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ABSTRACT. Crystallization of poly(phenylene sulfone) (PPSU) in various solvents was 

investigated. Poly(phenylene sulfone) is commonly classified as an amorphous polymer. However, 

crystallization of PPSU occurs given that the solvent quality is low. That may be the case through 

adding a non-solvent, like water or alcohol, to a good solvent like N-methyl-2-pyrrolidone (NMP), 

as it is often the case in recipes for membrane dope solutions, or by choosing a poor solvent like 

N,N´-dimethylacetamide (DMAc) or N,N´-dimethylformamide (DMF). The solvent quality 

moderates the nucleation as well as the growth mechanisms, resulting in different crystalline 

structures. Wide-angle X-ray scattering (WAXS) investigations revealed the degree of crystallinity 

for PPSU in solutions of DMAc and DMF, respectively. Poly(phenylene sulfone) in DMAc formed 

well defined banded spherulites that showed a typical maltesian cross in oberservations with 

polarized light microscopy. PPSU in DMF, however, crystallized with complete confinement of 

the solvent into the crystalline structure, so that no defined spherical objects grew. However, 

atomic force microscopy (AFM) investigations revealed crystalline plates. A thickness of 21 nm 

of a single plate was determined by the height profiles of AFM micrographs. The lattice spacing 

for both structures was calculated to be 5.3 Å. The surface of both, the plates and the spherulites, 

consists of lamellar fibrils with a thickness of 10 nm and a length in the order of 100-150 nm, as 

determined by scanning electron microscopy and AFM investigations. The authors propose the 

reason for the crystallization to be --stacking of the rather stiff biphenylene groups. Nuclear 

magnetic resonance spectroscopy supported this assumption. The spectra showed peak broadening 

of the multiplets over time and a chemical shift to higher frequencies, implying distinct 

delocalization of electrons, as it is the case for interacting conjugated systems.  
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INTRODUCTION. Due to its high temperature stability and chemical resistance poly(phenylene 

sulfone) (PPSU) is of growing interest for various industrial applications. Just recently, PPSU has 

often been used not only for high temperature applications like foaming or 3D-printing 1-3, but also 

for the fabrication of nursing tools like baby bottles4. The combination of food-safety as well as 

the inherent chemical resistance makes PPSU a very promising candidate for membrane 

wastewater treatment5-6, where regular chemical cleaning pits the polymer membranes and food-

safety is of great importance. Promising approaches are the processing of PPSU to mixed-matrix 

membranes for ultra- or nanofiltration, equipped with nanoparticles or blending with miscible 

polymers for heavy metal removal, ion exchange or low fouling tendencies7-14. Of growing interest 

is not only the purification of liquids, but also of hydrogen, which was investigated by Naderi and 

coworkers for dual-layer hollow fiber membranes made of sulfonated PPSU15-16. Investigations 

leading to this study were intended to develop solutions for the fabrication of membranes based 

on PPSU. However, the viscoelastic properties of the corresponding solutions changed for PPSU 

solved in NMP and a non-solvent. The solutions turned turbid and apparent gelation occurred, 

which prevents the further use of the solution for membrane fabrication. To reproduce the change 

in the physical properties of the membrane dope solution, the system was reduced from a ternary 

to a binary system, by worsening the solvent quality and replacing N-methyl-2-pyrrolidone (NMP) 

and the non-solvent with N,N´-dimethylacetamide (DMAc) or N,N´-dimethylformamide (DMF). 

Usually PPSU is referred to be an amorphous polymer, so to the best of our knowledge no literature 

reporting on crystallinity of PPSU exists so far. Note, that sometimes authors abbreviate poly(1,4-

phenylene sulfone), poly(p-phenylene sulfone) and poly(p-phenylene sufide) as PPSU17-20. 

However, these substances describe a different polymer, which does not contain any biphenylene 

units. Other groups reported in molecular dynamics simulations calculated attractive forces and 
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favored low spacing (0.5 nm) for two PPSU molecules, i.e., due to -stacking of the biphenylene 

groups21-22. Similar assumptions were stated by Blackadder et al. for the origin of rarely observed 

crystalline parts in poly(ether sulfone)23-24 or by Benhalima et al. who made suggestions for 

crystalline structures for modified poly(aryl ethers) and its oligomers25-26. Interestingly, a recent 

study observed reversible crystallization of poly(ether sulfone) in DMF combined with benzene as 

a non-solvent or when cooling the solution27. The solvent was captured into the crystalline 

structure, but by removing the solvent, the crystalline structures became disordered and turned 

amorphous. Phase separation of PPSU in poor solvents was observed before, but it has been 

interpreted as gelation28. Here, the authors report a detailed investigation of the solvent-induced 

crystallization of native PPSU in solutions with DMAc and DMF, respectively, as examples for 

PPSU crystallization in poor solvents. The degree of crystallinity was determined by wide-angle 

X-ray scattering (WAXS) measurements. The melting of the crystalline regions was investigated 

via polarized light microscopy (PLM) and differential scanning calorimetry (DSC) as well as the 

morphology via scanning electron (SEM) and atomic force microscopy (AFM). Nuclear magnetic 

resonance spectroscopy was performed to investigate the molecular interaction during the 

crystallization process. The new findings will support the ability to adjust the properties of 

materials fabricated with PPSU solutions in future applications.  

EXPERIMENTAL SECTION.  

Materials. Poly(phenylene sulfone) (Ultrason® P 3010) was kindly provided by BASF SE 

(Ludwigshafen, Germany) with an apparent weight average of the molecular weight (Mw) of 

54 000 g mol-1, as determined by gel permeation chromatography (GPC) in DMAc (calibrated to 

polystyrene). NMP, DMAc and DMF were purchased from Merck (Darmstadt, Germany) and used 

without further purification. The chemical structures of PPSU and the solvents are shown in 
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Figure 1. 
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Figure 1. Chemical structure of poly(phenylene sulfone) (PPSU) and the solvents N-methyl-2-

pyrrolidone (NMP), N,N’-dimethylacetamide (DMAc) and N,N’-dimethylformamide (DMF). 

Solvent-Induced Crystallization. Solutions of PPSU in NMP, DMAc and DMF, respectively, 

were prepared and homogenized in a SpeedMixer™ DAC 800.2 (Hauschild & Co. KG, Hamm, 

Germany) at speeds of 200, 800 and 1200 rpm within 30 min of mixing time. The concentration 

of the investigated solutions was 25 wt. % and is given in weight percentage, if not specified else. 

The solutions were stored at 25 °C and protected from light. For AFM, SEM, PLM and selected 

WAXS and DSC measurements the crystallized polymer was dried under vacuum for 7 days at 

70 °C. All other investigations on the crystallized solutions were performed without pretreatment. 

Polarized Light Microscopy. Crystalline PPSU obtained from DMF and spherulites of PPSU 

formed in DMAc were observed with a polarized-light optical microscope (Leica DM LM, Leica 
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Microsystems, Wetzlar, Germany) to confirm the existence of crystalline regions. Likewise, the 

melting of the crystalline structure was optically investigated by using a heating stage THMS 600 

(Linkam Scientific Instruments, Tadworth, UK) for the PLM. The samples were subsequently 

heated in increments of 10 K with a heating rate of 10 K/min up to 240 °C (solutions in DMAc) 

and 300 °C (solutions in DMF) and hold at each temperature step for 5 minutes. A slow cooling 

interval followed at a cooling rate of 0.1 K/min down to 25 °C to check if crystalline structures 

also form during cooling from the melt state. 

Atomic Force Microscopy. A Bruker MultiMode 8, (Bruker Corporation, Santa Barbara, CA, 

USA), obtained the image of crystalline PPSU samples, in Peak Force QNM mode (qualitative 

nanomechanical mapping) as well as in tapping mode at room temperature (22-24 °C). ScanAsyst-

Air probes (tip radius 2 nm, spring constant 0.4 N/m) were applied for Peak Force QNM. 

RTESPA-150 probes (tip radius 8 nm, spring constant 6 N/m) and high aspect ratio-probes TESP-

SS (tip radius 2 nm, spring constant 20 – 80 N/m) were applied for tapping mode. Images with the 

highest accuracy were acquired using tapping mode with the high aspect ratio-TESP-SS probes 

due to the rough surface of the samples. All probes were purchased from Bruker, Massachusetts, 

USA. Images were processed with Nanoscope Analysis 1.9 regarding the removal of tilt with the 

plane-fit function, regarding the adjustment of contrast and brightness as well as for measurements 

of profiles of the crystalline lamellae. 

Scanning Electron Microscopy. Further characterization of the surface of the samples was 

performed with a scanning electron microscope Merlin (Zeiss, Oberkochen, Germany). The 

secondary electron micrographs were taken with an acceleration voltage of 3-5 kV. For charge 

oppression, the samples were coated with a platinum layer of 2 nm thickness by a sputter coater 

Bal-tec MED 020 (Bal-tec/Leica Microsystems GmbH, Wetzlar, Germany).  
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Wide-Angle X-Ray Scattering. The crystallinity and the diffraction patterns were evaluated by 

wide-angle X-ray scattering measurements, using a flexibly convertible small/wide-angle X-ray 

scattering SAXS/WAXS device equipped with an Incoatec IµS X-ray source and Quazar Montel 

optics. A SX165 CCD-Detector (Rayonix L.L.C., Evanston, USA) recorded the patterns with a 

collection time of 600 s per WAXS measurement. The samples were measured in transmission. 

The sample-detector distance was 0.15 m, so a possible detection of an angular range of 2Θ = 5°– 

45° was given. The spot size at the sample position was 700 µm and the X-rays wavelength was 

0.154 nm. The analysis and reduction of X-ray data was carried out with the customizable software 

DPDAK29. The quantification of crystallinity c was done by data analysis in Origin30, according 

to Equation 1, after subtraction of instrumental background signals.  

Equation 1 

𝜒𝑐 =
𝐴𝑐

𝐴𝑐+𝐴𝑎
           (1) 

In Equation 1 Ac is the integrated area of the crystalline peaks and Aa the integrated area of the 

amorphous area. 

Fourier Transform Infrared Spectroscopy. Fourier transform infrared (FTIR) spectra were 

recorded in attenuated total reflectance (ATR) mode with a Bruker ALPHA ATR FT-IR 

spectrometer (Bruker, Ettlingen, Germany), equipped with a diamond crystal. The measurements 

were carried out at ambient temperature in a spectral range of 400–4000 cm-1. An average of 32 

scans and a resolution of 4 cm-1 was applied for recording the spectra.  

 

Differential Scanning Calorimetry. Differential scanning calorimetry was performed with a 

DSC 1 Star System (Mettler Toledo, Greifensee, Switzerland) and used to study the thermal 
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transitions in the temperature range from -100 °C to 320 °C in a nitrogen atmosphere. All DSC 

runs were carried out at a rate of 10 K/min. For evaluation of melting temperature, Tm, only the 

first heating scan was considered, and after the cooling interval where the thermal history has been 

erased, the third scan was analyzed to determine the glass transition temperature, Tg. The 

crystallinity in the cooling and the second heating interval could not be determined via DSC 

measurements, since the required resolution to display the crystallization enthalpy of an eventually 

very low crystalline proportion formed out of the melt was too high to be obtained in the DSC 

measurements. Therefore, only the enthalpy for the crystal melting, but not for crystallization was 

evaluated.  

Nuclear Magnetic Resonance Spectroscopy. Samples were prepared with a concentration of 

15 % in deuterated DMF. 1H-NMR spectra were recorded using an Bruker Avance III HD 500 

NMR spectrometer (Bruker, Rheinstetten, Germany) operating at a field of 11.7 Tesla 

(500.13 MHz) employing a 5 mm 1H/13C/15N PATXI probe and a sample temperature of 25 °C. 

The spectra were recorded by employing the zg30 sequence using a 2.6 µs 30° pulse. The repetition 

time was set to 5 s to make sure that the samples were fully relaxed.  

Rheology. A rotational rheometer MCR 502 (Anton Paar, Graz, Austria) was used for the 

investigations of the viscoelastic behaviour of the solutions in shear. For low viscous solutions a 

Searle geometry and for crystallized samples a plate-plate geometry was used for the rheological 

experiments. The measurements were performed at a temperature of 25 °C in a nitrogen 

atmosphere. For the frequency sweeps the shear amplitude was set to γ0 = 10 %. The range of 

angular frequencies covered 100 to 0.01 rad s−1. 
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RESULTS AND DISCUSSION. In this study, crystallization of poly(phenylene sulfone) in poor 

solvents was investigated. Rheological experiments revealed that PPSU, dissolved in NMP, DMAc 

or DMF is not stable for all solvents at ambient conditions, i.e. the viscoelastic behaviour changes 

with time. Figure 2 shows the magnitude of the complex viscosity |𝜂∗| for the three solutions as a 

function of the angular frequency 𝜔. With time, the solutions of PPSU in DMF and DMAc develop 

a pronounced Non-Newtonian character with shear-thinning behaviour. This behaviour is caused 

by the increase of dynamic moduli and the non-Maxwell model type behaviour. However, PPSU 

in NMP remains an almost Newtonian solution, pointing that NMP is the best solvent for PPSU 

and no change of internal structure takes place. Cloud point measurements support these 

observations (Figure 3). Due to the ongoing crystallization in the poor solvents, the cloud points 

were determined for solutions of different concentrations (6, 9 and 12 % PPSU). That way it could 

Figure 2. Evolution over time of the magnitude of complex viscosity as a 

function of the angular frequency for PPSU in NMP, DMF and DMAc.    
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be assured, that the cloud point was not reached due to the crystallization over time, but only due 

to the addition of non-solvent.  

Morphology of Crystals. Figure 4 shows the development of solutions of 25 % PPSU in NMP, 

DMAc and DMF directly after preparation, after one and after four days. Obviously, the solution 

with NMP is stable. According to our investigations, it seems stable for at least six months at 

ambient conditions. The progression of crystallization at this concentration is visible by eye in 

both, DMAc and DMF, already after 24 h. The solution with 25 % PPSU in DMF is turbid almost 

immediately after mixing. At lower concentrations of 7 % the solution is transparent for some days 

before turning turbid. However, the spherulites in DMAc at a concentration of 7 % PPSU, grow 

Figure 3. Cloud points of solutions of PPSU in DMF, DMAc and NMP.  
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within two weeks instead of 24 h as it has been determined for 25 % solutions. The investigations 

at various concentrations show that the concentration only influences the time scale of 

crystallization, but not if crystallization occurs at all (see supporting information). This implies 

that the origin of the crystallization process is not saturation, but solvent quality and interactions 

within the PPSU chains. For purposes of comparability and preferably fast crystallization 

processes, the authors choose to perform all following investigations on solutions with 25 % PPSU 

in the solvent of choice, or dried PPSU out of a 25 % solution. The melting temperature of the 

Figure 4. Photographs of solutions of 25% PPSU in NMP (A-C), 25% PPSU 

in DMAc (D-F) and 25% PPSU in DMF (G-I) at times of 0 h, 24 h and 96 h 

after preparation. 
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crystalline regions was investigated via PLM and DSC on dried samples (60 °C for 14 days in 

vacuum). According to thermal gravimetric analysis (TGA) the samples after drying contained 

still 10 % (DMF) and 20 % (DMAc) of solvent captured in their structures (SI: TGA). The first 

heating run of the DSC thermograms is shown in Figure 5. Measurements on native PPSU flakes 

as delivered for comparison and dried PPSU in DMF and DMAc are displayed. Sample evaluation 

via FTIR31-33 on crystallized PPSU in DMF and DMAc, compared with native PPSU and the pure 

solvents (Figure 6), could not detect any significant shifts in the signals in the polymer/solvent 

solutions. At wavenumbers in the range of 1760-1690 cm-1 the C=O stretching vibrations (a) are 

visible, while the signals at 1350-1030 cm-1 correspond to stretching N-C vibrations (b) which can 

be associated with the solvents. The C-O-C stretching vibration at 1225-1200 cm-1 as well as 1150-

1060 and 970-800 cm-1 belong to the ether group (c), while the sulfone group of PPSU (d) absorbs 

with S=O stretching vibrations at 1350-1300 and 1160-1120 cm-1. Distinct vibrations of the 

aromatic ring compounds are found at 1600, 1500 and a deformation at 1000 cm-1. The vibrations 

Figure 5. DSC thermograms revealing a Tg (first heating run) of 219 °C for native 

PPSU flakes and melting peaks at Tm = 100 °C for crystallized PPSU/DMAc and 

Tm = 275 °C for PPSU/DMF solutions.  
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of the compound class C-S (f) can be found at 800-600 cm-1. This region overlaps with the out of 

plane deformation of substituted benzene rings at 900-600 cm-1 (e). The absorption peak positions 

of the solution are in good agreement with those of the native materials. That might exclude 

binding effects of solvent molecules onto the polymer. Nonetheless, at wavenumbers from 900-

600 cm-1, the signals appear distinct and narrow for the solutions. This region covers both, the 

vibrations of the biphenyl group, as well as the substituted benzene rings on the sulfone, and the 

ether group. It seems that at least one of these compounds are particularly effected from 

crystallization. The aromatic rings are also represented in the signal at 1580 cm-1 (1600 cm-1, 

according to literature31), which is more pronounced in the crystallized solutions. These results 

imply that the reason for crystallization is found in interactions of the polymer backbone and the 

solvent is only captured in the crystalline structure, but not covalently bonded.  

Figure 6. FTIR analysis of the crystalline samples and their components, 

exact peak positions can be found in the SI. 
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The heating in the Linkam stage of the PLM was performed at a rate of 10 K/min and images were 

taken at intervals of 5 minutes at constant temperatures. A slow cooling rate of 0.1 K/min was 

chosen after melting of the samples in order to verify if crystallization can also occur directly from 

the melt (Figure 7). The values of Tm observed in both investigations, DSC and PLM, are in good 

agreement. The Tm of PPSU in DMF was measured to be 275 °C, with a Tg of native PPSU at 

219 °C. This finding is in good agreement with the empirical rule of Beaman-Boyer34-35, stating 

that the Tg correlates roughly with 2/3 Tm. However, the crystallized PPSU in DMAc revealed a 

surprisingly low melting temperature of the spherulites at 100 °C. The slow cooling of molten, 

native PPSU, did not result in measurable, reinduced crystallinity. Although slight lamellae 

formation could be observed in AFM images (see SI), the crystallinity of these samples was too 
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low to be measurable via DSC or WAXS. One could probably come to higher crystallinities by 

extending the duration of the PPSU being stored at a temperature above Tg.  

Figure 7. PLM images, taken at different temperatures for visualization of the melting of 

crystalline structures. For clear presentation, only selected temperatures are shown here. Melting 

temperatures were 100 °C and 270 °C for PPSU/DMAc and PPSU/DMF, respectively. A slow 

cooling interval with a rate of 0.1 K/min to examine if crystallization from the melt is possible 

followed the heating interval. 
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The morphology of those crystalline structures is depicted in Figure 8 and offers a possible 

explanation for the different melting temperatures. A less dense crystalline structure may cause a 

low crystalline melting temperature of the spherulitic PPSU, compared with the PPSU crystals 

grown in DMF. The decreased ability of DMF to dissolve PPSU sufficiently, compared to DMAc 

(and NMP) has a similar effect like pressure-induced crystallization for polymers in the melt. The 

lower the quality of the solvent, the higher is the number of favorable interactions between adjacent 

chains in the melt. It is known that elevated pressure on crystallizable polymers in the molten state 

introduces more nuclei, involving a rise of melting temperature36-37. AFM investigations revealed 

Figure 8. Morphology of crystallized PPSU from solutions with DMAc (I) and with DMF (II). 

Column a) shows PLM images, b) presents scanning electron micrographs and c) depicts the AFM 

height profiles of the sample from 0-165 nm dark to light, height profile of the inset I c) ranges 

from 0 to 330 nm. The inset in II c) gives the amplitude error of the AFM tip, providing a better 

visible morphology. Red arrows alert to the fibril orientation leading to plate-shaped structures. 
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plate- and chair-shaped structures of 150 nm lateral expansion and 20 nm thickness (Figure 8, II c 

and inset). The plates consist of similar fibrils like the spherulites but seem to have a more ordered 

spatial orientation (Figure 8, I and II b)). The fibrils have a constant thickness of 10 nm ± 2 nm 

and 75 nm ± 10 nm in length, as determined by analysis of the scanning electron micrographs. The 

low melting temperature of the spherulites suggests a rather imperfect crystallization through 

incorporation of solvent molecules. Although a typical, distinct maltese cross, including the rings 

known from banded spherulites, is visible in the images from polarization microscopy (Figure 8, 

I a), there were no branched or star-like orientated substructures visible via SEM or AFM, as 

expected from literature for typical spherulite growth38-41. This could be an indication for defects 

in the crystal or elevated mobility through captured solvent molecules in the crystalline structure, 

as has been found before by several researchers investigating crystals with low melting 

temperatures42-43. If these assumptions are true, one could expect the number of defects to be even 

more pronounced in the samples crystallized from DMF. For PPSU in DMF a full incorporation 

of the solvent molecules into the crystalline structure was observed. Following the above-

mentioned approach, this should lead to even more defects compared with the imperfect, but still 

well established spherulites. An explanation could describe defect-free grown crystals in parts of 

the mixture, where the chain-chain interaction is high and the distances of interacting molecules 

are very low. These crystalline parts can be accompanied by pronounced interconnection through 

amorphous parts, where the solvent molecules are captured and integrated. That would lead to a 

3D dispersion with dense crystalline packing but macroscopically homogeneous appearance. In 
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addition, the defect-free, densely packed crystals would feature a higher melting temperature as 

found in the DSC and PLM investigations.  

Crystallinity. The crystallinity was determined, using wide-angle X-ray scattering (WAXS). 

Lacking knowledge of the crystal unit cell of PPSU itself, only the periodic line patterns, the 

associated d-spacing, as well as the crystallinity are evaluated. The observed scattering peak 

positions are reported in Figure 9 and Table 1. 

Figure 9. WAXS scattering intensity diagram of native PPSU flakes (amorphous, brown) and dried 

PPSU/DMF (blue) as well as PPSU/DMAc (green). The dashed lines indicate peak positions, 

shared in both samples. The exact values of all peak positions are listed in Table 1. b) and c) depict 

the WAXS intensity of PPSU/DMAc and in DMF, respectively. Distinct radial positions indicate 

the reflections of the crystal and are visible in the amorphous halo. 

Table 1. Crystalline reflections of dried PPSU crystals, grown in solutions with DMAc and DMF, 

obtained by WAXS measurements. 

2 16.9  17.8 18.7 20.1 21.0° 22.0 24.0 25.1 28.3 29.2 30.3 

PPSU/DMAc x  x  x x x x x x x 
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PPSU/DMF x x x x  x x x x  x 

The d-spacing correlates to Bragg’s law (Equation 2), with an X-ray wavelength of 1.54 Å and 

the order of diffraction n. With n = 1, the values for the lattice spacing could be calculated, see  

The most prominent distance was calculated to be close to 5.3 Å for both crystalline structures. 

However, it was not possible to match the d-spacings to their corresponding lattice planes without 

the unit cell parameters. 

Table 2.  

Equation 2. 

𝑛𝜆 = 2𝑑 sin 𝜃 

The most prominent distance was calculated to be close to 5.3 Å for both crystalline structures. 

However, it was not possible to match the d-spacings to their corresponding lattice planes without 

the unit cell parameters. 

Table 2. Calculated d-spacing for the three most pronounced peaks of PPSU in DMAc or DMF. 

2ϴ [°] d-spacing [Å] 

DMAc DMF DMAc DMF 

16.90 16.72 5.24 5.30 

18.66 20.10 4.74 4.41 

21.04 21.95 4.21 4.04 

 

The crystallinity for both samples was calculated using Equation 1. For PPSU/DMAc the 

calculated crystallinity was 37 % and for PPSU/DMF 50 %.  
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These values are in good agreement with all observations above. The elevated crystallization 

kinetics may result from a combination of more nuclei and another crystalline form. The crystalline 

growth in DMF was tracked and the development of crystallinity plotted over time, see Figure 10. 

Note, that the calculated crystallinity for 25 % PPSU in DMF is obviously much lower, compared 

to a dried sample. For the calculations, the normalized scattering data at 0 h were chosen for the 

amorphous state. The data reveal an exponential increase of crystallinity probably due to a high 

nucleation number, as explained before. The stationary number of nuclei, introduced by the solvent 

quality of DMF, governs the unhindered crystallization in the first 60 hours. Afterwards the growth 

of the crystals must be spatially hindered, as also observed in the solutions texture, which showed 

higher dynamic moduli after 60 h, see rheological measurements in the SI. The crystallinity 

converges to a constant value of 14 %. If one considers that only the polymer chains crystallize, 

14 % crystallinity of a solution with 25 % polymer in solution corresponds to 56 % crystallization 

of the homopolymer. This is in good agreement with the calculations above.  
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For PPSU in DMAc the attempt to track the increase of crystallinity over time was not successful. 

This may be the case because the crystallinity is lower and slowly increasing, but more important 

was that the nucleation happened mostly on surfaces due to their roughness/defects and when the 

crystallization in the solution started, the spherulites sank to the bottom of the specimen and the 

detection of the crystallites was not possible. The same effect was seen in the 1H NMR 

measurements. For clear identification, the predicted and measured spectra of PPSU are displayed 

in Figure 11. Note, that the simulation of only one repeating unit for the calculated PPSU spectrum 

is not realistic for an apparent number average molecular mass of 26 kDa, so the predicted peak 

intensity of the endgroup at 3.8 ppm is too high. Here, water is the reason why the measured 

spectrum still shows a well-pronounced peak at 3.8 ppm, as the solution is highly hygroscopic. 

A detailed peak identification can be found in the SI. With time, broadening of the corresponding 

peaks for the conjugated systems in PPSU was visible in DMF, agglomeration together with  

stacking44-45 could explain this phenomenon, see Figure 12. Especially, in the aromatic region for 

Figure 10. Progression of crystalline formation over time for 25 % PPSU in DMF, obtained via 

WAXS measurements. a) Shows growth of scattering intensity, in b) calculated crystallinity in 

solution as function of time.  

Figure 11. 1H NMR spectra of PPSU. Top: Calculated; Bottom: Measured spectrum. 
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the biphenyl group (7.8-8.4 ppm), the slight chemical shift to higher frequencies as well as the 

broadening of the multiplet peaks point to interacting molecules in solution. -stacking 

interactions of the biphenylene unit contribute to evoking the aromatic ring current effect, which 

leads to a deshielding of the protons and a downfield shift of the signals. The diminished mobility 

of the growing crystals in the solution, results in broadening of the signals46-48.  

For PPSU in DMAc, this downfield shift could not be measured, not because crystallization did 

not occur, but the spherulites show a higher density than the solution and sink to the bottom of the 

NMR tube. 

Instead, the crystalline growth of PPSU in DMAc could only be tracked via optical microscopy, 

as it is shown in Figure 13. A slightly different trend accounts for the spherulitic growth, compared 

to the crystallization of PPSU in DMF (Figure 10) over time. Due to the better solvent 

Figure 12. Enlarged aromatic region of the stacked 1H NMR spectra of PPSU in DMF, 

measured for 64 h. The inset shows the complete superimposed series. 



 24 

quality, the number of nuclei must be smaller, resulting in more three-dimensional space for crystal 

growth. Nevertheless, the growth of the spherulites almost follows a linear increase, until the 

boundary of other spherulites is reached after 160 h and the growth no longer takes place in the 

lateral dimension, but new spherulites on the first generation will be formed. 

CONCLUSION. This study investigated two mechanisms of crystallization of commonly known 

amorphous PPSU in poor solvents. It was shown that crystallinity in a bad solvent (DMF) is 

enhanced, compared to better solvents (DMAc and NMP), leading to different melting 

temperatures and different crystalline forms. The driving force for the crystallization itself might 

be  stacking of the biphenylene groups, which was supported by the NMR spectra of PPSU in 

Figure 13. Spherulitic growth of 25% PPSU in DMAc over time. Images A-E were taken via light 

microscopy. 
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DMF. Estimated lamellar distances could be determined via AFM and corresponding scanning 

electron micrographs with a lamellar thickness of 10 nm, while the atomic plane distances range 

from 4.2 to 5.3 Å, as has been calculated from WAXS data.  
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SUPPORTING INFORMATION 

  

Figure SI 1. Photographs of 7 % PPSU in DMAc and in DMF, 4 weeks after preparation. 

Figure SI 2. Thermogravimetric analysis of crystallized PPSU from DMAc and DMF, dried for 7 

days at 70 °C under vacuum.  
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Figure SI 3. AFM micrographs of native PPSU, molten for 60 h at 240°C. After 60 hours a+b) 

were subsequently cooled with 10 K per hour, c+d) cooled down directly at 25°C.  
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Figure SI 4. AFM micrographs (I) and height profiles (II) of PPSU plates, crystallized in DMF. 

The scanned area of the sample for was 5, 3 and 1 µm for A to C.  
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Figure SI 5. Loss modulus as a function of angular frequency ω for 25 %PPSU in NMP, DMAc 

and DMF directly after preparation and after seven (NMP) and 13 days (DMAc and DMF). 

 

Table SI 1. Absorption peaks and according compound classes, determined by FTIR 

measurements. 

Group 
Absorption 

[cm-1] 

Absorption in spectra [cm-1] 

DMAc DMF PPSU PPSU/DMAc PPSU/DMF 

CH2/3 3000-2800 2928 
2926, 

2852 
 2928 2926, 2852 

C=O 1675-1630 1635 1661 0 1637 1665 

C=C (ring)  1600, 1500 0 0 1582, 1482 1580, 1482 1582, 1482 

C=C (ring) 1000   1003 1009 1005 

C-N 1360-1030 

1353, 

1264, 

1184 

1251, 

1086, 

1060 

 1353, 1252, 1186   1253, 1192, 1088 

𝜈S=O
as  1350-1300   1319, 1292 1319, 1292 1317, 1294 
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𝜈S=O
s  1160-1120   1145* 1168, 1147* 1166, 1150* 

C-O 1225-1200   1229 1231 1233 

𝜈C−O−C
as  1150-1060   

1145*, 

1103, 1072 
1147*, 1103, 1070 1150*, 1103, 1088 

𝜈C−O−C
s  970-800   866*, 825* 868*, 848-825* 872*, 843-819* 

C-S 800-600   717*, 683* 715*, 679* 787*, 683* 

C-H (o.o.p. 

subst. benzene) 

900-670   
866*, 825*, 

717*, 683* 

868*, 848-825*, 

785*, 736*, 715*, 

679*  

872*, 843-819*, 

787*, 734*, 713*, 

683* 

*Absorption peaks are ambiguous and therefore listed in multiple compound classes. 
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Figure SI 6. Absorbance spectra of PPSU crystals and the native components, measured via FTIR. 

Figure SI 7. 1H NMR spectra with peak identification for PPSU in DMF. 

1H NMR (500 MHz, DMF) δ 8.26, 8.24, 8.21, 8.01, 8.01, 7.99, 7.99, 7.44, 7.43, 7.41, 7.26, 4.03, 3.80, 3.09, 2.93.  
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Figure SI 8. SEM micrographs of PPSU spherulites, grown in DMAc. 
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Figure SI 9. SEM micrographs of PPSU crystals, grown in DMF.  

 

 

 


