to as the “Lotus 

effect”, exists when the surface of a material is so hydrophobic that even a slight incline 

(<10°) will cause water to run off of the surface.53 This is a desirable material property 

for applications requiring self-cleaning, or applications which require anti-corrosion or 

antibacterial materials.54 A goniometer is used to measure the contact angle of water on a 

surface in order to quantify the wettability of the material. Materials with a contact angle 
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greater than 150° and a contact angle hysteresis less than 10° are considered 

superhydrophobic materials. 
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3.1 Abstract 

 Solutions of poly(ether ether ketone) in dichloroacetic acid have been shown to 

form monolithic, thermoreversible gels at temperatures ranging from 10 °C to 140 °C.  A 

phase diagram was constructed over broad concentration and temperature ranges, and the 

phase boundary suggests a UCST behavior.  Furthermore, PEEK gels were solvent-

exchanged with water to form hydrogels, and subsequently ly-ophilized to form PEEK 

aerogels.  The PEEK aerogels of density 0.2 g/ml were found to be highly po-rous and 

composed of uniform 200 nm morphological features.  The crystal structure of the PEEK 

hy-drogels and aerogels were found to be identical to that of melt-crystallized PEEK.  

The mechanical properties of the PEEK aerogels (in compression) were found to be 

superior to conventional silicate aerogels. This report is the first example of a monolithic, 

thermoreversible gel of PEEK, and the first demonstration of PEEK hydrogels and 

aerogels. 
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3.2 Introduction 

  Polymer gels are substantially dilute, continuous polymer networks that exhibit 

solid-like behavior, while physically retaining liquids or gases within their three-

dimensional macromolecular framework.  Polymer gel networks formed through physical 

aggregation phenomena (i.e., crystallization, ionic aggregation, phase separation, 

hydrogen bonding, complex formation, or helix formation)1,2 are often termed 

thermoreversible gels because the physical cross-links are thermally labile.  In 

semicrystalline thermoreversible gels, small crystallites (formed upon cooling the 

solution) constitute multifunctional physical cross-links, whereas the amorphous tie-

chains between the solvent dispersed crystallites establish the physical network. At 

sufficiently high temperatures (e.g., above the solvent-depressed Tm), the crystallites 

melt, and the network transforms into a conventional polymer solution. Given the 

thermoreversible nature of this class of gel-forming polymers, the temperature of the 

polymer solution may then be lowered, back to a suitable crystallization temperature, to 

reform the physical cross-links, and consequently the gel network.  

  While a large number of polymers are known to develop semicrystalline 

morphologies, it is interesting to note that relatively few crystallizable polymers have 

been found to form thermoreversible gels. To date, crystallizable polymers reported to be 

capable of forming thermoreversible gels via crystallization from solution include 

syndiotactic polystyrene (sPS),3-5 isotactic poly(propylene) (iPP),6,7 polyethylene (PE),8-10 

poly(phenylene oxide) (PPO),11,12 poly(vinylidene fluoride) (PVDF),13,14 stereoregular 

poly(methyl methacrylate) (PMMA),15,16 poly(vinyl chloride) (PVC),2 and poly(4-

methyl-1-pentene) (P4M1P).17 For the vast majority of other crystallizable polymers, the 
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more common solution behavior upon cooling to a given crystallization temperature is 

simple precipitation (as opposed to gelation). However, based on the findings of this 

study - the discovery of a thermoreversible gel of poly(ether ether ketone) in DCA, we 

submit that an expansion in the number of gel forming semicrystalline polymers may be 

realized by exploring solvent-borne phase behavior with a broader range of polymer-

solvent pairs. 

  Poly(ether ether ketone) (PEEK) is an aromatic engineering thermoplastic with 

high temperature thermal transitions. It has a glass transition temperature of 145 °C and 

melting point around 335 °C, resulting in a mechanically-robust material suitable for high 

temperature performance and processing.18 Additionally, PEEK is a semicrystalline 

polymer with a relatively high degree of crystallinity of 30 to 50 wt%,18 which would 

make it a good candidate for thermoreversible gelation via crystallization in an 

appropriate solvent.  However, PEEK is generally recognized as being insoluble in most 

common organic solvents.  Alternatively, PEEK has been found to be soluble in strongly 

acidic liquids.  The most widely employed solvent for PEEK is concentrated sulfuric 

acid, but dissolution in this solvent is usually accompanied by sulfonation of the aromatic 

backbone.19  To date, dissolution of PEEK has been reported in concentrated acids such 

as sulfuric acid19, chlorosulfonic acid19, hydrofluoric acid,20 methanesulfonic acid,21 

trichloromethane sulfonic acid,21 trifluoromethane sulfonic acid,21 polyphosphoric acid,19 

dichloroacetic acid,22 and a mixture of  trichloroacetic acid with 1,1,2,2-

tetrachloroethane.23 Limited solubility requiring elevated temperatures has also been 

reported in high boiling point solvents including: benzophenone,24,25 4-chlorophenol,26 
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diphenyl sulfone,27 α-chloronapthalene,24 sulfolane,28 and a mixture of phenol and 1,2,4-

trichlorobenzene.29  

  Of the various solvents listed above, gelation of PEEK has only been observed in 

one brief report using benzophenone at elevated temperatures.30 In this report, a 15 wt% 

solution of PEEK was cooled from 280 oC to 220 oC, where a dense spherulitic 

membrane formed on the surface of the solution, followed by gelation of the remainder of 

the solution.  Here, we demonstrate the first formation of a monolithic, thermoreversible 

gel of PEEK (without a dense surface layer) in dichloroacetic acid (DCA) over a wide 

range of temperatures and concentrations. Moreover, we demonstrate a facile solvent 

exchange process for yielding the first reported hydrogels and aerogels of PEEK 

composed of submicron morphological features. 

3.3 Gel preparation 

  DCA was dried over magnesium sulfate, then filtered using 0.45 µL PTFE syringe 

filters. PEEK (Victrex 150P) was dissolved in dry DCA at 185 °C while stirring in 25 mL 

glass vials. Concentrations of PEEK in DCA ranged from 3 % to 15 % (w/v). Complete 

dissolution took place between 1-2 hours for concentrations significantly lower than 15 

wt.% and up to 24 hours for concentrations approaching 15 wt.%. The vials were 

removed from the 185 °C oil bath and immediately transferred to controlled-temperature 

water or oil baths for isothermal gelation. The gelation temperatures ranged from 10 °C 

to 150 °C. Solutions that gelled formed a firm, light brown opaque gel that did not flow 

when the vial was inverted, passing the tip test. 
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3.4 Results and Discussion 

  The thermoreversible nature of PEEK gels in DCA is demonstrated in Figure 3.1. 

Following the initial dissolution (described above), a 15 wt.% PEEK solution was 

observed to form a firm gel upon cooling to room temperature (Figure 3.1a).  The 

gelation time for this solution was approximately 4 hours.  Upon heating this gel to a 

temperature of 185 °C, the physically cross-linked network transformed into a free-

flowing, homogeneous solution within a matter of minutes (Figure 3.1b).  Subsequent 

cooling to room temperature reestablished the gel state attributed to crystallization of 

PEEK chain segments in the supercooled liquid (Figure 3.1c). A simple compressive 

stress relaxation/recovery test established by Guenet for sPS gels was performed to 

substantiate the claim of a true gel in this PEEK system (Figure S3.1). 

 

Figure 3.1. The thermoreversible behavior of PEEK is observed when a 15 wt.% room 

temperature PEEK gel (a) is heated to 185 °C until dissolved (b) and gelled again at room 

temperature (c). 
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  In order to further elucidate the sol-gel behavior of PEEK in DCA solutions, the 

gelation data was compiled into a traditional phase diagram (Figure S3.2) and a time-

dependent phase diagram (Figure 3.2). Since the gel times for these solutions of PEEK 

were found to be concentration and temperature dependent, and ranged from very rapid 

times (several minutes) to very long times (up to 14 days), a detailed perspective of the 

phase behavior of PEEK can be visualized 3-dimensionally with respect to temperature, 

concentration, and gel time (along the z-axis). The sol-gel transition of PEEK, 

represented by a dashed line, is consistent with an upper critical solution temperature 

(UCST) behavior as evident in the shape of the upper limits of gelation (maximum 

gelation temperature of about 140 °C). The low temperature boundary of the phase 

diagram is limited by the freezing point of DCA at 9 °C. For PEEK solution 

concentrations less than 8 wt.% and gelation temperatures less than 40 °C, gelation was 

not observed within a period of 14 days (this “less certain boundary” is designated by a 

dotted line). Given much longer times, however, we observed that some of these 

relatively dilute solutions could exhibit behavior ranging from a highly viscous solution 

to a gel passing the tip test. 
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Figure 3.2. The time-dependent sol-gel phase diagram of PEEK in DCA, where the gel 

time is displayed along the z-axis ranging from less than 1 day (blue) to no gel after 14 

days (red). Solutions that did not gel within 14 days are designated as open circles (¡); 

solutions that gelled within 14 days are shown as filled circles (l). 

  A sharp drop-off in gel time is observed for all concentrations along the high 

temperature region of the phase boundary in Figure 3.2.  For temperatures less than 140 

°C, the gelation time decreased profoundly with increasing concentration of the PEEK 

solutions.  The most rapid gelation time of about 20 min was observed for PEEK 

concentrations of 15 wt% at a temperature of 100 °C. It is interesting to note that at 

gelation temperatures below about 60 °C, a more gradual sol-gel transformation with 

time was observed as the concentration decreased toward the phase boundary. This 
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behavior may be attributed to extended times needed for the physical aggregation of 

crystallizable segments at these relatively low concentrations and temperatures. 

  Although gels containing a liquid solvent are common soft materials for a variety 

of applications, a growing field is concerned with low-density gels containing air instead 

of liquid, known as aerogels. The lightweight, high surface area/porosity, and generally 

low thermal conductivity inherent to aerogels makes them desirable material candidates 

for thermal insulation,31,32 filtration processes,33 and even low dielectric constant 

materials31,34,35. Aerogels are typically prepared from solvent containing gels via freeze 

drying or supercritical drying.36 The most widely studied aerogel materials are chemically 

cross-linked inorganic silicates37; although recently, a few purely organic polymer 

aerogels formed from super-critical CO2 extracted semicrystalline thermoreversible gels 

have been reported.  These semicrystalline polymer aerogels include the gel-forming 

polymers: sPS38, iPP7, PE7,10, PPO12, PVDF39, PVC40, P4M1P41. 

  The solvent found to produce thermoreversible gels of PEEK (i.e., DCA) is 

miscible with water, and thus provides a simple route in the preparation of new PEEK 

aerogels. The ability to form dimensionally stable gels of PEEK in DCA allows for 

simple solvent exchange between DCA and water once the gel has formed. Upon 

complete solvent exchange, water is now entrapped in the gel network, yielding a 

hydrogel as shown in Figure 3.3a. The PEEK hydrogel maintains its original shape 

without displaying a change in dimension. 
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Figure 3.3. Images of a PEEK (a) hydrogel and (b) aerogel with a 2:1 (height: diameter) 

ratio. 

  Once a full solvent exchange has taken place, the hydrogel can be frozen and then 

lyophilized to create an aerogel as shown in Figure 3.3b.  This process yields a 

mechanically/thermally robust aerogel exhibiting densities ranging from 0.1 to 0.3 g/ml, 

compared to a bulk density of PEEK of 1.3 g/ml.  Aerogels prepared from the freeze-

drying method had slightly higher densities than those prepared from an alternative 

supercritical CO2 drying method (Table S3.1). This simple solvent exchange and freeze-

drying process eliminates the need for high-pressure, super-critical CO2 equipment, 

commonly employed for most other aerogel preparations. 

  The representative microstructure of these PEEK aerogels is shown in Figure 3.4.  

This aerogel has a porosity of 85%, and is composed of very uniform morphological 

features having a globular form.  Given that the gelation process is established by 

polymer crystallization (see below), it is reasonable to suspect that these features are 

composed of lamellar aggregates.  The uniform size, however, is unexpected and will be 

the subject of further investigations. In contrast to the microstructure of the PEEK 
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skin/gel system reported by Ookoshi and coworkers,30 which contained densely-packed 

features having dimensions ranging from 2 to 7 µm, the relatively monodisperse features 

of the PEEK aerogel shown here are on the order of 200 nm.  At higher magnification 

(Figure 3.4b), it is interesting to note that the morphological features appear to be fractal-

like, whereby the larger features are densely decorated with smaller nodules on the scale 

of 20 nm.   

  It is also important to note that the 200 nm features appear to be strongly 

interconnected as evidenced by the presence of very small fibrils of 10 to 20 nm in 

diameter (indicated by arrows in Figure 3.4b).  While we recognize that the observed 

fibrillation may be caused by local deformations originating from the cutting process 

used to prepare the sectioned surfaces, nevertheless, this behavior suggests that the 

particulate features are physically connected. Considering the original gel in DCA, it is 

reasonable to expect that the strong interconnections between the principal structural 

elements of the gel are responsible for the mechanical integrity of the physical network.  

In the absence of these interconnections between the 200 nm features, stable gel 

formation would be unlikely, resulting a simple collection of individual particles, a 

typical precipitate, or a colloidal suspension of particles in solution. 
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Figure 3.4. FE-SEM micrographs of a PEEK aerogel prepared from a 14 wt.% DCA 

solution. 

  As suggested above, the physical crosslinks in these PEEK/DCA gels are the 

polymer crystallites. The semicrystalline nature of the PEEK gels is characterized using 

wide-angle x-ray diffraction (WAXD), as shown in Figure 3.5.  As a control sample, a 

melt-pressed PEEK film exhibits diffraction peaks characteristic of the orthorhombic unit 

cell commonly observed for PEEK.24  In comparison, the PEEK hydrogel and aerogel, 

formed from the same 14 wt% PEEK/DCA solution, show the same characteristic 

crystalline reflections, although somewhat broader attributed to smaller crystallites.  

Given that PEEK is known to have only one crystal form, this similarity is not 

unexpected, but it is evidence that the gel networks are composed of a highly crystalline 

structure, consistent with Flory’s third gel classification (i.e. polymer networks formed 
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via physical cross-links).42 Due to the very strong x-ray attenuation of the DCA solvent, it 

was not possible to conduct WAXD analysis of the PEEK/DCA gel.  Nevertheless, it is 

reasonable to expect that the crystal structure of the PEEK/DCA gel is identical to that of 

the hydrogel and aerogel states. 

 

Figure 3.5. X-ray diffraction of the PEEK hydrogel (green), PEEK aerogel (red), and 

melt-pressed PEEK (blue). 

  A property of particular interest for aerogel materials is the compressive strength. 

The light-weight, highly porous nature of aerogels make them ideal candidates to absorb 

loads via compression, but the intricate microstructure of aerogels often results in weak 

or fragile materials that shatter easily under relatively small loads.43 However, the 

inherent strength of the engineering thermoplastic PEEK makes it a good candidate for 

high strength semicrystalline aerogels with the additional benefits of its high thermal and 

chemical stability.  The stress-strain data (in compression) for the PEEK aerogel (Figure 
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3.6) is compared to data extracted from the literature for common silicate aerogels and a 

report of a silica aerogel crosslinked with polystyrene. The yield stress of the PEEK and 

silica aerogels is similar (ca. 0.6 MPa); however, the silica aerogel fails shortly after the 

yield. The silica-PS aerogel exhibits a much lower yield stress (ca. 0.14 MPa) followed 

by a low-load compaction until failure around 25% strain. In contrast, the PEEK aerogel 

exhibits a yield and then a continuously increasing resistance to compression throughout 

its entire densification profile, without material failure past 50% strain. On a comparable 

density basis, the compressive strength for the PEEK aerogel is far superior to that of the 

very brittle silicate aerogel and the silica-PS aerogel.  

 

Figure 3.6. Compression stress-strain curve of the PEEK aerogel (ρ=0.20 g/mL) in 

comparison to data extracted from the literature for aerogels composed of silica (ρ=0.202 

g/mL)44 and silica cross-linked with polystyrene (ρ=0.232 g/mL).45 



 64 

3.5 Conclusions 

  In conclusion, we have demonstrated that PEEK can form monolithic 

thermoreversible gels at moderate temperatures and concentrations (6-15 wt.%) in 

dichloroacetic acid. The sol-gel phase diagram was found to be consistent with UCST 

behavior. Future studies will be dedicated to exploring the fundamental mechanism of 

PEEK gelation in DCA and other prospective solvents. Through a facile solvent-

exchange/freeze drying process, the PEEK gels may be converted into mechanically 

robust hydrogels and aerogels composed of uniform, globular features on the size scale of 

200 nm. We are currently exploring the range of morphological control possible with 

these new aerogels through a variety of controlled processing parameters. 
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3.7 Supporting Information 

 

Figure S3.1. Relaxation curve of PEEK/water gel obtained using cylindrical gel samples 

with parallel faces that obey the 2:1 height to diameter ratio consistent with ASTM D695.  

The mechanical test was performed using a model 5867 Instron equipped with a 30 kN 

load cell using previously described methods.46 This test required the use of a PEEK gel 

in which DCA was solvent-exchanged for water so as not to damage the instrument. 
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Figure S3.2. Sol-gel phase diagram of PEEK in DCA. Solutions that did not gel within 

14 days are shown as open circles; solutions that gelled within 14 days are shown as 

filled circles. 

Table S3.1. Surface area and density data obtained for PEEK aerogels of various 

densities. Aerogels were prepared by either freeze-drying or supercritically drying 

PEEK/DCA gels. Reported surface areas reflect data acquired from BET analysis of 

supercritically dried samples. 

Gel 
concentration 

Freeze-dried 
density 

Supercritically dried 
density 

Aerogel surface 
area 

(wt%) g/cm3 g/cm3 (m2/g) 

15 0.260 ± 0.008 0.220 ± 0.007 349.2 

10 0.19 ± 0.02 0.134 ± 0.007 334.3 
8 0.14 ± 0.02 0.117 ± 0.007 363.5 
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4.1 Abstract 

 The phase diagram for the thermoreversible gelation of poly(ether ether ketone) 

(PEEK) in dichloroacetic acid (DCA) was constructed over broad temperature and 

concentration ranges, revealing that PEEK is capable of dissolving and forming gels in 

DCA up to a weight fraction of 25 wt.%. For PEEK solutions within this concentration 

range, the time required for gelation decreased with increasing temperature up to 80 °C, 

above which the gelation time increased considerably. Highly porous aerogels of PEEK 

were prepared through simple solvent exchange and lyophilization of the PEEK/DCA 

gels. Aerogel density was controlled by varying the PEEK concentration in solution, and 

shown to be unaffected by PEEK molecular weight (MW).  Annealing PEEK aerogels 

prepared from relatively low concentration gels resulted in aerogels of increased density. 

Mechanical properties (in compression) were shown to improve with increasing density, 

resulting in equivalent compressive moduli at comparable density regardless of 



	 73	

preparation method (concentration variation or annealing parameters). Additionally, 

density-matched aerogels from various MW PEEK showed a correlation between 

increasing MW and increasing compressive modulus. Contact angle and contact angle 

hysteresis revealed that PEEK aerogels have a high contact angle, suggesting 

superhydrophobicity, that decreases with increasing density and a very low contact angle 

hysteresis that increases with increasing density. 

4.2 Introduction 

 Flory developed one of the most commonly used gel classifications in which gels 

are organized into four categories based on structure:1 (1) Well-ordered lamellar 

structures, including gel mesophases. (e.g. soap gels, phospholipids, and clays); (2) 

Covalent polymer networks. (i.e. chemically cross-linked polymers); (3) Polymer 

networks formed through physical aggregation. (i.e. networks formed via physical cross-

links); and (4) Particulate disordered structures (e.g. a flocculent precipitate, such as 

V2O5 gels). Gels of the third type are termed thermoreversible gels because the physical 

cross-links are thermally labile. Physical cross-links can arise from a variety of behaviors 

including crystallization, ionic aggregation, phase separation, complex formation, or 

helix formation.2 In semicrystalline thermoreversible gels, crystallization locks sections 

of polymer chains into a multi-functional physical cross-link at the confluence of multiple 

amorphous chains emanating from the crystallite.  As chains become interconnected 

between the crystallites, the resulting semicrystalline network is capable of holding 

solvent in the swollen gel state. At sufficiently high temperatures, the crystallites will 

melt, thus destroying the network. Conversely, lowering the temperature back to a 

suitable crystallization temperature will reform the physically cross-linked gel network as 



	 74	

crystallization occurs, locking chains back together in a semicrystalline network. This 

process has been reported in detail regarding the gelation of syndiotactic polystyrene in 

many solvents.3-5 

 Recently, we have found that PEEK is capable of forming semicrystalline 

thermoreversible gels when a homogeneous PEEK solution in dichloroacetic acid (DCA) 

is cooled from a dissolution temperature of 185 °C.6 Moreover, since DCA is water 

miscible, these new PEEK gels can be easily exchanged with water to create hydrogels, 

and upon freeze-drying or supercritical CO2 extraction, these materials can be converted 

into low-density, porous aerogels. 

Aerogels were first introduced by Kistler in 1931,7 whereby a variety of inorganic 

and organic aerogels were formed using supercritical solvent extraction. Later, Pekala 

extended the field (previously dominated by inorganic silicates) to organic aerogels 

through the polycondensation of resorcinol with formaldehyde.8 Today, the vast majority 

of aerogel materials are formed from gels comprised of networks established through 

covalent cross-linking. With a framework of cross-linked organic polymers, new 

lightweight, mechanically stable aerogels are being developed for advanced acoustic and 

thermal insulation for applications ranging from cryogenic systems to clothing for space 

exploration. For example, NASA’s cross-linked polyimide aerogels9 have densities 

ranging from 0.086 to 0.395 g/ml, Young’s modulus ranging from 10.4 to 78.7 MPa, and 

specific surface areas ranging from 254 to 507 m2/g. The high surface areas available 

with aerogels also make these materials useful for chemical absorbents, low dielectric 

constant materials, and for biomedical drug delivery systems.  
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While the most widely studied aerogel materials are chemically cross-linked 

inorganic silicates10, a few purely organic polymer aerogels formed from super-critical 

CO2 extracted semi-crystalline thermoreversible gels have been reported. These semi-

crystalline polymer aerogels include the gel-forming polymers: sPS11, iPP12, PE12,13, 

PPO14, PVDF15, PVC16, and P4M1P17. Semi-crystalline polymer aerogels are typically 

characterized as low-density materials having high porosity around 80% or higher and 

relatively high crystallinity over 30%.11,13-17 In the case of semi-crystalline polymers 

capable of forming host—guest crystal forms, such as sPS, PPO, and P4M1P, 

supercritical drying removes the guest solvent molecules resulting in micro- or 

mesoporous aerogels.11,14,17 These aerogels, with pore sizes on the nanometer-scale, are 

suitable for selective gas separation and storage.17-20 High porosity leads to low density, 

thus semi-crystalline polymer aerogels exhibit low densities ranging from 0.015 to 0.40 

g/cm3.17,21 These low density aerogels are naturally expected to exhibit low thermal 

conductivity and low dielectric properties; however, these particular physical properties 

remain largely unexplored for semi-crystalline polymer aerogels comprised of a 

crystallizable homopolymer.22 Interestingly, the surface roughness resulting from the 

highly porous aerogel structure increases the water contact angle of bulk sPS from 90° to 

153° in that of an sPS aerogel with a density of 0.06 g/cm3.23 Despite their low density, 

syndiotactic polystyrene aerogels demonstrate a much higher compressive modulus than 

silica aerogels of comparable density: 4.2 MPa (sPS, ρ=0.061),24 compared to 0.40 MPa 

(silica, ρ=0.060)25. In this study, we probe the morphology-physical property 

relationships of the new PEEK aerogel materials.  
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4.3 Experimental 

 4.3.1 Materials. Poly (ether ether ketone) (PEEK, Victrex V150P, Victrex 

V450G, Solvay KT880NL, Solvay KT820NL) was kindly provided by Solvay Specialty 

Polymers (Alpharetta, GA). Dichloroacetic acid (DCA, >99.0%) was purchased from 

Sigma Aldrich (Saint Louis, MO). Ethanol (200 proof, 100%, USP, Decon Labs) 

magnesium sulfate (anhydrous) and syringes (3 mL, plastic, luer lock, nonsterile) were 

purchased from Fisher Scientific Company LLC (Suwanee, GA). Syringe filters (GE 

Healthcare, 30 mm, PTFE, 5.0 µm) were purchased from VWR International LLC 

(Radnor, PA). 

 4.3.2 Gel Preparation. DCA was dried over magnesium sulfate and then filtered 

using PTFE syringe filters. PEEK (V150P unless otherwise specified) was dissolved in 

dry DCA at 185 °C. Complete dissolution took place between 1 and 2 h for 

concentrations significantly lower than 15 wt % and up to 24 h for concentrations over 15 

wt %. The solutions were removed from the 185 °C oil bath, drawn into syringes, and 

immediately transferred to controlled-temperature water or sand baths for isothermal 

gelation. The gelation temperatures ranged from 10 to 140 °C. Solutions that gelled 

formed a firm, light brown, opaque gel that did not flow when the syringe was inverted, 

passing the tip test.  Gelation was monitored frequently, and gelation times were recorded 

at the first instance of passing the tip test. 

 4.3.3 Aerogel Preparation. Syringes containing gelled PEEK in DCA were cut 

near the luer lock. The gels were then removed from the syringes through the cut opening 

without disrupting the cylindrical gel geometry. The gels were immediately placed in 

water for a period of 24 hours, then solvent-exchanged with water using a soxhlet 
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extractor set to 100 °C and cycled for 3 days to completely replace DCA with water. 

Once the gels contained only PEEK and water, they were frozen overnight at -18 °C and 

subsequently lyophilized (LabConco) to produce freeze-dried PEEK aerogels. 

 4.3.4 Aerogel Characterization. Aerogel morphology was analyzed using field-

emission scanning electron microscopy using an LEO (Zeiss)1550 FE-SEM with in-lens 

detection. All specimens were sputter-coated with iridium (5 nm thickness) in a 

Cressington 208HR high-resolution sputter coater. Contact angle measurements were 

performed using the sessile drop method on a contact angle goniometer (Rame-Hart 

model 590) and its software package (DROPimage Advanced). Wide-angle X-ray 

diffraction (WAXD) analyses were conducted in a PANalytical X’Pert PRO X-ray 

diffractometer with Cu Kα radiation (λ=1.54 Å) using a scan speed of 0.064 °/second. 

Cylindrical aerogel specimens were tested in accordance with ASTM D695-10 using a 

model 5867 Instron equipped with a 30 kN load cell. Samples were nominally 16 mm in 

height and 8 mm in diameter, complying with the 2:1 ratio of height to diameter 

prescribed for compression testing of polymer foams. 

4.4 Results and Discussion 

 In our previous report,6 we demonstrated that PEEK is capable of forming gels 

from DCA solutions in compositions ranging from about 8 to 15 wt.%. Recently we have 

found that even higher weight fractions of PEEK in DCA are similarly capable of gel 

formation. An expanded 3-dimensional phase diagram for PEEK in DCA is shown in 

Figure 4.1, representing concentration, temperature, and time effects on gelation. The 

upper boundary (at high gelation temperatures) is	 consistent with an upper critical 

solution temperature (UCST) behavior, while the lower temperature and lower 
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concentration boundaries are limited by the DCA freezing point of 9 °C. With respect to 

the apparent UCST behavior, it is important to note that there is significant uncertainty in 

the literature pertaining to the precise mechanism of gelation in semicrystalline, 

thermoreversible gels. On one hand, gelation may occur by spontaneous crystallization of 

PEEK stems upon the step-change to a suitable crystallization temperature within the 

solvated polymer system.26 Alternatively, the step change to a lower temperature may 

cause a liquid-liquid phase separation, whereby crystallization occurs within the polymer-

rich component (consistent with the common thermodynamic considerations of the Flory-

Huggins UCST phase behavior of conventional binary polymer solutions).27 While the 

phase diagram in Figure 4.1 agrees with the phase-separation induced crystallization 

mechanism, further detailed analysis of the kinetic contributions of the gelation 

phenomenon in these PEEK systems will be required to elucidate the true gelation 

mechanism. 
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Figure 4.1. The time-dependent sol-gel phase diagram of PEEK in DCA, where the gel 

time is displayed along the z-axis ranging from less than 1 day (blue) to no gel after 14 

days (red). Solutions that did not gel within 14 days are designated as open circles (¡); 

solutions that gelled within 14 days are shown as filled circles (l). 

 With respect to the kinetics of PEEK/DCA gelation, it is not surprising that 

gelation time decreases with increasing concentration of PEEK in the solutions. Figure 

4.2 shows that gelation time decreases profoundly with increasing concentration. From 8 

to 25 wt.%, gelation is observed to range from days for the low concentrations to minutes 

for the higher concentrations. Interestingly, the time required for gelation with respect to 

concentration increases with temperature up to a gelation temperature of 80 °C, but then 

the gelation time increases as the temperature is raised to 120 °C. This behavior is 

reminiscent of the temperature dependence commonly observed for diffusion and 
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nucleation controlled behavior of crystallizable polymer melts, respectively. Recognizing 

that the gelation mechanism is undoubtedly linked to the kinetics of crystallization, it is 

not surprising (although informative) that the crystallization process is a dominant 

contribution in the overall gelation mechanism. 

 
Figure 4.2. Log gel time versus concentration of the PEEK/DCA solutions. 

Once gels are formed upon cooling the PEEK/DCA solutions, solvent exchange 

can be readily achieved by soaking the DCA gels in an excess of water or other polar 

solvents (e,g,. methanol, ethanol, acetone, etc.). Provided sufficient volatility of these 

exchanged solvents, simple freeze-drying or supercritical CO2 extraction methods may 

then be used to gently remove the solvent without disturbing the natural semicrystalline 

network structure of the parent DCA gels. A schematic representation of this solvent 

exchange/solvent extraction process is shown in Figure 4.3. It is important to note that 

the central morphological feature of these gels is the physical cross-link manifested in the 
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existence of crystalline lamella. Experimental support for the existence of these lamellar 

aggregates is provided in the SEM image (inset in Figure 4.3d) and WAXD data of the 

aerogels (below). 

 
Figure 4.3. Molecular-level schematic of (a) the PEEK/DCA gel; (b) the water-swollen 

PEEK hydrogel; (c) the solvent extracted PEEK aerogel; and (d) the principle 

morphological feature of the stacked crystalline lamellar physical cross-link within the 

interconnected gel network. 

 

 The micro and nano-scale morphology of a representative PEEK aerogel created 

by freeze drying of a 15 wt.% PEEK hydrogel is shown in Figure 4.4. The macroscopic 

porosity of this aerogel is 85% with a mesoscale pore diameter of about 11 nm.6 The 

structure of these aerogels is composed of surprisingly uniform morphological features 
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having a globular form on the size scale of about 200 nm. Since these gels are 

semicrystalline, and the gelation process is inherently established by polymer 

crystallization (see below), it is reasonable to suspect that the uniform globular features 

are composed of lamellar aggregates. At an intermediate magnification (200 nm scale), it 

is apparent that the surfaces of globular features display thin-layered assemblies that are 

likely the edges of stacked lamella. Upon even higher magnification (100 nm scale), it is 

interesting to note that the globular features are densely decorated with smaller nodules 

on the scale of 10 to 20 nm, reminiscent of fractal-like morphological hierarchy that adds 

significantly to the exposed surface of the gels (ca. 350 g/m2 as measured with BET6). 

 

 
Figure 4.4. FE-SEM micrographs of the freeze-dried PEEK aerogels formed from 15 

wt.% PEEK/DCA soltions at low, medium, and high magnification. 

 

1 µm 200 nm 100 nm 
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 In our previous report, we noted that the globular features of the aerogel 

morphology are interconnected by small fibrils of about 10 nm diameter. These 

interconnections are essential for the mechanical integrity of the gel, and constitute the 

connectivity within the physical network. Without these junctions between the physical 

cross-links (globular lamellar aggregates), these materials would be nothing more than 

structurally arrested precipitates, and would not display the mechanical resilience evident 

of true gels.5,6 

 As shown in Figure 4.1, a broad polymer concentration range of 8 to 25 wt.% 

PEEK in DCA is capable of forming stable gels at room temperature. PEEK aerogels 

were prepared from PEEK/DCA solutions gelled at room temperature over this 

concentration range to examine the relationship between gel concentration and aerogel 

density (Figure 4.5). As expected,28 increasing polymer concentration in the gel increases 

the density of the resulting aerogel. Porous materials such as semicrystalline polymer 

aerogel monoliths consist of only air and polymer, thus increased polymer content in a 

given volume results in a simple increase in material density. Since the concentration of 

the PEEK solution is measured in units of weight polymer per volume solution, the rise in 

density with wt.% is essentially linear. This behavior indicates an efficient solvent 

removal during drying without significant collapse of the network established in the 

gelled solution.  
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Figure 4.5. Relationship between PEEK aerogel density (g/cm3) and PEEK/DCA gel 

concentration (wt.%). No gelation occurs at concentrations below the dashed line. 

 

 Density, and therefore gel concentration, is a key parameter in predicting the 

mechanical properties of aerogels.28,29 Stress-strain curves of PEEK aerogels under 

uniaxial compression, shown in Figure 4.6, highlight this profound effect of aerogel 

density. As the density increases, the modulus and the stress at 10% strain notably 

increase indicating that higher density aerogels are more mechanically robust. This trend 

is further revealed in Figure 4.7 in which modulus increases with increasing gel 

concentration as well as increasing density.  The modulus versus density relationship 

shown in Figure 4.7b follows the expected power law relationship commonly observed 

for aerogels.30 
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Figure 4.6. The relationship between aerogel density and stress-strain behavior in 

uniaxial compression is shown using representative stress-strain curves from aerogels of 

different densities. 

 

 
Figure 4.7. Relationship between aerogel modulus and gel concentration (a) and aerogel 

density (b). 
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 Given that the three-dimensional network of semicrystalline aerogels are 

structurally stabilized by the interconnected crystallites, it is reasonable to expect that an 

increase in the density of these physical cross-links will increase the mechanical 

resistance to deformation. With these semicrystalline materials, however, the molecular 

weight of the gel-forming polymer can also affect crystallization and thus the effective 

cross-link density. To probe this phenomenon, PEEK/DCA gels were prepared, at a 

concentration of 15 wt.%, using four commercially available grades of PEEK (Victrex® 

150P and 450G, and Solvay KetaSpire® KT880NL and KT820NL). As shown in Figure 

4.8, aerogels prepared from 15 wt.% PEEK/DCA solutions resulted in PEEK aerogels of 

an identical density (concentration and grade independent). However, the compressive 

moduli of these aerogels appear to be grade dependent. Reported molecular weight values 

of Victrex® 150P and 450G were found to be 23,000 g/mol and 50,000 g/mol, 

respectively.31 The reported melt viscosities of Solvay KetaSpire® KT880NL and 

KT820NL are 0.12-0.18 kPa⋅s and 0.38-0.50 kPa⋅s,32 respectively, suggesting that 

KT820NL has a higher molecular weight than KT880NL. The higher molecular weight 

Victrex® PEEK (450G) aerogel displays a higher modulus compared to the 150P aerogel. 

Similarly, the higher melt viscosity Solvay KetaSpire® KT820NL yields a significantly 

higher modulus than that of the aerogel formed from KT880NL. In contrast to 

conventional, chemically cross-linked aerogels (where the chemical network essentially 

yields a monolithic super-molecule), the observed relationship between modulus and 

molecular weight for these physically cross-linked gels, is likely attributed to subtle 

differences in inter-crystallite connectivity. With a higher molecular weight, it is 

reasonable to expect that a single chain can traverse the distance between crystallites 
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more frequently than that for shorter chains (i.e., a lower proportion of tie-chains for a 

lower MW matrix). Increased chain entanglements with increased molecular weight is 

also a likely factor contributing to the observed increase in modulus. This possible 

structural relationship to network stability (perhaps unique to semicrystalline gels) will 

require a more detailed study beyond the scope of this investigation. 

 
Figure 4.8. Compressive modulus and density data for four grades of PEEK prepared at 

15 wt.% in DCA.  

 With semicrystalline polymers, many physical properties and morphological 

characteristics can be affected by thermal annealing at temperatures between Tg and Tm. 

As a means to alter the properties of the PEEK aerogels (other than simply changing the 

gel concentration), aerogels originating from a 15 wt.% solution were thermally annealed 

at temperatures of 150 oC, 160 oC, 200 oC, and 240 oC for a period of time ranging from 6 

to 48 hours. As shown by the appearance of the annealed samples (Figure 4.9), thermal 
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treatment above Tg causes a significant and fairly uniform decrease in sample dimensions 

(i.e., densification) with respect to both temperature and annealing time. In addition, the 

mechanical properties of the annealed samples are profoundly affected by this 

densification process (as shown in Table 1.) 

 

Figure 4.9. Images of PEEK aerogel specimens comparing the dimensions of a 

cylindrical specimen (left side of each image) to their corresponding annealed specimen 

(right side of each image). Specimens were annealed at 200 °C for 12 h (a), 200 °C for 48 

h (b), 240 °C for 12 h (c), and 240 °C for 48 h (d). All aerogel specimens were cut to 

cylindrical samples with 8mm diameter and 16 mm height (obeying the 2:1 ratio) prior to 

annealing.  

 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 4.1. Mechanical and density data for aerogel samples annealed at four different 

temperatures over a specified period of time. 

Anneal T 

(°C) 

Time 

(h) 

Density 

(g/cm3) 

Modulus 

(MPa) 

Comp. Strength 

(MPa) 

Yield Stress 

(MPa) 

Yield Strain 

(%) 

150 6 0.298±0.009 23±5 1.8±0.3 0.8±0.2 4.7±0.8 

150 12 0.30±0.01 27 ±5 1.6±0.2 0.9±0.2 5±2 

160 6 0.31±0.01 28±5 1.5±0.2 0.9±0.3 4 ±1 

160 12 0.32±0.01 21±3 - 0.7±0.5 3±1 

200 12 0.37±0.02 40 ±6 2.6±0.2 1.7±0.2 5 ±1 

200 48 0.36±0.02 33±5 2.3±0.3 1.5±0.4 7±2 

240 12 0.42±0.02 50±19 3.7±0.8 2.3±0.6 5±1 

240 48 0.42±0.02 52±9 3.6±0.6 2.5±0.1 6 ±1 

 

 With increasing annealing temperature and annealing time, the density, modulus, 

compressive strength, and yield stress, tends to increase accordingly. Within error, the 

yield strain is relatively constant. Given the well-known dependence of aerogel modulus 

on density, it is of interest to compare the modulus-density trends observed by changing 

the concentration of gels formed at a constant temperature to the modulus-density trends 

of gels formed at a constant concentration, but annealed at different temperatures and 

times. On an equal density basis, Figure 4.10 shows that the annealed samples yield 

modulus values that are effectively superimposed upon the trend observed for gels 

formed at different concentrations. This behavior lends further support for the governing 

effect of density on modulus in aerogel systems. 
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Figure 4.10. Comparative log modulus vs log density for annealed samples (blue) and 

samples prepared at difference concentration (red). 

 

 To probe the effect of thermal treatment on the aerogel crystalline morphology, 

annealed PEEK aerogels were investigated using WAXD. Diffraction profiles for 

aerogels annealed for 12 h at temperatues ranging from 150 to 240 °C and room 

tmperature are shown in Figure 4.11. As expected, annealing below Tm has no effect on 

the inherent PEEK crystal structure. The indexed crystalline reflections. labeled on the 

principle reflections in Figure 4.11, show that the orthorhombic cubic cell of crystalline 

PEEK is conserved over the range of annealing temperatures. Additionally, no crystalline 

peak shifting is observed, indicating that annealing PEEK aerogels does not result in 

dimensional changes to the PEEK unit cell. The observed overall intensity increase with 

annealing temperature is attributed to sample densification as shown in (Table 4.1). 
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Integration and deconvolution of the diffraction curves indicates a slight decrease in 

crystallinity as the annealing temperature approaches Tm, which we attribute to the 

melting of a small fraction of imperfect crystals formed during the solution-state, gel-

forming crystallization process. Nevertheless, due to high mobility of crystallizable 

PEEK stems in the DCA solutions, all of the aerogels are highly crystalline, relative to 

melt-crystallized PEEK with a degree of crystallinity (%Xc) typically in the range of 

about 20 to 40%.33 

 
Figure 4.11. WAXD of PEEK aerogel samples annealed at specified temperatures for 12 

h with corresponding %Xc values displayed. Diffraction curves are vertically offset for 

comparison. 
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 In addition to the many desirable physical properties of aerogels, the highly 

porous, nano-structured morphology often imparts remarkable surface properties. Micro 

and nano-scale hierarchical structures on the surface of materials, similar to the multi-

scale morphological features shown in Figure 4.4, are often responsible for inducing a 

superhydrophobic character in aerogels, comparable to the surface character observed in 

nature by the lotus leaf.34 Superhydrophobic materials typically have a water contact 

angle (CA) of at least 150° and a low contact angle hysteresis (CAH).35,36 Such 

superhydrophobic behavior is often achieved by creating a very rough surface on an 

intrinsically hydrophobic material (e.g., polytetrafluoroethylene (PTFE); CA > 90°).34 In 

contrast to PTFE, semicrystalline PEEK has an intrinsic water contact angle of 63°.37 For 

the PEEK aerogels, however, the mesoporous, high surface area texture yields a 

remarkable increase in water CAs approaching 150° (Figures 4.12 and 4.13). PEEK 

aerogels, prepared from 10 wt.% gels, have a CA of 151±2° and an extremely low CAH 

of 1.0±0.2° (Figure 4.13). This behavior, observed for the first time with this common 

polymer, meets the criterion to classify PEEK aerogels prepared from a 10 wt.% gel as a 

superhydrophobic material.36 
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Figure 4.12. Image of a water droplet atop a PEEK aerogel prepared from a 10 wt.% gel 

with a contact angle measurement of 151.1°.  

As gel concentration increases, the aerogel CA decreases to 117° (Figure 4.13), 

which is considerably more hydrophobic than unmodified PEEK. Similarly, the CAH 

increases from 1 to 7.1o. The observed decrease in CA and increase in CAH with 

increasing gel concentration is attributed to densification of the nano-scale morphological 

features. In rough surfaces exhibiting a superhydrophobic Cassie-Baxter state,38 water 

droplets are unable to wet the air-filled spaces in-between the micro and nano-scale 

hierarchical features, resulting in a high contact angle (CA>150) and low CAH. In the 

case of PEEK aerogels, higher concentrations of the PEEK gels results in higher density 

aerogels with reduced air-filled space. We attribute the decrease in CA and increase in 

CAH with increasing concentration to the densification of the aerogel, such that water is 

able to wet a larger surface area of the aerogel surface due to a decreased presence of 

151.1° 
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trapped air between the water droplet and morphological features presented at the 

surface. Although the measured CAH values in Figure 4.13 increase with concentration, 

they are still very low values under 10°, well within the range acceptable for 

superhydrophobic Cassie-state materials. It is also important to note that these PEEK 

aerogels display remarkable hydrophobicity compared to much lower density 

syndiotactic polystyrene aerogels (CA=153°, CAH=10° at a density of 0.06 g/ml).23 

Future studies will focus on the wettability of annealed aerogels; we anticipate that the 

increased densification from annealing will significantly increase the aerogel CAH due to 

greater surface area wetting. 

 
Figure 4.13. Relationship between gel concentration and aerogel contact angle (a) and 

aerogel contact angle hysteresis (b). 

 

4.5 Conclusions 

 The full extent of the sol-gel transition of PEEK in DCA, within the solubility 

limit, has been demonstrated.  The resulting phase diagram shows behavior consistent 

with a UCST sol-gel transition. PEEK aerogels ranging in density from 0.1 to 0.4 g/cm3 

were prepared from PEEK gels by varying the weight fraction of PEEK dissolved in 
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DCA.  The morphology of these aerogels is composed of 200 nm globular features that 

are decorated with 10 to 20 nm nodules, providing a very porous and high surface are 

structure.  We have shown that PEEK aerogel compressive modulus increases with 

increasing density and increasing PEEK MW. On a comparable density basis, aerogels 

prepared from variable solution concentrations and thermal annealing treatments showed 

superimposable compressive modulus versus density trends, leading to the conclusion 

that density is the governing property with respect to PEEK aerogel modulus. 

Additionally, we have shown that PEEK aerogels formed from lower concentration gels 

exhibit superhydrophobic character. Increasing gel concentration decreases aerogel 

contact angle and increases contact angle hysteresis. Moving forward, we will be 

investigating the effect of drying method on aerogel mechanical and surface properties. 

Additionally, we will further explore new solvents capable of dissolving and gelling 

PEEK to determine what, if any, affect the choice of solvent has on gel morphology and 

various physical properties. 
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5.1 Abstract 

 The phase diagram for the thermoreversible gelation of poly(ether ether ketone) 

(PEEK) in 4-chlorophenol (4CP) was constructed over broad temperature and 

concentration ranges, revealing that PEEK is capable of dissolving and forming gels in 

both 4CP and dichloroacetic acid (DCA) up to a weight fraction of 25 wt.%. For PEEK 

solutions within this concentration range, the time required for gelation decreased with 

increasing temperature up to 80 °C, above which the gelation time increased 

considerably. Highly porous aerogels of PEEK were prepared through simple solvent 

exchange followed by one of two drying methods of solvent removal from the wet gel: 

freeze-drying or supercritical CO2 drying (SC-drying). Gelation solvent (4CP or DCA) 

and drying method influenced aerogel morphology as observed using electron 

microscopy; however, SAXS profiles comparing wet gel, SC-dried, and freeze-dried 

aerogels indicated that morphology was largely conserved from wet gel to aerogel. 
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Aerogel density was controlled by varying the PEEK concentration in solution, and 

shown to be affected by drying method. Mechanical properties (in compression) were 

shown to improve with increasing density, resulting in equivalent compressive moduli at 

comparable density regardless of preparation method (gelation solvent selection, 

concentration variation, or drying method). Nitrogen adsorption-desorption isotherms 

indicate that PEEK aerogels are comprised of mesopores (2-50 nm diameter pores) 

formed from stacked crystalline lamella. PEEK aerogels prepared using SC-drying 

exhibit higher BET surface areas than freeze-dried aerogels of comparable density. 

Contact angle and contact angle hysteresis revealed that PEEK aerogels have a high 

water contact angle, above the superhydrophobicity cut-off angle (>150 °), that decreases 

with increasing density and a very low contact angle hysteresis that increases 

considerably with increasing aerogel density. 

5.2 Introduction 

 Thermoreversible gels are a class of solid-like materials, often referred to as 

physical gels, consisting of a 3-dimensional network comprised of thermally labile cross-

links. In the case of thermoreversible polymer gels, the physical network can formed 

through reversible aggregation phenomena such as crystallization, ionic aggregation, 

phase separation, hydrogen bonding, complex formation, or helix formation.1,2 Liquid or 

gaseous solvent is retained within the macromolecular framework, and the gel possesses 

solid-like material properties.3 Although many semicrystalline polymers exist, relatively 

few have been shown to form thermoreversible gels. Previously we have reported the 

gelation of poly(ether ether ketone) (PEEK) in dichloroacetic acid (DCA)4,5, and herein 
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present the discovery of thermoreversible gelation of PEEK in another solvent, 4-

chlorophenol (4CP).  

 Thermoreversible gelation of a semicrystalline polymer is not limited to a single 

gelation solvent. Semicrystalline polymers such as poly(vinyl chloride) (PVC)6, 

poly(methyl methacrylate) (PMMA)7-9, polyethylene (PE)10,11, isotactic polypropylene 

(iPP)12, poly(vinylidene fluoride) (PVDF)13,14, and poly(4-meythylpentene-1) (P4MP1)15-

18, and stereoregular polystyrene19 gel thermoreversibly in more than one solvent. In the 

case of syndiotactic polystyrene (sPS), thermoreversible gelation proceeds in many 

solvents including chloroform20,21, toluene20-22, benzene21,23, bromoform24, octadecyl 

benzoate25, chlorotetradecane26, o-dichlorobenzene21,22, 1,2,4-trichlorobenzene27, 

tetrahydrofuran22, trichloroethylene21, 1,2-dichloroethane21,26, and others. In the case of 

physical gels, gelation solvent influences the resulting gel morphology6,28 and crystal 

structure of polymorphic polymers, particularly sPS.29 The relationship between gelation 

conditions and gel morphology requires the removal of solvent molecules so that nitrogen 

adsorption, SEM, and X-ray scattering may be used to probe morphology. 

 When solvent is removed from a wet gel by means of evaporation, the resulting 

dry material, a xerogel, does not retain the porosity and morphology of the wet gel.30 

Cases in which the solvent has been removed from the wet gel without perturbing the wet 

gel morphology result in a highly porous aerogel.31 The techniques commonly utilized for 

aerogel drying are freeze-drying and supercritical drying.30 In the freeze-drying method, 

the solvent within the liquid gel is frozen and removed via sublimation. Freeze-drying is 

a facile, inexpensive technique, but formation of solvent crystals during the freezing 

process can significantly impact the resulting morphology of the aerogel.32 Inexact 
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freeze-drying resulting in evaporation in addition to sublimation will lead to pore collapse 

and material densification, similar to that of a xerogel. Unlike freeze-drying, supercritical 

drying does not rely on solvent freezing and sublimation processes. When an aerogel is 

prepared by supercritical drying, the solvent in the wet gel is exchanged for a 

supercritical fluid, most commonly CO2. Following solvent exchange, temperature and 

pressure are returned to atmospheric conditions and the supercritical fluid imbibed in the 

gel network transitions to a gaseous state, resulting in an aerogel comprised of the dry, 

but otherwise unaltered, wet gel morphology. Although supercritical drying is regarded 

as the most reliable drying method in which to prepare aerogels, the facile freeze-drying 

process is commonly used because supercritical drying is often costly, small-scale, time-

consuming, and requires special high-pressure instrumentation.32,33 

In this work we seek to examine the impact of gelation solvent selection on gel 

morphology in the case of semicrystalline PEEK gels. Additionally, two common 

solvent-removal techniques will be examined regarding what effect, if any, drying 

method has on aerogel morphology and physical properties. 

5.3 Experimental 

 5.3.1 Materials 

 Poly(ether ether ketone) (PEEK, Victrex V150P) was kindly provided by Solvay 

Specialty Polymers (Alpharetta, GA). Dichloroacetic acid (DCA, >99.0%) and 4-

chlorophenol (4CP, >99%) were purchased from Sigma Aldrich (Saint Louis, MO). 

Ethanol (200 proof, 100% USP, Decon Labs) magnesium sulfate (anhydrous) and 

syringes (3 ml, plastic, luer lock, nonsterile) were purchased from Fisher Scientific 
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Company LLC (Suwanee, GA). Syringe filters (GE Healthcare, 30 mm, PTFE, 5.0 µm) 

were purchased from VWR International LLC (Radnor, PA). 

 5.3.2 Gel Preparation 

 DCA was dried over magnesium sulfate and then filtered using PTFE syringe 

filters. PEEK (V150P unless otherwise specified) was dissolved in dry DCA at 185 °C. 

Complete dissolution took place between 1 and 2 h for concentrations significantly lower 

than 15 wt % and up to 24 h for concentrations over 15 wt %. The solutions were 

removed from the 185 °C oil bath, drawn into syringes, and immediately transferred to 

controlled-temperature water or sand baths for isothermal gelation. The gelation 

temperatures ranged from 10 to 140 °C. Solutions that gelled formed a firm, light brown, 

opaque gel that did not flow when the syringe was inverted, passing the tip test. Gelation 

was monitored frequently, and gelation times were recorded at the first instance of 

passing the tip test. 

 5.3.3 Aerogel Preparation 

 Syringes containing gelled PEEK in DCA or 4CP were cut near the luer lock. The 

gels were then removed from the syringes through the cut opening without disrupting the 

cylindrical gel geometry. The DCA-type gels were immediately placed in water or for a 

period of 24 h, then solvent-exchanged with water using a soxhlet extractor set to 100 °C 

and cycled for 3 days to completely replace DCA with water. The 4CP-type gels were 

immediately placed in ethanol or for a period of 24 h, then solvent-exchanged with 

ethanol using a soxhlet extractor set to 100 °C and cycled for 3 days to completely 

replace 4CP with ethanol. The gels were then solvent-exchanged with water using a 

soxhlet extractor set to 100 °C and cycled for 3 days to completely replace ethanol with 
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water. Once the gels contained only PEEK and water, they were frozen overnight at −18 

°C and subsequently lyophilized (LabConco) to produce freeze-dried PEEK aerogels. 

DCA and 4CP-type gels were also solvent-exchanged to ethanol using soxhlet extraction 

(at 100 °C) for a period of 3 days to completely convert to ethanol-only gels, and then 

supercritically dried using liquid CO2 extraction, followed by drying under vacuum at 80 

°C overnight to ensure complete solvent removal. 

 5.3.4 Characterization 

 Aerogel morphology was analyzed using field-emission scanning electron 

microscopy using an LEO (Zeiss) 1550 FE-SEM with in-lens detection. All specimens 

were sputter-coated with iridium (5 nm thickness) in a Cressington 208HR high-

resolution sputter coater. Contact angle measurements were performed using the sessile 

drop method on a contact angle goniometer (Rame-Hart model 590) and its software 

package (DROPimage Advanced). USAXS/SAXS/WAXS measurements were collected 

at beam line 9-ID-C at the Advanced Photon Source (APS) at Argonne National 

Laboratory (Lemont, Illinois).34,35 SAXS and WAXS profiles were reduced using the 

Nika program for Igor Pro.36 The Irena program for Igor Pro was used to reduce USAXS 

profiles and merge same-specimen USAXS SAXS and WAXS profiles.37 Scattering data 

were normalized in terms of absolute intensity using glassy carbon.38 Cylindrical aerogel 

specimens were tested in accordance with ASTM D695-10 using a model 5867 Instron 

equipped with a 30 kN load cell. Samples were nominally 16 mm in height and 8 mm in 

diameter, complying with the 2:1 ratio of height to diameter prescribed for compression 

testing of polymer foams. Nitrogen adsorption porosimetry analysis was conducted at 

NASA Glenn Research Center (Cleveland, OH) using an ASAP 2000 Surface Area/Pore 
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Distribution analyzer (Micromeritics Instrument Corp). All samples were outgassed at 80 

°C for 24 h prior to nitrogen adsorption analysis. 

5.4 Results and Discussion 

 In previous reports, we demonstrated that PEEK is capable of forming monolithic 

thermoreversible gels from 8-25 wt.% DCA solutions.4,5 We have recently found that 

PEEK is also capable of forming thermoreversible gels from 4-chlorophenol (4CP) 

solutions. Similar to the gelation behavior of PEEK/DCA, PEEK/4CP gelation 

phenomena is best presented using a 3-dimensional phase diagram (Figure 5.1) 

configured to display concentration, temperature, and time with respect to gelation. The 

phase diagram experimentally determined for PEEK/4CP gelation is notably similar to 

that of PEEK/DCA in that the upper boundary of gelation (at high temperatures and high 

polymer concentration) is consistent with an upper critical solution temperature (UCST) 

behavior and the lower boundary (at low temperature and low polymer concentration) is 

restricted by the solvent freezing point. At high concentrations gelation proceeds rapidly, 

within a matter of minutes, whereas at low concentrations and temperatures gelation 

proceeds much more slowly. The similar gelation behavior of PEEK/DCA and 

PEEK/4CP leads to a question of morphology and whether or not the similarities in 

gelation behavior extend to gel morphology and physical properties. 
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Figure 5.1. The time-dependent sol-gel phase diagram of PEEK in 4CP, where the gel 

time is displayed along the z-axis ranging from less than 1 day (blue) to no gel after 14 

days (red). Solutions that did not gel within 14 days are designated as open circles (¡); 

solutions that gelled within 14 days are shown as filled circles (l). 

 The morphology of PEEK/DCA gels has been probed by removing gelation 

solvent through solvent-exchange followed by freeze-drying.4,5 The morphology of 

aerogels prepared in this manner was observed by SEM and appeared to be comprised of 

fractal-like uniform globular morphological features decorated with smaller nodules.4,5 

PEEK/4CP gels were solvent-exchanged and freeze-dried to compare the resulting 

aerogel morphology to that of PEEK/DCA aerogels prepared similarly. It is clear from 

the SEM micrographs obtained from these specimens, shown in Figure 5.2, that the 

morphology of freeze-dried PEEK/4CP aerogels is comprised of agglomerates of 

Gel Time 
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platelets rather than the globular features present in freeze-dried PEEK/DCA aerogels. 

Aerogel morphology is largely dependent on drying method, particularly in the case of 

freeze-drying, which can result in pore collapse and densification. Supercritical drying 

was also utilized to prepare PEEK aerogels from PEEK/DCA and PEEK/4CP gels in 

addition to freeze-drying to determine the influence of drying technique on aerogel 

morphology. 

 
Figure 5.2. SEM micrographs of the freeze-dried PEEK aerogels prepared from 15 wt.% 

PEEK in DCA (a,b) or 4CP (c,d)  

 Wet gels of both PEEK in DCA or 4CP were dried using supercritical CO2. The 

morphologies of the PEEK/DCA and PEEK/4CP supercritically dried (SC-dried) 

aerogels, shown in the SEM micrographs in Figure 5.3, are comprised of much larger 

morphological features than the freeze-dried analogs in Figure 5.2. The difference in 
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apparent morphological features size can be attributed to the challenges inherent to the 

freeze-drying technique resulting in pore collapse and densification of features. It is 

reasonable then to conclude that SC-drying minimally perturbs the gel network as 

compared to freeze-drying, such that the morphology observed in SC-dried aerogels is a 

more accurate representation of the wet gel morphology. 

 
Figure 5.3. SEM micrographs of PEEK aerogels dried using supercritical CO2 extraction. 

Aerogels were prepared from 15 wt.% PEEK in DCA (a,b) or 4CP (c,d). 

 The morphologies of SC-dried PEEK aerogels from both gelation solvents 

(Figure 5.3) appear to consist of large aggregates of stacked crystalline lamellae. 

Lamellae are more easily visualized in the micrographs of SC-dried PEEK/4CP aerogels, 

but are still present in the SC-dried PEEK/DCA aerogels. Overall, the morphological 

features present in SC-dried PEEK/DCA aerogels appear to be comprised of more 
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densely packed lamellae than the features present in SC-dried PEEK/4CP. SEM is an 

excellent tool to visualize the distinctly different morphologies associated with aerogel 

drying technique and gelation solvent result, but SEM cannot be performed on wet gels. 

X-ray scattering can be used to probe the bulk morphology of aerogels from both drying 

techniques as well as the wet gel morphology to determine the morphological impact of 

solvent removal.  

 USAXS and SAXS were used to probe the gel and aerogel morphologies across 

real space length scales ranging from 6.2 Å to 6.2 µm. Scattering profiles were obtained 

for 15 wt.% PEEK gels and their resultant aerogels from DCA (Figure 5.4a) and 4CP 

(Figure 5.4b). Freeze-dried aerogel (FD) scattering profiles from both gelation solvents 

have been shifted vertically for visualization. The presence of DCA or 4CP in the wet 

gels results in much lower x-ray scattering contrast than the aerogel analogues, such that 

scattering from the wet gels is less intense than the aerogels. The scattering profiles in 

Figure 5.4 are characteristic of hierarchical nanostructures and a preliminary analysis 

using the unified fit model37,39 shows that X-ray scattering from wet gels, SC-dried 

aerogels, and FD aerogels consist of morphological features with a guinier radius (Rg) on 

the order of 200 nm and 5 nm located at 0.002 Å-1 and 0.05 Å-1, respectively. The 

similarity of scattering from wet gels and aerogels suggests that gel morphology is mostly 

conserved during the solvent removal process, particularly in the case of SC-drying. The 

5 nm Rg feature is attributed to the long period of PEEK crystalline lamella40; however 

complete scattering analysis including feature assignment and model fitting are beyond 

the scope of this paper and will be described in future work.  
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Figure 5.4. Representative scattering profiles of PEEK gels (blue), supercritically dried 

aerogels (red), and freeze-dried aerogels (green) exhibit a hierarchical nanostructure 

spanning across USAXS and SAXS regions. All specimens were prepared from 15 wt.% 

PEEK in either DCA (a) or 4CP (b). Scattering profiles from the freeze-dried specimens 

in (a) and (b) have been shifted vertically for clarity. 

 Nitrogen adsoprtion using the BET method probes surface area, pore structure, 

and pore size distribution, as a method to substantitate the partial microstructure 

understanding gained from SEM and SAXS. Representative BET isotherms from PEEK 

aerogels obtained by freeze-drying or supercritically drying 15 wt.% PEEK gels in DCA 

or 4CP are shown in Figure 5.5. All isotherms are consistant with an IUPAC type IV 

mesoporous structure consisting of 2-50 nm pores.41 Futhermore, the hysteresis loop is 

characteristic of IUPAC H3 hysteresis, which indicates that the mesopores are slit-like 

and originate from aggregates of plate-like particles.41 The general size and slit-like shape 

of the pores suggested by the BET isotherm suggests that nitrogen adsorption is probing 
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the porosity of the nodels (Figures 5.2 and 5.3), and that the pores are likely the 

interlamellar amorphous regions.  

  
Figure 5.5. BET adsorption-desorption isotherm  

 The BET method of nitrogen adsorption can also be used to obtain the size 

distribution of pores. Figure 5.6 illustrates the pore size distribution of the mesopores in 

PEEK aerogels from freeze-drying or supercritically drying 15 wt.% PEEK gels in either 

DCA or 4CP. The size distribution of pores in both freeze-dried aerogels exhibits a 

maximum pore volume around a pore size of approximately 7 nm, whereas the maximum 

pore volume in supercritically dried aerogels is shifted to a larger pore size around 9 nm. 

This shift to larger pore size in supercritically dried aerogels is consistent with the open 

morphology visible in the SEM micrographs (Figures 5.2 and 5.3). Additionally, the 

pore sizes measured from BET further support the view that the scattering feature at 0.05 
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A-1 (Figure 5.4) is comprised of stacked crystalline lamellae and that the interlamellar 

amorphous regions are the mesoporous domains probed by nitrogen adsorption. The 

maximum of the pore size distribution of PEEK aerogels from PEEK/4CP gels is shifted 

to lower pore width than the size distribution obtained from aerogels from PEEK/DCA 

gels, regardless of drying technique. The difference in pore size distribution based on 

gelation solvent is in agreement with the different morphologies of the aerogels visually 

observed in the micrographs, suggesting that different polymer-solvent interactions are 

responsible for varied gel morphology. 

 The pore size distribution measured by BET nitrogen adsorption (Figure 5.6) 

shows that the majority of mesopores in freeze-dried aerogels are smaller than that of the 

supercritically dried aerogels. This is further evidence that the freeze-drying method 

perturbs the gel morphology via densification of mesopores. Local densification in the 

interlamellar amorphous regions leads to bulk densification of the aerogel specimen. In 

the aerogel density versus gel concentration plot in Figure 5.7, both solvents and drying 

methods follow similar linear relationships; however, freeze-dried aerogels from either 

solvent consistently exhibit higher densities than their supercritically dried analogs. 
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Figure 5.6. BET pore size distribution 
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Figure 5.7. Relationship between PEEK aerogel bulk density (g/cm3) and PEEK/solvent 

gel concentration (wt.%). No gelation occurs below 4 wt.%. Gels prepared in DCA are 

shown in blue, and gels prepared in 4CP are shown in red. Gel drying technique is 

denoted as FD (freeze-drying) and SC (supercritical CO2 extraction). 
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Figure 5.8. Relationship between compressive modulus and bulk density. Gels prepared 

in DCA are shown in blue, and gels prepared in 4CP are shown in red. Gel drying 

technique is denoted as FD (freeze-drying) and SC (supercritical CO2 extraction) 

 Morphological differences among PEEK aerogels prepared using different solvent 

or drying methods do not necessarily extend to differences in mechanical or physical 

properties. The power law relationship between compressive modulus and aerogel 

density shown in Figure 5.8 is conserved across solvent or drying method. The power 

law relationship demonstrated by the aerogels probed in this study is consistent with the 

relationship between compressive modulus and aerogel density we reported previously in 

a study of gelation temperature, annealing, and gel concentration5, which further supports 

the conclusion that aerogel density primarily determines compressive modulus in 

semicrystalline aerogels of a particular polymer.  
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Figure 5.9. Relationship between aerogel contact angle and gel concentration. Aerogels 

prepared from PEEK/DCA gels are shown in blue and those prepared from PEEK/4CP 

gels are shown in red. Data are grouped according to drying technique, either freeze-

drying (a), or supercritical CO2 extraction (b). 

 In addition to the desirable tunable mechanical properties of PEEK aerogels, the 

various morphologies available from selection of gel concentration, gelation solvent, and 

drying method lead to interesting surface properties. We have previously shown that the 

hierarchical morphologies similar to those shown in Figures 5.2a and 5.2b from aerogels 

prepared by freeze-drying PEEK/DCA gels impart bulk hydrophobic and 

superhydrophobic character on PEEK aerogel monoliths.5 The inherent water contact 

angle of semicrystalline PEEK is 63°42; however, construction of a hierarchical 

morphology through physical gelation and subsequent solvent removal imparts sufficient 

surface roughness to increase the water contact angle up to and beyond 150° on the 

surface of PEEK aerogels. Aerogels prepared form PEEK/DCA and PEEK/4CP gels 

exhibit very high surface areas (Table 5S.1) making them ideal candidates to display 

hydrophobic character from surface roughness. The relationship between aerogel contact 

angle and gel concentration for supercritically dried PEEK aerogels (Figure 5.9b) 
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indicates that hydrophobicity increases with decreasing concentration, whereas the 

wettability of freeze-dried PEEK aerogels is not tunable (Figure 5.9a). 

Superhydrophobic character, as observed in Figure 5.9, can be achieved through the 

Cassie-Baxter state, in which sufficient surface roughness due to the air-filled micro and 

nano-scale hierarchical features reduces the area of the surface-water interface.43 Cassie-

Baxter state hydrophobicity and superhydrophobicity are manifested by high water 

contact angles (superhydrophobic >150°) and low contact angle hysteresis (CAH). The 

relationship between aerogel contact angle hysteresis and gel concentration in Figure 

5.10 illustrates that PEEK aerogel specimens produced from the PEEK/DCA (Figure 

5.10a) or PEEK/4CP (Figure 5.10b) gels investigated in this report all exhibit low CAH 

(around or below 10°), which is well within the criterion for Cassie-state materials. 

Notably, PEEK aerogels from low gel concentrations (>15 wt.%) dried using either 

freeze-drying or supercritical drying display high contact angles around or exceeding 

150° and remarkably low CAH around 1°.  

 
Figure 5.10. Relationship between aerogel contact angle hysteresis and gel 

concentration. Aerogels prepared from freeze-drying are shown in blue and aerogels from 

supercritically drying are shown in red. 
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5.5 Conclusion 

 The full extent of the sol-gel transition of PEEK in 4CP, within the solubility limit 

has been demonstrated. The resulting phase diagram shows behavior consistent with a 

UCST sol-gel transition. This is now the second instance of monolithic thermoreversible 

gelation of PEEK. PEEK aerogels ranging in density from 0.08 to 0.4 g/cm3 were 

prepared from PEEK gels by varying the weight fraction of PEEK dissolved in either 

4CP or DCA.  The morphology of these aerogels is composed of 200 nm globular 

features that are decorated with 10 to 20 nm nodules, that appears to be heavily 

influenced by gelation solvent and drying method. Gelation in 4CP produces aerogels 

with platelet-like features, whereas gelation in DCA produces globular features. Freeze-

drying appears to densify these morphological features, resulting in overall higher density 

aerogels than those prepared from SC-drying at comparable wet gel concentration. 

Nitrogen adsorption data suggests that the morphological features visible in electron 

microscopy are comprised of stacked crystalline lamella and the mesopores are the inter-

lamellar amorphous regions. PEEK aerogels are highly porous with a high surface area 

that is reduced with freeze-drying, evidently as a result of local densification of 

morphological features during the freeze-drying process. On a comparable density basis, 

aerogels prepared from variable solution concentrations, gelation solvents, and drying 

methods showed superimposable compressive modulus versus density trends, leading to 

the conclusion that density is the governing property with respect to PEEK aerogel 

modulus. Additionally, we have shown that PEEK aerogels formed from lower 

concentration gels in either solvent exhibit superhydrophobic character. Increasing gel 

concentration decreases aerogel contact angle and increases contact angle hysteresis.  
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5.7 Supporting Information 

 

Table 5S.1. BET surface area, bulk density, and gel concentration 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solvent Drying 
Method 

Gel Concentration 
(wt.%) 

Bulk Density 
(g/cm3) 

Surface Area 
(m2/g) 

DCA FD 8.0 ± 0.6 0.14 ± 0.020 319 
DCA FD 10.0 ± 0.6 0.19 ± 0.024 305 
DCA FD 15.0 ± 0.5 0.26 ± 0.008 294 
DCA FD 20.0 ± 0.3 0.329 ± 0.005 241 
DCA SC 8.0 ± 0.6 0.117 ± 0.007 364 
DCA SC 10.0 ± 0.6 0.134 ± 0.007 334 
DCA SC 15.0 ± 0.5 0.22 ± 0.007 349 
DCA SC 20.0 ± 0.3 0.288 ± 0.009 343 
4CP FD 8.0 ± 0.4 0.107 ± 0.012 277 
4CP FD 10.0 ± 0.6 0.11 ± 0.011 280 
4CP FD 15.0 ± 0.3 0.276 ± 0.016 310 
4CP FD 20.0 ± 0.6 0.296 ± 0.018 321 
4CP SC 8.0 ± 0.4 0.091 ± 0.007 313 
4CP SC 10.0 ± 0.6 0.122 ± 0.004 328 
4CP SC 15.0 ± 0.3 0.207 ± 0.005 335 
4CP SC 20.0 ± 0.6 0.25 ± 0.005 332 
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6.1 Abstract 

 In this work we combine SANS contrast matching experiments and SAXS unified 

fit analysis to rigorously confirm that small angle scattering from poly(ether ether ketone) 

PEEK aerogels is the result of mass fractal aggregates of stacked crystalline lamella. 

Inter-crystalline domain spacing is larger in gels prepared from PEEK in 4-chlorophenol 

(4CP) than from those prepared in dichloroacetic acid (DCA). Additionally, gelation of 

PEEK in DCA produces higher crystallinity gels than gelation in 4CP. Freeze-drying 

(lyophilization) and supercritical CO2 drying (SC-drying) methods of removing solvent 

from the wet gel were investigated. Both drying methods resulted in highly porous 

aerogels with high surface areas (>350 m2/g). Nitrogen adsorption indicated that freeze-

drying, appears to decrease the accessible surface area of PEEK aerogels due to pore 

collapse during the drying process. SAXS surface area measurements indicated that 

PEEK aerogels had even higher surface areas than measured in BET. The discrepancy 

between BET surface area and SAXS surface area indicates that although scattering 
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methods measure the total surface area in materials, the practical surface area is better 

approximated using gas adsorption. 

6.2 Introduction 

 Aerogels are a highly porous type of gel material in which the liquid solvent in a 

wet gel is replaced with air. The multi-scale porosity, from macro- to micro-pores, 

inherent to aerogels makes them idea material candidates for applications requiring 

lightweight, low-density materials. Macroscale properties such as compressive modulus 

are primarily determined by density as previously discussed in Chapters 4 and 5.1 

Although bulk density heavily influences most physical properties of porous materials, 

the microstructure morphology influences properties such as surface roughness, 

elasticity, acoustic, and dielectric properties.2,3 Permeability of gasses and liquids also 

depends heavily on the microstructure of the gel network and accessibility of the pores.3 

 Scattering techniques have long been used to characterize the microstructure of 

porous materials. Aerogels are often comprised of solid structural features and fractally 

rough pores, resulting in complex scattering profiles containing regions characteristic of 

uniform, smooth, and fractally rough surfaces as well as mass fractals. SAXS profiles of 

aerogles are typically fit using the models derived by Beaucage4, with careful Porod 

analysis.5 Surface fractals exhibit Porod exponents of non-integer values between 3 and 

4, whereas non-integer values between 1 and 3 are expected for mass fractals.6 The broad 

range of Porod exponents associated with a particular type of morphological feature 

further complicates scattering interpretation. Complementary techniques such as electron 

microscopy and atomic force microscopy are often vital in interpreting the complex 

scattering profiles of aerogel materials. 



 129 

 The phase problem in small angle scattering is difficult to overcome in systems 

where two intertwined structural hierarchies can be the source of scattering. In aerogels, 

it can be difficult to distinguish if scattering is the result of the system of interconnected 

macro- and meso-pores or particles clustered into aggregates and agglomerates. Neutron 

scattering contrast-matching techniques are often employed to elucidate the 

morphological origins of scattering features.7,8 Conveniently, hydrogen (H) and 

deuterium (D) have very different neutron scattering length densities (SLD), such that the 

exact ratio of H:D in the solvent imbibed in a porous structure can easily be tailored to 

match the SLD of a feature of interest.8 Scattering intensity is directly proportional to 

contrast, Δρ, (Equation 1.15) so that the magnitude of scattering features is diminished 

to extinction when the SLD of the scattering object is matched with the solvent 

surrounding around it. In this report will utilize the powerful SANS contrast-matching 

method to elucidate the morphological origins of scattering features of PEEK gels and 

aerogels. Following scattering feature identification, surface morphology information will 

be extracted from SAXS data and delineated in parallel with direct measurements using 

nitrogen adsorption techniques. 

6.3 Experimental 

 6.3.1 Materials 

 Poly(ether ether ketone) (PEEK, Victrex V150P) was kindly provided by Solvay 

Specialty Polymers (Alpharetta, GA). Dichloroacetic acid (DCA, >99.0%) and 4-

chlorophenol (4CP, >99%) were purchased from Sigma Aldrich (Saint Louis, MO). 

Ethanol (200 proof, 100% USP, Decon Labs) magnesium sulfate (anhydrous), deuterium 

oxide (D2O, 99.8%), and syringes (3 ml, plastic, luer lock, nonsterile) were purchased 
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from Fisher Scientific Company LLC (Suwanee, GA). Syringe filters (GE Healthcare, 30 

mm, PTFE, 5.0 µm) were purchased from VWR International LLC (Radnor, PA).  

 6.3.2 Gel Preparation 

 DCA was dried over magnesium sulfate and then filtered using PTFE syringe 

filters. PEEK (V150P unless otherwise specified) was dissolved in dry DCA at 185 °C. 

Complete dissolution took place between 1 and 2 h for concentrations significantly lower 

than 15 wt % and up to 24 h for concentrations over 15 wt %. The solutions were 

removed from the 185 °C oil bath, drawn into syringes, and immediately transferred to 

controlled-temperature water or sand baths for isothermal gelation. The gelation 

temperatures ranged from 10 to 140 °C. Solutions that gelled formed a firm, light brown, 

opaque gel that did not flow when the syringe was inverted, passing the tip test. Gelation 

was monitored frequently, and gelation times were recorded at the first instance of 

passing the tip test. 

 DCA-type gels used for SANS experiments were solvent-exchanged with H2O, 

D2O, or a mixture of H2O/D2O using a soxhlet extractor set to 100 °C and cycled for 3 

days to completely replace DCA with aqueous solvent. The 4CP-type gels were solvent-

exchanged with ethanol using a soxhlet extractor set to 100 °C and cycled for 3 days to 

completely replace 4CP with ethanol. The gels were then solvent-exchanged with H2O, 

D2O, or a mixture of H2O/D2O using a soxhlet extractor set to 100 °C and cycled for 3 

days to completely replace ethanol with aqueous solvent. 

 6.3.3 Aerogel Preparation 

 Syringes containing gelled PEEK in DCA or 4CP were cut near the luer lock. The 

gels were then removed from the syringes through the cut opening without disrupting the 
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cylindrical gel geometry. The DCA-type gels were immediately placed in water or for a 

period of 24 h, then solvent-exchanged with water using a soxhlet extractor set to 100 °C 

and cycled for 3 days to completely replace DCA with water. The 4CP-type gels were 

immediately placed in ethanol or for a period of 24 h, then solvent-exchanged with 

ethanol using a soxhlet extractor set to 100 °C and cycled for 3 days to completely 

replace 4CP with ethanol. The gels were then solvent-exchanged with water using a 

soxhlet extractor set to 100 °C and cycled for 3 days to completely replace ethanol with 

water. Once the gels contained only PEEK and water, they were frozen overnight at −18 

°C and subsequently lyophilized (LabConco) to produce freeze-dried PEEK aerogels. 

DCA and 4CP-type gels were also solvent-exchanged to ethanol using soxhlet extraction 

(at 100 °C) for a period of 3 days to completely convert to ethanol-only gels, and then 

supercritically dried using liquid CO2 extraction, followed by drying under vacuum at 80 

°C overnight to ensure complete solvent removal. 

 6.3.4 Characterization Methods 

 USAXS/SAXS/WAXS measurements were collected at beam line 9-ID-C at the 

Advanced Photon Source (APS) at Argonne National Laboratory (Lemont, Illinois).9,10 

SAXS and WAXS profiles were reduced using the Nika program for Igor Pro.11 The 

Irena program for Igor Pro was used to reduce USAXS profiles and merge same-

specimen USAXS SAXS and WAXS profiles.12 Scattering data were normalized in terms 

of absolute intensity using glassy carbon.13 USANS and SANS measurements were 

collected at beam line KWS-2 operated by the Julich Centre of Neutron Science (JCNS) 

at the Heinz Maier-Leibnitz Center (MLZ) (Garching, Germany).14 Data were collected 

at multiple sample-to-detector distances and neutron wavelengths (λ=5, 7, 10 Å) in order 
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to collect scattering data across a wide angular range, 0.0001 Å-1< q < 0.5 Å-1.15 Wet gel 

samples were loaded in 300 µL quartz cells and held at a temperature of 293 K. All data 

were corrected for neutron flux, detected counts, and irradiated path length. Nitrogen 

adsorption porosimetry analysis was conducted at NASA Glenn Research Center 

(Cleveland, OH) using an ASAP 2000 Surface Area/Pore Distribution analyzer 

(Micromeritics Instrument Corp). All samples were outgassed at 80 °C for 24 h prior to 

nitrogen adsorption analysis. 

6.4 Results and Discussion 

 Preliminary X-ray scattering work discussed in Chapter 5 suggests that the 

hierarchical nanostructure is largely conserved through both solvent removal processes. 

Representative scattering profiles for 15 wt.% PEEK/DCA gel (Figure 6.1a) and 15 

wt.% PEEK/4CP gel (Figure 6.1b) display similarly-sized features as their supercritically 

dried (SC) and freeze-dried (FD) analogues. The scattering profiles of SC and FD 

aerogels from gels of both solvents are nearly identical, and deviate only from each other 

in the power law scattering region between the two scattering features. The SC-dried 

aerogel and wet gel scattering profiles are comprised of very similar Guinier knee 

features and power law scattering Porod exponents (Chapter 1, section 1.4), as opposed 

to the FD aerogels, which have power law scattering behavior inconsistent with that of 

the wet gel and SC-dried aerogels. Dissimilarities between gel, SC aerogel, and FD 

aerogel in this region of the scattering profile, between 0.002 Å-1 and 0.02 Å-1, concerns 

the fractal surfaces of the scattering objects, or morphological features, and further 

supports the notion that freeze-drying perturbs the nanostructure through densification 

and water crystallization. In order to better understand the morphological impact of the 

solvent removal method, the scattering features must be properly identified. As discussed 
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in previous chapters, the loss of phase information in scattering techniques requires the 

use of complimentary characterization techniques to aid in scattering feature assignment. 

Previous microscopy data, discussed in Chapter 5, indicated that the morphological 

characteristics giving rise to two distinct scattering features could either be the system of 

micro- and meso-pores or mass fractal aggregates of crystalline lamella. 

 

Figure 6.1 USAXS/SAXS profiles of 15 wt.% PEEK wet gels (green) and analogous 

aerogels prepared via supercritical CO2 drying (red) and freeze-drying (blue). Gels and 

aerogels prepared from PEEK/DCA are shown on the left (a); PEEK/4CP is shown on the 

right (b). 

 The wet PEEK gels essentially consist of three phases: crystalline PEEK 

(crystalline lamella), amorphous PEEK (pores), and solvent. SANS contrast matching 

was used to identify the scattering features by selectively masking scattering 

contributions from crystalline PEEK. To do this, the precise mixture of H2O:D2O (v/v) 
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with the same neutron scattering length density (SLD) as crystalline PEEK was prepared. 

PEEK SLDs were calculated using Equation 6.1 

 
!"# = 1

!!
!!!

!

!!!
 6.1 

where bci is the bound coherent scattering length of the ith atom in the PEEK repeat unit 

(Figure 6.2) and Vm is the molecular volume. Vm was determined using the known 

densities of crystalline (1.400 g/cm3)16 and amorphous (1.265 g/cm3)17 PEEK. The SLDs 

of crystalline PEEK and amorphous PEEK were determined to be 2.71×1010 cm-2 and 

2.61×1010 cm-2, respectively. The SLDs of H2O and D2O are -0.55×1010 cm-2 and 

6.16×1010 cm-2, such that the precise mixture of 51.4:48.6 (v/v) H2O:D2O results in an 

SLD of 2.71×1010 cm-2, which matches that of the crystalline component in PEEK. 

 

Figure 6.2 Chemical structure of the poly(ether ether ketone) (PEEK) repeat unit 

 SANS experiments were performed on PEEK gels in which the chlorinated 

gelation solvent was exchanged with either pure H2O, pure D2O, or the 51.4:48.6 (v/v) 

H2O:D2O mixture (H2O/D2O mix). The SANS profiles displayed in Figures 6.3, 6.4, and 

6.5 show the scattering from a three different gel concentrations (10, 15, or 23 wt.%, 

respectively) of PEEK/DCA and PEEK/4CP gels following solvent-exchange with each 

of the three different SANS solvents. In all cases (Figures 6.3-6.5) the SAXS scattering 

feature at approximately 0.04 Å-1 is prominent in D2O and H2O scattering profiles but 

diminishes significantly, in some cases to extinction, in the H2O/D2O mixture profiles. 

The morphological feature responsible for this scattering feature must be crystalline 

PEEK because the solvent mixture with an identical SLD of crystalline PEEK causes 

C
O

OO
n
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diminished scattering. Due to the long time required for diffusion-controlled solvent 

exchange in porous materials, solvent-exchanged wet gels were prepared prior to SANS 

experiments rather than conducting real-time composition variation to prepare a 

calibration curve for contrast matching. It is for this reason that scattering from samples 

imbibed with the H2O/D2O mixture resulted in varying degrees of diminished scattering 

around 0.04 Å-1. Background scattering, visible at high q beyond 0.2 Å-1 (Figures 6.3-

6.5), is indicative of hydrogen content in the irradiated volume; hydrogen has a much 

higher incoherent scattering length than deuterium, producing a high background 

scattering intensity. 

 

Figure 6.3 SANS profiles of PEEK gel networks imbibed with either pure D2O (blue 

square), pure H2O (red triangle), or 51.4:48.6 (v/v) H2O:D2O mixture (green circle). All 

gels were prepared via solvent-exchanging 10 wt.% PEEK gels prepared in DCA (a) or 

4CP (b) with H2O, D2O, or H2O/D2O mixture. 
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Figure 6.4 SANS profiles of PEEK gel networks imbibed with either pure D2O (blue 

square), pure H2O (red triangle), or 51.4:48.6 (v/v) H2O:D2O mixture (green circle). All 

gels were prepared via solvent-exchanging 15 wt.% PEEK gels prepared in DCA (a) or 

4CP (b) with H2O, D2O, or H2O/D2O mixture. 
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Figure 6.5 SANS profiles of PEEK gel networks imbibed with either pure D2O (blue 

square), pure H2O (red triangle), or 51.4:48.6 (v/v) H2O:D2O mixture (green circle). All 

gels were prepared via solvent-exchanging 23 wt.% PEEK gels prepared in DCA (a) or 

4CP (b) with H2O, D2O, or H2O/D2O mixture. 

 SAXS experiments were performed on PEEK aerogels prepared by SC-drying or 

freeze-drying PEEK/DCA and PEEK/4CP gels. The scattering profiles of aerogels 

prepared from four concentrations of PEEK/DCA gels are shown in Figure 6.6, in which 

SC-dried aerogels are organized in Figure 6.6a and freeze-dried aerogels are shown in 

Figure 6.6b. The scattering profiles shown below agree with Figure 6.1 in that similar 

all profiles include similar USAXS and SAXS scattering knees at approximately 0.002 Å-

1 and 0.05 Å-1, respectively The scattering profiles were fit using the Unified Fit Model 

comprised of two structural levels, as described in Chapter 1 (section 1.4.2). SANS 

contrast matching experiments confirmed the identify of the scattering feature around, 

0.05 Å-1 as the intercrystalline dimension of crystalline lamella, so it is unsurprising that 

the Porod exponent associated with this scattering feature (P1) is equal to 4.0 (Table 
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6S.1). Scattering intensity proportional to q-4 is characteristic of the sharp difference in 

electron density at the crystalline-amorphous interface at the lamellae. The Porod 

exponent (P2) of the power law scattering associated with the low q feature falls between 

2-3 (Table 6S.1), which is typical for mass fractals.18 Scattering profiles from the 

analogous aerogels prepared from PEEK/4CP gels, shown in Figure 6.7, consist of 

scattering very similar that of Figure 6.6, with comparable P1 and P2 values (Table 

6S.2). This Unified Fit analysis, although simplistic, indicates that the USAXS scattering 

feature is comprised of mass fractal aggregates of stacked crystalline lamella, rather than 

pores. 

 

Figure 6.6 USAXS/SAXS/WAXS profiles of PEEK aerogels prepared by SC-drying (a) 

or freeze-drying (b) gels of various concentrations (wt.%) of PEEK in DCA 
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Figure 6.7 USAXS/SAXS/WAXS profiles of PEEK aerogels prepared by SC-drying (a) 

or freeze-drying (b) gels of various concentrations (wt.%) of PEEK in 4CP 

 In the SAXS region (0.006 Å-1 < q < 0.6 Å-1), all aerogel specimens exhibit 

similar scattering features attributed to intercrystalline scattering. The center-to-center 

intercrystalline domain spacing (long period, Lp) was estimated by determining the d-

spacing of the peak position of the Lorentz-corrected SAXS data using Bragg’s law 

(Eqn. 1.1). Lp, is calculated using Equation 6.2 

 !! = !! + !! 6.2 

where lc is the crystal lamellar thickness, la is the thickness of the inter-lamellar 

amorphous region. Assuming a linear two-phase model of electron density, lc is easily 

determined by multiplying Lp by the volume fraction of crystallinity, Xc, of the material. 

XRD data from PEEK/DCA and PEEK/4CP gels were deconvoluted into crystalline and 

amorphous contributions (example shown in Figure 6S.1) and integrated to determine 

%Xc as described previously in Equation 1.6. The %Xc values of the precursor gels used 
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to prepare the PEEK aerogels is listed in Table 6S.3. The values of Lp determined from 

the SAXS data in Figure 6.6 and Figure 6.7 as well as lc and la calculated using Lp and 

Xc described above are shown in Table 6.1. Surprisingly, aerogels from PEEK/4CP gels 

appear to have a slightly smaller Lp and lower %Xc than PEEK/DCA gels; however, the 

long period does not appear to depend on gel concentration. This indicates that the 

crystallizability of PEEK is slightly different in the two gelation solvents, 4-chlorophenol 

and dichloroacetic acid. Although interesting to note, the difference in crystallite 

morphology between PEEK gels of the two solvents do not exhibit distinctly different 

mechanical properties, discussed in Chapter 5. 
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Table 6.1 SAXS analysis of intercrystalline domain spacing of semicrystalline PEEK 

aerogels 

 
 

 Previously discussed in Chapter 5, PEEK aerogel surface area measurements 

were obtained using the BET method of nitrogen adsorption. All aerogels exhibited high 

Specimen d spacing 
(Å-1) 

Lp 
(nm) 

lc 
(nm) 

la 
(nm) 

8% DCA SC 0.055 11.5 4.3 7.2 

10% DCA SC 0.056 11.2 4.0 7.2 

15% DCA SC 0.055 11.5 4.5 7.0 

20% DCA SC 0.055 11.5 4.2 7.3 

8% DCA FD 0.052 12.9 4.5 7.6 

10% DCA FD 0.054 11.6 4.1 7.5 

15% DCA FD 0.052 12.1 4.7 7.3 

20% DCA FD 0.055 11.5 4.3 7.3 

8% 4CP SC 0.051 12.4 3.6 8.8 

10% 4CP SC 0.051 12.4 2.9 9.5 

15% 4CP SC 0.051 12.4 3.3 9.1 

20% 4CP SC 0.051 12.4 3.1 9.3 

8% 4CP FD 0.051 12.4 3.6 8.8 

10% 4CP FD 0.050 12.6 2.9 9.7 

15% 4CP FD 0.051 12.4 3.3 9.1 

20% 4CP FD 0.050 12.6 3.1 9.5 
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surface areas, up to 365 m2/g, where SC-dried aerogel surface areas were consistently 

measured to be higher than that of their freeze-dried analogues (Figure 6.8a). The BET 

method of nitrogen adsorption directly measures surface area, which is dependent upon 

accessibility of the surfaces to gas molecules. The freeze-drying process is difficult to 

control, leading to pore collapse and subsequent densification of the material, which 

prevents access by the adsorption molecules and low surface area measurements by BET. 

Nitrogen adsorption therefore measures the useful, or accessible, material surface area. 

To evaluate fundamental solvent-dependent morphologies in porous materials, the total 

surface area, although partially unavailable for application purposes, is of interest and 

requires techniques that do not rely on direct interactions to probe surface area. SAXS 

data, fit with the Beaucage or Unified Fit model (Eqn 1.30) can approximate total 

specific surface area of scattering objects.4,19 The SAXS surface area approximation is 

most easily used when the scattering feature is described with a Porod exponent of 4, 

such that the prefactor B is then equal to the Porod constant (Eqn 1.26). In the case of 

PEEK aerogels, the long period scattering, which meets the Porod criteria for surface area 

analysis, describes the primary scattering object of the entire system of mass fractal 

aggregates, and therefore the specific surface area of this primary scattering object can be 

used to approximate the aerogel surface area. The specific surface area (SA) of the 

irradiated volume (V) was obtained for all USAXS/SAXS profiles of PEEK aerogels 

using  

 !! =
!"
! = !

2!Δ!! =
!"
!!!

 6.3 
where B is the prefactor B1 extracted from the data using the unified fit model and Qv is 

the scattering invariant defined as 



 143 

 !! = ! ! !"
!

!
= 2!!!(1− !)Δ!! 6.4 

in which the measured scattering intensity is extrapolated to q=0 and q=∞. It is a 

necessary assumption that this extrapolation accurately depicts the total scattering of the 

sample; therefore, Sv values obtained from invariant analysis should be regarded as good 

approximations of the actual values. Sv is the surface area of the irradiated volume, which 

is converted to the surface area per unit mass by dividing by the skeletal density of the 

aerogel, ρs. The skeletal density was determined using  

 !! =
!!!! + (100− !!)!!

100  6.5 
where ρc is the density of crystalline PEEK, ρa is the density of amorphous PEEK, and Xc 

is the % crystallinity determined by XRD (Table 6S.3). The relationship between aerogel 

density and PEEK aerogel surface area obtained from SAXS using this method is shown 

in Figure 6.8b (Table 6S.4). Aerogel surface area measured using nitrogen adsorption is 

shown in Figure 6.8a for comparison. 

 
Figure 6.8 Relationship between surface area (m2/g) and aerogel density (g/cm3) 

measured using the BET method of nitrogen adsorption (a) and approximated from 

invariant analysis of the SAXS data (b). 
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 PEEK aerogel surface areas approximated using SAXS are quite high, up to 

around 610 m2/g, and no obvious distinction between SC-dried and freeze-dried aerogel 

surface areas. SAXS surface area analysis, which is not limited to accessible surfaces, 

suggests that the drying method does not impact the particular nanostructure of the 

crystalline lamella due to the consistently high surface areas across solvent, density, and 

drying method. This is in agreement with analysis of the intercrystalline long period 

(Table 6.1), which depends upon gelation solvent but is unaltered by drying method.  

Surface area and long period analysis suggests that freeze-drying collapses pores without 

destroying lamellar surface architecture, resulting in higher density aerogels with reduced 

practical surface area. 

 

Figure 6.9 (a) aerogel porosity versus aerogel bulk density and (b) the relationship 

between BET surface area and porosity of PEEK aerogels. All aerogels were prepared 

from PEEK/DCA and PEEK/4CP gels via SC-drying or freeze-drying. 

 PEEK aerogel porosity, Π, was determined using 

 
Π =

1 !! − 1 !!
1 !!

×100% 6.6 
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where ρb is the aerogel bulk density and ρs is the skeletal density (Eqn 6.5). PEEK 

aerogels are highly porous, up to 93% porosity (Table 6S.4), and depends primarily on 

the gel concentration (polymer loading). This is expected because porosity is density-

dependent (Figure 6.9a) and aerogel bulk density is directly related to gel concentration 

(Figure 5.7). It is interesting to note that although aerogels from PEEK/4CP gels are 

comprised of a lower volume fraction of crystalline lamella, and therefore a lower 

skeletal density, exhibit porosities comparable bulk density aerogels from PEEK/DCA 

gels. This suggests that larger macropores formed during liquid-liquid phase separation 

are largely responsible for the porosity of PEEK aerogels. The relationship between BET 

surface area and porosity of PEEK aerogels in Figure 6.9b indicates that SC-dried 

aerogels consistently have higher BET surface area than freeze-dried aerogels with 

similar porosity. 

6.5 Conclusions 

 We have demonstrated that small angle scattering from PEEK aerogels is the 

result of mass fractal aggregates of stacked crystalline lamella. Contrast-matching SANS 

experiments confirmed the identity of the SANS/SAXS scattering feature and Unified Fit 

analysis confirmed that scattering in the USANS/USAXS regions was from mass fractals 

of aggregates of crystalline lamella. Examination of the long period in the SAXS region 

confirms that the interlamellar spacing is unaffected by drying method and gel 

concentration, but does depend on gelation solvent. Furthermore, the interlamellar 

spacing in PEEK/4CP gels is slightly larger than that of PEEK/DCA gels. Deconvolution 

and integration of X-ray diffraction profiles established that gelation of PEEK in 

dichloroacetic acid produces higher crystallinity gels than gelation in 4-chlorophenol. 

Directly measuring surface area using nitrogen adsorption indicated that freeze-drying, 
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rather than supercritical CO2 drying, appears to decrease the accessible surface area of 

PEEK aerogels; however, this relationship was not observed when indirectly 

approximating surface area using SAXS. Pore collapse from freeze-drying likely reduces 

the surface area accessible by nitrogen adsorption, and therefore reduces the surface area 

useful in application. PEEK aerogels display porosity around 80-90% up to 93% porosity 

in very low density PEEK aerogels. 
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6.7 Supporting Information 

Table 6S.1 Guinier radius (Rg) and Porod exponent (P) values obtained from application 

of the Unified Fit model to PEEK aerogel scattering profiles. All aerogels were prepared 

by SC-drying or freeze-drying PEEK/DCA gels. 

 

Table 6S.2 Guinier radius (Rg) and Porod exponent (P) values obtained from application 

of the unified fit model to PEEK aerogel scattering profiles. All aerogels were prepared 

by SC-drying or freeze-drying PEEK/4CP gels. 

 

Specimen Rg2 (nm) P2 Rg1 (nm) P1 

8% DCA SC 156 3.0 6.3 4.0 

10% DCA SC 178 3.5 7.3 4.0 

15% DCA SC 138 3.2 7.2 4.0 

20% DCA SC 131 2.9 6.6 4.0 

8% DCA FD 91 2.6 4.8 4.0 

10% DCA FD 87 2.6 4.9 4.0 

15% DCA FD 81 2.3 5.4 4.0 

20% DCA FD 125 2.6 5.1 4.0 

Specimen Rg2 (nm) P2 Rg1 (nm) P1 

8% 4CP SC 262 2.9 5.4 4.0 

10% 4CP SC 387 3.4 5.4 4.0 

15% 4CP SC 120 3.1 5.3 4.0 

20% 4CP SC 194 3.1 5.1 4.0 

8% 4CP FD 371 3.2 5.2 4.0 

10% 4CP FD 319 3.1 5.1 4.0 

15% 4CP FD 233 2.7 4.9 4.0 

20% 4CP FD 204 3.1 5.2 4.0 
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Figure 6S.1 Values of the Guinier radius of the first structural level of scattering (Rg1) 

obtained from the Unified Fit model. Error bars represent 95% confidence interval from 

the fit. 
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Figure 6S.2 Values of the Guinier radius of the second structural level of scattering 

(Rg2) obtained from the Unified Fit model. Error bars represent 95% confidence interval 

from the fit. 
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Figure 6S.3 XRD data obtained from 8 wt.% PEEK/4CP wet gel including profile 

deconvolution into crystalline and amorphous contributions 

 

 

 

 

 

 

 

 

 

0 

5000 

10000 

15000 

20000 

5 10 15 20 25 30 35 40 45 50 

In
te

ns
ity

 (a
.u

.) 

Scattering angle (° 2θ) 

Intensity 

Fit 

Amorphous 

Crystalline 



 151 

Table 6S.3 Percent crystallinity of PEEK/DCA and PEEK/4CP gels calculated using 

XRD profiles. 

 
 

 

 

 

 

 

 

 

 

 

 

Gel Specimen Xc (%) 

8% DCA 37.1 

10% DCA 35.5 

15% DCA 39.3 

20% DCA 36.9 

8% 4CP 29.3 

10% 4CP 23.2 

15% 4CP 26.3 

20% 4CP 24.7 
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Table 6S.4. PEEK aerogel surface area directly measured using the BET method and 

approximated from SAXS data. Aerogel porosity is calculated from crystallinity and 

density data. 

 
 

 

 

 

 

Specimen 
Aerogel 
Density  
(g/cm3) 

Porosity  
(%) 

BET Surface 
Area 

(m2/g) 

Sv 
(m2/cm3) 

SAXS 
Surface Area 

(m2/g) 

8% DCA SC 0.117 91.1 364 790 599 

10% DCA SC 0.134 89.8 334 798 606 

15% DCA SC 0.220 83.4 349 768 580 

20% DCA SC 0.288 78.2 343 782 593 

8% DCA FD 0.140 89.4 319 785 595 

10% DCA FD 0.190 85.5 305 764 580 

15% DCA FD 0.260 80.3 294 644 487 

20% DCA FD 0.329 75.0 241 706 536 

8% 4CP SC 0.091 93.0 313 731 559 

10% 4CP SC 0.122 90.6 328 754 581 

15% 4CP SC 0.207 84.1 335 717 550 

20% 4CP SC 0.250 80.8 332 741 570 

8% 4CP FD 0.107 91.8 277 755 577 

10% 4CP FD 0.110 91.5 280 754 580 

15% 4CP FD 0.276 78.8 310 783 601 

20% 4CP FD 0.296 77.2 321 743 571 
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Chapter 7 

Morphological Characterization of Polymers Using X-ray Scattering Techniques 

7.1 Introduction 

 Polymers comprised of more than one type of monomer are copolymers. 

Copolymers are classified according to their architectures such as random, block, 

alternating, graft, and star copolymers shown in Figure 7.1. Block copolymers are of 

particular interest because they can microphase-separate into periodic nanostructures.  

This chapter will review recent collaborative work that utilized SAXS and WAXD 

techniques discussed in Chapter 1 to characterize morphologies in random and block 

copolymers. 

 

Figure 7.1 Example architectures of copolymers 
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Block 

Graft 

Star 
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7.2 Recent Results 

 7.2.1 Morphological Characterization of Non-Isocyanate Poly(amide-

hydroxyurethane)s From Sustainable Resources1 

(Published in Green Chemistry) 

Collaboration with Dr. K. Zhang, Virginia Tech 

 Novel bio-inspired poly(amide-hydroxyurethane)s (PAHUs) were synthesized by 

Dr. K. Zhang in Prof. Long’s research group, and were investigated using X-ray 

scattering techniques to determine the morphological effect of PAHU hard segment 

length. The copolymers were prepared according to Figures 7.2 and 7.3 and kindly 

provided by Dr. K. Zhang for analysis. 

 

Figure 7.2 Synthesis of nonsegmented poly(amide-hydroxyurethane) (PA12HU) 

copolymers.1 All materials were prepared and provided by Prof. Long’s research group. 

Reproduced with permission from The Royal Society of Chemistry (Copyright 2016). 
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Figure 7.3 One-pot melt polymerization of segmented poly(amide-hydroxyurethane) 

with PTMO-based polyether 1 kDa soft segment (PA12HU-PTMO). All materials were 

prepared and provided by Prof. Long’s research group.1 Reproduced with permission 

from The Royal Society of Chemistry (Copyright 2016). 

X-ray scattering was utilized to elucidate the bulk morphology of annealed 

PA12HU and PA12HU-PTMO films. Crystallization of segmented PA12HU-PTMOs was 

facilitated by annealing the samples at 130 °C, above the Tg of all PA12HU-PTMOs and 

near the Tm of nonsegmented PA12HU followed by slow, step-wise cooling. SAXS 

revealed the microphase-separated bulk morphology of these semicrystalline PA12HU-

PTMO films in Figure 7.4. SAXS determined that the films contained both crystalline 

and amorphous phases. The amorphous phase consisted of intermixed polyether segments 

and non-crystallizable portions of the hard segments. SAXS profiles exhibited relatively 

broad scattering maxima, attributed to inter-lamellar scattering from PA12HU crystallites. 

Increasing the polyether content shifted the scattering peak from 0.6 nm-1 to 0.4 nm-1, 

corresponding to a shift in the long period from 10.5 nm to 15.7 nm, respectively. The 
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decrease in scattering peak intensity related to an overall decrease in % crystallinity (Χc), 

consistent with DSC and WAXD (Figure 6, Table 1). Additionally, the decrease in 

intensity likely resulted from a decrease in long range inter-lamellar ordering as 

amorphous content filled spaces between the lamellae. 

 

 
Figure 7.4. SAXS for compression molded films of nonsegmented PA12HU and 

segmented PA12HU-PTMOs after annealing at 130 °C for 12 h.1 Curves were shifted 

vertically for visual clarity. Reproduced with permission from The Royal Society of 

Chemistry (Copyright 2016). 

 WAXD further enabled characterization of the degree of crystallinity of annealed 

PA12HU and PA12HU-PTMO films (Figure 6). Prominent crystalline peaks were 

observed for nonsegmented PA12HU, and WAXD measurements were taken at room 

temperature, above the Tm of pure PTMO (Table 1). Therefore, these peaks corresponded 

to the crystalline order of the poly(amide-hydroxyurethane) segment in PA12HU-PTMO 
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films. As shown in Figure 6, these crystalline reflections appeared at 6.5°, 20.0°, and 

23.0°. Table 1 summarizes the degree of crystallinity, Χc, calculated for each copolymer 

using the WAXD data. Crystalline peaks were deconvoluted using a fit of Gaussian and 

Lorentzian functions with minimized residuals (Figure S18). The ratio of combined area 

under the three crystalline peaks to total area determined the degree of crystallinity. As 

expected, the degree of crystallinity in the segmented block copolymer decreased with 

increasing polyether content (i.e. a decrease in the amount of the crystallizable hard 

segment). 

 

Figure 7.5. WAXD for compression molded films of nonsegmented PA12HU and 

segmented PA12HU-PTMOs after annealing at 130 °C for 12 h. Curves were shifted 

vertically for visual clarity. Reproduced with permission from The Royal Society of 

Chemistry (Copyright 2016). 

 

0 10 20 30 40 50 

In
te

ns
ity

 (a
.u

.) 

Scattering Angle (° 2θ)  

PA12HU 

PA12HU-PTMO10 

PA12HU-PTMO25 

PA12HU-PTMO33 

PA12HU-PTMO50 

PA12HU-PTMO67 



 161 

 7.2.2 Small Angle X-ray Scattering as a Tool to Probe the Influence of 

Nucleobase Stoichiometry on the Morphology of Self-Assembled ABC Triblock 

Copolymers2 

(Published in Chem. Communications) 

Collaboration with Dr. K. Zhang, Virginia Tech 

 ABC triblock copolymers generally self-assemble into complex morphologies 

with three phases in the solid state.19-23 Our group recently synthesized ABC triblock 

copolymers with two complementary, nucleobase-functionalized external blocks and a 

poly(n-butyl acrylate) (poly(nBA)) central block.24 Distinctive SAXS profiles revealed a 

highly ordered lamellar microphase-separated morphology of annealed ABC triblock 

copolymer films. This manuscript studies the effect of block length and thymine-adenine 

(T-A) binding ratio on morphology and thermomechanical property to establish the 

structure-property-morphology relationship for ABC triblock copolymers with 

associating blocks. This study reveals synergistic effects of noncovalent interactions and 

microphase-separation on self-assembly and thermomechanical performance of block 

copolymers. 
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Figure. 7.6. (a) Chemical structure of poly(ThA-b-nBA-b-AdA) (PTBA) ABC triblock 

copolymers. (b) TEM image of PTBA (9.4-31.5-4.6) triblock copolymer film. (c) SAXS 

profiles of PTBA films with varying thymine-adenine molar ratio; AFM phase image 

shows the disordered biphasic surface morphology of a PTBA (9.4-33.8-10.7) triblock 

copolymer film. All materials were prepared and provided by Prof. Long’s research 



 163 

group. Reproduced with permission from The Royal Society of Chemistry (Copyright 

2016). 

 Increasing the adenine-functionalized block length from 4.6 kDa to 10.7 kDa 

resulted in a decrease of the thymine-adenine molar ratio from 2.1 to 0.9. A distinctive 

scattering pattern for PTBA with T-A molar ratio of 2.1 showed a well-organized 

lamellar morphology, while T-A molar ratio of 1.5 led to a scattering profile with broader 

scattering peaks and only one distinguishable secondary peak at the 2q position, 

indicative of a disordered lamellar morphology. SAXS analysis of PTBA with T-A molar 

ratio of 0.9 indicated a significantly less ordered morphology, and AFM showed 

disordered biphasic morphology at the film surface. Since copolymers in Figure 7.6 all 

exhibited similarly long block lengths, it was reasonable to conclude that sufficient block 

length alone does not necessarily lead to a well-ordered morphology. 
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Figure 7.7.  SAXS profiles of PTBA films with varying thymine-adenine ratio or varying 

nucleobase block weight percent; TEM image shows ordered lamellar morphology of a 

PTBA (9.4-20.0-3.4) triblock copolymer film. All materials were prepared and provided 

by Prof. Long’s research group. Reproduced with permission from The Royal Society of 

Chemistry (Copyright 2016). 

 A steric effect provides a plausible explanation for the optimal T-A binding ratio 

in achieving ordered lamellar morphology. The conjugated purine ring of adenine 

occupies a larger space than the pyrimidine ring of thymine. Two thymine units bind with 

one adenine unit to form a base triplet (Figure 7.8), previously observed in triple helix 

DNA molecules. PTBA (9.4-27.2-5.3) with T-A ratio of 2.8 also self-assembled into 

ordered lamellae with scattering peaks up to the 4q position. Additional thymine units 

with a higher T-A ratio than 2:1 presumably caused less disruption to the triplet 
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formation compared to additional adenine units. As a result, PTBA with T-A of 2.8 

showed more ordered lamellae compared to PTBA with T-A of 0.8. The formation of 

base triplets likely facilitates the development of highly ordered lamellar morphology. 

However, the current study only places the optimal T-A ratio near 2:1, and determining 

the precise optimal ratio for forming lamellae with long-range order could be achieved 

with complementary computational simulations and calculations. 

 Two symmetric ABA triblock copolymers carrying random copolymers of ThA 

and AdA as external blocks served as controls to investigate the necessity of asymmetric 

ABC triblock structure in forming ordered lamellar morphology (Scheme S1). SAXS and 

AFM results of ABA control with T-A 1.9 showed a mixed cylindrical-lamellar 

morphology, distinctively different from the ordered lamellar morphology of PTBA (9.4-

31.5-4.6) with similar T-A molar ratio and nucleobase wt% (Fig. S4). An ABA control 

with T-A molar ratio of 1:1 showed a cylindrical morphology, also different from the 

disordered lamellar morphology of PTBA (9.4-39.3-11.6) with similar T-A molar ratio 

and nucleobase wt%. Randomly distributed thymine and adenine predominately 

associated with their adjacent partners from the same block, resulting in typical 

morphologies of non-associating ABA triblock copolymers. The blends of two ABA 

triblock copolymers with thymine and adenine external blocks, respectively, also self-

assembled into cylindrical morphologies.26 The asymmetric ABC block copolymer 

structure facilitated the intermolecular recognition between adenine and thymine units 

from different polymer chains, which proved crucial for ordered lamellae formation 
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Figure 7.8. Proposed pictorial representation of long-range ordered lamellar morphology 

of PTBA triblock copolymers that contain thymine-adenine base triplets. Reproduced 

with permission from The Royal Society of Chemistry (Copyright 2016). 

 Intermolecular hydrogen bonding presumably directed the packing of 

complementary nucleobase blocks, which assembled into the hard domains (Figure 7.8). 

Well-organized lamellae with long-range order formed with optimal space filling 

thymine-adenine molar ratio near 2:1 (Figure 7.6b), while deviation of T-A molar ratio 

resulted in disordering in the long-range stacking of the lamellae. Hydrogen bonding 

within the nucleobase-containing hard domains directed the morphological development 

of long-range ordered lamellae, and each nucleobase block preferentially bonded with its 

complementary block rather than the poly(nBA) block. 

 ABC triblock copolymers with complementary, associating external blocks 

exhibited unique composition-dependent, self-assembled morphologies. Both thymine-

adenine molar ratio and nucleobase block weight percent influenced bulk morphology 

and thermomechanical performance of solution-cast poly(ThA-b-nBA-b-AdA) 

copolymer films. An optimal thymine-adenine molar ratio near 2:1 promoted the 
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formation of long-range ordered lamellar morphology without substrate patterning. On 

the contrary, thymine-adenine thermodynamically favored a 1:1 binding ratio, which 

provided the highest physical crosslink density and thus contributed to superior 

thermomechanical properties. The asymmetric structure of ABC triblock copolymers 

proved crucial in forming intermolecular hydrogen bonding, which directed the self-

assembly into ordered lamellar phases. This study demonstrates the profound effect of 

noncovalent interaction on self-assembled morphology and thermomechanical 

performance of block copolymers. Utilizing the synergy of noncovalent interaction and 

block copolymer phase-separation provides a promising route for generating templates 

and scaffolds for nano-fabrication, as well as developing thermoplastics and elastomers 

with enhanced mechanical performance 

 7.2.3 Morphological Analysis of Ureido Cytosine and Cytosine-Containing 

Acrylic Copolymers3 

(Published in Polymer Chemistry) 

Collaboration with Dr. K. Zhang, Virginia Tech 

 Synthetic methods of preparing telechelic supramolecular polymers are complex, 

challenging processes to implement at the commercial scale. The radical polymerization 

of an ureido-cytosine monomer investigated in this work allows for the scalable synthetic 

strategy for pendant group-associating supramolecular polymers through tuning 

comonomer molar ratios in a traditional radical polymerization copolymer process. This 

work was done in collaboration with Dr. K. Zhang from Prof. T. E. Long’s research 

group. Copolymers (Figure 7.9) were prepared by Dr. K. Zhang and provided for 

characterization. 
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Figure 7.9 Chemical structures of poly(CyA-co-nBA) and poly(UCyA-co-nBA) 

copolymers, and complementary hydrogen bonding of the ureido-cytosine. All materials 

were prepared and provided by Prof. Long’s research group. Reproduced with permission 

from The Royal Society of Chemistry (Copyright, 2016). 

 Small angle X-ray scattering (SAXS) was used to elucidate the bulk morphology 

of annealed poly(CyA-co-nBA) and poly(UCyA-co-nBA) films (Figure 7.10). Samples 

were annealed at 120 °C, above the Tg of all copolymers, and step-wise cooling 

facilitated the formation of noncovalent interactions and phase-separation. SAXS profiles 

of all films with >5 mol% cytosine or UCy content exhibited relatively broad scattering 

maxima, suggesting microphase-separated morphologies, which resulted from hydrogen-

poly(CyA-co-nBA)  poly(UCyA-co-nBA)  
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bonded cytosine or UCy domains dispersed within the acrylic polymer matrix. The 

scattering peak positions remained constant with varying cytosine or UCy content for the 

series of poly(CyA-co-nBA) and poly(UCyA-co-nBA), indicating a relatively constant 

interdomain spacing. This phenomenon is commonly observed and well-studied for 

random ionomers that contain ionic aggregates.4 The increase in scattering peak intensity 

with an overall increase in the mol% of hydrogen-bonded groups was attributed to a 

greater extent of hard domain formation. The absence of a scattering maximum for the 

film with 5 mol% UCyA revealed its phase-mixed morphology due to insufficient 

physical crosslinking, consistent with its lower onset temperature of terminal flow below 

room temperature in DMA (Figure 6). Converting cytosine to UCy shifted the scattering 

peak from 1.4 nm-1 to 0.6 nm-1, corresponding to a shift in the interdomain spacing 

between hydrogen bonded hard domains from 4.5 nm to 10.0 nm, respectively. 

 

Figure 7.10 SAXS of solution-cast poly(CyA-co-nBA) and poly(UCyA-co-nBA) films 

with varied amounts of CyA and UCyA, respectively. Data are shifted vertically for 
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clarity. Reproduced with permission from The Royal Society of Chemistry (Copyright 

2016). 

 

 7.2.4 Influence of Pendant Hydrogen Bonding on Morphology of Urea-

Containing ABA Triblock Copolymers5 

(Published in Journal of Polymer Science Part A: Polymer Chemistry) 

Collaboration with Dr. M. Chen, Virginia Tech 

 Macromolecular architectures modulated using noncovalent interactions, such as 

hydrogen bonding, are of particular interest due their reversibility. In this collaboration 

work with Dr. M. Chen from Prof. T. E. Long’s research group, we investigated the 

influence of pendant hydrogen bonding on the surface and bulk morphology of novel 

ABA triblock copolymers.  Poly(UrMA-b-DEGMEMA-b-UrMa) triblock copolymers 

(Figure 7.11) were synthesized using reversible addition-fragmentation chain transfer 

polymerization and contained a soft central block of poly(di(ethylene glycol) methyl 

ether methacrylate) (polyDEGMEMA, 58 kg/mol)  and  hard external blocks of poly(2-

(3-hexylureido)ethyl methacrylate-co-2-(3-phenylureido)ethyl methacrylate) (polyUrMA, 

18 to 116 kg/mol). 
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Figure 7.11 Chemical structure of poly(UrMA-b-DEGMEMA-b-UrMa). All materials 

were prepared and provided by Prof. Long’s research group. Reproduced with permission 

from John Wiley & Sons, Inc (Copyright 2018). 

 Thermomechanical analysis suggested microphase separation in the triblock 

copolymer films,5 and surface and bulk morphologies were investigated to elucidate the 

compositional dependence on microphase-separated morphologies. Atomic force 

microscopy (AFM), conducted by Dr. M. Chen, revealed the influence of block 

compositions on surface morphology. As shown in (Figure 7.12), increasing hard block 

length led to a transition of surface morphology from spherical/cylindrical morphologies 

to lamellar morphologies. At low hard block content (25 and 50 wt%), surface 

morphologies were less defined, and spherical/cylindrical features dominated with 

minimal long-range order. When the hard segment content increased to 64 wt%, a well-

defined lamellar surface morphology appeared. The lamellar thickness was 

approximately 50 nm. The microphase-separated lamellar morphology showed limited 

long-range order, owing to the lack of long-range parallel lamellar domains. Upon 

increasing the hard segment (67 wt% UrMA), the triblock copolymer films showed a less 

defined lamellar thickness, and the potential beginning of phase reversal. Further 
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increases in the hard segment content also led to discontinuities in the observed lamellar 

structures. 

 

Figure 7.12 AFM revealed microphase-separated surface morphology: tapping mode, 42 

N m-1 high spin constant cantilever. AFM imaged obtained by Dr. M. Chen. Reproduced 

with permission from John Wiley & Sons, Inc (Copyright 2018). 

 Small angle X-ray scattering characterized the bulk morphologies of poly(UrMA-

b-DEGMEMA-b-UrMA) triblock copolymer films. Figure 7.13 shows only one 

scattering peak without higher order peaks for both triblock copolymer films with 

lamellar surface morphologies in AFM. Table 7.1 displayed similar Bragg spacing (d = 

2π/q) in both samples between 50 to 60 nm. The Bragg spacing corresponded well with 

the lamellar thickness in AFM. The absence of higher order SAXS peaks is indicative of 
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the lack of long-range order in the bulk, suggesting ordering at air-polymer interface 

only. Since triblock copolymers with lamellar surface morphology (64 wt% and 67 wt% 

hard segment in AFM) did not exhibit higher order scattering peaks, triblock copolymers 

with less defined morphologies in AFM (25 wt% and 50 wt%) were not subjected to 

SAXS measurements. 

 

Figure 7.13 SAXS of casted films exhibited distinct first-order interference peaks 

without higher order reflections. Reproduced with permission from John Wiley & Sons, 

Inc (Copyright 2018). 
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Table 7.1 Scattering maximum Bragg spacing for triblock copolymers with lamellar 

morphology in AFM. Reproduced with permission from John Wiley & Sons, Inc 

(Copyright 2018). 

 

 

 7.2.5 Morphological Characterization of Block Copolymers Containing 

Pyridium and Urea6 

(Manuscript in preparation for publication) 

Collaboration with Dr. M. Chen, Virginia Tech 

 In this section, small and wide angle X-ray scattering techniques were used to 

probe morphologies of ABA triblock copolymers with a low glass transition temperature 

(Tg) and soluble middle block and pyridine-/pyridinium- urea functionalized outer 

blocks. The triblock copolymers (Figure 7.14) were synthesized by Dr. M. Chen using 

RAFT polymerization.7 Sample names and corresponding copolymer compositions are 

compiled in Table 7.1. This work was conducted in collaboration with Dr. M. Chen from 

Prof. T. E. Long’s research group. 

 

Polymer	 Weight percent (%)	
q 	

(nm-1)	

d-spacing	

(nm)	

Poly(UrMA53-b-DEGMEMA58-b-UrMA53)	 64	 0.110	 57.1	

Poly(UrMA58-b-DEGMEMA58-b-UrMA58)	 67	 0.117	 53.7	
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Table 7.1 Triblock copolymer compositions and identification. Reproduced with 

permission from Dr. M. Chen (Copyright 2018). 

Triblock Copolymers PyUr1 PyUr2 PyUr3 PyUr4 

Quaternized Triblock 
Copolymers PyUrBr1 PyUrBr2 PyUrBr3 PyUrBr4 

Mn (kg/mol) 16-63-16 30-63-30 45-63-45 51-63-51 
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Figure 7.14 Chemical structures of (PyUr) and (PyUrBr) copolymers.7 All materials 

were prepared and provided by Prof. Long’s research group. Reproduced with permission 

from Dr. M. Chen (Copyright 2018). 

 

 

 

 

 

PyUr 

PyUrBr 
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(a) 
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Figure 7.15 Bulk morphologies of PyUr and PyUrBr triblock copolymer films: (a) SAXS 

and (b) WAXS of PyUr triblock copolymers; (c) SAXS and (d) WAXS of PyUrBr 

triblock copolymers. Copolymer: poly(PyUrMA-co-DEGMEMA), 55 wt% PyUrMA. All 

materials were prepared and provided by Prof. Long’s research group. Reproduced with 

permission from Dr. M. Chen (Copyright 2018). 

(d) 

(c) 
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 To compare PyUr and PyUrBr at meso-scale, we employed small angle X-ray 

scattering (SAXS) and wide angle X-ray scattering (WAXS) to probe the morphologies 

of their free-standing films. Figure 7.15 shows the SAXS and WAXS profiles of 

thermally annealed PyUr and PyUrBr films with various compositions. As depicted in 

Figure 7.15a, PyUr polymers self-assembled into ordered lamellar morphology with 

distinct higher order scattering peaks. The Bragg spacing (d = 2π/q) of PyUr polymers 

showed lamellar thickness to be between 30 to 40 nm (Table 7.2). PyUr2 had one distinct 

high order scattering peak (3q*), and another peak with lower intensity at 5 q* (Table 

7.2). PyUr3 and PyUr4 both featured three distinct high order scattering peaks (2q*, 3q*, 

and 4q*). Increasing the hydrogen bonding content resulted in well-defined high order 

scattering patterns, demonstrating enhanced microphase separation. The block structures 

were necessary to achieve ordered morphologies as the statistic copolymer showed no 

distinct scattering peaks in SAXS. WAXD was used to explore local chain packing. 

Illustrated in Figure 7.15b, PyUr2, PyUr4, and the statistic copolymer control exhibited a 

primary peak around 14º 2θ, and two smaller shoulders around 24º 2θ and 35º 2θ. The 

primary peaks correspond to 0.57 to 0.60 nm in real space, and we ascribed this spacing 

to the distance between two adjacent pyridine rings. The inter-digitated spacing between 

polymer backbone and urea hydrogen bonding would be longer than 0.60 nm.8 The fact 

that the statistical copolymer control exhibited similar WAXD profiles to PyUr block 

copolymers revealed that WAXD peaks correlated to short-range packing. 

 The quaternized PyUrBr block copolymers received significant loss in long-range 

order, as evidenced by the diminished high order scattering peaks in SAXS, illustrated in 

Figure 7.15c. Distinct high order peaks disappeared in SAXS for all PyUrBr block 
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copolymers compared to PyUr. The diminished high order scattering peaks indicated 

disrupted hydrogen bonding in PyUrBr polymers. The Bragg spacing of the primary 

scattering peak of the PyUrBr specimens (43 to 60 nm) also expanded compared to their 

neutral counterparts. For short-range packing, PyUrBr demonstrated an obvious 

broadening of primary peaks in WAXS, suggesting a disruption of ordered packing, as 

seen in Figure 7.15d. PyUrBr demonstrated a slight shift of primary peaks to smaller 

scattering angle, which correspond to a looser packing of 0.53 nm in real space, as seen 

in Figure 7.15d. However this shift is insignificant considering the peaks are broad. 

 

Table 7.2 Bragg spacing and higher order peaks of triblock copolymers in SAXS. 

Reproduced with permission from John Wiley & Sons, Inc (Copyright 2018). 

 

 Figure 7.16 depicted the direct imaging of bulk morphologies in PyUr2 and 

PyUrBr2 through transmission electron microscopy. The urea sites in PyUr2 adopted 

long-range ordered lamellar morphology through ordered hydrogen bonding enhanced by 

Triblock copolymers	
Bragg spacing of q*	

(nm)	
SAXS	
peaks	

SAXS	
morphology	

PyUr2	 34.4	 q⃰, 3q⃰, 5q⃰	 Lamellae	

PyUr3	 40.7	 q⃰, 2q⃰, 3q⃰, 4q⃰	 Lamellae	

PyUr4	 36.2	 q⃰, 2q⃰, 3q⃰, 4q⃰	 Lamellae	

Copolymer	 N/A	 N/A	 N/A	

PyUrBr2	 59.9	 q⃰, 3q⃰	 Lamellae	

PyUrBr3	 58.6	 q⃰, 3q⃰	 Lamellae	

PyUrBr4	 43.3	 q⃰, 2q⃰	 Lamellae	

Copolymer Br	 N/A	 N/A	 N/A	
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the π-π stacking of pyridine ring. As a result, PyUr showed prominent higher order 

scattering peaks in SAXS. After quaternization, PyUrBr2 showed no distinct 

morphologies. Ionic interaction introduced additional physical crosslinking in PyUrBr2, 

disrupting ordered packing as evidenced by the loss of higher order scattering peaks in 

SAXS and the peak broadening in WAXS. 

 

Figure 7.16 TEM images of PyUr2 and PyUrBr2 (scale bar: 500 nm). TEM conducted by 

Dr. M. Chen. Reproduced with permission from Dr. M. Chen (Copyright 2018). 

 

 7.2.6 Morphological Investigation of Quadruple Hydrogen Bonding-

Containing Supramolecular Thermoplastic Elastomers9 

(Manuscript in preparation for publication) 

Collaboration with X. Chen, Virginia Tech 

 Bio-inspired polymers containing cytosine or ureido-cytosine pendant groups, 

similar to those investigated in Section 7.2.3, are of interest as microphase-separated 

polymers. The hydrogen-bonding pendant group provides a reversible, easily accessible 

driving force of microphase separation. In this section we utilize SAXS to prbe the 

compositional dependence of morphologies in cytosine and ureido-cytosine containing 

ABA triblock copolymers (Figure 7.17). This work was done as part of a collaboration 
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effort with X. Chen in Prof. T. E. Long’s research group. All materials were synthesized 

and prepared by X. Chen.7 

 
Figure 7.17 Copolymers of poly(CyA-b-nBA-b-CyA) and poly(UCyA-b-nBA-b-UCyA) 

synthesized using RAFT polymerization.7 All materials were prepared and provided by 

Prof. Long’s research group. Reproduced with permission from X. Chen (Copyright 

2018). 

 SAXS was used to probe the bulk morphology of CyA and UCyA block 

copolymers of various compositions (Figure 7.18). The domain spacing (Bragg spacing) 

poly(CyA-b-nBA-b-CyA)  

poly(UCyA-b-nBA-b-UCyA)  
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of the polymers with varied CyA and UCyA contents, compiled in Table 7.13, shows 

that both series exhibiting an increase of domain spacing in tandem with molecular 

weight. In addition, the UCyA polymers possessed smaller domain sizes than the 

corresponding CyA polymers, which were attributed to the enhanced physical 

crosslinking that facilitated denser packing of the polymer chain. The CyA polymers 

have less defined scattering peaks especially for the 14 and 17 mol% polymers. 

Extending the annealing time from 12 h to 24 h did not improve long-range ordering. We 

correlated this less ordered morphology to an excess incorporation of the bulky cytosine 

group as well as insufficient physical interactions, which contributed to a sterically 

hindered structure and less degrees of packing. In contrast, the UCyA polymers exhibited 

more-defined and higher-ordered scattering peaks even for the higher UCyA mol% 

polymers, demonstrating more ordered bulk morphologies. The strong propensity for the 

UCyt scaffold to dimerize and form QHB arrays promoted spatial recognition, whereas 

the dimeric hydrogen bonding in CyA polymers was relatively weak to direct self-

assembly. 
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Figure 7.18 SAXS profiles of solution-cast (a) CyA and (b) UCyA polymer films. Data 

are vertically shifted for clarity. All samples were prepared by X. Chen in Prof Long’s 

research group. Reproduced with permission from X. Chen (Copyright 2018). 

(a) 

(b) 
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 SAXS also revealed a composition-dependent morphology for both the CyA and 

UCyA block copolymers. The 8 mol% CyA and UCyA polymers exhibited periodic peak 

maxima at 1q,�3q, 2q,�7q and 1q,�3q,�7q, respectively, which suggested a 

hexagonally packed cylindrical morphology. Increasing the hard block volume fraction 

rendered the morphological transition from cylinder to lamellar for the 10 mol% CyA 

polymer as well as the 10 mol% and 14 mol% UCyA polymers. The characteristic 

scattering peaks for 17 mol% UCyA were 1q and 2q, which could be lamellar or 

hexagonal cylinder or a mixture. 

 Atomic force microscopy (AFM) phase images in Figure 5 revealed surface 

morphology of the block copolymers. Both CyA and UCyA polymers exhibited biphasic 

structures, confirming the microphase-separated morphologies. The bright areas on the 

phase images were attributed to the hard phase, while the dark areas corresponded to the 

soft PnBA phase. Varying CyA or UCyA content from 8 to 17 mol% enabled a 

significant increase in hard phase volume faction due to the much bulkier chemical 

structure of the hard phase, resulting in a dramatic difference in surface morphology. For 

CyA polymers, AFM images (obtained by X. Chen) in Figure 7.19 displayed a 

disordered cylindrical structure for the 8 mol% and 14 mol% polymers, while the 10 

mol% CyA exhibited a mixed cylinder-lamellae morphology. An ill-defined morphology 

for the 17 mol% CyA polymer suggested a lack of ordering, which was in agreement with 

SAXS results. Converting CyA to the corresponding UCyA polymers significantly 

improved the structural ordering of the block copolymers. The 8 mol% and 10 mol% 

UCyA polymers self-assembled into ordered lamellar surface morphologies that 

gradually transitioned into bicontinuous gyroids when the hard block content increased to 
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17 mol%. The more ordered structures of UCyA polymers further verified the stronger 

association of complementary quadruple hydrogen bonding promoted molecular 

recognition and chain packing. In addition, it was presumed that the flexible terminal 

hexyl substituent also played an important role to assist molecular self-assembly through 

enhancing the mobility of the UCyt substituent.        

 

Figure 7.19. AFM phase images of solution-cast block copolymer films containing 8 

mol% , 10 mol% , 14 mol%, and 17 mol% of CyA (A-D) and UCyA (E-H). AFM images 

obtained by X. Chen in Prof. Long’s research group. Reproduced with permission from 

X. Chen (Copyright 2018). 
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 7.2.7 Morphological Characterization of Blocky Brominated Syndiotactic 

Polystyrene Prepared Via Post-Polymerization Functionalization in the 

Heterogeneous Gel State10 

(Published in Polymer Chemistry) 

Collaboration with K. F. Noble, Virginia Tech 

 Block copolymers phase separate into well-ordered morphologies, often 

enhancing desirable physical and mechanical properties; however, the complex 

polymerization methods required to synthesize block copolymers has lead to increased 

interest in facile, post-polymerization modification. In this collaboration with K. F. Noble 

in Prof. R. B. Moore’s group, blocky copolymers of brominated syndiotactic polystyrene 

(sPS) were prepared using a novel heterogeneous gel-state functionalization method. In 

this collaborative work, we utilized USAXS, SAXS, and WAXD to investigate the 

morphology of blocky (B-mol%) brominated sPS synthesized in the heterogenous gel 

state, and random (R-mol%) brominated sPS conventionally synthesized in the 

homogeneous solution state. K. F. Noble kindly prepared pure sPS as well as blocky Br-

sPS and random Br-sPS samples for characterization. Films were prepared from powders 

of the homopolymer or copolymers by melt pressing between Kapton sheets at 30 °C 

above Tm for 20 s at 2200 psi then for 20 s at 4500 psi, followed by quenching in ice 

water to prevent sPS crystallization.  

 USAXS/SAXS experiments were used to investigate the morphology of quenched 

films of the sPS-co-sPS-Br copolymers. The USAXS/SAXS profiles of the sPS 

homopolymer and the Random and Blocky copolymers are shown in Figure 7.20. The 

scattering profiles of the Random copolymers are featureless with a q-4 dependence 
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between 0.0004 – 0.004 nm-1, which is consistent with the profile of the sPS 

homopolymer. In contrast, the Blocky copolymers exhibit excess scattering from a large-

scale morphological feature at low q, between 0.0003 – 0.001 nm-1. The Blocky B 29% 

sample also exhibits a second scattering feature at higher q, between 0.001 – 0.01 nm-1. 

The dimensions of the features were determined using the Unified Fit model, summarized 

in Table S1. The low q scattering feature, present only in the Blocky copolymers, fits to a 

dimension of approximately 30 nm and is consistent with a microphase-separated 

morphology. The presence of this feature suggests that the “blockiness” originating from 

the gel-state functionalization is sufficient to drive phase development that is somewhat 

reminiscent of conventional block copolymer phase behavior. The physical and 

molecular origins of this large-scale feature observed in the USAXS profiles of the 

Blocky copolymers are attributed to a thermodynamic immiscibility between the 

electron-dense brominated sPS segments and the pure runs of sPS within the blocky 

microstructure of the functionalized chains. 

Table 7.3 Dimensions of the scattering features in USAXS/SAXS profiles of 

semicrystalline sPS and Blocky copolymers extracted using the Unified Fit Model. 

Reproduced with The Royal Society of Chemistry (Copyright 2018). 

Sample Low q feature 
(nm) 

High q feature 
(nm) 

sPS 
(semicrystalline)11  5.1 

B-15% 31.9 ± 0.1  

B-21% 29.7 ± 0.2  

B-29% 34.4 ± 0.2 5.12 ± 0.02 
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Figure 7.20. USAXS/SAXS profiles of quenched films of the sPS homopolymer and the 

(left) Random and (right) Blocky copolymers. Scattering profiles are vertically offset for 

visual clarity. Samples were prepared and provided by K. F. Noble. Reproduced with The 

Royal Society of Chemistry (Copyright 2018). 

 The high q feature near q = 0.002 nm-1, present only in the SAXS profile of the 

Blocky B 29% sample, fits to a dimension of 5.1 nm, which is surprisingly the same as 

the lamella thickness of semicrystalline sPS45 (5.1 nm). However, since this sample was 

quenched from Tm + 30 °C (250 °C), it is not expected to contain crystalline sPS lamella. 

To investigate the origin of the high q scattering feature, the melt-quenched samples of 

Blocky B-29%, Random R-27%, and the sPS homopolymer were analyzed using WAXD. 

As expected, the WAXD data in Figure 7.21a shows that the Random R-27% and the 

sPS homopolymer are completely amorphous. In distinct contrast, however, the Blocky 

B-29% sample exhibits a sharp crystalline reflection at 19.3° 2θ. It is important to note 
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that this prominent reflection is not typically observed for melt-crystallized sPS.12 

Interestingly, the new prominent crystalline reflection at 19.1° 2θ, is similar to that 

previously observed in the diffractogram of an sPS copolymer that was polymerized with 

a high content (83 mol%) of p-chlorostyrene (19.4° 2θ), which was attributed to 

crystallization of the p-chlorostyrene units.13 In addition, Guo et al. reported that an sPS 

copolymer polymerized with a high content (59 mol%) of p-bromostyrene exhibits a high 

melting point of Tm = 317 °C, attributed to crystalline p-bromostyrene segments.14 In the 

DSC data for the Blocky B-29% sample, Figure 7.21b, a distinct melting endotherm is 

observed at 304 °C. It is important to note that this melting endotherm is above the 

equilibrium melting point of pure sPS12,13 and well above the temperature from which the 

WAXD and SAXS samples were quenched.  Based on these WAXD and DSC data and 

the previous evidence of crystallization of halogenated sPS it appears that runs of Br-Sty 

units in the Blocky B 29% sample are capable of crystallizing even at this relatively low 

Br-content. These data strongly suggest that the gel-state bromination process is capable 

of producing a copolymer microstructure that contains distinct sequences of Br-Sty units 

in segments of significant length. Consequently, it is reasonable to propose that the high q 

SAXS scattering feature observed in the melt quenched Blocky B-29% sample is 

attributed to the long period of crystalline Br-Sty segments.  



 191 

 

Figure 7.21 (a) Wide-angle X-ray diffraction profiles of the melt-quenched Blocky B 

29%, Random R 27%, and the sPS homopolymer samples (b) DSC heating scans of the 

Blocky B-29%, Random R-27%, and the sPS homopolymer samples following 1 h 

isothermal crystallization at 190 °C. DSC data obtained by K. F. Noble.10 Reproduced 

with The Royal Society of Chemistry (Copyright 2018). 

 

 7.2.8 Investigation of Gel Morphology in Cross-linked Cation Exchange 

Membranes 

(Manuscript in preparation for publication) 

Collaboration with E. S. Jang, University of Texas 

 Ion exchange membranes (IEMs) are crucial in technologies such as fuel cells, 

batteries, and electrodialysis.15-17 High ion transport in IEMs is vital to membrane 

performance; therefore ion sorption is a membrane property of great importance. Co-ion 

sorption cannot be accurately predicted in inhomogeneous polymer membranes without 

properly accounting for the particular phase-separated morphology of the membrane.18 
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Cross-linked copolymer membranes exhibit some inhomogeneity arising from the 

difference in comonomer reactivity ratios, thus the problem of phase separation is 

common.19 In this collaboration with E. S. Jang in Prof. Freeman’s research group, SAXS 

was used to determine the precise network morphology in cation exchange membranes 

(CEMs) for further ion sorption analysis. CEMs were prepared by E. S. Jang using 2-

acrylamido-2-methylpropane sulfonic acid (AMPS) and diethylene glycol dimethacrylate 

(DEGDMA) (Figure 7.22) 

 

Figure 7.22 Chemical compositions of cation exchange membranes (CEMs) used in this 

study. All materials were prepared and provided by Prof. Freeman’s research group. 

AMPS DEGDMA CEM 

+ 

Membrane 
Charged Monomer 

(AMPS) 
Cross-linker 
(DEGDMA) 

CEM1 4.0 g 8.0 g 

CEM2 3.0 g 8.0 g 

CEM3 2.6 g 10.0 g 
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Figure 7.23 Scattering intensity as a function of scattering vector q for the CEMs. 

The inhomogeneous morphology of a polymer gel is related to the spatial 

concentration fluctuations of monomer units and local heterogeneities in cross-link 

density, which can be characterized by small angle X-ray scattering.20-22 SAXS scattering 

profiles for the CEMs are presented in Figure 7.23 plotted as log I(q) versus the 

scattering vector q.  Following the approach employed by Cohen et al.,21 the SAXS 

scattering profiles were fit to a model representing microstructural heterogeneity over 

length scales capturing contributions from semi-dilute polymer-polymer correlations 

within a homogeneous gel matrix (i.e., the average “mesh” size of the network) and static 

density fluctuations characteristic of inhomogeneities arising from locally high polymer 
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concentrations (i.e., clustered domains of relatively high crosslink densities).  The 

inhomogeneous microstructure scattering model used to fit the SAXS profiles for the 

three CEMs is shown in Equation 7.1 

 

! ! = !! 0
!! 0

1+ !!!!!
+ !! 0 exp (− 13!!

!!!) 

 

7.1 

where !! is the correlation length (mesh size) of the network, Rg is the radius of gyration 

of the heterogeneities, and IL(0) and IG(0) are the linear coefficients of the Lorentzian and 

Gaussian terms of the model.  A schematic representation of this scattering model is 

shown in Figure 7.24.   

 
Figure 7.24 Schematic representation of the heterogeneities in the CEM networks 

showing the characteristic dimensions of the radius of gyration, Rg, attributed to domains 

Rg

ξc

=  AMPS =  DEGDMA

ξc

ξc

ξc
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with a locally high density of crosslinks, and the correlation length, ξc , attributed to a 

dimension characteristic of the average mesh size within the continuous network. 

 According to the model fits, each of the CEMs are heterogeneous with locally 

dense domains on the length scale of about 20 nm. These domain dimensions are clearly 

well below the wavelength of visible light, consistent with transparent appearance of the 

membranes.  The mesh size of the networks is relatively small, consistent with the high 

crosslink densities of these networks, and as expected, the mesh size decreases slightly 

with increasing crosslink density.  The fit parameters for the three CEM’s are listed in 

Table 7.4.  The correlation length values are also noted to be on the same order of 

magnitude as that of the length scale of the distance between fixed charges, ! values, in 

the networks, and the values are much more comparable with estimates for an 

inhomogeneous microstructure.  Thus, based on these X-ray scattering results, the CEMs 

are considered to be inhomogeneous networks. 

Table 7.4 SAXS model fitting parameters !! , Rg, IL(0), and IG(0) for the CEMs calculated 

using Eqn 7.1 

Membrane !! (Å) Rg [Å] IL(0) IG(0) 

CEM1 30.1±0.4 98.4±0.5 34.9±0.5 48.5±0.7 
CEM2 22.4±0.3 88.8±0.6 35.8±0.5 42.1±0.7 
CEM3 21.8±0.3 100.1±0.5 37.3±0.7 50.9±1.6 
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 7.2.9 Quantifying Orientation of Filler Material in Direct-Write Printed 

Composites 

(Manuscript in preparation for publication) 

Collaboration with N. S. Hmeidat, University of Tennessee 

 

Nanoclay-filled composite materials are of interest due to the relatively small volume 

fraction of filler material necessary for significantly enhanced mechanical properties. 3D 

printed nanocomposite materials tend to exhibit anisotropic mechanical properties as a 

result of filler orientation during the printing deposition process.23 In this work 

nanocomposite samples were prepared from direct ink-write 3D printing of epoxy-based 

composite material (comprised of Epon 826 and an imidazole-based curing agent) 

containing fumed silica or Garamite 7305 nanoclay using previously described 

methods.23 Three print nozzles of different diameters were used to prepare the material to 

determine what effect, if any, nozzle diameter had on filler orientation. This work was 

done in collaboration with N. S. Hmeidat and Prof. B. G. Compton at University of 

Tennessee Knoxville. All materials were prepared and provided by Prof. Compton’s 

research group. 
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Figure 7.25 SAXS 2D patterns of clay-filled material using deposition nozzle diameters 

of (a) 2334 µm, (b) 6094 µm, and (c) 10414 µm and fumed silica filled material using 

deposition nozzle diameters of (d) 2334 µm (e) 6094 µm, and (f) 10414 µm, in which the 

print direction is along the horizontal axis. 

 SAXS 2D patterns of clay-filled material from three deposition nozzle diameters 

(Figure 7.25a-c) show anisotropic scattering along the vertical axis, indicating 

orientation along the horizontal axis (the print direction) from all nozzle diameters. In 

contrast, 2D scattering patterns from fumed silica-filled material (Figure 7.25d-f) show 

symmetric, isotropic scattering and therefore no orientation. Orientation in the printed 

clay-filled material is to be expected due to the aspect ratio inherent to the nanoclay 

particles, which causes the particles to preferentially align at the material confluence 

within the deposition nozzle before subsequent deposition along the print direction. 

Fumed silica is inherently isotropic, and does not exhibit this kind of ordering during 

(a) (b) (c) 

(d) (e) (f) 
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printing due the broad size and shape distribution of individual silica particles. To probe 

orientation in the printed material, 2D wide angle x-ray scattering patterns were collected 

(Figure 7.26). High intensity scattering along the vertical axis at a scattering angle of 

0.51 Å-1 is visible in the scattering patterns from clay-filled material from all nozzle 

diameters (Figure 7.26a-c), whereas no orientation is observed in the 2D WAXS patterns 

from fumed silica-filled printed materials (Figure 7.26d-f). 

 

Figure 7.26 WAXS 2D patterns of clay-filled material using deposition nozzle diameters 

of (a) 2334 µm, (b) 6094 µm, and (c) 10414 µm and fumed silica filled material using 

nozzle diameters of (d) 2334 µm (e) 6094 µm, and (f) 10414 µm, in which the print 

direction is along the horizontal axis. Scattering at 0.51 Å-1 is denoted by an arrow in (a). 

 Anisotropic scattering observed in the scattering patterns of clay-filled printed 

materials (Figure 7.26a-c) occurs at a scattering angle of 0.51 Å-1 (7° 2θ), consistent with 

scattering from the tactoid thickness of Garamite nanoclay.24 The degree of nanoclay 

(a) (b) (c) 

(d) (e) (f) 
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orientation was quantified using Herman’s orientation factor. The two intensity maxima 

of background-corrected tactoid scattering intensity (0.50 Å-1 <q< 0.55 Å-1) as a function 

of azimuthal angle were fit using Gaussian functions. Individual Gaussian fits were then 

shifted horizontal along azimuthal angle until centered about 0° (Figure 7.27) and then 

used to determine Herman’s orientation factor, fx, using Equations 7.2 and 7.3 

 

 

 
7.2 

 

 

 
7.3 

 

where δ is the azimuthal angle in radians.25 As shown in Table 7.5, nanoclay particles 

become more oriented as nozzle diameter decreases. 

 

Figure 7.27 Representative fit of scattering intensity between 0.50 Å-1 <q< 0.55 Å-1 
versus azimuthal angle. Scattering data were fit using a Gaussian function centered about 
0°. 

 

fx =1−3sin
2 δ

sin2 δ =
I(δ)sin2 δcosδdδ

0

π
2∫

I(δ)cosδdδ
0

π
2∫

-90	 -60	 -30	 0	 30	 60	 90	

In
te
ns
it
y	
(a
.u
.)	

Azimith	(°)	

I	
I	(Fit)	



 200 

Table 7.5 Average nanoclay tactoid thickness fx in clay-filled material printed using 

different deposition nozzle diameters 

Nozzle diameter 
(µm) fx 

2334 0.65 ± 0.03 

6094 0.56 ± 0.04 

10414 0.51 ± 0.03 
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Chapter 8 

Overall Conclusions 

 Throughout this work we have demonstrated that PEEK can form monolithic 

thermoreversible gels at moderate temperatures and concentrations (6-15 wt.%) in 

dichloroacetic acid. The sol-gel phase diagram was found to be consistent with UCST 

behavior. Future studies will be dedicated to exploring the fundamental mechanism of 

PEEK gelation in DCA and other prospective solvents. Through a facile solvent-

exchange/freeze drying process, the PEEK gels may be converted into mechanically 

robust hydrogels and aerogels composed of uniform, globular features on the size scale of 

200 nm. 

 The full extent of the sol-gel transition of PEEK in DCA, within the solubility 

limit, has been demonstrated.  The resulting phase diagram shows behavior consistent 

with a UCST sol-gel transition. PEEK aerogels ranging in density from 0.1 to 0.4 g/cm3 

were prepared from PEEK gels by varying the weight fraction of PEEK dissolved in 

DCA.  The morphology of these aerogels is composed of 200 nm globular features that 

are decorated with 10 to 20 nm nodules, providing a very porous and high surface are 

structure.  We have shown that PEEK aerogel compressive modulus increases with 

increasing density and increasing PEEK MW. On a comparable density basis, aerogels 

prepared from variable solution concentrations and thermal annealing treatments showed 

superimposable compressive modulus versus density trends, leading to the conclusion 

that density is the governing property with respect to PEEK aerogel modulus. 

Additionally, we have shown that PEEK aerogels formed from lower concentration gels 
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exhibit superhydrophobic character. Increasing gel concentration decreases aerogel 

contact angle and increases contact angle hysteresis. 

 The full extent of the sol-gel transition of PEEK in 4CP, within the solubility limit 

has been demonstrated. The resulting phase diagram shows behavior consistent with a 

UCST sol-gel transition. This is now the second instance of monolithic thermoreversible 

gelation of PEEK. PEEK aerogels ranging in density from 0.08 to 0.4 g/cm3 were 

prepared from PEEK gels by varying the weight fraction of PEEK dissolved in either 

4CP or DCA.  The morphology of these aerogels is composed of 200 nm globular 

features that are decorated with 10 to 20 nm nodules, that appears to be heavily 

influenced by gelation solvent and drying method. Gelation in 4CP produces aerogels 

with platelet-like features, whereas gelation in DCA produces globular features. Freeze-

drying appears to densify these morphological features, resulting in overall higher density 

aerogels than those prepared from SC-drying at comparable wet gel concentration. 

Nitrogen adsorption data suggests that the morphological features visible in electron 

microscopy are comprised of stacked crystalline lamella and the mesopores are the inter-

lamellar amorphous regions. PEEK aerogels are highly porous with a high surface area 

that is reduced with freeze-drying, evidently as a result of local densification of 

morphological features during the freeze-drying process. On a comparable density basis, 

aerogels prepared from variable solution concentrations, gelation solvents, and drying 

methods showed superimposable compressive modulus versus density trends, leading to 

the conclusion that density is the governing property with respect to PEEK aerogel 

modulus. Additionally, we have shown that PEEK aerogels formed from lower 
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concentration gels in either solvent exhibit superhydrophobic character. Increasing gel 

concentration decreases aerogel contact angle and increases contact angle hysteresis. 

 We have demonstrated that small angle scattering from PEEK aerogels is the 

result of mass fractal aggregates of stacked crystalline lamella. Contrast-matching SANS 

experiments confirmed the identity of the SANS/SAXS scattering feature and Unified Fit 

analysis confirmed that scattering in the USANS/USAXS regions was from mass fractals 

of aggregates of crystalline lamella. Examination of the long period in the SAXS region 

confirms that the interlamellar spacing is unaffected by drying method and gel 

concentration, but does depend on gelation solvent. Furthermore, the interlamellar 

spacing in PEEK/4CP gels is slightly larger than that of PEEK/DCA gels. Deconvolution 

and integration of X-ray diffraction profiles established that gelation of PEEK in 

dichloroacetic acid produces higher crystallinity gels than gelation in 4-chlorophenol. 

Directly measuring surface area using nitrogen adsorption indicated that freeze-drying, 

rather than supercritical CO2 drying, appears to decrease the accessible surface area of 

PEEK aerogels; however, this relationship was not observed when indirectly 

approximating surface area using SAXS. Pore collapse from freeze-drying likely reduces 

the surface area accessible by nitrogen adsorption, and therefore reduces the surface area 

useful in application. PEEK aerogels display porosity around 80-90% up to 93% porosity 

in very low density PEEK aerogels. 
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Chapter 9 

Suggested Future Work 

9.1 Introduction 

 As introduced in Chapter 3, very few solvents have been shown to dissolve 

PEEK and the reports detailed within this thesis are the first examples of the gelation of 

PEEK.1 Furthermore, very few semicrystalline polymers have been reported to form 

semicrystalline thermoreversible gels. This raises the question: why do semicrystalline 

polymers form physical gels in relatively few dissolution solvents? To begin to answer 

this question in the case of PEEK, the phase separation behavior of PEEK in DCA and 

4CP should be probed using small angle neutron scattering methods to determine the 

polymer-solvent interaction parameter. 

9.2 Temperature-Resolved SANS to Determine the Flory-Huggins Interaction 

Parameter in PEEK Gels 

 Liquid-liquid phase separation (shown in Figure 2.1) can be defined using the 

Flory-Huggins theory of mixing.2,3 In the Flory-Huggins theory, the free energy of 

mixing per unit volume, ΔGM, of two polymers denoted as “1” and “2” is given by 

 Δ!!
!" = !!!"!!

!!!!
+ !!!"!!!!!!

+ !!"!!!!!!
 9.1 

where ϕ is the volume fraction polymer 1 or 2 in the mixture, v1 and v2 are the specific 

volumes of the chemical repeat units in polymers 1 and 2, k is the Boltzmann constant, T 

is the absolute temperature, N is the number of repeat units per chain, and vo is the 

geometric mean of the two types of repeat units given below.4 

 !! = !!!! 9.2 
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Small angle scattering techniques (SAXS and SANS) are sensitive to small-scale 

compositional fluctuations, such as phase separation, and are ideal for capturing phase 

behavior near the upper critical solution temperature (UCST) sol-gel transition curve of 

PEEK in DCA or PEEK in 4CP. Halogenated solvents are good X-ray absorbers, 

attenuating X-ray scattering, therefore SANS is the preferred method to probe 

PEEK/DCA and PEEK/4CP systems. For reasons that will become clear, the polymer-

solvent systems are best observed in SANS at or near their critical conditions 

(composition and temperature) detailed in Figure 9.1.  

 

Figure 9.1 The critical point (ϕc , Tc) along the sol-gel transition line with an UCST. 
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 9.3 

where b is Kuhn length.4 Pi(q) is the Debye function following 

 !!(!) =
2

!!!,!
! !! !!!,!

!
+ !!!,!

! − 1  9.4 

where Rg is the radius of gyration of a random coil under the assumption of 

incompressibility in the single (mixed) phase.4 Near the critical conditions, the critical 

composition (ϕc) is given as  

 !!,! =
1

1+ !! !!
! !

 9.5 

and the critical temperature (Tc) as 

 !! =
!

1
2 1

!!
+ 1 !!

!
− !

 
9.6 

based on the effective temperature-dependent interaction parameter, χ12(T), 

 !12(!) = ! + !! = !! + !! 9.7 

where χS χH are the entropic and enthalpic components of χ12, respectively. It then follows 

that χ12,c is equal to  

 
!!",! =

1
2

1
!!
+ 1

!!

!
 9.8 

at the critical point (UCST). SANS data are collected over a range of temperatures, 

decreasing in temperature to the UCST point shown in Figure 9.2. Small temperature 

changes in χ12(T) produce large changes in scattering intensity (Figure 9.2) such that I(q) 

diverges near the critical temperature, Tc. Fitting the SANS profiles of each temperature 

easily produce values of χ12(T)/vo (Figure 9.3). The plot of χ12(T)/vo versus 1/T can then 

be fit with a straight line to determine the temperature dependence of χ12 as shown in 

Figure 9.3. 
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Figure 9.2 SANS profiles are collected at several temperatures close to the UCST. Small 

changes in T approaching Tc result in a large inflection in scattered intensity. 

 

Figure 9.3 The temperature dependence of χ12 determined from values obtained from 

RPA model fits of SANS profiles plotted versus 1/T. 
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 This is the basic experimental approach to determine the interaction parameter of 

PEEK/DCA and PEEK/4CP solutions. After determining χ12(T) for both systems using 

SANS, the theoretical phase diagrams (of equilibrium behavior) could then be 

constructed and compared to the experimental phase diagrams derived previously in 

Chapters 3, 4, and 5.1,5 This would give good insight into the equilibrium behavior of 

PEEK in both solvents, leading to a better understanding of the liquid-liquid phase 

separation responsible for the gel morphologies. 

9.3 USANS Uniaxial Compression of PEEK Gels 

 The morphological origin of the scattering features in the SAXS region of PEEK 

gels was identified in Chapter 6 using SANS contrast matching techniques. This method 

could not sufficiently contrast-match scattering contributions from the large aggregates of 

crystalline lamella, so the USAXS scattering feature has not been rigorously defined. 

Given the size ranges probed in the USAXS/USANS regions, it is difficult to determine 

on a volume basis which population of features (pores or aggregates) is responsible for 

scattering. The morphological origins of this feature could be resolved using a scattering 

experiment in which scattering profiles are collected during uniaxial compression of a 

PEEK gel or aerogel. 

 Consider the experimental apparatus outlined in Figure 9.5. A PEEK aerogel is 

completely enclosed to ensure that no dimensional changes (aside from height) occur. As 

the specimen is compressed, the empty macropore space (Rg,pore) shrinks to accommodate 

the polymer aggregates. SANS profiles collected for PEEK aerogels under uniaxial 

compression are shown in Figure 9.6. The Guinier knee at low q (USANS/USAXS 

region) will shift to higher q (smaller real space dimension) under compression if the 
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morphological feature responsible for the scattering feature is from the pore network. If 

the scattering feature is from aggregates of crystalline lamella, then it will not shift to 

higher q. 

 

Figure 9.5 Cylindrical cells completely enclose a PEEK aerogel specimen comprised of 

stacked crystalline lamella. As the top of the cell is screwed downward, compressing the 

aerogel inside, the macropore space is diminished (blue, Rg,pore) while the size of the 

aggregate of crystalline lamella (red, Rg,aggregate) remains constant. 
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Figure 9.6 Example SANS profiles of PEEK aerogels under compression. If Rg2 = Rg,pore, 

then Rg2 shifts to higher scattering vector, q under compression. If Rg2 = Rg,aggregate, then 

Rg2 will remain constant. 
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