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Abstract

The inadvertent occurrence of polymorphic phase transformations in active pharmaceutical 

ingredients (APIs) during hot melt extrusion (HME) processes has been claimed to limit the 

application of this technique. Hence, the control of polymorphism would need to be addressed if 

there is any prospect of HME to be successfully implemented as an alternative solid dosage 

formulation strategy in integrated, continuous end-to-end pharmaceutical manufacturing settings. 

This work demonstrates that flufenamic acid (FFA), one of the most polymorphic APIs known, 

thus far, can be processed using temperature-simulated HME with polyethylene glycol (PEG) as 

polymeric carrier. At temperatures above the transition point of FFA forms III and I (42 °C), the 

induction time of the polymorphic phase transformation is longer than the average reported 

residence time in conventional HME processes (5 min). Moreover, it was demonstrated that 

thorough understanding of the thermodynamic and kinetic design space for the PEG-FFA system 

leads to polymorphic control in the produced crystalline solid dispersions. Ultimately, this 

investigation helps to gain fundamental understanding of the processing needs of crystalline solid 

dispersions, which will lead to the broader application of HME as a continuous manufacturing 

strategy for drug products containing APIs prone to polymorphism, representing about 80% of all 

APIs.
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INTRODUCTION

In recent years, hot melt extrusion (HME) has emerged as an enabling technology for 

continuous pharmaceutical formulation of complex products into solid dosage forms,1–6 

which, up to the present date, is the most convenient and industrially relevant drug delivery 

for peroral administration.1,7 In the most common HME setup, raw materials (mainly a 

mixture of polymer and active pharmaceutical ingredient, API)8,9 are forced through a 

heated barrel with a (co)rotating (twin-)screw where the powder blend is intensively mixed 

in either the molten or partially molten state1,6 and moved through a die under controlled 

conditions, which shapes the melt or melt suspension into films, granules, or pellets of 

uniform size, shape, and density.10–13 The benefits and pharmaceutical applications of 

HME, particularly in the context of continuous manufacturing, have been increasingly 

documented in publications and patents during the past decade.1,4–6,8,11–18 Moreover, 

various drug products formulated by extrusion have been approved and marketed in the 

United States, Europe, and Asia over the past 15 years.8,10,11,13,17

HME processes have been reported to produce two types of pharmaceutical formulations 

with respect to the solid state (amorphous or crystalline) of the API embedded in a 

polymeric carrier, known as a solid dispersion.6,9,13 Recent studies demonstrated the 

feasibility of HME as an alternative continuous formulation strategy to produce crystalline 

solid dispersions, while improving the dissolution of APIs, an advantage often attributed to 

amorphous solid dispersions.1,2,4,6,19–21 Additionally, crystalline solid dispersions present a 

viable alternative to their amorphous counterparts due to their enhanced stability.
5,6,11,12,17,21–24 Yet, the full potential of crystalline solid dispersions has not been achieved 

possibly due to the lack of understanding of how the crystalline state behaves during the 

conditions required for HME, particularly those APIs prone to polymorphic phase 

transformations.

To date, aside from thermal stability, the polymorphic stability of an API is thought to be a 

prerequisite when HME is employed to produce solid dosage pharmaceutical formulations.
8,10,13,14,16,25 Polymorphism, a phenomenon that enables molecules to exhibit multiple 

crystalline phases, is one of the most scrutinized critical quality attributes during the 

manufacturing of solid dosage formulations.26,27 Polymorphism is estimated to occur in up 

to 80% of molecules that display pharmaceutical applications,27,28 affecting properties of 

the solid state (stability, solubility, dissolution rate, and bioavailability), and therefore, the 

quality and efficacy of the final drug product.24,26,27,29–32 The unsubstantiated notion that 

undesired polymorphic phase transformations might occur during HME limits the 

application of this technique to produce crystalline solid dispersions for a narrow set of APIs 

that are both thermally stable and monomorphic (∼20%).27,28 However, taking into 

consideration other industrial processes, this sentiment might be founded on insufficient 

knowledge of the thermodynamic and kinetic boundaries, in other words, the design space of 

a particular HME process.12,33–35

The present study aims to understand polymorphic phase transformations occurring during 

the production of crystalline solid dispersions by decoupling the effect of critical process 

parameters (CPPs) that accompany a HME process (temperature, composition, and residence 
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time) to relate them to the polymorphic outcome of the formulated product.7,36–40 Other 

relevant CPPs such as pressure, shear stress, and their combination8,16,17,41 with 

temperature, composition, and residence time will be explored in future investigations. Since 

conventional laboratory hot melt extruders (1) do not allow the independent study of CPPs,
12 (2) require considerable quantities (10–800 g/h) of materials per experiment,12,41 and (3) 

do not permit in situ monitoring along the process, this work probed the effect of CPPs on 

the polymorphic phase transformations of physical mixtures using a combination of 

polarized optical hot-stage microscopy (HSM), offline powder X-ray diffraction (PXRD), 

and in situ time-resolved PXRD. Such an approach served to identify correlations among the 

selected CPPs and, therefore, will help to minimize the number of experiments needed to be 

tested in future laboratory-scale HME processes.12

In this study, physical mixtures of the model compounds flufenamic acid (FFA) and 

polyethylene glycol (PEG) were exposed to temperature-simulated HME (TS-HME) 

processes. The temperatures were chosen above the melting points of the three different 

PEGs employed (average molecular weights of 4000, 10 000, and 20 000 with melting 

points of 58.2 °C, 61.6 °C, and 61.9 °C, respectively), but below the temperatures of the 

liquidus line, thus, where FFA III remained in the solid form. The resulting melt suspension 

enabled the study of the polymorphic phase transformation of FFA III to FFA I occurring as 

a result of the selected CPPs during TS- HME.1,4,5 Particular attention was paid to the 

induction time of the transformation to determine if a crystalline solid dispersion containing 

FFA III (metastable under conditions above 42 °C) could be processed in TS-HME 

experiments enabled by a thorough understanding of the design space for the various PEG-

FFA III systems. Ultimately, this investigation helps to gain fundamental understanding of 

the processing needs of crystalline solid dispersions, which will lead to the broader 

application of HME as a continuous manufacturing strategy for drug products containing 

APIs prone to polymorphic phase transformations.

MATERIALS AND METHODS

Materials.

Flufenamic acid (FFA I, ≥97%) was recrystallized from methanol (ACS reagent, ≥99.8%), 

both purchased from Sigma-Aldrich (St. Louis, MO), to produce FFA III as previously 

described in the literature.42 Polyethylene glycols (PEGs, ≤100%) with average molecular 

weights of 4000, 10 000, and 20 000 were acquired from Alfa Aesar (Ward Hill, MA). All 

chemicals were used “as received” without further purification.

Sample Preparation.

Physical mixtures of FFA III with the desired PEG were obtained by gently grinding 10 wt 

% to 80 wt % of FFA III in the various average molecular weights PEGs, respectively, using 

a mortar with pestle at ambient conditions in the absence of a solvent for 5 min.

Powder X-ray Diffraction (PXRD).

Powder X-ray diffTactograms were collected at 300 K using a Rigaku XtalLAB SuperNova 

single microfocus Cu Kα radiation (λ = 1.5417 Å) source equipped with a HyPix3000 X-
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ray detector in transmission mode operating at 50 kV and 1 mA. Powder samples were 

mounted in MiTeGen microloops. Powder diffractograms were collected over an angular 2θ 
range between 6° and 60° with a step size of 0.01° using the fast phi experiment for 

powders. Data was analyzed within the CrystallisPro (Rigaku) software v 1.171.3920a.

Time-resolved (TR)-PXRD was performed using a Bruker D8 Discover microdiffractometer 

with the General Area Detector Diffraction System (GADDS) equipped with a 

VÅNTEC-2000 2D detector and an Anton Paar DCS 350 domed cooling stage. The X-ray 

beam was monochromated with a graphite crystal (λ Cu Kα = 1.54178 Å, 40 kV, 40 mA). 

The two-dimensional (2D) diffraction data collection was controlled by the GADDS 

software. The temperature profiles started at 25 °C with a heating rate of 20 °C/min up to the 

target temperature (between 70 and 100 °C). Once the 30 min holding time has passed the 

samples were cooled to 25 °C at rate of 20 °C/min. The diffractograms were recorded prior 

to the beginning of the temperature profile at 25 °C, respectively, to confirm the phase purity 

(FFA III) of the sample prior to the start of the experiment. Once the appropriate 

temperatures were reached, diffractograms were recorded in a 300 s time interval. The scans 

were acquired with equal incident angle (θ1) and detector angle (θ2) at 9°, respectively, 

under continuous oscillatory movement of the cooling stage in the XY direction (1 mm). 

One-dimensional diffraction patterns were generated by integrating the 2D XRD data using 

XRD2EVAL in the Bruker PILOT (v 2014.11–0) software.

Differential Scanning Calorimetry (DSC).

DSC was performed using a DSC TA Q2000 equipped with a RCS40 single-stage 

refrigeration system and autosampler. The calibration of the instrument was made with an 

indium standard (Tm = 156.6 °C and ΔHf = 28.54 J/g). Samples were analyzed by PXRD, to 

confirm the phase purity (FFA III) in the powder blends prior to the start of the sample 

preparation for DSC measurement. Samples (approximately 2.000 mg) were prepared using 

a XP26 microbalance from Mettler Toledo (±0.002 mg) and placed in hermetically sealed 

aluminum pans equilibrated at 25 °C for 10 min prior to heating to 150 °C under N2 

atmosphere (50 mL/min) at a rate of 5 °C/min and temperature accuracy of 0.1 °C. The 

eutectic temperature and melting point were determined as peak temperatures during the first 

heating43,44 and measured at least in duplicate to construct the experimental phase diagram. 

Data were analyzed with TA Universal Analysis software v 4.5A.

Thermogravimetric Analysis (TGA).

Thermographs were recorded in a TGA Q500 (TA Instruments Inc.) calibrated with calcium 

oxalate monohydrate. Samples (2–10 mg) were equilibrated at 25 °C for 10 min prior to 

heating to 150 °C under N2 atmosphere (60 mL/min) at a rate of 5 °C/min. Additionally, 

TGAs were performed at three different temperatures, namely, 70 °C, 85 °C, and 100 °C, 

with a holding time of 60 min under N2 atmosphere (60 mL/ min), and a heating rate of 

20 °C/min. Samples were analyzed by PXRD, to confirm the phase purity (FFA III) in the 

powder blends prior to TGA measurements. Data was analyzed with TA Universal Analysis 

software v 4.5A.
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Temperature-Simulated HME (TS-HME).

Hot-stage microscopy (HSM) was used to simulate the temperature that would be typically 

employed in a HME process (TS-HME). The TS-HME was conducted utilizing a polarized 

optical microscope (Nikon Eclipse LV100N POL) equipped with a temperature controlled 

hot-stage (Linkam Scientific Instruments Ltd., LTS 420). The hot-stage was calibrated 

measuring the melting point of water. Pictures were recorded with a Nikon DS-Fi2 camera. 

Further details of the TS-HME are provided in the Supporting Information. Samples were 

analyzed by PXRD, to confirm the phase purity (FFA III) in the powder blends prior to TS-

HME measurements. The physical mixtures were evenly distributed onto microscope slides 

and equilibrated at 25 °C prior to the heating (20 °C/min) to the respective target 

temperature (between 65 and 100 °C). The residence time at the target temperatures was set 

from 5 to 30 min. Afterward, the samples were cooled down to 25 °C at a cooling rate of 

20 °C/min. The microscope slides were then placed in a Petri dish, covered, and stored under 

0% humidity in a desiccator filled with P2O5 for 24 h before further solid-state 

characterization was conducted.

Raman Spectroscopy.

Raman spectra were collected using a Raman Microscope (DXR 2, Thermo Fisher 

Scientific) equipped with a 532 nm laser, 900 lines/mm grating, 25 μm slit, 1 s exposure 

time with averaging 32 scans, and a RenCam CCD detector. Spectra were collected in a 

range of 100–3500 cm–1 and analyzed using OMNIC software (v 9.2.98).

RESULTS AND DISCUSSION

FFA possesses nine polymorphs, eight of which have been structurally characterized;45 

however, only forms I (FFA I) and III (FFA III) are stable under ambient conditions and 

readily accessible by conventional solvent methods.42 These polymorphs are 

enantiotropically related, with FFA III being the thermodynamically stable form at room 

temperature, while FFA I is stable above 42 °C.46 Although FFA I is the commercial form of 

FFA, FFA III has been chosen as the desired polymorphic form for this study, as it represents 

the majority of commercial drug products where the APIs are formulated in the 

thermodynamically most stable polymorph at ambient conditions.29,47 Physical mixtures (10 

wt % to 80 wt %) of FFA III in PEG 4000, 10 000, and 20 000, respectively, were analyzed 

by PXRD to confirm that the energy input of the sample preparation and storage conditions 

had no adverse effect on the desired polymorphic form (FFA III) before any experiments 

were performed (Supporting Information).26,27 It was concluded that within the detection 

limits of the PXRD employed, no traceable transformation had occurred. Moreover, 

preprocessed physical mixtures of FFA III with PEG 4000, PEG 10 000, and PEG 20 000 

were stable upon storage for at least 549, 963, and 957 days, respectively (Supporting 

Information).

The binary eutectic phase diagrams for the PEG-FFA III systems were experimentally 

derived using DSC to determine the thermodynamic design space needed to process 

crystalline solid dispersions in the TS-HME experiments (Figure 1 and Supporting 

Information). The eutectic temperature was selected from the first endothermic event 
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observed in the DSC thermograms of the physical mixtures, while the second event was 

utilized to determine the temperature of the liquidus line. The area highlighted in Figure 1 

represents the thermodynamic design space, in which PEG 10 000 is molten and FFA III 

remains in its crystalline form. The TS-HME experiments were conducted within this area 

on the right side of the eutectic composition (x = 0.40), above the eutectic temperature 

(51.7 °C), but below the liquidus line for the PEG 10 000-FFA III system (Figure 1). The 

binary eutectic phase diagrams for the PEG 4000-FFA III and PEG 20 000-FFA III systems 

are presented in the Supporting Information.

Additionally, the dynamic thermal stability was investigated by TGA employing the same 

temperature profile utilized when deriving the phase diagrams. For the majority of the 

physical mixtures the decomposition corresponded to less than 5% weight loss at 

temperatures between 100 and 150 °C (Supporting Information). Consequently, the 

temperatures used in the TS-HME were selected taking into account both the phase 

diagrams (Figure 1 and Supporting Information) and the decomposition observed at 

temperatures ≥100 °C (Supporting Information) for all three PEG-FFA III systems. Based on 

these results and considering that the recommended temperatures for HME should be at least 

5–10 °C above the experimentally determined melting point of the polymers (58.2 °C, 

61.6 °C, and 61.9 °C for PEG 4000, 10 000, and 20 000, respectively) temperatures 

employed in the TS-HME ranged from 65 to 100 °C depending on the PEG-FFA III system 

studied. To address the possible decomposition caused by exposure to elevated temperatures 

over prolonged time, the thermal stability of pure FFA III as well as the PEGs were studied 

at selected temperatures (70 °C, 85 °C, and 100 °C) for a total residence time of 60 min 

(Supporting Information). The maximum residence time for the TS-HME was constrained to 

30 min, where only about 0.5% weight loss (indicating decomposition)27 of FFA III at 

100 °C was observed (Supporting Information), which represents six times the average 

reported maximum residence time in HME processes (5 min).12,41 The different PEGs 

depicted negligible weight losses of <0.2%, which are associated with the possible loss of 

adhered water molecules (Supporting Information).

Raman spectroscopy was employed for phase identification of the different crystal 

morphologies observed during the TS-HME experiments (Figure 2). The prism-like crystals 

possessed characteristic Raman shifts at 785, 685, and 524 cm–1, while needle-like crystals 

presented distinct shifts at 748 and 615 cm–1 that matched the reference Raman spectra of 

FFA I (bottom) and FFA III (top) recrystallized from methanol42 and employed in the 

sample preparation of the physical mixtures, respectively.46 Therefore, it was concluded that 

the needle-like morphology corresponds to FFA III, while the prism-like morphology 

corresponds to FFA I.

A representative set of time-lapse micrographs is shown in Figure 3, which depicts the 

transformation of FFA III (needles) into FFA I (prisms) at the expense of the surrounding 

FFA III needle-like crystals during the heating (red line) and isotherm (black line) sections 

of the temperature profile employed for this TS-HME experiment (Figure 3A–D). Figure 3E 

depicts the commonly observed overgrowth of the translucent surface of FFA I crystals 

which occurred upon cooling (blue line). These results suggest that a phase transformation 
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from FFA I back to FFA III (the thermodynamically stable form below 42 °C)46 might have 

occurred in the PEG-FFA III systems upon cooling.

The induction time for the polymorphic phase transformation of FFA III into FFA I was 

determined using in situ polarized HSM and temperature resolved PXRD (TR-PXRD) as 

well as offline PXRD. The temperature profile employed was identical for the physical 

mixtures analyzed by each of these techniques. The time elapsed before the appearance of 

the first FFA I crystal at a particular constant temperature was defined as the induction time 

for the transformation for the in situ polarized HSM experiments (e.g., 2 min in Figure 3C).

Figure 4 shows the powder diffractograms for a 20 wt % PEG 10 000 (80 wt % FFA III) 

physical mixture after exposure to a TS-HME at selected constant temperatures. No 

polymorphic phase transformation was detected at 70 °C after 30 min residence time (Figure 

4A). Powder diflractograms of the physical mixture exposed to a temperature of 85 °C 

(Figure 4B) show the appearance of a diffraction peak (red arrow near 24.4° in 2θ) as the 

residence time progresses, indicating that a phase transformation has started to occur (20 

min). The emergent peak is characteristic of FFA I.48 The time elapsed before the first 

observed deviation from the powder diffractogram of FFA III45 in the powder diffractograms 

of the PEG-FFA III mixtures was considered as the induction time for the transformation of 

FFA III to FFA I. The results for other FFA III physical mixtures with PEG 10 000 as well as 

PEG 4000 and PEG 20 000 are presented in the Supporting Information.

Figure 5 summarizes these measurements and indicates that generally the average induction 

time decreases with increasing temperature.42 Basic exponential expressions have been used 

to calculate the trend lines with the best possible fit for each data set. While physical 

mixtures containing 60 wt % FFA III were outside of the design space when exposed to 

temperatures ≥85 °C (Figure 1), physical mixtures of 80 wt % FFA III exposed to 

temperatures <80 °C depicted no polymorphic phase transformation during the 30 min 

residence time (Figure 5A). Considering the extended trend lines in Figure 5A as references, 

the average induction time increases by a factor of 2.4 when the FFA III content in the 

physical mixtures is increased from 60 to 80 wt %. Experiments performed with 100 wt % 

of FFA III show no polymorphic phase transformation when exposed to 100 °C (Supporting 

Information) for 30 min. These results indicate that the polymorphic phase transformation of 

FFA III is solvent-mediated, with PEG acting as a solvent leading to partial dissolution of 

the metastable FFA III and nucleation of the stable FFA I at temperatures above 42 °C. 

Moreover, with increasing thermodynamic driving force (temperature difference above the 

transition point of 42 °C) the phase transformation will be faster.26,27,49,50 Unfortunately, it 

is rather difficult to determine the solubility of APIs in high molecular weight polymers due 

to the high viscosity, low molecular mobility, and low vapor pressure of both API and 

polymer.51 However, in an effort to demonstrate the impact of the solubility of FFA III in 

PEG on the phase transformation kinetics, the induction time was measured using PEGs of 

average molecular weight 4000, 10 000, and 20 000 at various temperatures (Figure 5B).51 It 

is hypothesized that an increase in the average molecular weight of PEG would lead to an 

increase in the induction time, due to the inability of the polymer to dissolve FFA. Figure 5B 

demonstrates that increasing the average molecular weight of PEG increases the induction 

time for the polymorphic phase transformation of FFA III to FFA I at a composition of 60 wt 
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% FFA III. Specifically, the induction time increases by a factor of 4.8 from PEG 4000 to 

PEG 20 000. These results hint at the possibility of formulating crystalline solid dispersions 

of the stable form of FFA, FFA III, in PEG even when this form is metastable under the 

process conditions employed in the TS-HME. Here, the solubility of the API in the 

polymeric carrier guided through specific polymer—drug interactions52 might play a role in 

controlling the polymorphic outcome of the API processed in TS-HME,53,54 an aspect that 

will be investigated in future studies.

In Figure 5C it can be observed that the induction times measured by offline PXRD are 

generally increased by a factor of 4.6 compared to in situ HSM, suggesting that the 

transformation of FFAIII into FFA I takes longer to occur. Possible explanations for the 

difference between the induction times measured could be attributed to (l) the in situ versus 

offline analysis and/or (2) the sensitivity of each technique. To determine the root of the 

discrepancy, additional in situ TR-PXRD experiments were performed (Figure 5C). The 

induction times measured by TR-PXRD fall in between those measured by HSM and 

PXRD. Therefore, it is speculated that the difference in the induction time measured for the 

transformation of FFA III into FFA I (Figure 5C) occurs as a consequence of the time 

elapsed prior to the analysis of the physical mixtures, in other words, if the induction time 

was detected in situ (HSM, TR-PXRD) or offline (PXRD). These results emphasize the 

importance of process analytical technology for in situ monitoring of polymorphic phase 

transformations during simulated as well as large-scale HME processes.3,41,55–61 Moreover, 

it confirms that the PEG 10 000- FFA III mixtures underwent a transformation from FFA I 

back to FFA III (thermodynamically stable form) after cooling and storage for 24 h at 0% 

humidity prior to the PXRD (Figure 3E and Supporting Information). Thus, the induction 

time for the transformation from FFA III to FFA I was detected later in the experiments 

analyzed by offline PXRD. Results for physical mixtures with a FFA III content <80 wt % 

(PEG 10 000 >20 wt %) could not be determined by TR-PXRD due to the high amount of 

molten PEG, which hampered the detection of the diffraction peaks expected for FFA III 

present in the samples.

In addition, comparison of the induction times measured by HSM and TR-PXRD, both in 

situ, indicate that the sensitivity of these techniques also plays a role (Figure 5C). While 

PXRD measures several thousands of crystals at once and requires a higher quantity of bulk 

material to be transformed in order to detect the change (generally 0.5% to 10% of the total 

sample),26,27,62 HSM depends on the observation of only one FFA I crystal to determine the 

induction time. This difference in sensitivity might have also contributed to the observed 

discrepancy between the induction time measured by these two in situ techniques in Figure 

5C.

Generally, it can be stated that for all physical mixtures and PEGs employed, the induction 

times measured with PXRD, the preferred method for phase identification,27 are longer than 

the average reported maximum residence time of 5 min for HME (highlighted area in Figure 

5C and Supporting Information).12,41 Combined, these results support the possibility of 

producing crystalline solid dispersions of pharmaceutical substances prone to displaying 

polymorphic phase transformations even when the desired polymorph is metastable under 

the process conditions required for HME. Moreover, the TS-HME physical mixtures of FFA 
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III with PEG 4000, PEG 10 000, and PEG 20 000 were stable up to the point when this 

manuscript was submitted, which corresponds to at least 85, 88, and 25 days, respectively 

(Supporting Information). Although, further investigations are needed to gain deeper 

understanding of the complex interplay between composition, temperature, pressure, shear 

stress, and polymer–API interactions occurring during HME processes, the results presented 

here advance the current understanding for the processing needs of crystalline solid 

dispersions during HME, particularly those containing APIs prone to polymorphic phase 

transformations.

CONCLUSIONS

This investigation demonstrates that it is possible to produce crystalline solid dispersions of 

a nonsteroidal anti-inflammatory drug well-known to display polymorphism via a kinetically 

controlled process by regulating the composition, temperature, and residence time as well as 

materials attributes such as the average molecular weight of the polymer. It was established 

that FFA III (metastable under conditions above 42 °C) could be processed in TS-HME 

experiments by thorough understanding of the design space for the PEG-FFA III system. 

This study emphasizes that pharmaceutical substances prone to displaying polymorphic 

phase transformation might be ultimately formulated using polymer-based extrusion 

processes8,13 considering that the average residence time reported for HME amounts to 5 

min.12,41 This conclusion is drawn in light of the results presented above obtained from TS-

HME studies, which consider only composition, temperature, residence time, and average 

molecular weight of the polymer. Other HME relevant parameters such as pressure, shear 

stress, and their combination with composition, temperature, residence time, as well as type 

and molecular weight of the polymeric carrier will be explored in future investigations to 

gain deeper mechanistic understanding of the complex interplay among critical material 

attributes, CPPs, as well as interactions between the polymer and API that control 

polymorphic phase transformations in extruded crystalline solid dispersions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Phase diagram for the PEG 10 000-FFA III system. Data points (DSC), solid lines (trend 

lines of experimental DSC data), and highlighted area (thermodynamic design space). If the 

error bars are not visible they are hidden behind the data points.
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Figure 2. 
Raman spectra of “as received” commercial FFA I (black), prism-like crystals obtained after 

exposure of physical mixture (20 wt % PEG 10 000, 80 wt % FFA III) at 85 °C for 24 h 

(green), needle-like crystals that remained after exposure (blue), and FFA III employed in 

sample preparation of physical mixtures (red). Optical micrographs depict needle-like (top 

right) and prism-like morphologies (bottom right) observed during TS-HME experiment. 

The scale bars correspond to 100 μm.
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Figure 3. 
Time-lapse polarized optical micrographs for a 40 wt % PEG 10 000 (60 wt % FFA III) 

physical mixture undergoing a TS-HME: (A) before the experiment (T = 25.0 °C); (B) at 3.0 

min upon reaching a constant temperature of 85.0 °C, PEG 10 000 is molten, and FFA III 

remained crystalline; (C) at 5.0 min the first prism-like FFA I crystal appeared (white 

arrow); (D) at 33.0 min the prism-like crystals grew larger; (E) at 34.5 min (T = 55.0 °C) the 

needle-like FFA III crystals grew in the vicinity and on top of the FFA I crystals (white 

square); and (F) at the end of experiment, 36.0 min (T = 25.0 °C). Possible crystal 

movements during micrograph collection are caused by thermal convection from molten 

polymer.
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Figure 4. 
Powder X-ray diffractograms of a 20 wt % PEG 10 000 (80 wt % FFA III) physical mixture 

after exposure to TS-HME processes at (A) 70 °C and (B) 85 °C with different residence 

times and after 24 h storage at 0% humidity. From bottom to top: simulated FFA III 

(Reference Code, FPAMCA)45 obtained from the Cambridge Structural Database, CSD 

(black), physical mixtures processed in TS-HME (various colors), simulated FFA I 

(Reference Code, FPAMCA11)48 obtained from CSD (blue) and PEG 10 000 (green).
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Figure 5. 
Average induction time of phase transformation of FFA III into FFA I during TS-HME 

experiments as a function of (A) FFA III weight fraction in PEG 10 000 (measured in situ by 

polarized HSM), (B) average molecular weight of PEG for the 60 wt % FFA III composition 

(measured in situ by polarized HSM), and (C) measuring technique (in situ HSM, TR-

PXRD, and offline PXRD) for 80 wt % FFA III in PEG 10 000. Data shown represent the 

average of at least five measurements for HSM and PXRD and in duplicate for TR-PXRD. If 

error bars are not visible they are too small and covered by the symbol for the data point. 

Area highlighted on the bottom of (A−C) indicates the average reported maximum residence 

time of 5 min for HME.12,41
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