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ABSTRACT 

Nanoporous-crystalline (NC) forms, i.e. crystalline structure presenting nanocavities or 

nanochannels inside the crystalline lattice, are possible only for two polymers, both 

commercially available: syndiotactic polystyrene (sPS) and poly(2,6-dimethyl-1,4-

phenylene) oxide (PPO). In particular, the two NC phases of sPS, named delta (·) and 

epsilon ( ), showing pores as cavities or channels, are well described and characterized 

in literature since 1994 and 2007, respectively; whereas, as for PPO, evidences of the 

formation of NC phases have been established only in 2011. 

NC phases present several features which make them interesting for many industrial 

fields, for instance they can absorb suitable guest molecules, even at low activity from 

water and air, making them useful for applications such as air and water purification 

and/or molecular sensors. Moreover, the capability to absorb suitable guest molecules 

inside the NC lattice, leading to the formation of co-crystalline (CC) phases, can open the 

possibility of applications of these CC polymeric materials, in many different fields 

depending on the chemical nature of the guest molecule, as for instance fluorescence, 

photoreactivity, magnetism, ferroelectricity and antimicrobial.  

The present Ph.D. thesis aimed to investigate on new properties as well as on possible 

applications of these peculiar thermoplastic polymers, and the goals achieved are reported 

as follows. 

Firstly, WAXD and FTIR measurements have shown the formation of two well-separated 

NC (and CC) forms of PPO, named alpha (³) and beta (³). The NC ³ and ³ forms not 

only exhibit different chain packing but also slightly different chain conformations (c = 

5.28 and 5.47 Å, respectively). Additionally, the ³-form is favored by hydrophobic (with 

solubility lower than 0.11 mmol per 100 mL of water) and bulky guest molecules (with 

molecular volumes higher than 230 Å3) while the ³-form (being characterized by a higher 

chain periodicity) is favored by hydrophilic (with solubility higher than 2 mmol per 100 

mL of water) and small guest molecules (with molecular volumes lower than 149 Å3). 

Another important aspect which has been point out is the strong influence of the 

crystalline phase orientation of NC PPO ³ phase with respect to the film plane on guest 

molecules diffusivity. In particular, NC PPO films exhibit higher diffusivity of the 

pollutant perchloroethylene (PCE) from vapors (5.6 × 10310 cm2 s-1) as well as from 

aqueous solutions (2.1 × 10310 cm2 s-1) when the orientation of the NC ³ phase is 
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preferentially perpendicular to the film plane (c⊥ orientation). Specifically, diffusivity 

values are higher than for films with c// orientation (1.5 × 10311 cm2 s-1) and much higher 

than for NC sPS films (6.7 × 10312 cm2 s-1). Moreover, guest uptakes for NC c⊥ PPO films, 

when expressed as mass of guest per polymer volume, are also much higher than for NC 

PPO powders and aerogels. This advantage becomes very important considering that for 

most purification processes the limiting factor is the volume of the absorbent material.  

Furthermore, it has been also found that guest diffusivity values of PCE on NC PPO films 

presenting high surface area (up to 620 m2 g21) are even much higher than for c⊥ oriented 

NC PPO films, both for sorption from vapor phase (3.3 × 1039 cm2 s-1) and from diluted 

aqueous solutions (3.8 × 10310 cm2 s-1). These features make NC PPO films (especially 

with high surface area) particularly suitable for air and water purification. 

In addition, preliminary results about potential gas sensors made with PPO films/coatings 

have been reported. Two approaches have been proposed based on the transduction 

methods: electrical and optical. About electrical approach, a potential gas indicator based 

on a metal insulator semiconductor has been proposed. This device presents a PPO 

coating (≈1¼m) as dielectric material between two metal contacts (Au, gold). When it is 

exposed to different gases (i.e., methyl ethyl ketone and carbon tetrachloride), a diverse 

response pattern has been achieved, therefore a discrimination among volatile chemicals 

seems to be possible. As concern optical approach, PPO films containing 132 wt% of the 

fluorophore umbelliferone has been tested in saturated chloroform vapours. Once 

exposed to these vapours, fluorescence rapidly turned on within the first minutes thanks 

to the solvation effect provided by the polar vapours. Such vapochromic response has 

appeared also to be reversible after many cycles. The whole set of data has suggested that 

PPO films/coatings could be very suitable for developing new advanced materials for 

detection of harmful volatile organic compound vapours. 

Furthermore, sorption of carboxylic acids in NC phases of axially oriented sPS phases 

has been explored. The main results which have been observed are that ¸ sPS phases can 

host hydrogen-bonded molecules to form a <polymer= into the crystalline channels (i.e., 

with the dicarboxylic adipic acid). This could be particularly interesting for films 

exhibiting the c⊥ orientation, in which the crystalline channels and hence the hydrogen-

bonded <linear polymers= are preferentially perpendicular to the film plane. This 

procedure could possibly lead to formation of isolated semiconductive linear polymers 
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perpendicular to the plane of insulating sPS films for new membranes with electrical 

properties.  

Finally, the phenomenon of crystallization associated to the unusual induction of axial 

orientation in sPS unstretched fibers has been also observed. Different guests (as pure 

solvent or in aqueous diluted solutions) have been tested finding that they are able to 

induce crystallization in CC phases associated to high degree of axial orientation (in the 

range 0.7 < fc < 0.8). This high degree of axial orientation can be also completely retained 

after guest removal leading to NC phases. The occurring of axial orientation improves 

mechanical property of sPS fibers and hence could be notably relevant from an industrial 

point of view.  

Moreover, axially oriented CC sPS fibers including natural antimicrobial guest molecules 

(i.e., eugenol, carvacrol and thymol), have been also studied during time. They present a 

slow and controlled release in air at room temperature; this long-term antimicrobial 

release makes them usable for months in many biomedical applications where the 

inhibition of microorganisms’ growth is crucial. 
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INTRODUCTION 

Co-crystalline (CC) forms between a polymeric host and low-molecular-mass (guest) 

molecules are known for many polymers.135 For most host polymers, CC phases are 

formed only with a very limited number of guest molecules due to specific host-guest 

interactions. The removal of guest molecules from CC phases usually generates 

amorphous or dense crystalline phases.3,4,638 Exceptions to this general rule are two 

important thermoplastic polymers: syndiotactic polystyrene (sPS) and poly(2,6-dimethyl-

1,4-phenylene oxide) (PPO). Both are able to form not only CC phases with a large 

number of low-molecular-mass molecules but by using simple extraction procedures 

nanoporous crystalline (NC) phases can be obtained. These NC phases show spatially 

ordered pores with identical size and hence the crystalline density is lower than those of 

corresponding amorphous phases. 

Particularly, two NC phases for sPS, named delta (·)9311 and epsilon ( ),12 showing pores 

as cavities or channels, are well described and characterized in literature. As for PPO, 

evidences on the formation of co-crystals with many guests have been well known in the 

literature from decades, but only in 2011 the nanoporous nature of PPO crystalline phases 

was established.13 

These polymers are commercially available and the presence of simple processing 

conditions (low pressure and temperature) and processing techniques (both from melt and 

solutions)14 can lead to a large variety of morphologies, like fibers, sheets, films, 

membranes, foams, gels and aerogels.15319 They present also several features which make 

them interesting materials to be applied in many industrial fields. Firstly, the identical 

cavities of these NC polymers allow molecular selectivity20326 comparable to those of NC 

inorganic and organometallic materials.  

Additionally, NC phases can absorb guest molecules, even at low activity, from air as 

well as from water,23 and this can be particularly relevant for many applications, such as 

air and water purification, molecular separation as well as molecular sensors.27335 

Moreover, the sorption of suitable guests in the crystalline phases can open the possibility 

of applications of CC polymeric samples, depending on the nature of the molecules, into 

many different fields, including fluorescence, photoreactivity, magnetism, ferroelectricity 

and antimicrobial.36344 Another remarkable characteristic is that by using different 
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crystallization procedures, the orientation of both host polymeric and guest molecules 

into the CC phases can be easily realized.45 

The aim of the present Ph.D. thesis is the investigation on new properties as well as trying 

to establish possible applications of these innovative NC polymers, inducing a substantial 

advance in the scientific literature about them. 

In detail, this thesis is divided into Part I and Part II which are related to advances in the 

study on PPO and sPS, respectively. At the end of each part, general concluding remarks 

are there reported. 

Part I has been sectioned into three chapters. In the first chapter, a significant progress in 

the characterization of NC forms of PPO, named alpha (³) and beta (³), has been 

achieved. In particular, guests leading to CC (and NC) ³ or ³ forms of PPO and the 

molecular features behind their formation are described. 

In the second chapter, sorption properties of NC PPO samples, prevailingly films, are 

investigated in order to check their possible application for air and water purification.  

Then, in the third chapter, taking into account the extraordinary ability of NC PPO phases 

in terms of sorption, the investigation about PPO films for developing gas sensors is 

carried out. 

The Part II moves the attention to CC sPS phases, and it is subdivided into two chapters 

(fourth and fifth, respectively). 

In the fourth chapter, the possibility of inclusion of carboxylic acids, especially with long 

aliphatic chains, to form linear hydrogen bonded aggregates in sPS crystalline epsilon 

channels is described.  

Finally at the end, the fifth chapter of this thesis details about a very unusual phenomenon 

of both crystallization as well as axial orientation in sPS unstretched fibers by different 

guests. Some of these guests, which are able to induce axial orientation in sPS unoriented 

fibers, present also antimicrobial activity, so, in addition, antimicrobial guest release from 

these axially oriented CC sPS fibers has been as well investigated. 
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CHAPTER 1 
Nanoporous Crystalline alfa and beta phases of PPO 

In this chapter, WAXD and FTIR characterizations of NC forms of PPO are shown. In 

particular, guests leading to co-crystalline (CC) and nanoporous crystalline (NC) ³ or ³ 

forms of PPO as well as the molecular features (i.e., solubility and molecular volume 

parameters) behind their formation are here analyzed.  

1.1 Structural features on Nanoporous Crystalline PPO forms 

It is known that PPO is a commercial thermoplastic polymer,134 commonly available in 

the amorphous state and it is able to crystallize with low-molecular-mass molecules 

leading to CC forms.537 However, only recently, it has been found that, after guest-

extraction processes, PPO with NC phases can be easily obtained.8314 

As for NC phases of PPO, regardless of the polymer morphology (powders,8 films,9,13 or 

aerogels12), the existence of a continuum14 of NC modifications has been suggested by 

WAXD patterns. 

In this section, experimental evidences, mainly based on WAXD and FTIR 

measurements, show instead the formation of two well-separated NC forms, hereafter 

named ³ and ³, which not only exhibit different chain packing but also slightly different 

chain conformations. 

1.1.1 Guests leading to crystalline ³-forms 

The WAXD pattern, as taken with the X-ray beam parallel to the film plane (EDGE 

pattern), of a PPO film cast from carbon tetrachloride (CCl4) solution is shown in Figure 

1.1a. The presence of diffraction arcs centered on the equator of the pattern indicates that 

chain axes of the crystalline phase present an orientation preferentially parallel to the film 

plane (c// orientation).14 The degree of planar orientation as evaluated by an azimuthal 

scan of the 001 reflection (χ(001)) of the EDGE pattern of Figure 1.1a is close to 0.6. 

Equatorial profiles of EDGE patterns (like the one of Figure 1.1a) of PPO cast films from 

CCl4, 1,1,1-trichloroethane (TCA), and 1,1,2-trichloroethylene (TCE) solutions, with a 

guest content of ∼11, ∼9, ∼12 wt%, evaluated by TGA measurements, are shown in 

Figure 1.2a-c, respectively. The diffraction profiles of the three CC films exhibit similar 

2θCuK³ values for the observed reflections. However, as generally expected for polymer 

CC phases,15,16 variations in relative intensity of the observed peaks (mainly for low 

2θCuK³ reflections), depending on the chemical structure of the guest molecules, are 
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observed. The WAXD EDGE pattern of the cast PPO film after CCl4 removal by 

supercritical carbon dioxide (scCO2) extraction is shown in Figure 1.1b. It is apparent that 

guest extraction does not change substantially the position of the diffraction arcs, neither 

their shape, clearly indicating the maintenance of a similar degree of c// orientation. 

 

Figure 1.1  WAXD patterns,  as taken with the X -ray beam paral lel  to  the fi lm plane (EDGE 
patterns),  of CC PPO fi lms  (a,c) obtained by cast ing from CCl 4  solution (a) or by 
crystal l izat ion  of the amorphous fi lm by BE sorption (b) and of the respective  ³ NC PPO 
fi lms (b,d) obtained after CCl 4  (b) and BE (d) removal by scCO 2  extract ion.  The dashed 
red l ine in  (a) shows the direction of equatorial  profi les . 

To get a more quantitative information, equatorial profiles of EDGE patterns, like the one 

shown in Figure 1.1b, for PPO cast films from CCl4, TCA, and TCE solutions, after 

complete guest removal by scCO2 extraction, are shown in Figure 1.2a′-c′, respectively. 

It is apparent that, as a consequence of guest extraction, the WAXD patterns of the three 

films become nearly identical to each other (2θCuK³ values of the main diffraction peaks 

and the corresponding Miller indexes, as proposed in ref 14, are collected in Table 1.1).  

This indicates the formation of a same NC phase starting from three different CC phases. 

It is also worth noting that the WAXD pattern of the NC films exhibits, with respect to 

the patterns of all considered CC forms, increased intensity of the 100 reflection and (to 

a lower extent) of the 010 reflection as well as a decreased intensity of the 310 reflection. 

EDGE patterns like those of Figure 1.1 also allow an accurate evaluation of the position 

of the meridional peak (001, at 2θCuK³ = 16.8°) and hence of the c periodicity, which is 

nearly 5.3 Å for the CC forms with CCl4 (Figure 1.1a), TCA, and TCE, as well as for the 

corresponding NC forms (Figure 1.1b). 
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A strictly similar behavior is observed for other PPO CC films exhibiting c// orientation, 

like those obtained by casting from chlorobenzene (CB), 1,2-dichloro-benzene (o-DCB), 

1,2,4-trichlorobenzene (TCB), toluene (TOL), and o-xylene (2θCuK³ values of the main 

diffraction peaks are collected in Table 1.1). 

As for films obtained by guest-induced crystallization of amorphous PPO films, which 

exhibit a c⊥ orientation rather than the c// orientation,14 the EDGE patterns show 

equatorial reflections centered along the meridian of the pattern (Figure 1.1c,d). 

                  
Figure 1.2  Equatorial  prof i les of EDGE WAXD patterns,  l ike those of  Figure 1.1,  for PPO 
fi lms:  CC (a2c) as obtained by  cast ing from CCl 4  (a),  TCA (b),  and TCE solutions (c);  ³ 
NC (a′2c′) as obtained after scCO 2  extract ion of CCl 4  (a ′),  TCA (b′),  and  TCE (c′)  f rom 
cast  fi lms.  

FTIR spectra of all the NC films of Table 1.1 are compared in Figure 1.3 with a spectrum 

(curve l) of an amorphous PPO film, for the spectral ranges 8402740 and 5002400 cm21. 

The presence of FTIR peaks associated with a crystalline phase is immediately apparent, 

as already reported in literature.9,12 Moreover, all considered NC films of Table 1.1 

present identical FTIR peak positions (828, 773, 495, and 414 cm21). 

The whole set of WAXD and FTIR data clearly indicate the formation of a same NC 

form, by guest removal from many different CC phases. This NC form, which is 

characterized by a chain conformation with c periodicity of 5.28 ± 0.01 Å, will be named 

hereafter as ³-form. Based on an average of the data of Table 1.1, an orthorhombic unit 

cell with a = 19.7 Å; b = 12.4 Å; c = 5.28 Å can be also derived. Density values of the 

NC films of Table 1.1, measured by floatation method, are rather similar (0.988 ± 0.004) 

and definitely smaller than the density of PPO amorphous films (1.043 ± 0.002). 
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The density of the NC ³-form, as obtained by plotting measured densities versus degrees 

of crystallinity (as evaluated by FTIR spectra), and by extrapolating to 100% of 

crystallinity, is close to 0.93 g/cm3. 

 

Figure 1.3  FTIR spectra of PPO fi lms:  ³ NC as obtained by scCO 2  extraction from CC 
fi lms with different  guests:  (a) CCl 4 ,  (b) TCA, (c) TCE, (d) CB, (e) o-DCB, (f) TCB, (g) 
o-xylene,  (h) TOL,  (i) carvone,  (j) l imonene,  and (k) BE; amorphous (l).  
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1.1.2 Guests leading to crystalline β-forms 

WAXD EDGE patterns of a PPO film cast from benzene solution, before and after 

benzene extraction by scCO2, are shown in Figure 1.4a and b, respectively. As discussed 

for Figure 1.1a and b, the presence of the 001 diffraction arcs centered on the equator of 

the pattern indicates the occurrence of c// orientation. The degree of planar orientation 

for both CC and NC films are close to χ(001) = 0.5. Equatorial profiles of EDGE patterns, 

like the one shown in Figure 1.4a, for PPO cast films from benzene, chloroform (CHCl3) 

and for an amorphous film as crystallized by methyl ethyl ketone (MEK) sorption, with 

a guest content of ∼15, 13, 10 wt% by TGA measurements, are shown in Figure 1.5a-c, 

respectively. As already observed in the previous section, depending on the chemical 

nature of the guest molecules, variations in relative intensity of the peaks (mainly at low 

2θCuK³ values) are observed.15,16 

 
Figure 1.4  WAXD patterns,  as taken with the X-ray beam paral lel  to  the fi lm plane (EDGE 
patterns) of CC PPO fi lm obtained by cast  from benzene solution (a) and of the 
corresponding NC ³ PPO fi lm obtained after benzene  removal by scCO 2  extract ion (b).  The 
dashed red l ine in (a) shows  the direct ion of equatorial  profi les .  

Equatorial profiles of EDGE patterns, like the one shown in Figure 1.4b, for PPO CC 

films with benzene, CHCl3, and MEK, after complete guest removal by scCO2 extraction, 

are shown in Figure 1.5a′-c′, respectively. It is apparent that, as a consequence of guest 

extraction, the WAXD patterns of the three films become nearly identical to each other 

(2θCuK³ values of the main diffraction peaks and the corresponding Miller indexes, as 

proposed in ref14, are collected in Table 1.2), for the CC films with benzene, CHCl3, and 

MEK as well as for the CC film with hexanal. This indicates the formation of a same NC 

phase starting from three different CC phases. It is also worth noting that WAXD patterns 
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of the NC films exhibit, with respect to patterns of all the considered CC forms, increased 

intensity of the equatorial hk0 reflections (at 2θCuK³ = 5.2°, 7.7° and 12.7°) with respect 

to first layer line hk1 reflections (at 2θCuK³ = 16.2° and 21.5°). 

                 
Figure 1.5  Equatorial profi les of EDGE WAXD patterns for PPO fi lms:  (a2c) CC ³  as 
obtained by cast ing in benzene (a),  CHCl 3  (b) and by crystal lizat ion of amorphous fi lm as 
induced by MEK sorption (c);  (a ′2c′) NC  ³  as  obtained after guest  extract ion by scCO 2 
from CC fi lms with benzene (a′),  CHCl 3  (b ′) and MEK (c′) . 

EDGE patterns like those of Figure 1.4 also allow an accurate evaluation of the position 

of the meridional peak (001, at 2θCuK³ = 16.2°) and hence of the c periodicity, which is 

5.47 ± 0.02 Å for the CC forms with benzene, CHCl3, and MEK, as well as for the 

corresponding NC forms. This c periodicity is definitely higher than the c periodicity of 

the NC ³-form of the previous section (5.28 Å). 

The FTIR spectra of all NC films of Table 1.2 are compared in Figure 1.6 with a spectrum 

(curve e) of an amorphous PPO film, for the spectral ranges 8402740 and 5002400 cm21.  

The presence of FTIR peaks associated with a crystalline phase is immediately apparent, 

as already reported in literature.9,12 Moreover, all the considered NC films of Table 1.2 

present identical FTIR peak positions (826, 777, 495, and 418 cm21). Three of these 

crystalline FTIR peaks are definitely shifted with respect to those of the NC ³-form of the 

previous section (828, 773, and 414 cm21).  

The whole set of WAXD and FTIR data of this section clearly indicates the formation, 

starting from many different CC forms, of a same NC form, different from the NC ³-

form, which will be hereafter named as NC ³-form, which is characterized by a chain 

conformation with c periodicity of 5.47 ± 0.02 Å. 
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Density values (by floatation method) of the NC films of Table 1.2 are rather similar 

(1.014 ± 0.009) and definitely smaller than the density of PPO amorphous films (1.043 ± 

0.002). The density of the NC ³-form, as obtained by plotting measured densities versus 

degrees of crystallinity (as evaluated by FTIR spectra), and by extrapolating to 100% of 

crystallinity, is close to 0.95 g/cm3. 

 

Figure 1.6  FTIR spectra of PPO fi lms:  (a2d) NC ³ as obtained after  scCO2  extract ion from 
CC fi lms,  as prepared by cast ing  from benzene (a ) or CHCl 3  (b) solutions or from 
immersion of an  amorphous fi lm in l iquid hexanal  (c),  and MEK (d);  (e) amorphous.  

 

Table 1.2  2θC u K ³  posi t ions and layer l ines of the observed reflect ions for ³ NC fi lms as 
obtained by guest removal from the  corresponding co-crystall ine fi lms . 

Note :  D en s i ty  v a lu es  wer e  o b ta i ned  b y  f loa t a t i on  met hod .  

 

1.1.3 Guests leading to ³ or β forms depending on crystallization conditions 

Regardless of the considered crystallization conditions, all guest molecules of previous 

sections (1.1.1 and 1.1.2) lead to PPO films with ³ and ³ NC forms, respectively. 

However, there are also some guest molecules which lead, depending on crystallization 

conditions, to CC and NC films exhibiting ³ or ³ phases. This is shown, for instance, for 

CC films with methyl benzoate (MB) and corresponding NC films, whose equatorial 

profiles of EDGE diffraction patterns are shown in Figure 1.7. WAXD patterns of a PPO 

Guest 
2θCuK³ (deg.), β nanoporous-crystalline films c  

(Å) 
 

Preparation 

technique 

Density 

(g/cm3) 

(0.005) hk0 hk0 hk0 001 hk1 

Benzene 5.2 7.7 12.7 16.2 21.5 5.48 
Solution 
casting 

0.982 

CHCl3 5.2 7.8 12.8 16.1 21.5 5.50 0.990 

MEK 5.1 7.7 12.8 16.2 21.4 5.47 Crystallization 
of amorphous 
film 

0.995 

Hexanal 5.1 7.6 12.8 16.2 21.4 5.45 0.982 



 

 19 
 

CC film as cast at 60 °C from MB 1 wt% solution (with an MB content nearly equal to ∼12 wt%, Figure 1.7a) and of the corresponding NC film (Figure 1.7a′), exhibit typical 

100, 010, 210 and 310 reflections of the NC ³ form (see Table 1.1). WAXD patterns of a 

PPO CC film as crystallized by immersion of an amorphous film at room temperature in 

MB for 2 min (Figure 1.7b), and of the corresponding NC film (Figure 1.7b′) show, on 

the contrary, the diffraction peaks of the ³-form (see Table 1.2). 

                

Figure 1.7  Equatorial profi les of EDGE WAXD patterns of PPO fi lms:  CC (a) and NC (a′),  
by cast ing from MB solution at  60 °C,  exhibit ing the diffract ion peaks of the ³ -form; CC 
(b) and NC (b′),  by crystal l izat ion of an amorphous fi lm by imm ersion in MB at  20 °C, 
exhibit ing the diffract ion peaks of the ³ -form.  

The formation of ³ and ³ NC forms is confirmed by c periodicities of 5.25 and 5.47 Å (as 

derived by the 001 reflection on the same EDGE patterns) for films casted from MB and 

for films crystallized by immersion in MB, respectively. 

The achievement of ³ and ³ NC forms, by using the same guest molecule (MB) and 

changing the crystallization procedures (cast films or guest-induced crystallizations), is 

clearly confirmed by the FTIR spectra of the two NC films, as obtained by MB solution 

casting and by MB induced crystallization of an amorphous film, which are shown in 

Figure 1.8 by curves (a) and (b), respectively. In fact, the FTIR spectrum (a) shows the 

peaks at 828, 773, and 414 cm21 typical of the ³-form, whereas the FTIR spectrum (b) 

instead shows the peaks at 826, 777, and 418 cm21 typical of the ³-form.  

For suitable guests, it is also possible to obtain NC ³ or ³ forms, for a same kind of 

crystallization procedure, by using only small changes in the crystallization temperature. 

For instance, the FTIR spectra (c) and (d) of Figure 1.8 correspond to amorphous films 
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as crystallized by immersion in acetone at temperatures close to 60 and 50 °C, 

respectively.  

Based on the positions of the crystalline peaks, it is immediately apparent that the blue-

colored (a) and (c) spectra correspond to the NC ³-form, whereas the black-colored (b) 

and (d) spectra correspond to the NC ³-form. 

Additionally, as can be easily observed, the FTIR spectrum of fully amorphous PPO 

samples (curve l of Figure 1.3; curve e of Figure 1.5) in the 8402400 cm21 region is 

markedly different from those of both semicrystalline PPO samples (curves a-k of Figure 

1.3; curves a-d of Figure 1.5). In particular, in the 5002400 cm21 region, the 

semicrystalline samples display sharp FTIR bands which are negligible in the amorphous 

PPO, and the sharp band at 831 cm21 becomes, in semicrystalline PPO samples, the 

shoulder of a new band located at a lower wavenumber. For an easier comparison, the 

most important FTIR peak positions for amorphous and NC PPO films are reported in 

Table 1.3. 

 

Figure 1.8  FTIR spectra of NC PPO fi lms obtained after scCO 2  extract ion of (a) fi lms cast  
from MB solution at  60 °C; (b) fi lms  crystal l ized by immersion of an amorphous fi lm in 
l iquid MB at  20  °C; (c,d) fi lms crystal l ized by immersion of amorphous fi lms in  acetone 
at  60 °C (c) or at  50 °C (d).  For the sake of comparison,  the  FTIR spectrum of a ful ly 
amorphous PPO fi lm is shown in (e).  Blue and black colors correspond to spectra typical 
of ³ and ³ forms,  respectively.   

Table 1.3  FTIR peak positions for PPO chains only in the amorphous phase (1 s t  column), 
only in the NC ³-form (2 n d  column),  only in the NC ³-form (3 r d  column).  

 

 

 

 

 

FTIR peak positions 

amorphous α-form β-form 

831 828 826 

781 773 777 

755 756 756 

491 495 495 

 414 418 
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1.2 Molecular features behind formation of alfa and beta phases 
of PPO 

PPO can be easily crystallized by solution casting method as well as by sorption of guest 

molecules in amorphous samples,8,17321 as shown in the previous section (1.1). 

In particular, two completely different classes of CC forms with low-molecular-mass 

guest molecules can be observed: Class i and Class ii. The CC forms of Class i are formed 

only with few specific guests (³-pinene, tetralin, and decalin), exhibit regular polymer 

helices, and give rise to highly ordered CC phases.5,7 The CC forms of Class ii are, instead, 

formed with many guests and exhibit different chain conformations and less ordered 

crystalline phases.8,20322 

The CC forms of Class ii, moreover, can be divided into two subclasses which are named 

³ and ³ with different values of the chain periodicities (c = 0.528 nm and c = 0.547 nm) 

and different polymer packing (with main equatorial reflections at 2θCuK³ ≈ 4.5°, 7.0°, 

11.2°, 15.0°, and 5.2°, 7.7°, 12.7°, respectively),8,20 as shown previously. After guest 

removal, the CC phases of Class i become amorphous,5,7 while the CC phases of Class ii 

can produce two different NC forms, i.e., crystalline forms with a density lower than that 

of the corresponding amorphous phase.  

In the present section, guest molecular features determining the formation of ³ or ³ 

crystalline PPO phases are explored. 

1.2.1 Solubility parameter 

WAXD patterns of the NC PPO films (with thickness in the range 40370 µm), as obtained 

by casting from 1.5 wt% polymer solutions in many different solvents, followed by guest 

removal by immersion in acetonitrile (ACN) for 2 hours, are shown in Figure 1.9. The 

patterns of Figure 1.9 clearly show that the crystalline phases obtained from the polymer 

solutions in p-xylene (A) and 1,3-dichlorobenzene (B) exhibit hk0 diffraction peaks at 

2θCuK³ ≈ 7.1°, 11.3°, 15.0° typical of the ³-form, while the crystalline phases obtained 

with perchloroethylene (D), ethylbenzene (E), 1,2-dichloropropane (F), and 1,4-dioxane 

(G) exhibit the hk0 diffraction peaks at 2θCuK³ ≈ 7.7°, 12.8° typical of the ³-form. The 

WAXD pattern of the film obtained by casting from m-xylene solution (C) shows 

diffraction peaks of both ³ and ³ crystalline forms.  
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Figure 1.9  WAXD patterns of NC PPO fi lms  as obtained by solution  cast ing,  fol lowed by 
guest  extract ion by ACN: A) p-xylene,  B) 1,3 -dichlorobenzene,  C) m-xylene,  D) 
perchloroethylene,  E) ethylbenzene,  F) 1,2 -dichloropropane,  and G) 1,4 -dioxane. 

This information is confirmed by FTIR spectra of the same films of Figure 1.9, which are 

reported in Figure 1.10, for the spectral range 8003400 cm21.  

In fact, Figure 1.10A,B show absorbance peaks typical of the ³-form (at 773 and 414 

cm21), while the spectra of Figure 1.10D-G show absorbance peaks typical of the ³-form 

(at 777 and 418 cm21). 

 

Figure 1.10  FTIR spectra of PPO fi lms as obtained by solution cast ing,  fol lowed by guest 
extract ion by ACN: A) p-xylene,  B) 1,3 -dichlorobenzene,  C) m-xylene,  D) 
perchloroethylene,  E) ethylbenzene,  F) 1,2-dichloropropane,  and G) 1,4 -dioxane. 
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The crystalline forms (³ or ³) of films as crystallized by sorption of the same solvents in 

amorphous PPO films were also established by WAXD and FTIR measurements, like 

those of Figures 1.9 and 1.10, respectively.  

Table 1.4 collects in its last column the crystalline forms (³ or ³) of all films characterized 

in this study together with those already reported in the literature.8,18,20,23325  

In Table 1.4, the guest molecules are ordered on the basis of their Hildebrand solubility 

parameter (·, second column) while the used crystallization methods are indicated in the 

fourth column. The Hildebrand solubility parameter26 · generally provides a numerical 

estimate of the degree of interaction between materials. It can be a good indication of how 

capable they are to form a solution (i.e. solubility), particularly for nonpolar materials 

such as many polymers. Materials with similar values of · are likely to be miscible. 

 
 

 

GI C:  Gu e s t  I ndu ced  Cr ys t a l l i za t ion  on  amor ph ous  f i l m .  

Guest 

Molecules 

Solubility 

Parameter 

(MPa1/2) 

Reference for crystal form  
Preparation 

technique 

Crystal 

form 

Diethyl ether 15.64 present analysis GIC ³-form 

1,1,1-Trichloroethane  17.45 Nagendra et al., 2019,20 & 202123 casting & GIC ñ-form 

m-Xylene 17.70 present analysis casting & GIC Mixed 

p-Xylene 17.70 present analysis casting & GIC ñ-form 

CCl4 17.81 Nagendra et al., 2019,20 & 202123 casting & GIC ñ-form 

Limonene 17.82 Nagendra et al., 2019,20 & 202125 casting & GIC ³-form 

Ethyl benzene 17.86 present analysis casting & GIC ò-form 

Mesitylene 18.01 Golla et al., 202024 & Nagendra et al., 202123 casting & GIC ³-form 

o-Xylene 18.09 Nagendra et al., 2019,20 & 202123 casting & GIC ñ-form 

Ethyl acetate 18.15 present analysis GIC ³-form 

Toluene  18.16 Nagendra et al., 2019,20 & 202123 casting & GIC ñ-form 

Benzene  18.50 Nagendra et al., 2019,20  casting ³-form 

Hexanal 18.73 Nagendra et al., 2019,20  GIC ³-form 

1,2-dichloropropane  18.92 present analysis casting & GIC ³-form 

CHCl3 18.94 Nagendra et al., 2019,20  casting ³-form 

Trichloroethylene  19.01 Nagendra et al., 2019,20  casting ñ-form 

Methyl ethyl ketone 19.05 Nagendra et al., 2019,20  GIC ³-form 

Dibenzyl ether 19.13 Nagendra et al., 2019,20 & 202123 casting & GIC ³-form 

Methyl benzoate  19.45 Nagendra et al., 2019,20 & 202123 casting & GIC ³-form 

Tetrahydrofuran 19.46 present analysis GIC ³-form 

Chlorobenzene 19.58 Nagendra et al., 2019,20 & 202123 casting & GIC ñ-form 

1,2-Dichloroethane  19.88 Nagendra et al., 202125 casting & GIC ³-form 

Carvone 19.90 Nagendra et al., 202125 & 202123 casting & GIC ñ-form 

Eugenol 20.03 present analysis & Nagendra et al., 202123 casting& GIC ñ-form 

Perchloroethylene 20.28 present analysis casting & GIC ò-form 

1,4-Dioxane 20.46 present analysis casting & GIC ³-form 

1,2-dichlorobenzene 20.47 Nagendra et al., 2019,20 & 202123 casting & GIC ³-form 

Carbon disulfide 20.50 Toi et al., 198227 casting ³-form 

1,3- dichlorobenzene 20.52 present analysis casting & GIC ³-form 

Carvacrol 20.70 Golla et al., 202128 GIC ñ-form 

1,2,4- trichlorobenzene 21.31 Nagendra et al., 2019,20 & 202123 casting & GIC ³-form 

Table 1.4  Solubil i ty parameter (·) of the guest  molecules vs corresponding crystal l ine 
phases of PPO.  
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The fourth column of Table 1.4 clearly shows that the structure of the obtained crystalline 

forms does not depend on the crystallization method but only on the chemical nature of 

the guest used for polymer co-crystallization. Moreover, Table 1.4 shows the absence of 

any correlation between the structure of the CC forms (³ or ³) and the · solubility 

parameter of the guest, which is generally expected to be relevant for host-guest co-

crystallizations. 

1.2.2 Molecular volume and water solubility parameters 

Based on the crystallization data of Table 1.4, possible correlations between the structural 

and physical properties of the considered guests and the achievement of the ³ and ³ forms 

were then investigated. It was found that the best correlations occur with molecular 

volume and solubility in water (collected from the literature),29,30 as shown in Tables 1.5 

and 1.6, respectively. 

In detail, Table 1.5 shows that all the considered guests with molecular volumes higher 

than 230 Å3 and lower than 149 Å3 lead to the ³ and ³ forms, respectively. As for the 

guest molecular volume, it is worth adding that it also has a key role in determining the 

orientation (with crystalline chain axis being preferentially parallel or perpendicular to 

the film plane)31 of PPO films.23  

Table 1.6 shows that all guests whose solubility is lower than 0.11 mmol per 100 mL of 

water and higher than 2 mmol per 100 mL of water lead to the ³ and ³ forms, respectively. 

In summary, the data in Tables 1.5 and 1.6 show that, independently of the crystallization 

method, the ³-form is favored by hydrophobic and bulky guest molecules while the 

hydrophilic and small guest molecules favor the ³-form. Hence, more hydrophilic and 

smaller guest molecules favor the formation of the CC and NC crystalline ³-forms, which 

are characterized by a higher chain periodicity.20 

For many guests seems to be apparent a co-operation between guest molecular volume 

and hydrophobicity nature in forming one crystalline form (³ or ³) instead of the other 

one. 
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Table 1.5  Guest  molecular volume vs corresponding crystal l ine forms .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Guest Molecules Guest molecular volume (Ǻ3) Crystal form 

Dibenzyl ether 315.8 

ñ-form 

Limonene 269.0 

Carvone 259.9 

Eugenol 257.3 

Carvacrol 255.3 

Mesitylene 231.0 

Methyl benzoate  208.6 ³-form 

1,2,4-trichlorobenzene 206.4 ³-form 

m-Xylene 205.0 mixed 

p-Xylene 204.8 ñ-form 

Hexanal 204.1 ³-form 

Ethyl benzene 203.5 ò-form 

o-Xylene 200.4 ñ-form 

1,3-dichlorobenzene 189.6 ñ-form 

1,2-dichlorobenzene 187.8 ñ-form 

Toluene  175.9 ñ-form 

Diethyl ether 172.6 ³-form 

Perchloroethylene 169.8 ò-form 

Chlorobenzene 168.4 ñ-form 

TCA 167.8 ñ-form 

1,2-dichloropropane 162.3 ³-form 

Ethyl acetate 162.2 ³-form 

CCl4 160.7 ñ-form 

trichloroethylene 149.4 ñ-form 

Methyl ethyl ketone 148.7 

³-form 

Benzene  148.1 

1,4-Dioxane 141.6 

Tetrahydrofuran 135.0 

CHCl3 133.1 

DCA 131.5 

Carbon disulfide 99.8 
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Table 1.6  Guest  solubil i ty in 100 mL of water vs corresponding crystall ine forms .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Guest Molecules 

Guest solubility in 

100 mL of water 

at 25 °C (mmol) 

Crystal form 

Limonene 0.010 

³-form 

Dibenzyl ether 0.020 

1,2,4-Trichlorobenzene 0.027 

Mesitylene 0.040 

1,3-dichlorobenzene 0.084 

1,2-dichlorobenzene 0.106 

perchloroethylene 0.124 ò-form 

o-Xylene 0.152 ³-form 

m-Xylene 0.150 Mixed 

p-Xylene 0.154 ñ-form 

Ethyl benzene 0.159 ò-form 

Chlorobenzene 0.439 ñ-form 

CCl4 0.526 ñ-form 

Toluene  0.564 ñ-form 

Carvacrol 0.832 ñ-form 

Carvone 0.865 ñ-form 

TCA 0.967 ñ-form 

trichloroethylene 0.974 ñ-form 

Eugenol 1.498 ñ-form 

Methyl benzoate  1.491 

ò-form 

Benzene  2.304 

1,2-dichloropropane 2.478 

Carbon disulfide 2.836 

Hexanal 4.992 

CHCl3 6.701 

DCA 8.700 

Diethyl ether 81.62 

Methyl ethyl ketone 323.1 

Ethyl acetate 92.1 

Tetrahydrofuran 686 

1,4-Dioxane 1140 
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1.3 Conclusions 

WAXD and FTIR measurements show the formation of two well-separated NC forms of 

PPO, named ³ and ³, which are obtained by guest removal by two well-separated families 

of CC forms. Most of the used guest molecules lead only to ³ or ³ CC and NC forms, 

independently of the crystallization procedure (solution casting and solvent-induced 

crystallization of amorphous films) and can be considered ³ or ³ guests of PPO. For few 

guest molecules (MB, acetone) ³ or ³ CC and NC forms are obtained depending on the 

crystallization conditions. 

As for the NC ³ form, the inclusion of low-molecular-mass molecules as guest of the 

crystalline phase (rather than absorbed in the amorphous phase, as generally observed for 

polymers) is associated with decrease and increase of intensity of 100 and 310 reflections, 

respectively. As for the NC ³ form, the inclusion of low-molecular-mass molecules as 

guests of the crystalline phase is associated with decrease and increase of intensity of 

equatorial hk0 and first layer line hk1 reflections, respectively. 

NC (and CC) ³ and ³ forms not only exhibit different chain packing but also slightly 

different chain conformations (c = 5.28 and 5.47 Å, respectively). 

Additionally, independently of the two considered crystallization methods, the ³-form is 

favored by hydrophobic and bulky guest molecules while the ³-form (being characterized 

by a higher chain periodicity) is favored by hydrophilic and small guest molecules.  

In detail, all the considered guests with molecular volumes higher than 230 Å3 and lower 

than 149 Å3 lead to the ³ and ³ forms, respectively. Moreover, all guests with solubility 

lower than 0.11 mmol per 100 mL of water and higher than 2 mmol per 100 mL of water 

lead to the ³ and ³ forms, respectively. 
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CHAPTER 2  
Nanoporous Crystalline PPO films for air and water 
purification 

In this chapter, sorption properties of NC PPO samples are investigated in order to prove 

if they could be suitable for applications such as air and water purification. In particular, 

sorption tests from vapour phase as well as from aqueous solutions are performed 

considering the pollutant perchloroethylene (PCE). 

The presence of PCE in air and groundwater is due to anthropogenic sources (e.g. 

industrial discharges from manufacturing activities, solid waste landfill, etc.)1,2 and 

results in alteration of the natural environment. Treatment methods for PCE pollution 

control consist mainly of conventional phase separation techniques (e.g., adsorption 

processes,234 electrokinetic technologies)537 and methods which destroy the contaminants 

(e.g., chemical oxidation/reduction,8310 bioremediation).11,12 As concern the latter one, 

production of less harmful products is the main disadvantage which should be carefully 

considered for its practical application. 

Adsorption treatments of contaminated air/groundwater are widely used, and they have a 

good potential as pollutant remediation method. As the adsorption phenomena take place, 

the pollutant is immobilized into the barrier, avoiding leaching and precipitation 

phenomena. Many adsorbent materials could be used as permeable barrier and the passive 

character (no energy input is required), high efficiency and relatively low operating and 

maintenance cost in the long-term are the principal advantages of this technique. 

So, NC samples of PPO (and sPS for comparison) in different morphologies (i.e., 

aerogels, powders, films) have been tested as permeable barrier for PCE remediation from 

air as well as from water. 

2.1 Perchloroethylene sorption from air 

About sorption capacity of NC samples of PPO, compared to that of NC samples of sPS, 

it was found that for most guest molecules (e.g., small gas molecules,13 benzene,14 

decane15) the sorption capacity of PPO is higher than for sPS. However, for some 

molecules whose fitting with the crystalline cavities of sPS is particularly favorable (e.g., 

for 1,2-dichloroethane), guest sorption is higher for NC sPS samples.16  

This generally higher sorption capacity of NC PPO samples is mainly due to its high free-

volume amorphous phase, which is also nanoporous17320 although with a guest sorption 
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capacity (for low guest concentrations) being generally smaller than for the corresponding 

NC phases.14,15  

Moreover, largely different kinetics of guest sorption occur for samples exhibiting 

different morphologies. In particular, the highest guest sorption kinetics are obtained for 

NC aerogels21 and rather similar sorption kinetics are observed for NC microfibers or 

etched fibers.22 Definitely slower kinetics are instead observed for NC films,21 with 

reduction of apparent diffusivities of many orders of magnitude.23  

In the present section, the sorption behavior of PCE, a common pollutant,2,8 in NC PPO 

samples is explored. A significant comparison with sPS samples is also reported. 

2.1.1 Diffusivity in NC aerogels 

WAXD patterns of PPO aerogels obtained by solvent extraction with scCO2 from gels 

prepared in carbon tetrachloride (CCl4) and in methyl benzoate (MB) are shown in Figure 

2.1a and b, respectively. The WAXD pattern of Figure 2.1a displays diffraction peaks at 

2θCuΚ³ = 4.5°, 7.1°, 11.1°, 15.0°, 18.0° and 21.4° typical of the NC ³-form24 while the 

WAXD pattern of Figure 2.1b displays diffraction peaks at 2θCuΚ³ = 5.2°, 7.4°, 12.5° and 

21.1° typical of the NC ³-form.24  

 

 

Figure 2.1  WAXD patterns of PPO (curves a and b) and sPS (curve c) aerogels obtained 
by solvent extraction with scCO 2  of PPO gels prepared in CCl 4  (a,  ³-form of PPO),  MB (b, 
³-form of PPO) and of a sPS gel  prepared in DCE (c,  · -form of sPS).  
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The WAXD pattern of a sPS aerogel obtained by solvent extraction with scCO2 from a 

gel prepared in 1,2-dichloroethane (DCE) is shown in Figure 2.1c and exhibits the 

diffraction peaks at 2θCuΚ³ = 8.3°, 13.5°, 16.4°, 20.5° and 23.4°, typical of the NC ·-

form.25  

Degrees of crystallinity of the aerogels of Figure 2.1, as evaluated by subtraction of the 

diffraction halo of a fully amorphous PPO sample, are in the range 40350%. These values 

well agree with those obtained by DSC and FTIR methods for PPO and sPS aerogels, 

respectively. 

BET surface area (SABET) values, as evaluated by N2 sorption measurements at 77 K for 

the three types of aerogels are reported in 4th column of Table 2.1. In agreement with 

literature,15,23 SABET values for NC PPO aerogels are much higher than for NC sPS 

aerogels.  

This result can be possibly explained by the occurrence for PPO of a high-free-volume 

amorphous phase.17319 As for PPO, it is also worth noting that the NC ³-form aerogel 

exhibits a surface area higher than the NC ³-form aerogel.15 

As for NC aerogels of sPS, it is very well established that surface area mainly depends on 

the nature of the crystalline phase. In fact, the highest SA values are observed for the 

nanoporous ·-form (SA = ~2703290 m2/g) while a lower value for the nanoporous ¸ 

aerogels (SA = ~230 m2/g).26 Hence is not surprising that also for PPO there is a 

dependence of SABET on the ³ or ³ crystalline form.  

Gravimetric sorption of PCE in aerogels, which exhibit NC phases of PPO and sPS, was 

investigated at T = 35 °C and for p/p0 in the range 0.0130.04 (Figure 2.2).  

Sorption isotherms (Figure 2.2a) show that the sPS aerogel presents a PCE sorption 

capacity slightly higher than for both PPO aerogels. For instance, at (p/p0) = 0.01 the PCE 

equilibrium uptake for the sPS aerogel is ≈12.25 wt% while the uptake for PPO ³-form 

and PPO ³-form aerogels is ≈9.15 wt% and ≈9.75 wt%, respectively.  

PCE sorption kinetics at T = 35 °C and p/p0 = 0.01 (Figure 2.2b) show that PCE sorption 

is fast for all the considered aerogels, due to the presence of porosity (P ≈ 90%) which 

allows fast diffusivities. Based on the initial slopes of the curves (inset of Figure 2.2b) 

apparent diffusivities are reported in the last column of Table 2.1. The higher diffusivities 

of PPO aerogels are well rationalized by their higher surface area (4 th column of Table 

2.1). 
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Figure 2.2  Gravimetric uptake of PCE at 35 °C and for 0.04 g p/p 0  g 0.01 in NC aerogels: 
PPO ³ -form (●),  PPO ³-form (▲) and sPS · -form (■).  (a ) Sorption isotherms; (b) Sorption 
kinetics for p/p 0  = 0.01,  reported as M P C E(t)/M P C E(>) vs t ime, where M P C E(>) is the PCE 
equilibrium weight  uptake ;  (c) a photograph of a PPO aerogel ,  with a density ρ  = 0.1 g/cm 3 .  
The inset  in (b) shows M P C E(t)/MP C E(>) data vs square root  of t ime, which have been used 
to  evaluate apparent  diffusivity values of the last  column of Table 2.1 (rows 133).   

 

Table 2.1  Density, BET surface area ,  PCE uptake and diffusivity values (at 35 °C for p/p0 
= 0.01) for aerogels and fi lms.  

 

2.1.2 Diffusivity in NC films 

WAXD patterns, taken by a powder diffractometer, of PPO and sPS films with thickness 

in the range 40360 ¼m, being used for sorption measurements, are shown in Figure 2.3. 

In particular, a WAXD pattern of a fully amorphous PPO film, as obtained by casting 

from a 1.5 wt% chloroform (CHCl3) solution at T = 60 °C, is shown in Figure 2.3a while 

WAXD patterns of NC PPO films, as obtained by casting from a 1 wt% CCl4 solution 

and by immersion of an amorphous PPO film in carvone, are shown in Figure 2.3b and c, 

respectively.  

Both PPO films exhibit the NC ³-form and the large differences observed in the 

diffraction patterns are only due to different orientations of crystalline phases with respect 

to the film plane. In particular, the diffraction patterns of Figure 2.3b,c are typical of ³ 

 NC sample 
Density 
(g cm-3) 

SABET 
(m2 g-1) 

gPCE/gpoly 

(%) 
gPCE/Vpoly 

(g/100 mL) 
Dabs 

(cm2 s-1) 

Aerogels 

ô form 
sPS 

0.1 270 12.2 1.2 DôsPS 

ñ form 
PPO 

0.1 521 9.1 0.91 DôsPS11 

³ form 
PPO 

0.1 630 9.7 0.97 DôsPS27 

       

Films 

ô form 
sPS 

1.01 < 4 0.5 0.5 1.210-12 

Tenax 
amorphous 

1.09 < 4 1.2 1.2 1.410-11 

ñ form 
PPO, c// 

0.99 < 4 4.8 4.8 1.410-11 

ñ form 
PPO, c⊥ 

0.98 < 4 9.6 9.5 5.610-10 

(c) 

1 cm 
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crystalline phases with an orientation of their chain axes being preferentially 

perpendicular and parallel to the film plane (c⊥ and c// orientations),27 respectively.  

 
Figure 2.3  WAXD patterns of fi lms with thickness in the range 40360 ¼m: a) amorphous 
PPO, b) ³-form PPO obtained by immersion of amorphous PPO fi lm in carvone (c ⊥  
orientation); c) ³-form PPO obtained by cast ing from a 1 wt% CCl 4 solution (c / /  
orientation);  d) amorphous sPS; e) · -form sPS obtained by cast ing form a 1 wt% CHCl3 
solution (a / /c / /  orientat ion).  

The degree of c// and c⊥ orientations of the PPO films, as evaluated by the intensity of 

azimuthal distribution of 001 reflection,27 is +0.4 and 30.23, respectively. 

The degree of crystallinity of the two NC PPO films with c⊥ and c// orientations, as 

evaluated by the DSC method, are 56% and 47%, respectively.  

The WAXD pattern of a NC ·-form sPS film, as obtained by casting from 1 wt% 

chloroform solution at room temperature, is shown in Figure 2.3e.  

Differently from the diffraction pattern of the ·-form sPS aerogel (curve c of Figure 2.1), 

the ·-form sPS film (curve e of Figure 2.3) presents a prevalence of the (010) diffraction 

peak at 2θCuΚ³ = ~8.3°. This diffraction pattern is typical of ·-form films exhibiting the 

so-called a//c// orientation, i.e., with ac layers of alternated enantiomorphous helices being 

preferentially parallel to the film plane.28 A WAXD pattern of a fully amorphous melt-

extruded sPS film is shown, for comparison, in Figure 2.3d.  

For all films of Figure 2.3, gravimetric uptakes of PCE after 12h at T = 35 °C and for p/p0 

in the range 0.0130.04, are compared in Figure 2.4a. For the same films, PCE sorption 

kinetics at T = 35 °C and p/p0 = 0.01 are shown in Figure 2.4b. It is well apparent a high 
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guest diffusivity of NC PPO films with c⊥ orientation respect to the film showing parallel 

orientation as well as to PPO amorphous film and sPS samples. 

Surprisingly, by considering the guest mass uptake per mass of polymer (Figure 2.5a), 

NC PPO films with c⊥ orientation exhibit a sorption kinetic similar to that one of NC PPO 

powders and only slightly slower than for NC PPO aerogels. Completely different is the 

behavior of NC sPS samples (black curves in Figure 2.5a), with sorption kinetics being 

very fast for aerogels, slow for powders and very slow for films. Experiments were 

performed also considering the benchmark adsorbent poly(2,6-diphenyl-1,4-

phenylene)oxide (Tenax) samples, whose guest uptake (blue curves in Figure 2.5a) is 

much smaller than for all PPO samples (red curves in Figure 2.5a).  

          

Figure 2.4  Gravimetric sorption measurements of PCE at  35 °C and for 0.04 g p/p 0  g 0.01 
in  fi lms with thickness in the range 40360 ¼m: (■,  NC ³-form PPO, with c ⊥  orientat ion); 
(◧ ,  NC ³ -form PPO, with c / /  orientat ion);  (□ ,  amorphous PPO);  (●, NC · -form sPS);  (○ ,  
amorphous sPS).  (a) PCE uptake after 12h;  (b) Sorption kinetics for p/p 0  = 0.01, reported 
as PCE wt% uptake vs t ime; (c) photograph of a transparent  PPO fi lm exhibit ing c ⊥  

orientation,  with a density  ρ  = 0.986 g/cm 3 .  

By considering the guest mass uptake per volume of polymer (Figure 2.5b), which is 

generally the quantity more relevant for industrial applications, the sorption behavior of 

NC PPO films, mainly of those with c⊥ orientation, becomes even more impressive. For 

instance, at p/p0 = 0.01 after 12h, the PCE uptake in the NC c⊥ PPO film (9.5 g/100 mL) 

is nearly 3.7 and 10 times higher than for NC PPO powder and aerogel, respectively, as 

well as nearly 26 times higher than for the benchmark Tenax powder.29331 

To determine diffusivities of PCE in the films, Fick’s plots have been prepared, by 

assuming that the equilibrium PCE uptake (MPCE(>)) does not depend on the orientation 

of the crystalline phase (MPCE(>,c//) = MPCE(>,c⊥)). 

As for sPS and Tenax films, because the guest uptake is extremely slow, it can be assumed 

that MPCE(>) is equal to the equilibrium sorption of the corresponding powder samples.  

(c) 

1 cm 
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Figure 2.5  PCE sorption kinetics for p/p 0 = 0.01 at 35 °C, as measured for · -form NC sPS 
(black symbols),  ³ -form NC PPO (red symbols) and Tenax (blue symbols) samples.  The 
PCE uptake is expressed as:  (a) mass of guest per mass of polymer;  (b) mass of guest  per 
volume of polymer.   

Diffusivities of PCE at p/p0 = 0.01, as obtained by fitting by means of Fick’s model, are 

listed in the last column of Table 2.1. For the ·-form sPS film, the diffusivity (1.2 ×10212 

cm2 s21) is of the same order of magnitude of those measured for the transport of CHCl3 

at low vapor pressure (at T = 56 °C, P = 5 Torr, and Dabs = 0.86 × 10212 cm2 s21)32 and for 

DCE from 50 ppm aqueous solution (Dabs = 0.68 × 10212 cm2 s21 for a ·-form film with 

a//c// orientation).28  

Diffusivities as evaluated for PPO films are much higher than for the NC sPS film and 

strongly dependent on the orientation of chain axes of the NC phases. In particular, the 

PCE diffusivity at p/p0 = 0.01 in the PPO film with c⊥ orientation (Figure 2.5, red 

symbols) is nearly 40 times higher than for the film with c// orientation as well as for a 

film prepared from the benchmark adsorbent Tenax (Figure 2.5, blue symbols) and nearly 

five hundred times higher than for the NC sPS film (Figure 2.5, black symbols).  

In this respect, it is worth noting that variations of guest diffusivity with the orientation 

of NC phases were already observed for sPS films, but with smaller differences. In fact, 

for sPS, the ratio between maximum and minimum diffusivity corresponding to different 

planar orientations is only in the range 538 for sorption of DCE,28,33 ethylene34 and carbon 

dioxide.35  

As for NC PPO films, this ratio between maximum and minimum diffusivity depending 

on different planar orientations is even higher (nearly 40 times).  
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The particularly high guest diffusivity of NC PPO films with c⊥ orientation clearly 

suggest that the empty space of the NC ³-form of PPO is organized as channels being 

parallel to the crystalline chain axes. This hypothesis was already suggested by infrared 

linear dichroism studies on benzene guest orientation in axially oriented NC PPO 

films.36,37 

2.2 Perchloroethylene sorption in NC PPO films from water 

The study in the previous section (2.1) has shown that PCE uptake from vapor phase for 

NC PPO films is generally much higher than for NC sPS films,38 due to the higher 

permeability of its high free volume amorphous phase.17,39,40 The same study has shown 

that the control of planar orientation27,41343 is extremely relevant for kinetics of guest 

uptake for NC PPO films. In particular, NC PPO films exhibiting an orientation of the 

crystalline chain axes27 preferentially perpendicular to the film surface show diffusivities 

much higher than for films with orientation of the crystalline chain axes preferentially 

parallel to the film surface (at vapour activity p/p0 = 0.01, Dc⊥/Dc// ≈ 40).38  

In this section, uptakes of the same pollutant (PCE) from diluted aqueous solutions, i.e., 

in relevant conditions for groundwater decontamination, for NC PPO films have been 

investigated. Aim of the present analysis is to establish if the PCE uptake from water can 

be maximized by controlling the planar orientation of the crystalline phase, confirming 

the data obtained for sorption from air (i.e., vapour phase). 

2.2.1 Influence of crystalline phase orientations 

WAXD EDGE patterns of two NC PPO films, as crystallized by room temperature 

immersion of an amorphous PPO in liquid p-xylene and benzyl ether (followed by guest 

removal by ACN) are shown in Figure 2.6A and B, respectively. Corresponding 

diffraction profiles along equatorial and meridional directions of the 2D patterns are 

shown on the right part of Figure 2.6. For both films, the presence of diffraction peaks at 

2θCuK³ ≈ 4.5°, 7.1°, 11.3° and 15.0° indicate the presence of the NC ³-form.24 WAXD 

patterns of Figure 2.6A,B show hk0 diffraction arcs centered along the equator and the 

meridian and indicate the occurrence of c// and c⊥ orientation, respectively.27  

The degree of orientation, as evaluated by the EDGE patterns of Figure 2.6, by 

considering azimuthal profiles of the 001 diffraction arc, is close to +0.20 and 30.25, for 

NC PPO ³-form films with c// and c⊥ orientations, respectively (f001 in the first column of 

Table 2.2). If the guest removal procedure is conducted by scCO2 extraction rather than 
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by ACN sorption/desorption at room temperature, the WAXD patterns are similar to those 

of Figure 2.6, with nearly unaltered degrees of planar orientation.  

The degree of crystallinity of the considered NC films, as evaluated by DSC, is indicated 

in 4th column of Table 2.2 and is rather similar for the considered semicrystalline films. 

The degree of crystallinity is also poorly dependent on the film extraction procedure 

(scCO2 or ACN). Also informative are the film density values, as obtained by the 

floatation method (5th column of Table 2.2), which for NC films are definitely lower than 

for the amorphous PPO films. These differences are again essentially independent of the 

two considered extraction methods (scCO2 or ACN).  

PCE uptake experiments were conducted considering a 50 ppm aqueous solution 

(aqueous solubility of 150 mg/L), this concentration could be considered a real case of 

groundwater pollution.10 

 

Figure 2.6  WAXD patterns of NC PPO ³ -form fi lms with different  orientat ions of their 
crystal l ine phases,  as induced by sorption/desorption of different  guest molecules in an 
amorphous fi lm: (A, A ′) c / /  orientat ion,  crystal l izat ion induced by p-xylene;  (B, B ′) c⊥  
orientation,  crystall ization induced by BE; (A, B) WAXD patterns as collected by sending 
the X-ray beam paral lel to the fi lm plane (EDGE patterns).  (A ′ ,  B ′) Diffract ion profi les as 
collected along equator and meridian of the EDGE patterns. Black dotted curves show the 
WAXD pattern of the start ing unoriented amorphous PPO fi lm. Red and blue dotted l ines 
show equator and meridian in the WAXD patterns,  respecti vely.  (A ′ ′ ,  B ′ ′) Photographs of 
the NC PPO ³-form fi lms with different  orientat ions  (and opacity).  

For the NC and amorphous PPO films of Table 2.2, PCE uptake from dilute aqueous 

solutions was studied by evaluating the absorbance of FTIR guest peaks. FTIR spectra in 

the range 8203720 cm21 after three different times of immersion in a 50 ppm aqueous 
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PCE solution, for the NC films with c// and c⊥ orientations and for the starting amorphous 

film are shown in Figure 2.7A,B and C, respectively. It is well evident the presence of the 

FTIR peaks at 800 and 777 cm31 related to the pollutant PCE.44 

PCE sorption kinetics, as derived by FTIR spectra like those of Figure 2.7, by using the 

800 cm21 guest peak, are shown in Figure 2.8. In particular, Figure 2.8A mainly compares 

PCE uptake from the starting amorphous film (curve a) and for two NC films having a 

similar thickness (≈60 ¼m) but opposite kind of crystalline phase orientation (c// for curve 

b and c⊥ for curve c). As already shown in the previous section (2.1), it is well evident 

that the PCE uptake from dilute aqueous solutions is much higher for the NC films than 

for the amorphous film, confirming data obtained for sorption from vapour phase. 

Additionally, pollutant uptake is particularly fast for NC PPO films with c⊥ orientations. 

For instance, after 24h of film immersion in water, PCE uptake is close to 2.5 wt% for 

the amorphous film (black squares) while it is much higher for the NC films: 6 wt% and 

14 wt% for films with c// (blue circles) and c⊥ orientations (red triangles), respectively.  

 

Figure 2.7  FTIR spectra in the range 820 3720 cm2 1  of PPO fi lms after different  t imes of 
immersion in 50 ppm PCE aqueous solution:  (A) NC PPO ³ -form fi lm with c ⊥  orientat ion; 
(B) NC PPO ³ -form fi lm with c / /  orientat ion;  (C) PPO amorphous fi lm. FTIR spectra are 
collected after 2 h (green l ines),  4  h (red l ines) and 24 h (blue l ines) of sorption.  FTIR 
spectra of the start ing fi lms are also reported (black l ines).  FTIR peaks at  800 and 777 
cm2 1  are due to the PCE guest .  

PCE sorption kinetics, as measured for three ³-form NC PPO films of largely different 

thickness, all exhibiting a similar degree of c⊥ orientation (fc ≈ 20.3), are shown in Figure 

2.8B. These films were obtained by crystallization of amorphous films by immersion in 

a 50/50 wt/wt limonene/carvone solution at room temperature for 24h. Of course, kinetics 

of guest sorption are faster for thinner films. Corresponding guest diffusivities are 
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evaluated by the Fick’s model, considering equilibrium PCE uptake after long-term 

sorption, as described in the following section (and reported in Table 2.2). 

 

 
Figure 2.8  PCE sorption kinetics at  room temperature from 50 ppm aqueous solutions,  for 
polymer fi lms:  A) amorphous PPO (a);  NC PPO ³ -form with c / /  orientat ion (b);  NC PPO ³ -
form with c ⊥  orientat ion (c);  amorphous sPS, with thickness of 40 ¼m (d);  NC sPS · -form, 
with thickness of 40 ¼m (e).  B) NC PPO ³ -form fi lms with c ⊥  orientat ion,  al l  prepared  by 
a same procedure (immersion of an amorphous fi lm in l imonene/carvone 50/50 wt% 
solution) and with largely different  thickness:  30 ¼m (a);  60 ¼m (b);  150 ¼m (c).  

 

2.2.2 Long-term sorption experiments 

To better discriminate between kinetic and thermodynamic features of the observed 

phenomena, long term sorption experiments (up to 500h) were also conducted. Figure 2.9 

shows that, for the fully amorphous film, the PCE uptake is lower than 3 wt% after 24h 

but gradually increases up to nearly 11 wt% after 500h of sorption. As for the considered 

NC films, although kinetics are largely different depending on crystalline phase 

orientation, after 500h the guest uptake is in the narrow range 14315 wt%, thus showing 

a nearly equal equilibrium guest uptake. This poor dependence of the equilibrium guest 

uptake on the crystalline phase orientation well agrees with the similar content of NC ³ 

phase (degree of crystallinity reported in the 4th column of Table 2.2). Sorption kinetics 

of Figure 2.8A and B, by using as equilibrium uptake the maximum values taken from 

Figure 2.9, are shown as Fick’s plots in Figure 2.10A and B, respectively. Fick’s plots 

allow determining diffusivity values of PCE from 50 ppm aqueous solutions, which are 

indicated close to the interpolation lines and collected in the last column of Table 2.2.  

It is immediately apparent the much higher diffusivity of the NC films with c⊥ orientation, 

with respect to NC films with c// orientation and of amorphous films, being reduced of 

nearly 14 and 88 times, respectively (Figure 2.10A).  
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Figure 2.9  Long term PCE uptake at  room temperature from 50 ppm aqueous solutions,  for 
different  polymer fi lms:  a) amorphous PPO (black squares);  (b,c) NC PPO ³ -form fi lm with 
c / /  orientat ion (b,  blue circles) or with c ⊥  orientat ion (c,  red triangles);  d) amorphous sPS 
(crossed squares);  e) NC · -form sPS fi lm (crossed circles).  

 

 

Figure 2.10  Fick’s plot  for kinetics of sorption of PCE from 50 ppm aqueous solutions at 
room temperature.  A>  and A t  are the absorbance of the FTIR peak of PCE at 800 cm 2 1 ,  
maximum value and at  a given immersion t ime (t),  respectively.  L is the fi lm thickness. 
Diffusivity values, calculated on the basis of the slopes of the l inear interpolat ions and 
expressed as cm 2 /s ,  are indicated close to the l ines.  A) for different  polymer fi lms:  (black 
squares) amorphous PPO; (blue circles) NC PPO ³ -form with c / /  orientat ion; (red triangles) 
NC PPO ³ -form with c ⊥  orientat ion;  (crossed squares) amorphous sPS; (crossed c ircles) 
NC ·-form sPS. B) NC PPO ³ -form fi lms with c ⊥  orientation,  al l  prepared by a same 
procedure (immersion of an amorphous fi lm in liquid limonene/carvone 50/50 wt% 
solution) and with different  thickness:  (brown triangles) 30 ¼m; (red triangles) 60 ¼m;  
(magenta triangles) 150 ¼m.  

This strong dependence of sorption kinetics on the crystalline phase orientation, already 

observed for PCE sorption from vapor phase,38 indicates the presence of anisotropic guest 

diffusion pathways45 with higher diffusivity in the direction parallel to the polymer host 

chain axes. This can suggest the presence for the ³ PPO phase of crystalline channels 

being parallel to the polymer chain axes, as observed for the crystalline structure of the 

¸-form of sPS.46 The possible occurrence of crystalline channels parallel to the polymer 
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chain axes was already suggested on the basis of n-decane sorption data in NC PPO 

aerogels15 as well as based on the parallelism of guest phenyl rings with respect to the 

polymer host chain axes, as proved by linear dichroism measurements on infrared guest 

(benzene and toluene) peaks, for axially oriented PPO ³ phases.37,47 

Table 2.2  Kind and degree of orientat ion,  preparation method, thickness,  degree of 
crystal l ini ty (X c , D S C) and density o f the main PPO fi lms used in the present study. The last 
column reports diffusivity values as obtained by Fick’s plots based on absorption of PCE 
from 50 ppm aqueous solutions (Fig ure 2.10). 

Planar orientation, 
Degree of 
orientation, 
Crystalline form 

Guest inducing 
crystallization 

Thickness 
(m) 

��,Ā�ÿ 
(%) 

Density 
(g cm-3) 

Diffusivity 

(cm2 s-1) 

c// , f001= +0.20 
³-form  

p-Xylene 60 45 0.996 1.5  10-11 

c⊥ , f001=   ̶0.25 
³-form 

Benzyl ether 60 43 0.992 2.1  10-10 

c⊥ , f001=   ̶0.30 
³-form 

Limonene/carvone 
50/50 by wt 

30 43 0.987 

1.0  10-10 
c⊥ , f001=   ̶0.30 
³-form 

Limonene/carvone 
50/50 by wt 

60 43 0.987 

c⊥ , f001=   ̶0.30 
³-form 

Limonene/carvone 
50/50 by wt 

150 43 0.987 

Amorphous 
Cast at 60 °C from  
CHCl3 solution 

60 -- 1.04 2.4  10-12 

 

2.2.3 Comparison with sorption by NC sPS films 

Sorption kinetics of PCE from 50 ppm aqueous solutions, relative to amorphous (crossed 

squares) and NC ·-form (crossed circles) sPS films, are also shown in Figures 2.8A and 

2.9. Equilibrium PCE uptake is nearly 1.3 and 2.4 wt% from amorphous and NC sPS 

films, respectively. This confirms that guest sorption ability of NC PPO films is much 

higher than for NC sPS films.38  

Fick’s plots for sorption kinetics for amorphous and NC ·-form sPS films are shown in 

Figure 2.10A and allow calculating diffusivity values of 2.1 × 10312 and 6.7 × 10312 cm2/s, 

respectively, very similar to those observed for sorption study from DCE 50 ppm aqueous 

solution (Dabs = 0.68 × 10212 cm2 s21). These values are nearly 100 and 30 times smaller 

than for the NC PPO ³-form film with c⊥ orientation.  

It is worth adding that, although enormous guest sorption differences occur for films, NC 

PPO and NC sPS aerogels exhibit similar guest sorption behavior.38 This is probably due 

to the low and high free-volume of the amorphous phases of sPS and PPO films,17,39,40 

respectively. 
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2.3 Perchloroethylene (PCE) sorption in high surface area PPO 
films 

As shown previously (section 2.1), PCE uptakes are particularly fast for sPS and PPO NC 

aerogels and for PPO NC powders because of their high surface area (in the ranges 

2002350 and 5002750 m2 g21 for sPS and PPO, respectively). However, because of their 

low density (typically in the range 0.0120.2 g cm23), aerogels show high values of 

pollutant uptake per unit mass but much poorer pollutant uptake per unit volume. 

Moreover, PPO powders, which generally can be packed in absorption systems only up 

to an apparent density of 0.3 g cm23, also present the disadvantage of difficult handling, 

as always occurs for fine particles. Much more handleable are of course self-supporting 

polymer films, which exhibit negligible surface area (<4 m2 g21), as generally occurs for 

polymer films and even for NC polymers. Additionally, irrespective of their negligible 

surface area, NC PPO films can reach very fast guest uptakes by using crystallization 

procedures leading to orientation of the chain axes of the NC phases being preferentially 

perpendicular to the film plane (c⊥ orientation),27 as shown also in section 2.2. 

In this section, NC PPO films with surface area even higher than 600 m2 g21 are presented 

and their pollutant uptakes from air as well as from water are described.  

2.3.1 Procedures leading to high surface area NC PPO films 

Preparation methods of NC PPO films, whose surface area is high and unexpectedly 

comparable to those of NC PPO aerogels, is described below. These methods require fast 

guest uptakes up to their limit value and fast guest-induced crystallization (GIC) in 

amorphous films, followed by guest extraction by exchange with a more volatile guest. 

The kinetics of sorption at 30 °C of carvone from an amorphous PPO film, having a 

thickness of nearly 20 ¼m, is shown by filled circles in Figure 2.11a. It is apparent that in 

less than 10 min a limit uptake value of nearly 85 wt% is reached. 

The degree of crystallinity and SABET of the NC PPO films as obtained by rapid guest 

removal from the films (by ACN sorption/desorption), after different sorption times, are 

shown in Figure 2.11b and c, respectively. It is apparent that both high degrees of 

crystallinity (higher than 40%) and high SABET (close to 500 m2 g21) are reached only by 

guest extraction from films with very high guest content (≈85 wt%). This preparation 

procedure for high-SA NC films leads to an increase of film thickness of nearly 3 times 

with a complete loss of film transmittance. 
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The slower kinetics of sorption of carvone at a lower temperature (∼4 °C), in a PPO 

amorphous film of the same thickness, is shown as red squares in Figure 2.11a. The limit 

carvone uptake value is nearly 80 wt%, i.e., not far from the value reached by sorption at 

30 °C, but the sorption time needed to reach this limit value is much longer (close to 1000 

min). The degree of crystallinity and SABET of the NC PPO films as obtained by rapid 

guest removal from the films (by ACN sorption/desorption), after different sorption times 

at ∼4 °C, are shown as red symbols in Figure 2.11b and c, respectively.   

It is apparent that while degrees of crystallinity can be high (up to nearly 40%), the SABET 

of the obtained NC films is always negligible. This preparation procedure of NC films 

with negligible SABET leads to an increase of film thickness of 2.022.2 times with 

substantial maintenance of film transmittance. Figure 2.11a and c clearly show that to 

obtain high-SA films, besides large guest uptakes from amorphous PPO films also fast 

kinetics of guest sorption and of GIC are needed. 

 
Figure 2.11  (a2c) Carvone uptake from 20 ¼m amorphous PPO fi lms:  at  30 °C (black 
circles) and at 4 °C (red squares):  (a) kinetics of sorption, (b) degree of crystall ini ty, and 
(c) SAB E T  of the NC PPO fi lms as obtained by rapid carvone removal from the fi lms,  after  
different  sorption times.  (d2f) Carvone desorption from a 20 ¼m amorphous PPO fi lms 
after carvone uptake close to the l imit  value  (85 wt%): (d) kinetics of desorption at  30 °C 
in air,  (e) degree of  crystal l inity,  and (f) SAB E T  of the NC PPO fi lms as obtained by  rapid 
carvone removal from the fi lms,  after differ ent  desorption times.  
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The kinetics of desorption (at 30 °C) of carvone from the PPO film, which has reached 

the limit carvone uptake value (85 wt%), is shown in Figure 2.11d. 

The degrees of crystallinity and SABET of the NC PPO films as obtained by rapid guest 

removal from the films (by sorption/desorption of ACN), after different desorption times, 

are shown in Figure 2.11e and f, respectively. It is apparent that while degrees of 

crystallinity are high (close to 45%), independent of desorption time, the SABET of the 

obtained NC films markedly decreases with desorption. 

For instance, if the guest extraction procedure is conducted on films whose residual guest 

content is decreased from 85 wt% to 35 wt%, the SABET correspondingly decreases from 

nearly 510 m2 g21 down to nearly 100 m2 g21. 

Analogous studies of crystallization of thicker amorphous PPO films (of nearly 100 ¼m) 

as induced by sorption of carvone are also highly informative. For these thick films, GIC 

at 30 °C leads to high crystallinity but to negligible surface area. To obtain high-SA films 

from 100 ¼m thick amorphous films, higher temperatures of guest sorption are needed. 

For instance, at TGIC = 80 °C, films with surface area close to 500 m2 g21 are obtained. 

In summary, preparation procedures leading to high-SA PPO films require a guest 

sorption step in amorphous films leading to fast co-crystallization, followed by a guest 

desorption step leading to NC phases. The guest sorption step requires a high guest 

content, both in the crystalline and in the amorphous phase (the overall content generally 

being in the range 70290 wt%) as well as a fast co-crystallization with the polymer, 

leading to high degree of crystallinity. The following guest desorption step requires 

exchange procedures with a temporary guest (e.g., ACN or carbon dioxide) for CC films 

with high guest content and high degree of crystallinity. 

The NC PPO film as obtained by the carvone sorption procedure at ∼4 °C (shown as red 

squares in Figure 2.11a), exhibits a c⊥ oriented NC ³-form with a degree of orientation fc 

≈ 20.3 and a degree of crystallinity of nearly 40%. This film is highly transparent, as 

generally found for PPO films exhibiting c⊥ planar orientation of the crystalline chain 

axis,48 as shown by the photo of Figure 2.12A. The NC PPO film as obtained by carvone 

sorption procedure at 30 °C (shown as black circles in Figure 2.11a), exhibits the presence 

of fully unoriented NC ³-form with a similar degree of crystallinity (≈44%). Additionally, 

its density (0.84 g cm23) is lower than the c⊥ oriented NC ³ film (0.99 g cm23) but even 

lower than for the pure ³-form (0.93 g cm23). This indicates the presence in these films of 
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voids in an amount close to 14 vol%. Correspondingly, as shown by the photo of Figure 

2.12B, these films are opaque. 

For comparison, a photo of a cylindrical aerogel (Figure 2.12C), with a density of 0.12 g 

cm23, exhibiting the NC ³-form, with degree of crystallinity close to 55% (as evaluated 

by DSC) is also shown. SEM images of the three NC ³-form samples (c⊥ oriented film, 

high-SA film, and aerogel) are also shown in Figure 2.12. A fibrillar morphology for both 

the high SA film and for the aerogel is clearly apparent. 
 

 
Figure 2.12  Photographs and SEM images for NC ³-form PPO samples:  (A2A ′),  c⊥  oriented 
fi lm; (B2B ′) high-SA fi lm; (C2C ′) aerogel  with porosi ty P ≈ 90%.  

  

2.3.2 PCE uptake from vapor phase 

Sorption kinetics of PCE from vapor phase, at 35 °C and p/p0 = 0.01, are compared in 

Figure 2.13a-c for different PPO samples. Particularly impressive is the much faster 

kinetics observed for the high-SA NC film (blue pentagons) with respect to the high 

diffusivity c⊥ oriented NC film (black circles) and amorphous PPO films (orange stars). 

For instance, after 25 min of sorption, the guest uptake is negligible for the amorphous 

PPO film while is close to 3 and 10 wt% for the c⊥ and high-SA NC films, respectively 

(Figure 2.13b). The large differences between sorption kinetics of the three PPO films is 

also clearly pointed out by the Fick’s plot in Figure 2.13c, with calculated diffusivities (at 

35 °C and p/p0 = 0.01) increasing from 8.2 × 10212, 6.7 × 10210, and 3.3 × 1029 cm2 s21 for 

amorphous, c⊥ NC, and high-SA NC films, respectively. 

Figure 2.13a,b also show that kinetics of PCE sorption from the high-SA film are even 

faster than for NC powders (green squares) as well as for the NC aerogel (red hexagons).  
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For instance, after 10 min of vapor sorption, the PCE uptake is nearly 8 wt% while it is 

only close to 4 wt% for the powder and the aerogel (Figure 2.13b). 

Equilibrium uptakes of PCE at 35 °C and for 0.05 g p/p0 g 0.01 are shown in Figure 2.13d. 

It is clearly apparent that all the NC PPO samples, independently of their morphology, 

exhibit equilibrium uptakes much higher with respect to the amorphous film. In particular, 

c⊥ and high-SA NC films present similar equilibrium uptakes for the whole considered 

activity range. Hence, the high-SA is extremely relevant for sorption kinetics (Figure 

2.13a-c) but not relevant for guest equilibrium uptakes (Figure 2.13d). 

 
Figure 2.13  PCE sorption tests at  35 °C for different  PPO samples:  (blue pentagons) high -
SA NC fi lm; (green squares) NC powder;  (red hexagons) NC aerogel;  (black circles) c ⊥  NC 
fi lm; (orange triangles) amorphous fi lm. The considered fi lms have thickness in the range 
40260 ¼m. (a2c) Sorption kinetics at  p/p 0  = 0.01:  (a) up to 200 min;  (b) up to 50 min;  (c) 
Fick’s plot for the three PPO fi lms;  curves are reported in the normalized  form, as 
MP C E ( t ) /MP C E ( > )  vs t 1 / 2 /L.  (d) Equil ibrium gravimetric  PCE uptake for 0.05 g p/p 0  g 0.01 for 
the five PPO samples.  
 

2.3.3 PCE uptake from dilute aqueous solutions 

Sorption kinetics of PCE from 50 ppm aqueous solutions, at room temperature (20 °C), 

are compared in Figure 2.14a-c, for the above-described PPO films. As already observed 

for sorption from the vapor phase, kinetics of sorption from the high-SA NC film are 

faster than for the c⊥ film and much faster than for the amorphous film. For instance, after 

30 min of sorption, the PCE uptake is nearly 0.3, 1.8, and 5 wt% for films being 

amorphous, c⊥ NC, and high-SA NC, respectively (Figure 2.14b). 

The large differences between sorption kinetics of the three PPO films is also pointed out 

by Fick’s plot of Figure 2.14c, with calculated diffusivities (from 50 ppm aqueous 

solutions) increasing from 4.2 × 10212, 1.3 × 10210, and 3.8 × 10210 cm2 s21 for amorphous, 

c⊥ NC, and high-SA NC films, respectively. Hence, the high surface area is relevant for 

sorption kinetics mainly for short sorption times (Figure 2.14b) although it is not relevant 

for long-term guest equilibrium uptakes (Figure 2.14a). 
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It is worth adding that the guest sorption data of Figures 2.13 and 2.14 are expressed as 

mass of pollutant per mass of the polymer. The faster kinetics observed for high-SA films 

are also more clearly apparent if the guest uptake is expressed as mass uptake per volume 

of the polymer, which is more relevant for most purification processes where the limiting 

factor is the volume of the absorbent material. In this respect, it is worth reminding that 

while high-SA NC films have a density higher than 0.8 g cm23, the density of packed NC 

PPO powder is generally lower than 0.3 g cm23 while for the NC aerogels it is generally 

lower than 0.2 g cm23. 

 
Figure 2.14  (a, b) PCE sorption kinetics from dilute aqueous solutions (50 ppm) at  room 
temperature for different  PPO fi lms:  (blue pentagons) NC high SA; (black circles) c ⊥  NC; 
(orange triangle) amorphous.  PCE sorption kinetics (a) up to 25h and (b) up to 120 min 
and (c) Fick’s plot .  

Diffusivity values obtained for PCE sorption for the three different PPO films are 

collected in Table 2.3. In all cases, the diffusivity of the high-SA NC film is definitely 

higher than for the high free-volume amorphous film: of nearly 400 and 90 times for PCE 

sorption from vapor phase at p/p0 = 0.01 at 35 °C and from 50 ppm aqueous solution, 

respectively. 

 

Table 2.3  PCE Diffusivity as evaluated  for sorption kinetics of the three different  PPO 
fi lms.  

 

 

 

 

 

 

  

PCE sorption 

PPO Films 

 At 35 °C from vapor phase 
(p/p0= 0.01) 

 At 20 °C from a 50 ppm 
aqueous solution 

 Diffusivity 
(cm2 s-1) 

Relative diffusivity 
 Diffusivity 

(cm2 s-1) 
Relative diffusivity 

Amorphous  8.210-12 1  4.210-12 1 

c⊥ ³ NC   6.710-10 82  1.310-10 31 

High-SA ³ NC  3.310-9 402  3.810-10 90.5 
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2.4 Conclusions 

In this chapter, kinetics for sorption of a relevant organic pollutant (perchloroethylene, 

PCE) from vapour phase at low activities (0.01f p/p0 f 0.04) as well as from a 50 ppm 

aqueous solution in different samples being amorphous or exhibiting NC phases are 

reported. 

As concern PCE sorption from vapour phase, NC aerogels of sPS and PPO exhibit similar 

high guest solubility and fast sorption kinetics. Notwithstanding, guest sorption behavior 

of sPS and PPO films is instead extremely different. In fact, NC PPO films, mainly when 

orientation of their NC phases is preferentially perpendicular to the film plane (c⊥ 

orientation), exhibit much higher guest uptakes with respect to NC sPS films (e.g., 20 

times higher for PCE at p/p0 = 0.01).  

Guest uptakes for NC PPO films, when expressed as mass of guest per polymer volume, 

are also much higher than for NC PPO powders and aerogels. For instance, at p/p0 = 0.01 

after 12h, the PCE uptake in the NC c⊥ PPO film (9.5 g/100 mL) is nearly 3.7 and 10 

times higher than for NC PPO powder and aerogel, respectively.  

Moreover, PPO films with c⊥ orientation exhibit diffusivity of organic guest molecules 

higher (e.g., nearly 40 times, for PCE at p/p0 = 0.01) than for films with orientation of the 

chain axes being preferentially parallel to the film plane (c// orientation) and much higher 

(nearly 500 times) than for films exhibiting the NC ·-form of sPS.  

PCE sorption experiments were performed also from a 50 ppm aqueous solution in films 

exhibiting NC phases of both PPO and sPS. Also in this case, equilibrium PCE uptakes 

and sorption kinetics of the NC films are always higher and faster than for the 

corresponding amorphous films. Moreover, in agreement with results on sorption of the 

same pollutant from vapor phase at low activities, equilibrium uptakes are much higher 

(nearly 10 times, from 50 ppm aqueous solutions) for NC PPO than for NC sPS. The 

much faster diffusion kinetics of NC PPO films, with respect to NC sPS films, are due to 

the presence for PPO not only of a NC phase but also of a high free volume amorphous 

phase.  

In the same way, comparing NC PPO films, particularly relevant is the presence of the 

planar orientation of the ³ phase. For instance, for PCE sorption from 50 ppm aqueous 

solutions, NC films with c⊥ orientation exhibit a diffusivity nearly 14 times higher than 

for NC films with c// orientation and nearly 88 higher than for amorphous PPO films. This 

strong dependence of sorption kinetics on the crystalline phase planar orientation can be 
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rationalized by anisotropic guest diffusion pathways with higher diffusivity in the 

direction parallel to the polymer host chain axes. 

The much higher guest diffusivity for c⊥ oriented NC PPO films, with respect to c// 

oriented NC PPO films, is in agreement with a recent hypothesis that the empty space of 

NC forms of PPO is organized as channels being parallel to the crystalline chain axes. 

Furthermore, PCE sorption experiments both from vapour phase and aqueous solutions, 

were also performed considering NC PPO films with high surface area (up to 620 m2 g21). 

The preparation procedure consists of two steps: (i) fast guest-induced co-crystallization 

of amorphous films, leading to CC films with high guest content, both in the crystalline 

and in the amorphous phase (70290 wt%); (ii) guest extraction from these CC films, by 

exchange with a temporary guest (e.g., acetonitrile or preferably scCO2), eventually 

leading to highly crystalline NC films, having a density higher than 0.8 g cm23. 

It has been found that guest diffusivity values in the high-SA NC PPO films are much 

higher even than of the c⊥ oriented NC PPO films, for sorption from both vapour phase 

and diluted aqueous solutions, due to a fibrillar morphology similar to aerogels. 

These new films (especially with high-SA) based on a commercial high-performance 

polymer are expected to find application in PCE remediation as barrier, both from air and 

water, but these results could be considered general also for many other organic pollutants 

(e.g., aliphatic and aromatic hydrocarbons or other halogenated hydrocarbons). 
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CHAPTER 3 

Gas sensors based on PPO films/coatings 

Gas sensors are devices that are designed and optimized to have performance criteria such 

as the ability to detect low concentrations of certain gas analytes in the ppb levels,136 to 

have short response time,739 and low power consumption, which is related to the 

temperature of the operating point.10,11 They have applications ranging from 

environmental monitoring, food safety monitoring, medical diagnostics, and electronic 

nose applications.12,13 

Hence, the detection of volatile organic compounds (VOCs) is nowadays considered one 

of the key aspects for controlling and limiting their release into the environment. 

Various types of gas sensors have been developed that are classified by the transduction 

methods, which include electrochemical,14 optical,15,16 thermoelectrical,17 electrical,18,19 

and piezoelectric methods.20 

In this chapter, preliminary studies on NC PPO coatings (≈1 µm thick) and on CC PPO 

films (≈40 µm thick) are reported. Particularly, the aim of this investigation is to check if 

they could be considered the operating element for gas sensors with electrical in one case 

(NC PPO coating) or optical (for CC PPO film) responses. Both approaches (electrical 

and optical) have been explored considering different VOCs. 

3.1 Electrical approach: NC PPO coatings for Metal Insulator 
Semiconductors  

Gas sensors, based on electrically transducers, can be subdivided considering unique 

device architectures and sensing mechanisms, such as, field-effect transistor-based 

sensors (i.e., chemFET),48,49 conductometric sensors,50 chemiresistive sensors51353 and 

chemicapacitive sensors.54,55 

Particularly, capacitive measurement under exposure of gases/vapour is relatively new 

and far more accurate than the resistive one.54359 The capacitive measurement is 

predominantly governed by the change in relative dielectric permittivity (¸r) of the 

medium in presence of gases/vapour and is less sensitive to the charge effects.60  

Materials, such as metal oxide semiconductors (MOSs),53,61 metal insulator 

semiconductors (MISs),55 polymers62,63 and carbon-based materials59,64 are generally used 

as gas sensors depending on the change in electrical properties in the presence/absence of 

target gases.65  
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Specifically, a <chemicapacitive= sensor (or <chemicapacitor=) is a capacitor that has a 

selectively absorbing material, such as a polymer, as a dielectric. Polymer-based 

chemicapacitors, in particular, are promising platforms for low-cost, low-power sensors, 

since unlike most other gas sensors they do not require heating, mechanical excitation, or 

light sources.  

Chemicapacitors use two basic geometries: interdigitated electrodes and parallel-plate 

configurations. Interdigitated electrodes62 consist of a single layer of metal deposited on 

a substrate to form two meshed combs. The absorbent material is then deposited on the 

top of the combs. 

Parallel-plate sensors,63 instead, consist of a layer of metal deposited on a substrate, 

followed by a layer of a polymer and finally a second porous layer of metal above the 

polymer.  

Parallel-plate chemicapacitive sensors with absorbent polymer coatings have been 

successfully used to detect a wide range of volatile gases.66 

The selectivity of these absorbing polymers results from functional groups that interact 

weakly with certain target analytes, imparting some degree of preferred interactions. In 

fact, polymers are selected based on their ability to form stronger reversible hydrogen 

bonds, van der Waals bonds, and dipole3dipole interactions with some analytes over 

others.67  

The amount of target gases (i.e., VOCs), absorbed into a polymer depends not only on 

the ambient concentration of the VOCs, but also on the chemical properties of both VOCs 

and polymers.  

Typically, for individual parallel-plate capacitors, filled or partially filled with selectively 

absorbing polymers, when exposed to volatile analytes, the absorption of the chemicals 

into the polymer film alters the permittivity of the polymers resulting in changes in the 

capacitance of the sensor elements.68 Of course, the absorbing property of the polymer is 

crucial for the developing of the gas sensor.  

In the previous chapter (second), the extraordinary ability of PPO in terms of sorption of 

pollutants from air (and water) even at low activities has been reported.69,70 

In this section, a very preliminary study on a potential MIS-based gas indicator (in 

parallel-plate chemicapacitor device) using as dielectric matrix a PPO coating between 

two layers of metal (i.e., Au), is described. These primary results seem to be very 

promising, so encouraging to go on deeper in this research.  
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3.1.1 Sample preparation and characterization 

PPO 3 wt% CHCl3 solution was used to form a thin layer on a golden (Au) support by 

spin coating technique, using the following parameters: 2000 rpm/sec; 1000 rpm; 30 

seconds. The resulting PPO coating shows a thickness of nearly 1 µm and a wrinkled 

surface. Then, an Au contact having dimension 2mm × 2mm × 50nm was deposited on 

the top of the PPO coating by thermal evaporation technique. This Au layer acts as top 

contact while the Au support acts as bottom contact. Figure 3.1 shows a schematic (not 

in scale) of the capacitive sensor device where the PPO coating is the insulator material 

while Au contacts are the plates of the capacitor.  

 

Figure 3.1  Schematic of the capacitive gas device  made with a PPO coating (≈1 µm) as 
insulator material  between a top and a bottom Au contacts (not  in scale).  The electrical 
driving force is applied on the Au contacts of the capacitor.  

This device (Figure 3.1) is an example of a parallel-plate chemicapacitive Metal Insulator 

Semiconductor (MIS).55 

The capacitance (Cp) of the sensor device with PPO coating was detected at room 

temperature in air ambient using a voltage ΔV = 100mV and it was ≈27 pF. The electrical 

driving force was applied on the Au contacts of the capacitor (as shown in Figure 3.1). 

This device was then ready to be tested by exposure to gases and by recording change in 

capacitance. Many experiments were done testing different gases, but the results here 

reported are related only to two VOCs taken as referring models: carbon tetrachloride 

(CCl4) and methyl ethyl ketone (MEK). Both VOCs are widely used in industries and 

they results to be hazardous for human health.71,72 

PPO coatings in the parallel-plate chemicapacitive MIS-based indicator were 

characterized by FTIR analysis using PPO films with a higher thickness (≈8 µm), as 

shown in Figure 3.2. These thicker PPO films were made by spin coating technique on a 

silicon (Si) wafer using the same parameters applied for the coating on Au contacts (2000 

rpm/sec; 1000 rpm; 30 seconds). It is apparent that the PPO film was amorphous40 as 

indicated by the presence of the FTIR peak located at 831 cm-1 (Figure 3.2a). 
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Figure 3.2  FTIR analysis of PPO fi lm (≈8 µm thick) after spin coating technique on Si 
support :  (a) amorphous fi lm by spinning;  (b) after exposure of amorphous fi lm to MEK 
saturated vapours;  (c) after exposure of amorphous fi lm to CCl 4  saturated vapours.   

These PPO films (≈8 µm thick) were then placed in the following conditions (as used for 

testing the sensor): hermetically closed chamber of MEK or CCl4 saturated vapours for 

30 min. After that, they were recovered and FTIR measurements were performed. 

Crystalline peaks were well evident (Figure 3.2b,c). In particular, the PPO films exposed 

to MEK saturated vapours (Figure 3.2b) is crystalline in ³ phase40 (peaks at 826 and 777 

cm-1) while for the film exposed to CCl4 saturated vapours (Figure 3.2c) the ³ crystalline 

phase40 was induced (peaks at 828 and 773 cm-1).  

3.1.2 Electrical capacitance response 

The MIS-based device made with a PPO coating of nearly 1 µm in a parallel-plate Au 

capacitor were exposed for 30 min to saturated vapors of CCl4 or MEK.   

Once exposed, the devices were subjected to an electric potential (ΔV = 100 mV) and the 

capacitance was recorded during time. 

In particular, three runs were performed as shown in Figure 3.3 and data about 

capacitance values are collected in Table 3.1.  

In the run I (Figure 3.3A) the capacitance value became higher (from 27 pF to 44 pF) for 

the device exposed to MEK saturated vapours (sample A, increasing of nearly +63%) 

while after exposure to CCl4 saturated vapours there was a decrease of the capacitance 

value from 27 pF to 18 pF (sample B, decreasing of nearly ‒33%). 

This phenomenon of total capacitive change is mainly due to a change in dielectric 

permittivity (¸r) of the insulator material (PPO coating), as soon as the gas sorption starts.  
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In general, the dielectric ¸r of the medium is defined as the following formula: ¸r = ¸m/¸0; 

where ¸m is the permittivity of the material and ¸0 is the vacuum permittivity.73 

 

Figure 3.3  Capacitance values at  ≈20 °C vs t ime for two gas indicators:  (■) sample A; (●) 
sample B. The devices were exposed to MEK or CCl 4  saturated vapours for 30 min (run I 
and II),  a  reverse response was performed for run III.  Once collected,  the devices were 
placed at room temperature ≈20 °C (run I) or heated at  100 °C for 3 hours (run II and III).  

When MEK/CCl4 sorption in the PPO coating starts, a change in this ¸r value occurs, 

depending not only on the dielectric permittivity of PPO (¸PPO) but also on the dielectric 

permittivity values of the considered gases (i.e., ¸MEK and ¸CCl4). The ¸PPO value was 

estimated according to the following formula: εĀĀÿ =  ��  ∗  þ ε0 ∗  �  (3.1) 

where Cp is the capacitance of the sensor (≈27 pF), d is the distance between the parallel 

plates of the capacitor (PPO thickness, ≈1¼m), ¸0 is the vacuum permittivity (8.85x10312 

Fm31) and A is the area of the Au top contact (0.04 cm2).  

About dielectric permittivity of MEK an CCl4, the values were collected by literature and 

they are 18.4 and 2.2 pFm31 for ¸MEK
74 and ¸CCl4,75 respectively. 

It is also evident (Figure 3.3A) that during time the capacitive values in both devices tends 

to reach the initial value. This is almost certainly due to the desorption of the gases from 

the PPO coatings at room temperature (≈20 °C). Consequently, the dielectric ¸r value of 

the coating was progressively changing while desorption occurred.  

In the run II (Figure 3.3B) the sensors were again exposed to the same VOCs saturated 

vapours, but the desorption was accelerated by inducing a thermal treatment at 100 °C. 

In fact, it is well evident that the tendence to reach the starting capacitive value is faster 

than previous (Figure 3.3A, run I). In the run III (Figure 3.3C) a reverse exposure as well 

as heating treatments at 100 °C were performed. Specifically, the device which was 



62 
 

previously exposed to MEK saturated vapours (sample A) was then subjected to CCl4 

saturated vapours, on the contrary for the other device (sample B) which, instead, was 

exposed to MEK saturated vapours. It is clear that the capacitive change for this 

experiment behaves in an opposite direction: the sample A shows a decrease (from +30 

to +29 pF) while for the sample B there is an increase of capacitive values (from 311 to 

+15 pF). 

Thus, it is well evident that the change in capacitance of the gas indicator is depending 

on the nature of the VOC absorbed (¸MEK/¸CCl4) which in turn changes the dielectric 

permittivity of the insulator material in the device. The diverse response patterns seem to 

be useful to discriminate the volatile chemicals from each other. 

Specifically, the response (RM) was calculated as absolute variation, considering the 

following formula68: 

RM = (Cg 3 Cp / Cp) x 100 (3.2) 

where Cp is the initial capacitance of the sensor (≈27 pF) and Cg is the capacitance in 

presence of tested VOCs.  

The response was estimated also taking into account the relative variation RM’ = (Cg 3 

Cg’ / Cg’) x 100, where Cg is the capacitance in presence of tested VOCs at initial time of 

the run and Cg’ is the final capacitance of the previous run (exactly before the initial time 

of the run). 

Focusing the attention on the relative variation in the capacitance values between two 

consecutive runs (RM’ values of Table 3.1), it is clearly evident that the behavior is similar 

when the exposure occurs with the same VOC, but it is completely opposite when the 

same device is exposed to a different gas. 

In particular, when the sample A is exposed again to MEK vapors (Figure 3.3B; run II; 

sample A), the relative capacitive change RM’ is +50% (roughly lower than the starting 

value of +63%), but it becomes 33% when the sensor is exposed to CCl4 vapours (Figure 

3.3C; run III; sample A). 

The behavior of the other sample is in the opposite direction: when it is exposed again to 

CCl4 vapors (Figure 3.3B; run II; sample B), the capacitive change is 313% (sharply lower 

than the starting value of 333%), but it converts to +29% when the exposure happens with 

MEK vapours (Figure 3.3C; run III; sample B). It is worth noting that also the RM value 

is almost different in the run II compared to the run I, probably due to a weak damage of 

the thin PPO layer by the saturated vapours treatments. 
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Table 3.1  Experimental  data concerning the response of the paral lel -plate chemicapacit ive 
MIS-based gas indicators  coated with a thin PPO layer .  Cg  is  the capacitance of the sensors; 
RM  is  the absolute variat ion in the capacitance values;  RM’  is the relative variat ion in the 
capacitance values (between two consecutive runs).  

VOCs RUN Sample Time Cg (pF) RM (%) RM’ (%) 

MEK 

I A 

initial 44 +63 +63 

after 1h 37 +37 - 

after 24h 34 +26 - 

after 48h 33 +22 - 

after 120h 28 +4 0 

II A 
initial 42 +56 +50 

after 3h at 100 °C 30 +11 0 

III B 
initial 29 +7 33 

after 3h at 100 °C 28 +4 - 

CCl4 

I B 

initial 18 333 333 

after 1h 22 319 - 

after 24h 22 319 - 

after 48h 22 319 - 

after 120h 23 315 0 

II B 
initial 20 326 313 

after 3h at 100 °C 24 311 0 

III A 
initial 31 +15 +29 

after 3h at 100 °C 27 0 - 

 

Additionally, it is significant to notice that in the parallel-plate chemicapacitive MIS-

based gas indicator the PPO layer is amorphous at the beginning. Once exposed to 

MEK/CCl4 vapours (Figure 3.3A, run I), crystallinity is induced in the PPO coatings 

(Figure 3.2B,C). At the second exposure with the same gases (Figure 3.3B, run II), the 

PPO layer was at that moment crystalline as well as nanoporous, but the capacitive change 

was almost the same compared to that of the run I where the starting PPO layer was 

amorphous (see RM’ values in Table 3.1). This is probably due to the fact that the 

exposure is performed considering saturated vapours conditions. Certainly, the sorption 

uptake from amorphous phases is lower than from NC phases,69,70 especially at low 

concentration. Then, it is reasonable considering that also the change in capacitance of 

these gas indicators would be different at low vapour activities. Further studies are needed 

to better understand if there would be a difference in performances of the potential gas 

sensor if the nature of the PPO layer is amorphous or nanoporous-crystalline. 

3.2 Optical approach: CC PPO films with a fluorescent guest  

Sensing devices based on chromogenic characteristics of the designed materials are 

important references in the literature.21327 Particularly, being VOCs uncolored and lacking 
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of fluorescence, the optical-based approach is an indirect tool for their detection taking 

advantages of the chromogenic properties of certain chromophores or fluorophore species 

when interact with analytes in the gas phase. Therefore, the design and the fabrication of 

novel colored and fluorescent materials to detect VOCs exposure with even more 

sensitivity are highly demanded and investigated.28332  

When the solvating activity of the absorbed VOC molecules occurs, a strongly influence 

on the intensity and/or on the position of the emission band of the active fluorophore can 

be found. This phenomenon is called vapochromism.29 

Fluorescent enhancements (i.e., typical OFF-ON responses) are the most preferred since 

scientifically appealing and more sensitive detection by the naked eye. Polymers act as a 

supporting highly viscous matrix which is highly permeable to VOCs. In certain cases, 

viscosity variations during VOCs uptake cause fluorescence variation of the embedded 

fluorophore due to the variation of their intramolecular motions.33  

In this section, the combination of the sorption ability of PPO and the fluorescence 

characteristics of 7-hydroxy coumarin (i.e., umbelliferone) for the detection of VOCs is 

proposed. More specifically, among the vapours that were demonstrated to effectively 

interact with PPO,34 chloroform (CHCl3) has been selected as the volatile contaminant 

model being considered harmful, irritant and possibly carcinogenic after prolonged 

exposure.35  

Umbelliferone has been reported in literature as an efficient fluorescent probe for the 

detection of Pd(II) in living cells,36 of pyridine gas in cucurbit[10]uril encapsulations,37 

and, very recently, of SO2 vapours with high sensitivity and selectivity (<0.2 ppm) when 

covalently linked to anion-functionalized ionic liquids.38 Particularly, umbelliferone is a 

fluorescent molecule characterized by a low quantum yield in non-polar media and in the 

solid state due to radiationless de-excitation attributed to the proximity effect.39 When 

CHCl3 molecules get in contact with umbelliferone, fluorescence raising is therefore 

expected.  

In this section, CC PPO films with umbelliferone have been studied as potential 

vapochromic gas sensors towards CHCl3 molecules. Another polar VOC like 

dichloromethane (DCM) has been investigated for comparison. 

3.2.1 Sample preparation and characterization 

PPO films (≈40 ¼m of thickness) presenting NC ³ and ³ phases were obtained by 1 wt% 

CCl4 and benzene solution casting, respectively, and subsequent solvent removal by ACN 
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at room temperature. PPO amorphous films were made by casting of 1.5 wt% CHCl3 

solution and subsequent solvent evaporation at 60 °C. These films were characterized by 

WAXD and FTIR analysis.  

WAXD patterns, gathered from a two-dimensional diffractometer (on the left), and the 

corresponding equatorial diffraction profiles (on the right) are reported on Figure 3.4. For 

crystalline PPO films, the diffraction peaks at 2θCuK³ ≈ 4.5°, 7.1°, 11.3° and 15.0° and at 

2θCuK³ ≈ 5.2°, 7.7° and 12.8° indicate the presence of the NC ³ and ³ phases,40 

respectively (Figure 3.4A,B). The presence of a diffuse halo, as shown by WAXD 

patterns and equatorial profile of Figure 3.4C, is instead typical of a fully amorphous 

material. FTIR spectra of PPO films with diffractograms reported in Figure 3.4, are shown 

in Figure 3.5; typical peaks at 828, 773, 756 and 414 cm21 for ³ phase, at 826, 777, 756 

and 418 cm21 for ³ crystalline phase and at 831 and 755 cm21 for amorphous, are apparent 

and in agreement with the literature.41  

 

Figure 3.4  WAXD patterns (A3C) and corresponding equatorial  intensi ty profi les (A′ 3C′) 
of PPO fi lms presenting:  NC ³,  (A, A′),  NC ³ (B, B′) and amorphous phases (C, C′).  

The degree of crystallinity (Xc) for ³ and ³ films, as evaluated by FTIR spectroscopy, are 

~43% and ~46%, respectively.  

FTIR spectra in the wavenumber range of 185031500 cm21 are reported in Figure 3.6 for 

the NC ³ and ³ as well as for the amorphous PPO films, before (gray lines) and after 

immersion in saturated umbelliferone/methanol solution for 30 min (red, blue and black 



66 
 

lines), respectively. Umbelliferone FTIR spectrum is also reported for comparison (green 

line). 

 

Figure 3.5  FTIR spectra of PPO fi lms presenting: (A) NC ³  phase (red line);  (B) NC ³  
phase (blue l ine) and (C) amorphous (black l ine) phase.  

The most relevant feature of PPO film spectra is the presence of an extra peak at 1748 

cm21, beside the typical peak at 1705 cm21 of umbelliferone (Figure 3.6).  

In agreement with the literature on umbelliferone42 and with other recent studies on 

different systems,43 the peak at 1748 cm21 can be associated to the band of C=O groups 

of ³-pyrone molecules free from hydrogen bonding, while the peak at 1708 cm21 is 

possibly attributed to the band of C=O groups of umbelliferone involved in intermolecular 

interactions (mainly intermolecular hydrogen bonds).  

Inspection of Figure 3.6 shows that the amount of umbelliferone absorbed in PPO films 

is higher for CC phases with respect to the amorphous one. Notably, umbelliferone uptake 

was evaluated by TGA analyses, and it was close to 2.0% and 2.2% for ³ and ³ PPO 

films, respectively, whereas only ~1% for the amorphous sample.  

The different distribution of coumarin molecules absorbed in PPO films can be evaluated 

by analyzing the relative intensities of FTIR peaks at 1748 cm21 and 1708 cm21. Thus, the 

unbonded umbelliferone fraction is 25% (~0.5 wt%), 36% (~0.8 wt%) and 70% (~0.7 

wt%) of the total molecules present in ³, ³ and amorphous PPO films, respectively. 

Consequently, the major fraction of molecules interacting via hydrogen bonding are 

present into the CC ³ phase (75%, ~1.5).  
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Figure 3.6  FTIR spectra of ³ (red l ine),  ³ (blue l ine) NC as well  as of amorphous (black 
l ine) fi lms,  before (gray l ines) and after immersion in umbell iferone/methanol solution for 
30 min.  Spectrum of umbell iferone is also reported (green l ine) for comparison.  

UV3Vis spectra of PPO films doped with umbelliferone showed the typical absorption 

band at 330 nm and attributed to the π-π* transition39 (Figure 3.7). The absorption 

intensity agrees well with the amount of dye molecules included into the PPO matrix as 

evaluated from the FTIR spectra, thus confirming the higher uptake of umbelliferone by 

the NC ³ and ³ films.  

 

Figure 3.7  UV3Vis spectra of ³ (red l ine),  ³ (blue l ine) as well  as of amorphous (black 
l ine) PPO fi lms,  after  immersion in umbelliferone/methanol solution for 30 min.  In the 
inset ,  the chemical  formula of umbelliferone.  

The umbelliferone-doped PPO films showed the typical emission behavior of the 

embedded coumarin with a fluorescence maximum at about 430 nm (Figure 3.8). This 

peak appeared mostly unaltered by the different nature of the PPO matrix, whereas the 
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PPO films show a very low quantum yield (§F) of around 132%. The fluorescent §F is 

defined as the ratio of the number of photons emitted to the number of photons absorbed. 

Notably, quantum yield is independent of instrument settings and describes how 

efficiently a fluorophore converts the excitation light into fluorescence.44 

Thus, the §F values of umbelliferone in PPO films indicate that radiationless relaxation 

pathways are the most occurring phenomena in the solid state.39,45 It was worth noting 

that this behavior appeared more pronounced in the ³ and ³ PPO films (i.e., §F of 1.1% 

and 1.4%, respectively, with respect to 1.8% of the amorphous film), where the stronger 

molecular interaction places the fluorophores in a specific environment and possibly 

favors fluorescence quenching. As a matter of fact, the lowest §F of 1.1% was calculated 

for umbelliferone embedded in the NC ³ phase where the highest content of hydrogen 

bonded guest molecules (~1.5 wt%) was observed (Table 3.2).  

 
Figure 3.8  Normalized fluorescence spectra of ³ (red l ine),  ³ (blue l ine) as well  as of 
amorphous (black l ine) PPO fi lms,  after immersion in umbell iferone/methanol solution for 
30 min (» e x c  = 340 nm).  In parentheses the emission quantum yield (§ F) was reported.  

 

Table 3.2  Amount of coumarin embedded in the ñ  and ò  crystal l ine and amorphous phases 
of the PPO matrix and the derived § F .  

PPO film 
Hydrogen bonded 

umbelliferone (wt%) 

ΦF 

(%) 

ñ 1.5 1.1 

ò 1.4 1.4 

amorphous 0.3 1.8 

 

3.2.2 Vapochromic fluorescent response  

The umbelliferone/PPO films were therefore exposed to chloroform vapours selected as 

the volatile contaminant model. Particularly, the fluorescence variation of the films was 

determined by exposing a 1 cm × 1 cm film to CHCl3 vapours at 20 °C under saturation 
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conditions (schematic of the apparatus used for the vapochromism studies is shown in 

Figure 3.9).  

 

 

Figure 3.9  Apparatus used for the vapochromism studies.  

Fluorescence spectra (»exc = 340 nm) of the umbelliferone-doped PPO films were 

collected for 20 min of exposure to CHCl3 vapours and with a time interval of 1 min. For 

all the umbelliferone/PPO films, an increasing of the emission intensity occurred when 

the doped films get in contact with the chloroform atmosphere (Figure 3.10).  

The maximum fluorescence was recorded after about 20 min of chloroform vapours 

exposure, and then maintained constant before solvent desorption from the films. 

Moreover, both shape and fluorescence peak remained unchanged during the experiments 

as well as the film integrity. 

Fluorescence enhancements were addressed to the effective solvent/umbelliferone 

interactions. More specifically, as soon as PPO films were exposed to chloroform 

vapours, they start filling the empty nanopores of the polymer matrix, get in contact with 

the fluorophore molecules that, in turn, increase their emission due to the solvation effect. 

The <turn-on= effect of fluorescence due to solvation agrees well with §F = 7% of 

umbelliferone in chloroform and appears faster in case of the PPO ³ form.46  

With the aim to determine the possible influence of the ³ and ³ nanoporous crystalline or 

amorphous phases of PPO matrix on the vapochromic response of the included 

umbelliferone, the fluorescence intensity variation (i.e. F–F0/F0, Figure 3.11) was 

determined from the fluorescence maxima shown in Figure 3.10. It should be noted that 

the fluorescence variation appeared fastest in the case of umbelliferone included in the ³ 

form of PPO, whereas the amorphous matrix provided the slowest fluorescence variation 

(Figure 3.11a).  

optical fiber connected 
to the fluorometer

PPO film

Solvent container
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Figure 3.10  Fluorescence spectra of the umbell iferone -doped PPO fi lms collected for 20 
min of exposure to CHCl 3  and with a t ime interval  of 1 min (» e x c  = 340 nm).  

Therefore, the umbelliferone/PPO film with the lowest §F and quenched emission 

showed the most rapid fluorescence enhancements. The umbelliferone fluorophore 

dispersed in the amorphous phase resulted optically responsive towards CHCl3 vapours 

as well, but with a slower kinetics being umbelliferone molecules less interacting via H-

bonding, as revealed by FTIR experiments (Figure 3.6).  

The vapochromic response was also tested by using DCM as VOC, i.e. a chlorinated polar 

compound that is characterized by a weaker C3H donor strength with respect to 

chloroform.47 Notwithstanding the higher vapour pressure of DCM (i.e. 349 mm Hg 

against 158.4 mm Hg of chloroform), the fluorescence variation was slower for all the 

umbelliferone/PPO films within the first 233 min of exposure, while levelling off after a 

longer period (Figure 3.11). It was worth noting that the delayed response appeared more 

evident in the case of umbelliferone included in the ³ and ³ forms of PPO, and particularly 

evidenced for the ³ one. This phenomenon suggested that the stronger donor C3H 

behavior of chloroform is the key parameter to accelerate the vapochromic response, 

being more effective in breaking H-bondings in umbelliferone poorly emissive 

assemblies.  
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Figure 3.11  Fluorescence intensi ty variation of the umbell iferone/PPO fi lms in response 
to the exposure to a) CHCl 3  and DCM vapours for b) amorphous,  c) ³ -form and d) ³-form 
of PPO. (» e x c  = 340 nm, data were acquired from the intensi t ies of spectra reported in 
Figure 3.10).  

Moreover, since the chloroform/PPO matrix interactions are reversible, the films were 

dried under vacuum for one night. §F were then repeated and all the umbelliferone/PPO 

films displayed quantum efficiencies around 1.131.3%, i.e., without significant 

differences among them. Then, a second cycle of exposure to chloroform vapours were 

performed and the emission enhancement occurred again, thus suggesting a reversible 

vapochromic response (Figure 3.12).  

Although the expected reversible vapochromic features, no significant difference among 

the fluorescence intensity variations between the CC and amorphous phases of PPO films 

were detected. Particularly, ³ and ³ PPO films still showed the same fluorescence 

variations coefficients of 0.1430.13 min21, whereas for the amorphous it increased from 

0.08 to a value similar to that of the ³ phase in agreement with §F close to 1%.  

Fluorescence maximum variations were detailed monitored in order to verify the 

reversibility of the emission response after successive solvent absorption/desorption 

cycles. Notably, the vapochromic response appeared affected after the third cycle of 

chloroform vapours exposure, probably due to the occurrence of a roughened surface that 

could adversely affect the fluorescence emitted by the film.  
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Figure 3.12  a) Fluorescence spectra of the umbell iferone/PPO fi lms in response to the 
second exposure t ime to CHCl 3  vapours and b) fluorescence intensi ty of the 
umbelliferone/³ -form PPO fi lm at  0 min (black bars) and 20 min (blue bars) of CHCl 3 
exposure at  different  cycles.  In al l  cases,  » e x c  = 340 nm. 

Additionally, FTIR spectra of ³ (red line), ³ (blue line) and amorphous (black line) PPO 

films, before and after the third exposure to chloroform vapours have been performed and 

compared in Figure 3.13.  

The peak at 668 cm21 related to the presence of chloroform is present in all the PPO 

samples. Furthermore, it is worth noting that the amorphous film (curve C) after exposure 

to chloroform vapours (dark yellow curve) crystallizes in ³ phase as pointed out by the 

peaks at 594, 563, 495 and 418 cm21.41 

 

Figure 3.13  FTIR spectra in the  wavenumber range 7003400 cm2 1  of ³ (red and pink l ines), 
³ (blue and l ight  blue l ines) NC and of amorphous (black and dark yellow l ines) fi lms 
before and after exposit ion to chloroform vapours for 20 min.  Spectrum of chloroform 
(violet  l ine) is also reported.    
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3.3 Conclusions 

In this chapter, a very preliminary study on a potential parallel-plate chemicapacitor MIS-

based gas sensor, in which the dielectric material is a PPO coating interacting with metal 

contacts from both sides, has been reported. These primary results are positive and fairly 

promising because a diverse response pattern is achieved when the electrical indicator is 

exposed to two different gases (i.e., MEK and CCl4), therefore it can be used to 

discriminate the volatile chemicals from each other. Probably, the magnitude of this 

change in capacitance results from a complex combination of response phenomena that 

depends on several factors. Analyte adsorption phenomena into the polymer, of course, 

play a major role in sensor response. The main factors could be as follows: (i) dielectric 

chemical structure modification from reversible weak interactions with the analyte; (ii) 

dielectric swelling due to absorption of the analyte which reduce dipole moments within 

the polymer altering its permittivity and conductivity; (iii) the permittivity of the analyte 

being absorbed; and (iv) the amount of analyte absorbed into the dielectric. Further 

studies are needed to better understand and optimize this potential electrical MIS-based 

gas sensor. 

Another aspect here reported is related to the vapochromic response against chloroform 

vapours in CC and amorphous PPO films containing 132 wt% of umbelliferone. The 

prepared films showed fluorescence maximum at about 430 nm with emission intensities 

mostly quenched and with minimum §F of around 1% in the NC ³ and ³ PPO phases. 

This phenomenon was possibly addressed to the stronger molecular interactions of the 

fluorophore via H-bonding occurred in the case of the nanoporous-crystalline 

confinement that caused intense fluorescence self-quenching. Once exposed to 

chloroform vapours, fluorescence rapidly turned on within the first minutes for all the 

umbelliferone-doped PPO films thanks to the solvation effect provided by the polar 

vapours. Particularly, vapochromism was particularly faster in the case of NC PPO films 

(0.1430.13 min21 against 0.08 min21 for the amorphous PPO film) being the fluorescence 

quenching more effective. Such fluorescence response appeared also reversible for these 

PPO films up to three cycles, whereas the amorphous sample crystallized into the ³ form 

upon chloroform saturated vapours exposure.  

The whole set of data suggests that PPO films/coatings can be suitable for developing 

new advanced materials for optical as well as electrical detection of harmful VOC 

vapours.  
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CONCLUDING REMARKS 

 

In this section, the formation of two well-separated NC forms of PPO, named ³ and ³, 

has been explained. The NC ³ and ³ forms not only exhibit different chain packing but 

also slightly different chain conformations (c = 5.28 and 5.47 Å, respectively). 

WAXD and FTIR measurements have shown that most of the guest molecules lead only 

to ³ or ³ CC (and related NC) forms, independently of the crystallization procedure 

(solution casting and solvent-induced crystallization of amorphous films). Only for few 

guest molecules (i.e., methyl benzoate and acetone) ³ or ³ CC and NC forms are obtained 

depending on the crystallization conditions. 

Additionally, independently of the two considered crystallization methods, the ³-form is 

favored by hydrophobic (with solubility lower than 0.11 mmol per 100 mL of water) and 

bulky guest molecules (with molecular volumes higher than 230 Å3) while the ³-form 

(being characterized by a higher chain periodicity) is favored by hydrophilic (with 

solubility higher than 2 mmol per 100 mL of water) and small guest molecules (with 

molecular volumes lower than 149 Å3). 

Another important aspect which has been point out is the strong influence on guest 

diffusivity due to the kind of orientation of NC PPO ³ phases, with respect to the film 

plane. In particular, NC PPO films exhibit diffusivity of the pollutant perchloroethylene 

from vapors as well as from aqueous solutions, when the orientation of NC phases is 

preferentially perpendicular to the film plane (c⊥ orientation), diffusivity values are higher 

than for films with c// orientation and much higher than NC sPS films. 

Moreover, guest uptakes for NC c⊥ PPO films, when expressed as mass of guest per 

polymer volume, are also much higher than for NC PPO powders and aerogels. This 

advantage becomes very important considering that for most purification processes the 

limiting factor is the volume of the absorbent material. 

An additional remarkable advantage of NC forms of PPO with respect NC forms of sPS 

is their much higher thermal stability. In fact, both NC forms of sPS transform into the 

dense ´-form after thermal treatments at temperatures higher than 80390 °C while both 

NC forms of PPO are stable at least up to 1503180 °C. This allows thermal regeneration 

of the NC PPO forms, for most absorbed guests.  

Furthermore, it has been found that guest diffusivity values in the high surface area NC 

PPO films (up to 620 m2 g21) are much higher even than for the c⊥ oriented NC PPO films, 
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for sorption both from vapor phase and from diluted aqueous solutions. Although the 

present analysis is confined to PCE, the above conclusions can be considered general for 

many organic pollutants like, e.g., aliphatic and aromatic hydrocarbons or other 

halogenated hydrocarbons.  

These features make PPO films (especially with high surface area) very suitable for air 

and water purification. 

In addition, preliminary results about potential gas sensors based on PPO films/coatings 

have been reported. Two approaches have been proposed based on the transduction 

methods: electrical and optical.  

About electrical approach, a potential gas sensor based on a metal insulator 

semiconductor has been proposed. This device has been realized depositing a PPO coating 

(≈1¼m) as dielectric material between two metal contacts (i.e., gold), in order to form a 

capacitor, the principal working element of the device itself. When it is exposed to 

different gases (i.e., methyl ethyl ketone and carbon tetrachloride), a diverse response 

pattern has been achieved, therefore a discrimination among volatile chemicals seems to 

be possible. 

As concern optical approach, PPO films (≈40¼m) containing 132 wt% of the fluorophore 

umbelliferone has been tested in saturated chloroform vapours. Once exposed to these 

vapours, fluorescence rapidly turned on within the first minutes thanks to the solvation 

effect provided by the polar vapours. Such fluorescence response has appeared also to be 

reversible for many cycles. 

The whole set of data, about these gas sensors mechanisms, has suggested that PPO 

films/coatings can be very suitable for developing new advanced indicators for detection 

of harmful volatile organic compound vapours. 
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CHAPTER 4 

Co-crystalline forms of sPS with carboxylic acids 

In this chapter, NC axially oriented sPS films with · cavities and ¸ channels have been 

prepared and sorption of carboxylic acids has been studied. The aim of this work is to 

investigate the possibility to form co-crystalline (CC) forms with carboxylic acids and the 

interactions involved in these CC forms. In particular, the analysis started with the 

monocarboxylic hexanoic acid (HA), a molecule with six carbon atoms in the aliphatic 

chain which it is suitable to be absorbed by both crystalline phases. Then, it moved to 

explore longer aliphatic chains, i.e., lauric acid (LA, 12 C) and stearic acid (SA, 18 C) as 

well as the dicarboxylic adipic acid (AA, 6C), in order to verify if they are appropriate to 

be accommodated especially in ¸ channels. Finally, the study ended with the investigation 

on benzoic acid (BA), the simplest carboxylic aromatic acid.  

The reported results mainly refer to axially stretched sPS films (with a draw ratio of 4 and 

degree of crystallinity in the range 25330%), because they allow to obtain WAXD fiber 

patterns and polarized FTIR spectra, which are the most suitable techniques to establish 

the possible formation of polymer CC phases.1 Data has been collected also considering 

the (denser) crystalline gamma (´) and mesomorphic phases, where the sorption is 

allowed only in their amorphous phase. Guest uptakes from these semicrystalline sPS 

films were evaluated by FTIR spectra2 as calibrated by TGA analyses.  

4.1 Sorption of Hexanoic Acid (HA) 

HA is the simplest aliphatic carboxylic acid considered in this study; it has six carbon 

atoms with one carbonyl group and one hydroxyl group. Moreover, it  shows an 

antimicrobial activity against E. coli and S. aureus,3 as well as an antifungal activity on 

Botrytis cinerea.4 

4.1.1 FTIR analysis of CC sPS/HA 

FTIR spectra of a 50 µm axially stretched ´-form film, after sorption of HA in different 

conditions, are shown in Figure 4.1. The uptake of HA, as evaluated based on the intensity 

of the carbonyl stretching peak at 1709 cm21 (Figure 4.1c), after 12h of film immersion 

in liquid HA at 70 °C, is about 2 wt% (Figure 4.1a). The temperature of 70 °C was needed 

to have a stronger experimental condition, because the sorption at room temperature (≈20 

°C) also for long time was negligible. HA uptake can be increased by immersion of the 

film in solutions of the acid in volatile carrier solvents. For instance, after 12h of film 
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immersion in HA 40 wt% acetone solution at room temperature, followed by acetone 

desorption at 60 °C for 60 min, the HA uptake in the film is of 3.3 wt% (Figure 4.1b). It 

is worth noting that HA uptake from ´ form films provides information on the HA uptake 

in the amorphous phase. In fact, ´-form (differently from · and ¸ forms) is a dense form, 

and sorption of HA molecules is allowed only in the amorphous phase.  

FTIR spectra of a 60 µm axially oriented ·-form film, after sorption of HA in two different 

conditions, are shown in Figure 4.2. The most relevant feature of these spectra is that two 

additional guest peaks clearly appear: a carbonyl stretching at 1751 cm21, as well as a 

O2H stretching peak at 3443 cm21, which is in the typical region of carboxylic acids at 

low concentration.5 Both peaks are broad and barely detectable for the HA molecules 

absorbed in the amorphous phase. Based on an analogy with other carboxylic acids,6311 

and in agreement with a report from Kaneko and co-workers,2 these new peaks can be 

attributed to isolated guest molecules, while the peak at 1709 cm21 can be attributed to 

hydrogen-bonded guest molecules. 

 
Figure 4.1  FTIR spectra of an axial ly oriented ´ -form sPS fi lm after immersion in:  (a) HA 
at  70 °C for 12h; (b) 40 wt% solution of HA in acetone at room temperature for 12h, 
fol lowed by acetone desorption at  60 °C for 1h.  The uptake of HA in the fi lm (expressed 
as wt%) is indicated close to the spectra.  The FTIR sp ectrum of l iquid HA is shown for 
comparison in (c).  

In this framework, it is reasonable to assume that isolated and hydrogen-bonded HA 

molecules (with carbonyl peak at 1751 cm21 and 1709 cm21) are mainly enclosed as guests 

in the crystalline cavities and in the amorphous phase of the ·-form film, respectively. 

The HA uptake by the NC ·-form film (Figure 4.2) is much higher than for the ´-form 

film (Figure 4.1). In fact, by considering the intensity of both carbonyl stretching peaks, 

after 12h of immersion in the liquid at 70 °C, the HA uptake is 7.1 wt% (Figure 4.2a), 
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i.e., ≈4 times higher than for the ´-form film, while, after immersion in HA solution in 

acetone at room temperature, the HA uptake is 7.7 wt% (Figure 4.2b), i.e., ≈2.5 times 

higher than for the ´-form film subjected to a similar treatment. 

 
Figure 4.2  FTIR spectra of an axial ly oriented · -form sPS fi lm, after immersion in:  (a) HA 
at  70 °C for 12h; (b) 40 wt% solution of HA in acetone at room temperature for 12h, 
fol lowed by acetone desorption at  60 °C for 1h.  The uptake of HA in the fi lm (expressed 
as wt%) is indicated close to the spectra.  

The HA sorption from NC films exhibiting the ¸-form is much faster, as shown in Figure 

4.3, due to the presence of empty space organized as channels.12315 As an example, only 

10 min of immersion of a 120 µm thick film in a 40 wt% solution of HA in acetone, at 

room temperature, are sufficient to reach a HA uptake of 3.2 wt% (Figure 4.3a). After 2h 

of immersion, the HA uptake is higher than 12 wt%. 

It is worth adding that the spectra of ¸-form films (Figure 4.3), even in the absence of 

thermal treatments, do not exhibit absorbance peaks of acetone. The ´ and · form films, 

on the contrary, exhibit an intense acetone absorbance carbonyl peak at 1718 cm21 (not 

shown here) before acetone removal by suitable thermal treatments (at 60 °C, as reported 

above for spectra of Figures 4.1 and 4.2). Hence, in the crystalline channels of the ¸-form, 

the fast HA sorption does not allow significant sorption of acetone carrier molecules. 

As already observed for the ·-form films (Figure 4.2), for the ¸-form film the uptake of 

the HA generates the additional carbonyl peak at 1751 cm21 and hydroxyl peak at 3443 

cm21, which correspond to isolated HA molecules being enclosed in the empty space of 

the NC ¸ phase (Figure 4.3). Quantitative information on the amount of acid present as a 

monomer or dimer has been obtained by peak fitting, coupled with DFT calculations of 

molar extinction coefficients of the carbonyl signals. 
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Figure 4.3  FTIR spectra of an axially oriented ¸ -form sPS fi lm, after immersion in a 40 
wt% solution of HA in acetone at  room temperature:  (a) for 10 min;  (b) for 2h.  The uptake 
of HA in the fi lm (expressed as wt%) is indicated close to the spectra.  

Calculations give access to a molar extinction coefficient, and then it is possible to 

compute the ratio 
�1709��ÿ�1751ÿāĀ = 2.43, larger than the value of 2 expected for two uncoupled 

carbonyl groups. A fitting as a sum of Lorentzian peaks was performed on the FTIR 

spectra recorded with unpolarized light on the samples of Figures 4.2b and 4.3a for · and 

¸ films, respectively, as well as on the NC sPS forms (without HA guest). In the region 

of absorption of the monomer (180031750 cm21), a feeble peak of the host polymer is 

present (small band located at 1748 cm21). Then, spectral subtraction was performed, 

taking care of the different thicknesses of the films, as estimated by the integrated 

absorbance of the 1601 cm21 peak. Eventually, the percentages of acid absorbed as 

monomer are estimated from the ratio of integrated absorbances of the peaks at 1751 and 

1709 cm21, corrected for host absorption and the DFT-derived ratio of molar extinction, 

as the following formula: 

ÿmon = 12 �1709þ�ÿ�1751ÿāĀ (�1751Ă+HA 2 �1751Ă �1601Ă+HA�1601Ă )�1709Ă+HA  (4.1) 

where the superscript p stands for either · or ¸ sPS phases.  

The molar fraction can be computed as follows: �mon =  ÿmon 1 + ÿmon⁄ .  

Results are present in Table 4.1. It is apparent that there is a higher amount of HA isolated 

guest molecules (almost 3 times higher) in the · phase, i.e., the NC phase presenting 

isolated cavities, with respect to that absorbed in ¸ phase, in which the empty space is 
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organized as channels and hence it seems to be more suitable to absorb hydrogen-bonded 

HA molecules than isolated guests. 

Table 4.1  Integrated absorbances (in cm 2 1) obtained by non-l inear least  square fi t ting of 
the spectra as sum of Lorentzian peaks,  and the derived percentage of isolated guest  HA 
molecules.  

Form I1601 I1709 I1751 %mon 

· 17.8 - 2.0  

· + HA 15.2 30.7 12.7 43 

¸ 29.2 - 6.3  

¸ + HA 33.2 35.6 11.2 14 

 

Polarized FTIR spectra for 360023200 cm21 and 180021500 cm21 regions of axially 

oriented ´, · and ¸ sPS films, which exhibit similar intensity of the guest peak at 1709 

cm21, are shown in Figure 4.4. The HA uptake is close to 3.5 wt% for the ´-form film 

while it is close to 7 wt% for both · and ¸ form films. 

The intensity differences between peaks collected with polarization planes parallel or 

perpendicular to the film-stretching direction (blue and red spectra, respectively) clearly 

show the presence of dichroism of the peaks of the host polymer. The orientation factor 

Sp, as evaluated on the basis of the dichroism of the crystalline peak at 572 cm21, is for 

the three films in the range 0.8320.88. 

 
Figure 4.4  Polarized FTIR spectra as taken with polarizat ion plane paral lel  (blue l ines) 
and perpendicular (red l ines) to the fi lm-stretching direct ion,  for two spectral  ranges 
(360033200 cm2 1  and 180031500 cm2 1),  for axial ly oriented sPS semicrystal l ine fi lms 
exhibit ing different  crystal l ine phases, after comparable uptake of HA guest  molecules:  (a) 
´-form; (b) · -form: (c) ¸ -form.  

As for the HA guest peaks, dependent on the polymer crystalline form, some dichroism 

can be observed for the carbonyl stretching peaks at 1751 and 1709 cm21, as well as for 
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the hydroxyl peak at 3443 cm21. In particular, the dichroism is absent for molecules 

absorbed by the ´-form film (Figure 4.4a), thus confirming that HA molecules are not 

absorbed by the dense ́  phase, but only absorbed in the poorly oriented amorphous phase. 

As for the ·-form film (Figure 4.4b), significant dichroism is observed for the vibrational 

peaks corresponding to isolated HA molecules (Sm,1751,· = 20.11 and Sm,3443,· = +0.24), 

while no dichroism is observed for the hydrogen-bonded HA molecules. This confirms 

the previous hypothesis that isolated HA molecules are guests of the more oriented 

crystalline phase, while hydrogen-bonded HA molecules are guests of the less oriented 

amorphous phase.16,17 

The dichroic behavior of peaks of HA guest molecules absorbed in the NC ¸-form films 

is completely different (Figure 4.4c). In fact, the dichroism of the carbonyl peak of 

hydrogen-bonded HA molecules (Sd,1709,  = 20.06) is similar to those of the peaks 

corresponding to isolated guest molecules (Sm,1751,  = 20.07 and Sm,3443,  = +0.10). These 

data can be rationalized by assuming that the structural channels of the ¸-form are able to 

host not only isolated HA molecules but also HA dimers. 

The sorption of HA, both as a monomer and dimer, in the crystalline channels of the ¸-

form can also rationalize the exceptionally high and fast HA uptake from these 

semicrystalline films. 

It is worth noting that the dichroism of the O2H stretching for HA isolated guest in both 

· and ¸ phases is positive, indicating a preferential orientation of the O2H bond parallel 

to the crystalline polymer chain axis, independent of the kind of NC phase. Moreover, the 

dichroism of the C=O stretching for the isolated HA guest in the ·-form, and for both 

isolated and dimeric HA guests in the ¸-form, are always negative, indicating a 

preferential orientation of the C=O bond perpendicular to the crystalline polymer chain 

axis.  

These orientations of the O3H and C=O groups, preferentially parallel and perpendicular 

to the polymer chain axis, respectively, can be easily rationalized for HA guest molecules 

in the crystalline channels of the ¸-form. In fact, these preferential orientations can be 

anticipated on the basis of two obvious structural features: (i) parallelism of the aliphatic 

chains (in their trans-planar conformation) with respect to the chain axes of the polymer 

crystalline phase; (ii) minimum energy conformation of aliphatic carboxylic acids, which 

exhibit the double bonded carboxyl-oxygen atom in an eclipsed position with respect to 

the ³ carbon atom.18 This is shown for monomeric and dimeric HA species in the 
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crystalline channels of the ¸-form by the schematic drawings of Figure 4.5A and 4.5B, 

respectively.  

 

Figure 4.5  Schematic presentat ion of isolated (A) and dimeric (B) HA species in the 
crystal l ine channels of the ¸ -form. The paral lel ism of the aliphatic chain with respect  to 
the chain axis and the minimum energy conformation of the carboxylic groups (C=O 
eclipsed) are able to rat ionalize the orientations of O2H and C=O groups, preferential ly 
parallel  and perpendicular to the polymer chain crystall ine axes,  respectively,  as 
established by FTIR l inear dichroism measurements.  

Additional relevant information comes by studies of HA desorption from CC sPS films, 

e.g., at room temperature in air. In fact, the ratio between the two peaks corresponding to 

isolated and hydrogen-bonded HA molecules (I1751/I1709) increases with desorption time. 

This phenomenon, which occurs for both · and ¸ form films, is shown for the ¸-form film 

(left scale in Figure 4.6) and can easily be rationalized by guest desorption from 

amorphous sPS phases occurring faster than from CC phases.1,19,20 

The increase in the dichroic ratio of the 1709 cm21 peak (right scale in Figure 4.6), with 

guest desorption time, for the ̧ -form film is also interesting. This phenomenon can, again, 

be rationalized by the easier desorption of hydrogen-bonded HA from the less-oriented 

amorphous phase with respect to hydrogen-bonded HA dimer from the more oriented ¸ 

phase.  
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Figure 4.6  Intensi ty rat io of the two carbonyl peaks I 1 7 5 1 / I1 7 0 9 ,  corresponding to isolated 
and hydrogen bonded HA guest  molecules (left  scale and gr een circles),  and dichroism of 
the 1709 cm2 1  peak (right  scale and violet  squares) versus the guest  desorption t ime, for 
the ¸-form fi lm.  

 

4.1.2 WAXD characterization of CC sPS/HA 

In this section, the sorption of HA in sPS films exhibiting the dense ´-form or the NC · 

and ¸ forms are characterized by WAXD analysis.  

The WAXD patterns of axially sPS films that exhibit ´, · and ¸ crystalline phases, are 

shown in Figure 4.7A3C, respectively. 

Patterns A and A’ (mainly the equatorial peaks at 2θCuK³ = 9.3° and 10.4°) indicate the 

presence of the ´ phase.21 Patterns B and B’ (mainly the equatorial peak at 2θCuK³ = 8.7° 

and the shoulder at 2θCuK³ ≈ 10°) indicate the presence of the triclinic NC · phase.22 

Patterns C and C’ (mainly the equatorial peaks at 2θCuK³ = 6.9° and at 2θCuK³ = 8.2°) 

indicate the presence of the orthorhombic NC ¸ phase.12  

HA sorption in the ´-form film does not change the diffraction patterns shown in Figure 

4.7A and 4.7A’, confirming that (as generally observed for semicrystalline polymers) 

guest molecules are only absorbed by amorphous phases. Remarkable changes are instead 

observed for the WAXD patterns of the NC · and ¸ forms, which indicate the formation 

of CC phases, as a consequence of HA sorption from 40 wt% acetone solution at room 

temperature for 12h. For instance, a comparison between WAXD patterns of the axially 

oriented · and ̧  films of Figure 4.7, before and after sorption of HA from 40 wt% solution 

in acetone, with a guest content of nearly 7 and 12 wt%, respectively, is shown in Figure 

4.8. 
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Figure 4.7  WAXD patterns of axial ly stretched sPS fi lms with a draw rat io of 4,  exhibiting 
´ (A, A ’),  ·  (B, B ’) and ¸ (C, C ’) crystal l ine phases:  (A3C) 2D patterns;  (A ’3C’) equatorial 
profi les of the 2D patterns.  

 

 

Figure 4.8  WAXD patterns of axial ly stretched sPS fi lms exhibit ing the NC · -form before 
(A) and after HA sorption (A ’)  and the NC ¸ -form before (B) and after HA sorption (B ’).  
The equatorial  profi les of these 2D patterns are shown in (C) (a,  a ’ ,  b ,  b ’).  

In particular, for the ·-form film, the equatorial peak at 2θCuK³ = 8.7° and the shoulder at 

2θCuK³ ≈ 10° of the triclinic NC · phase are replaced by a single diffraction peak at 2θCuK³ 

= 9.8°, typical of the disordered CC form.23 Analogously, for the ̧  form film, the intensity 

of the equatorial (110) and (020) peaks at 2θCuK³ = 6.9° and 8.2°, respectively, is markedly 

decreased with respect to the intensity of the first-layer line reflections (mainly that one 

at 2θCuK³ ≈ 20.2°), as is typical of CC ¸-form films.12,13  

Additionally, WAXD patterns of Figure 4.8 confirm that HA guest molecules are not only 

absorbed by the amorphous sPS phase but also included in the crystalline cavities of both 

· and ¸ NC phases, leading to the formation of corresponding CC phases. 
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4.2 Sorption of long aliphatic chain carboxylic acids and Adipic 
Acid 

In the previous section, the achievement of CC forms of sPS with an antimicrobial 

carboxylic acid (hexanoic acid, HA), by guest sorption in both ô and õ NC films was 

described.24 

It was found that HA uptake is faster for õ-form films that exhibit crystalline channels, 

but it also occurs for ô-form films that exhibit crystalline cavities. This phenomenon was 

rationalized by polarized FTIR spectra, showing the inclusion of monomeric (isolated) 

HA molecules in the crystalline cavities of the ô-form and the inclusion in the crystalline 

channels of the õ-form of both isolated and dimeric HA species.24 

In the present section, the possible formation of CC phases of sPS with longer aliphatic 

carboxylic acids: i.e., LA with 12 C atoms (Scheme 4.9A) and SA with 18 C atoms 

(Scheme 4.9B) is explored. The aim is to establish if the crystalline channels of õ sPS 

phases, especially, are able to accommodate carboxylic acids much longer than HA. This 

study is also focused on a dicarboxylic acid (adipic acid, AA, Scheme 4.9C), aiming to 

explore the possible formation of polymeric hydrogen bonded aggregations in the CC 

phases of sPS crystalline channels. 

 

Scheme 4.9  Aliphatic carboxylic acids suitable to be guests of the NC õ-form of sPS, 
exhibit ing crystal l ine channels:  A) lauric;  B) stearic;  C) adipic.   

 

4.2.1 FTIR analysis of CC sPS phases 

FTIR spectra of sPS films, with thickness in the range 1003120 m, after immersion in a 

15 wt% LA solution in acetone for 15 min at room temperature, after acetone desorption 

at room temperature for 7310 days are shown in Figure 4.9. The carbonyl region clearly 

shows that the LA uptake from the -form film is negligible (Figure 4.10C).  
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Both hydroxyl (350032400 cm31) and carbonyl (180031650 cm31) regions clearly show 

LA uptake for both ô (Figure 4.10B) and õ (Figure 4.10A) form films. LA uptake is 

definitely higher for the õ-form film (4.8 wt% vs 1.9 wt%). 

 

Figure 4.10  FTIR spectra of sPS fi lms,  with thickness in the range 1003120 m, before 
and after immersion in a 15 wt% LA solution in acetone for 15 min: A) õ-form; B) ô-form;  
C) -form. A FTIR spectrum of solid LA is shown in D.  

For both NC forms, the hydroxyl (at 3443 cm31) and carbonyl (at 1750 cm31) peaks, 

corresponding to isolated LA molecules, are weaker than those of the hydroxyl very broad 

band (in the range 340032400 cm31) and the carbonyl peak (at 1709 cm31), corresponding 

to hydrogen-bonded LA molecules. For instance, the carbonyl peak corresponding to 

isolated LA molecules is weak for the ô-form film [(I1750/I1709)ô,LA ≈ 0.18] and even 

weaker for the õ-form film [(I1750/I1709)õ,LA ≈ 0.13]. These peaks of isolated acid molecules 

are much weaker than for the shorter HA guest [(I1750/I1709)ô,HA ≈ 0.5 and (I1750/I1709)õ,HA ≈ 

0.36].24 

Highly informative are also polarized FTIR spectra of axially stretched sPS films, after 

longer times of immersion in a 15 wt% LA solution in acetone. In fact, after long term 

(12h) immersion, LA uptake is similar for ô-form (Figure 4.11B) and -form films (Figure 

4.11C) and not far from 2 wt%. Moreover, for both films, all guest peaks are not dichroic. 

This clearly indicates that for both ô and  form films, LA molecules are only included in 

the poorly oriented amorphous phase. This result is not surprising because the molecular 

volume of lauric acid (>0.3 nm3)25 is definitely larger than the bulkiest guest molecules 

of the CC ô forms (always lower than 0.2 nm3).13  

Completely different are polarized FTIR spectra of axially stretched õ-form sPS films, 

after immersion in a 15 wt% LA solution in acetone. In fact, after only 30 min of 

immersion, LA uptake is higher than 5 wt%. Moreover, both hydrogen-bonded carbonyl 
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peak (at 1709 cm31) and the broad hydroxyl band corresponding to aggregated acid 

molecules (in the 340023200 cm31 range) are markedly dichroic (Sg,1709 = 20.13; Sg,2650 = 

+0.25). This clearly indicates that, in õ-form sPS films, LA molecules are instead mainly 

included in the highly oriented crystalline channels, as dimeric hydrogen bonded 

aggregates. 

 
Figure 4.11  Polarized FTIR spectra of axial ly oriented sPS fi lms with three different 
crystal l ine phases,  after sorption of LA at  room temperature from a 15 wt% acetone 
solution: A) NC õ ,  with crystal l ine channels (0.5h of sorption);  B) NC ô ,  with crystal l ine 
cavit ies (12h of sorption); C) dense   (12h of sorption).  Red and blue lines correspond to 
polarizat ion plane perpendicular and parallel  to the stretching direct ion,  respectively.  

The uptake from sPS films of SA (18 C atoms) is much slower than the uptake of LA (12 

C atoms). 

Film immersion procedures at room temperature, like those used for collection of the 

spectra of Figures 4.10 and 4.11, lead to negligible SA uptake. Relevant SA uptakes can 

be instead achieved by immersion temperatures close to the boiling temperature of the 

acetone carrier (≈60 °C). 

For instance, FTIR spectra of sPS films, with thickness in the range 1002120 m, after 

30 min of immersion in a 15 wt% SA solution in acetone in a closed vial placed on a 

heating plate at temperature of 60 °C, are shown in Figure 4.12. The spectra clearly show 

that SA uptake from -form (Figure 4.11C) and ô-form (Figure 4.12B) films is negligible.  

SA peaks are instead well apparent for the NC channeled õ-form film, for both hydroxyl 

and carbonyl regions (Figure 4.12A) and correspond to a SA uptake of nearly 5 wt%. As 

already observed for LA, more intense are the hydroxyl very broad band (in the range 

340022400 cm21) and the carbonyl peak (at 1709 cm21), corresponding to hydrogen-

bonded LA molecules with respect to the peaks (at 3443 cm21 and 1750 cm21) 

corresponding to isolated acid molecules: (I1750/I1709)õ,SA ≈ 0.16. 
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Figure 4.12  FTIR spectra of sPS fi lms,  with thickness in the range 100 3120 m, after 
immersion in a 15 wt% SA solution in acetone for 30 min at  nearly 60°C: A) õ-form; B) ô-
form; C) -form. A FTIR spectrum of solid SA is shown in D.  

Again, highly informative are polarized FTIR spectra of axially stretched sPS films 

(Figure 4.13). In fact, after long term (12h) immersion in a 15 wt% SA solution in acetone 

at T ≈ 60°C, SA uptake for ô-form films (Figure 4.13B), is not far from 4 wt%, with both 

hydrogen-bonded carbonyl peak (at 1709 cm31) and aggregated hydroxyl band (in the 

340032400 cm31 range) being not dichroic. These data clearly indicate that for ô-form 

films SA molecules (just like LA molecules) are only included in the poorly oriented 

amorphous phase. Again, this is not surprising because the molecular volume of stearic 

acid (>0.5 nm3)25 is definitely higher than the volume of the bulkiest guest molecules of 

the CC ô-forms (always lower than 0.2 nm3).13 

Polarized FTIR spectra of an axially stretched õ-form sPS film, after only 30 min of 

immersion in a 15 wt% SA solution in acetone nearly at 60 °C, show a SA uptake higher 

than 5 wt% (Figure 4.13A). Moreover, both hydrogen-bonded carbonyl peak (at 1709 cm) 

and the broad hydroxyl band corresponding to aggregated acid molecules (in the 

340022400 cm21 range) are markedly dichroic (Sg,1709 = 20.13; Sg,2650 = +0.20). This 

clearly indicates that, in õ-form sPS films, SA molecules just like the shorter LA are 

prevailingly included in the highly oriented channels of the crystalline phase, as hydrogen 

bonded aggregates.  

Sorption of AA from acetone solutions is negligible not only for sPS films exhibiting the 

dense  phase but also for those exhibiting the NC ô-form, even for sorption experiments 

close to the acetone boiling temperature. As a consequence, only data relative to the 

sorption of AA in õ-form sPS films are reported. AA sorption from for sPS films 
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exhibiting the NC õ-form is high and comparable with sorption of monocarboxylic acids 

like LA. 

 
Figure 4 .13 Polarized FTIR spectra  of axial ly oriented sPS fi lms with different  NC 
crystal l ine phases,  after sorption of SA at  ≈60 °C from a 15 wt% acetone solution:  A ) õ ,  
with crystal l ine channels (0.5h of sorption);  B) ô ,  with crystal l ine cavities (12h of 
sorption). Red and blue l ines correspond to polarizat ion plane perpendicular and paral lel 
to the stretching direct ion, respectively.  Linear dichroism of guest peaks only occurs for 
the õ  form fi lm, indicating the presence of hydrogen -bonded SA aggregates in the 
crystal l ine channels.  

This is shown, for instance, by FTIR spectra of a õ-form sPS film, with thickness in the 

range 1003120 m, after immersion at room temperature in a 15 wt% AA solution in 

acetone, in Figure 4.14. Immersion procedures of 30 min and 120 min at room 

temperature lead to AA uptake of 1.7 wt% and 3.8 wt%, respectively. Sorption 

experiments at higher temperature (≈60°C) and with longer times (up to 12h) lead to a 

SA uptake of 4.5 wt%.  

Polarized FTIR spectra of an axially stretched õ-form sPS film, after only 30 min of 

immersion in a 15 wt% AA solution in acetone at room temperature, with an AA uptake 

close to 1.5 wt%, are shown in Figure 4.15. Both hydrogen-bonded carbonyl peak (at 

1709 cm31) and the broad hydroxyl band corresponding to aggregated acid molecules (in 

the 340032400 cm31 range) are markedly dichroic (Sg,1709 = 20.13; Sg,2650 = +0.32). This 

clearly indicates that, in õ-form sPS films, AA molecules (just like the monocarboxylic 

acids HA, LA and SA) are prevailingly included in the highly oriented channels of the 

crystalline phase. Due to the very low intensity of the hydroxyl (at  3443 cm31) and 

carbonyl (at 1750 cm31) peaks corresponding to isolated acidic groups, it can be assumed 

that the dicarboxylic acid is present in the crystalline channels mainly as polymeric 

hydrogen bonded aggregates. 
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Figure 4.14  FTIR spectra of õ-form sPS fi lms,  with thickness in the range 1003120 m, 
before and after immersion in a 15 wt% AA solution in acetone:  A) for 12h at  60°C; B) for  
120 min at  room temperature; C) for 30 min at  room temperature .  A FTIR spectrum of solid 
AA is shown in D. 

 

 
Figure 4.15 Polarized FTIR spectra  of an õ-form axial ly oriented fi lm before (A) and after  
sorption of AA at  room temperature from a 15 wt% acetone solution (B).  Red and blue 
l ines correspond to polarization plane perpendicular and paral lel  to the stretching 
direct ion,  respectively.  

This final sentence of the section refers to all the considered acids (LA, SA and AA). The 

dichroism of the C=O stretching for dimeric guests in the õ-form is negative (Figures 

4.11, 4.13 and 4.15). This indicates that C=O bonds, in the crystalline channels, are 

oriented preferentially perpendicular to the stretching direction (and hence to the chain 

axes of the host polymer crystalline phase).24 

The same result has been found for HA molecules included in the õ channel of sPS films 

(Figure 4.4c, section 4.2.1). 
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4.2.2 WAXD characterization of CC sPS phases 

Additional information on the possible inclusion of the carboxylic acids of Scheme 4.1, 

from sPS semicrystalline films exhibiting the dense  phase or the NC ô or õ phases, can 

be obtained by comparisons of WAXD patterns of the axially oriented films, before and 

after guest uptake. 

In particular, WAXD patterns (and corresponding equatorial diffraction profiles) as 

collected after sorption of LA, SA and AA are shown in Figures 4.16, 4.17 and 4.18, 

respectively. For AA only patterns of the õ-form are reported, because of the nearly 

negligible guest uptake from ô-form films. 

The 2D patterns of Figures 4.1634.18 show that both degree of crystallinity and 

orientation of the NC phases are essentially maintained after guest uptakes. In fact, the 

intensity of the amorphous halo as well as the width of the reflection arcs remain 

essentially unaltered. 

Particularly informative are the equatorial profiles of Figures 4.1634.18. Because of 

sorption of both LA (Figure 4.15) and SA (Figure 4.16), the 010 peak of the monoclinic 

ô-form located at 2CuKñ = 8.4° becomes broader and shifts its maximum in the range 

9.8°310.0°. A strictly similar phenomenon was already observed for sorption of HA, with 

the 010 peak of the triclinic ô- form located at 2CuKñ = 8.7° shifting its maximum up to 

9.8° (Figure 4.8A,A’ section 4.1.2).24 Hence, the treatment of NC ô-form films with 

carboxylic acid acetone solutions leads to the formation of the axially oriented disordered 

crystalline phase.23  

This phenomenon occurs, although guest uptakes from these films are poor (in the range 

234 wt%) and although LA and SA molecules are preferably located in the amorphous 

phase (as discussed previously).  

The equatorial profiles of Figures 4.1634.18 are also informative for sorption of guest 

molecules in the NC õ-form films. In fact, as already observed for sorption HA (Figure 

4.8B,B’ section 4.1.2) and as typical of inclusion of guest molecules in the NC õ-form 

films,12,13 because of sorption of LA (Figure 4.16), SA (Figure 4.17) and AA (Figure 

4.18), the lower angle (110) and (020) diffraction peaks reduce their intensity with respect 

to the higher angle diffraction peaks.  

It is worth adding that, because of sorption of all the considered guests, also a peak at 

2CuKñ in the range 9.3°39.5° appears, which becomes prominent for SA (Figure 4.17) 

and AA (Figure 4.18) sorption. 
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Figure 4.16 WAXD patterns of axial ly oriented sPS  fi lms exhibit ing NC (monoclinic ô  and 
orthorhombic õ) forms, before (A, B) and after (A ′ ,  B ′) LA uptake from 15wt% acetone 
solution.  Equatorial  intensi ty profi les of the 2 -D patterns are shown on the right  part  of 
the Figure.   
 

 
Figure 4.17 WAXD patterns of axial ly oriented sPS  fi lms exhibit ing NC (monoclinic ô  and 
orthorhombic õ) forms, before (A, B) and after (A ′ ,  B ′) SA uptake from 15wt% acetone 
solution.  Equatorial  intensi ty profi les of the 2 -D patterns are shown on the right  part  of 
the Figure.   

This indicated that, mainly for SA and AA, a partial transformation of the starting NC õ-

form in a NC disordered phase probably occurred. Both polarized FTIR spectra and 

WAXD patterns analysis of the õ-form of sPS indicate that LA, SA and AA guest 

molecules are present in the crystalline channels mainly as hydrogen bonded aggregates. 

The distribution of the empty space in the crystalline channels of the õ-form, 12,13 requires 

the formation of linear hydrogen bonded dimers for LA and SA (as schematically shown 

for SA in Figure 4.19A) as well as of linear hydrogen bonded oligomers (and even 

polymers) for AA, as schematically shown in Figure 4.19B. 

The models of Figure 4.19, and simple considerations relative to the van der Waals 

encumbrance of aliphatic carboxylic acids, clearly suggest that these guest molecules, 

although too bulky to accommodate in the cavity of the ô-form, can easily enter in the 

empty channels of the õ-form by assuming their extended zig-zag planar conformation. 
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Figure 4.18 WAXD patterns of axial ly oriented sPS  fi lms exhibit ing NC õ-form, before 
(A) and after (A’) AA uptake from 15wt% acetone solution.  Equatorial  intensi ty profi les 
of both 2-D patterns are shown on the right  part  of the Figure.   

 
Figure 4.19  View perpendicular to the bc  plane of the õ-form of sPS, showing i ts empty 
channels (gray regions).  Schematic view of intermolecular hydrogen bonds between 
carboxylic groups in the crystal l ine channels :  (A) l inear dimers of SA guest  molecules;  (B) 
l inear polymers of AA guest  molecules . 

The minimum energy conformations, of all carboxylic groups shown in Figure 4.19, 

exhibit the C=O groups eclipsed with respect to the ò carbon atom.18 These models well 

agree with the indication, obtained by linear dichroism of carbonyl stretching, that in the 
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crystalline channels C=O bonds are oriented preferentially perpendicular to the chain axes 

of the host polymer crystalline phase.  

This guest conformation and guest orientation with respect to the crystalline channel is 

clearly suitable for formation of intermolecular hydrogen bonds between carboxylic 

groups, leading to linear dimeric (Figure 4.19A) and linear polymeric (Figure 4.19B) 

guest aggregates. 

It is worth adding that inclusion of the aliphatic carboxylic acids in the empty crystalline 

channels of the õ-form and formation of intermolecular hydrogen bonds between 

carboxylic guest groups could be the molecular origin of the observed uptakes of the 

carboxylic acids, being much higher and faster for õ-form than for ô-form sPS films. 

4.3 Sorption of Benzoic Acid (BA) 

Benzoic acid (BA) and its derivatives are very attractive for their pharmacological 

properties such as antioxidant, radical-regulating, antiviral, antitumor, anti-inflammatory, 

antimicrobial and antifungal.26328 These low toxicity compounds are widely used in 

medicine and can be found in various cosmetic products, medications and food as 

additives and preservatives to certain approved concentrations.29,30 In fact, many literature 

studies report on release of BA and derivatives.31336 

In this section, sPS axially films including BA molecules in their amorphous and 

crystalline phases are described. In addition. a comparison with axially oriented PPO 

films is also reported.  

4.3.1 FTIR and WAXD characterization of CC sPS/BA 

Sorption of BA in axially oriented sPS films was conducted at room temperature, by using 

concentrated acetone solutions (30wt% of BA). The BA guest uptake after 14h of room 

temperature treatment is low for films exhibiting the dense  phase (lower than 1 wt%) 

while is much higher for films being zig-zag planar mesomorphic (axially stretched 

amorphous) or exhibiting the NC ô and NC õ phases (4.1, 5.1 and 6.8 wt%, respectively). 

FTIR spectra of axially oriented sPS films being zig-zag planar mesomorphic or 

exhibiting NC ô and ¸ phases, before (black lines) and after 14h of BA sorption (colored 

lines), are shown in Figure 4.20. The FTIR peaks of the BA molecules of the zig-zag 

planar mesomorphic film (Figure 4.20A) and of the CC sPS/BA ¸-form film (Figure 

4.20B) are similar and essentially correspond to peaks of BA dimers (labeled by green 

numbers in Figure 4.20). These peak positions are listed in the 3rd column of Table 4.2 
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and are compared with the list of the BA dimer peaks, as observed for solid BA: from 

KBr pellets (1st column in Table 4.2)37 as well as from mull (2nd column of Table 4.2)38. 

Both spectra of mesomorphic and CC ¸ films, besides vibrational peaks of BA dimer, 

show additional weak peaks (labeled with orange numbers in Figure 4.19: at 3443 cm21, 

1738 cm21, and 632 cm21), which can be attributed to isolated BA molecules.  

 

Figure 4.20  FTIR spectra,  for three spectral  ranges (3600 33200 cm2 1 ,  180031000 cm2 1  and 
7502600 cm2 1) of axial ly oriented sPS fi lms before (black lines) and after BA sorption 
(colored l ines):  (A) zig -zag planar mesomorphic;  (B) NC ¸-form; (C) NC ô-form. Peaks 
due to isolated and dimeric BA molecules are labeled by orange and green numbers, 
respectively.  

The percentages of BA molecules as monomer are estimated from the ratio of integrated 

absorbances of the 1738/1695 cm21 pair of peaks for both mesomorphic and CC ô-form 

films, and of the 664/632 cm31 pair of peaks for CC ¸ film (due to saturation of the signal 

at 1695 cm31), by using the formula (4.1). 

The obtained results indicate that a low percentage (<20%) of BA is present as isolated 

molecules, for both the mesomorphic film (and consequently for its amorphous phase) 

and for the CC ¸ film. 

It is not surprising because BA is prevailingly present as dimers even in dilute organic 

solutions.38 

A completely different behavior is observed for FTIR spectra of CC sPS/BA ô-form films 

(Figure 4.20C). In fact, main BA peaks are of isolated BA (monomer) and are indicated 

as orange numbers in Figure 4.20. These peaks are listed in the third column of Table 4.3 

and compared with the list of the peaks of BA monomer as obtained in Ar matrices (1st 

column in Table 4.3)39 as well as for high temperature vapor of BA (2nd column of Table 

4.3).38  
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Besides vibrational peaks of BA monomer, additional peaks (labeled with green numbers 

in Figure 4.19: at 2672 cm21, 2548 cm21, 1695 cm21 and 664 cm21) are present, which can 

be attributed to BA dimers.  

Quantitative evaluations indicate that approximately 50% of BA is present as isolated 

molecules, for the CC ô film. 

Linear dichroism of dimeric and monomeric guest peaks of Tables 4.2 and 4.3, 

respectively, was studied by polarized FTIR spectra of axially oriented mesomorphic and 

CC (ô or ¸) sPS films (Figure 4.21). The parallelism of the zig-zag planar chains of the 

dense mesomorphic phase with respect to the stretching direction is nearly complete 

(orientation factor, as evaluated from the 1222 cm21 peak Sp,meso > 0.95). The orientation 

factor of the host helical crystalline polymer phases, exhibiting s(2/1)2 helices, is also 

high and was evaluated based on the polymer host peak at 572 cm21 : Sp,ô = 0.85 and Sp,¸ 

= 0.80.  

The polarized spectra of Figure 4.21 show that many guest peaks are dichroic, not only 

for CC films that absorb BA molecules both in their amorphous and crystalline phases, 

but also for the mesomorphic film that absorbs BA molecules only in its amorphous 

phases. 

In particular, labels // and ⊥ indicate that peak absorbance is higher for spectra with 

polarization parallel or perpendicular to the film stretching direction, respectively. These 

// and ⊥ labels are colored in green and in orange when the guest vibrational peak is of 

dimeric and of isolated BA molecules, respectively. This information relative to 

dichroism of peaks of dimeric and isolated BA was also inserted in Tables 4.2 and 4.3, 

respectively.  

For the polarized spectra of the CC ô-form film (Figure 4.21C), the peaks of isolated BA 

molecules exhibit very intense dichroism. For instance, the orientation factor of peaks of 

the monomeric guest is Sm,1738,ô = 20.36; Sm,1090,ô = 20.33; Sm,632,ô = 20.36, i.e., not far to 

the limit value of 20.5 corresponding to a perfect orientation of all BA guest molecules. 

Particularly informative is the carbonyl region, where the sign of dichroism of the 

carbonyl stretching of the isolated molecule (at 1738 cm21) is negative (⊥), so it can be 

assumed that the BA guest molecules of the ô-form are preferentially perpendicular to the 

stretching direction, as already observed for many aromatic guest molecules of the ô-form 

of sPS.40342 
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Table 4.2  FTIR peaks (and related assignment) of BA dimers as observed for solid BA 

(KBr pellets37  or mull38) and for BA guest  molecules in axiall y stretched ¸-form sPS and 
³-form PPO fi lms.  

Solid BA37 
Solid BA38 
s = strong 

m = medium 
w = weak 

vw = very weak 

BA in mesomorphic 
or in CC ¸  

sPS 

BA in CC ³ 
PPO 

Infrared peak 
(cm–1) 

Assignment 

552 ·(CC) + ½(O· · ·O) 552 vw na 547 // 

668 ·(CC)rings + ·(COOH) 664 vw 664 // 664 // 

685 ´(CC)rings + ´(CC) 682 vw 685 ⊥ 685 ⊥ 

708 ´(CC)rings + ´(CC) 707 s 712 ⊥ 712 ⊥ 

- -  800 vw 797 // 797 // 

806 ½(CC)rings + ·(COOH) 807 vw 808 nd 808 nd 

936 ´(OH) 932 w 936 nd 936 nd 

1026 ½(CC)rings + ·(CH) 1023 vw na na 

1073 ½(CC)rings + ·(CH) 1070 vw na 1070 

1129 ½(Ph3COOH) + ½(CC)rings + ·(CH) 1125 vw 1125 nd 1125 

1181 ½(CC)rings + ·(CH) 1184 vw na na 

1294 ½(CC)rings + ·(OH) + ·(CH) 1290 m 1289 // na 

1327 ½(CC)rings + ·(CH) 1323 m 1318 nd na 

1426 ·(OH) 1420 w 1417 // na 

1454 ·(OH) 1450 w na na 

1497 ·(CH) 1495 vw na na 

1584 ½(CC)rings + ·(CH) 1580 vw na na 

1688 ½(C=O) + ·(OH) 1685 s 1695 // 1695 nd 

- -  2560 vw 2548 // 2548 // 

- -  2603 vw 2600 // 2600 // 

- -  2670 vw 2672 // 2672 // 

3012 ½(OH) 3005 vw na na 

3073 ½(CH)rings 3078 vw na na 

Note s :  ½  =  s t r e t c h ing ;  ·  =  i n - p l an e  be nd ing ;  ´  =  ou t -o f -p l an e  bend ing ;  n a  =  no t  ac ce s s ib l e ;  nd=  n o t  d i c h r o i c ;  / /  
and  ⊥ ,  d i ch r o i c  p eak  w i th  A / /  >  A ⊥  an d  A / /  <  A ⊥ ,  r e s pe c t ive ly .  

Also informative is the region of the O3H stretching of isolated BA molecules in CC ô-

form film (Figure 4.21C). In fact, beside a poorly dichroic peak at 3450 cm21 

corresponding to isolated BA molecules in amorphous sPS phases, also a highly dichroic 

peak at 3497 cm21 corresponding to isolated BA molecules in the cavities of the ô-form 

is observed. 

For the polarized spectra of the mesomorphic film (Figure 4.21A) and of the CC ¸ film 

(Figure 4.21B), the kind of dichroism (// or ⊥) is the same for all the observed peaks. The 

dichroism of the largely prevailing BA dimers is opposite with respect to those observed 

for the minor content of BA dimers included in the ô-form film (see, e.g., dichroism of 

the peaks at 2672 cm21, 2548 cm21 and 1695 cm21). 
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Table 4.3  FTIR peaks (and related assignment) of isolated BA as taken  in Argon matrix,39 

as observed in vapor phase spectra (at  433 K) 38  and in an axial ly stretched ô-form sPS 
fi lm.  

isolated 
BA 

in Argon39 

BA vapour38 

s = strong 
m = medium 

w = weak 
vw = very weak 

BA in CC ô 
sPS 

 Infrared peak 
(cm–1) 

Assignment 

565 C3O bend 575 vw na 

628 OH oop 632 vw 632 ⊥ 

711 CH oop 715 w 714 // 

- -  817 vw 808 nd 

937 CH oop - - 936 nd 

1027 ring str + ring bend 1010 vw na 

1066 ring str + CH bend - - na 

1086 C-O str + ring bend 1084 m 1091 ⊥ 

1169 OH bend + CH bend - - 1173 ⊥ 

1185 CH bend + OH bend 1184 m 1189 ⊥ 

1275 ring str 1290 vw 1277 

1347 CH bend + ring str 1370 vw 1352 

1606 ring str 1600 vw na 

1752 C=O str 1765 s 1738 ⊥ 

3567 OH str 
3500 vw 3450 // 

3575 m 3497 ⊥ 

No te s :  s t r  =  s t r e t ch in g ;  ben d  =  bend i ng ;  oop  =  ou t -o f -p l an e ;  na  =  no t  a cc e ss ib l e ;  nd=  no t  d i ch r o i c ;  / /  and  ⊥ ,  
d i ch r o i c  pe ak  wi t h  A / /  >  A ⊥  and  A / /  <  A ⊥ ,  r e s pec t ive ly .  

 

Figure 4.21  Polarized FTIR spectra as taken with polarization plane paral lel  (blue l ines) 
and perpendicular (red l ines) to the fi lm stretching direct ion,  in three spectral  ranges 
(360022400 cm2 1 ,  180021000 cm 2 1  and 7502600 cm 2 1),  of axial ly oriented sPS fi lms:  (A) 
zig-zag planar mesomorphic;  (B) CC ¸-form; (C) CC ô-form. Labels //  and ⊥  indicate that 
guest  peak absorbance is higher for spectra with polarizat ion paral lel  and perpendicular to 
the fi lm stretching direct ion,  respectively.  Green and orange labels indicate peaks 
corresponding to dimeric and isolated BA, respectively.  

This indicates that, both in the oriented amorphous phase as well as in the crystalline 

channels of the CC ¸ phase, probably the phenyl rings of BA dimers are preferentially 

parallel to the film stretching direction. This can be easily rationalized by the expected 
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preferential axial orientation of long axes of the hydrogen bonded BA dimers. Moreover, 

the higher dichroism intensity for the CC ¸ film (Sd,2672,am = +0.36; Sd,2672,¸ = + 0.55; 

Sd,1417,am = +0.23; Sd,1417,¸ = +0.56; Sd,664,am = +0.29 ; Sd,664,¸ = +0.40) clearly indicates the 

occurrence of an higher degree of orientation of the dimeric guest molecules in the 

channels of the CC ¸ phase. 

It is worth adding that the sign of dichroism of the 1738 cm21 peak is the same for CC ¸ 

and CC ô films (Sm,1738,¸ = 20.17, Sm,1738,ô = 20.36). This can indicate that, also for both 

CC ô and CC ¸ phases, the orientation of the isolated BA guest plane is preferentially 

perpendicular to the stretching direction. 

To summarize, FTIR spectra of Figures 4.20 and 4.21 show that BA molecules are 

prevailingly present as dimers, preferentially parallel to the film stretching direction, both 

in amorphous and CC ¸ phases of sPS. BA molecules, on the contrary, are prevailingly 

present as isolated molecules and preferentially perpendicular to the film stretching 

direction, in CC ô phases of sPS. A schematic representation of BA guest molecules as 

monomer in crystalline cavities of the ô-form and as dimer in the crystalline channels of 

the ¸-form is reported in Figure 4.22A and B, respectively. 

 

Figure 4.22  Schematic views of preferential  aggregation and orientat ion of BA guest 
molecules in CC phases of sPS: (A) ab  projection of CC ô-form with isolated BA molecules 
and guest  molecular plane preferential ly perpendicular to the helical  chain axes;  (B) bc  
projection of CC ¸ phase with dimeric BA molecules and guest molecular planes 
preferential ly paral lel  to the helical  c hain axes.  

WAXD fiber patterns, taken with a two-dimensional diffractometer (on the left) and 

corresponding equatorial diffraction profiles (on the right) for sPS axially stretched films, 

exhibiting the NC ô and õ phases, before and after sorption of BA, are shown in Figure 
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4.23. The WAXD patterns of the NC · film (Figure 4.23A) present 010 and 210 

reflections (at 2θCuK³ = 8.4° and 10.3°, respectively) typical of NC monoclinic ô phase;41 

after sorption of BA, the WAXD patterns shows shift of 010 and 210 diffraction peaks 

to 2θCuK³ = 8.1° and 10.1° (Figure 4.23A’) as well as a reduced intensity of the 010 peak, 

as typical of CC monoclinic ô phases.22,43 

WAXD patterns of the NC ¸ film (Figure 4.23B) present 110 and 020 reflections (at 

2θCuK³ = 6.9° and 8.2°, respectively) typical of NC orthorhombic ¸ phase;44 after sorption 

of BA, the intensity of these equatorial peaks is markedly decreased with respect to the 

intensity of first-layer line reflections (mainly at 2θCuK³ = 20.2°), as typical of CC ¸ phases 

(Figure 4.23B’).40,44 No change in diffraction profiles for dense mesomorphic film after 

BA uptake can be observed. 

 

Figure 4.23  WAXD patterns and corresponding equatorial  intensi ty profi les of sPS fi lms 
presenting NC and CC ô  (A, A ′) and ¸  (B, B ′) phases.  Diffract ion angles of relevant 
reflect ions of NC and CC phases are indicated.  

 

4.3.2 Comparison with CC PPO/BA 

Sorption of BA molecules in axially stretched PPO film, exhibiting the ³ phase, from 30 

wt% BA/acetone solution for 2 hours and after subsequent acetone desorption, was also 

performed and characterized by polarized FTIR and WAXD analysis.  

Polarized FTIR spectra of axially oriented ³ PPO films before and after before and after 

sorption of BA (8 wt%) are shown in Figure 4.24. In agreement with literature reports17,45 

the FTIR peaks (at 773, 756, 495 and 414 cm21) typical of the ³ NC host phase are dichroic 

(e.g., Sp,495 = +0.33). 
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Figure 4.24  Polarized FTIR spectra as taken with polarization plane paral lel  (blue l ines) 
and perpendicular (red l ines) to the fi lm stretching direction,  for two spectral  ranges 
(360032400 cm2 1  and 8002400 cm 2 1),  for an axial ly oriented PPO fi lm exhibit ing the NC  
³  phase,  before and after BA sorption leading to the corresponding CC phase.   

Positions of the guest peaks as well as their possible dichroism (⊥ or //) are listed in the 

4th column of Table 4.2 (section 4.3.1). It is worth noting that, in the accessible spectral 

regions with low absorbance of the host polymer, positions and dichroism of all guest 

peaks are coincident with those of BA dimers being guest of the sPS õ-form film (3rd 

column of Table 4.2). 

It is also worth noting the absence of FTIR peaks (e.g., at nearly 3500 cm21) of isolated 

BA guest molecules, which (although weak) occur for BA molecules in amorphous and 

CC õ phases of sPS. This indicated that, both in the high free-volume amorphous phase 

of PPO as well as in the large intrahelical channels of the ñ form of PPO,46 BA molecules 

essentially are only present as dimers. 

These data also confirm that the empty space in the NC form of PPO is distributed as 

channels (as occurs for the õ phase of sPS) rather than as isolated cavities (as occurs for 

the ô phase of sPS). 

WAXD fiber patterns, taken with a two-dimensional diffractometer (on the left) and 

corresponding equatorial diffraction profiles (on the right) for a NC ³ phase PPO axially 

stretched film, before and after sorption of BA (8 wt%) are shown in Figure 4.24. WAXD 

patterns of the NC ³ film (Figure 4.25A) present typical diffraction peaks at 2θCuK³ ≈ 4.5°, 

7.1°, 11.3° and 15.0° corresponding to (100), (010), (210) and (310) crystal planes. After 

sorption of BA molecules, the pattern shows a reduced intensity of 100, 010 reflection as 

well as an increased intensity of the 310 reflection, clearly indicating the formation of ³ 

CC phase47 (see, e.g., Figure 1.2 of section 1.1.1). 
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Both polarized FTIR spectra and WAXD patterns clearly indicate that BA molecules are 

present in the crystalline (and amorphous) PPO phases only as hydrogen bonded 

aggregates. 

 

 
Figure 4.25  WAXD patterns and corresponding equatorial  intensity profi les of axial ly 
oriented PPO fi lms presenting:  (A ,A ′) NC ³-form; (B,B ′) CC ³-form with BA. Miller 
indexes of relevant  equatorial  reflect ions of the CC phase are indicated.  
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4.4 Conclusions 

In this chapter, sorption of carboxylic acids in NC phases of axially oriented sPS phases 

has been described. 

Primarily, the sorption of HA is definitely higher and faster in sPS films with NC · and ¸ 

phases than for sPS films with the dense ´ phase. HA sorption is particularly fast for ¸-

form films exhibiting crystalline empty channels. 

The sorption of HA in sPS films with NC · and ¸ phases leads to guest uptake not only 

in their amorphous phases, but also in the cavities and channels of their crystalline phases, 

respectively. In fact, the formation of CC · and ¸ sPS/HA phases is shown by changes in 

reflection intensities in WAXD fiber patterns. 

The appearance of two dichroic FTIR peaks (a carbonyl and a hydroxyl stretching at 1751 

cm21 and 3443 cm21, respectively) indicate that both · and ̧  NC phases are able to include 

HA as isolated guest molecules. The dichroism of the carbonyl peak corresponding to 

hydrogen-bonded molecules (at 1709 cm21), observed only for ̧ -form films, indicates that 

HA dimers are also included in the crystalline channels of the ¸ phase. Moreover, the sign 

of dichroism of the O2H stretching and C=O stretching peaks indicates that the 

orientations of O2H and C=O bonds are preferentially parallel and perpendicular to the 

crystalline polymer chain axes, respectively. These functional group orientations can 

easily be rationalized for both monomeric and dimeric HA guest molecules in the 

crystalline channels of the ¸ form. 

The inclusion of HA molecules in the channels of the ¸ phase, not only as isolated 

molecules, but also as dimers, is possibly the molecular origin of the much faster HA 

uptake from ¸-form sPS films. As this phenomenon occurs in the NC ¸-form, exhibiting 

continuous crystalline channels parallel to the polymer chain axis, these results suggest 

the possibility of inclusion in these channels of continuous molecular chains formed by 

hydrogen bonded dicarboxylic acids.  

For this reason, sorption of long aliphatic monocarboxylic acids (LA with 12 C atoms, 

SA with 18 C atoms) as well as of the dicarboxylic acid AA (6 C atoms) has been also 

investigated. 

Particularly, sorption of LA and SA is much faster for õ-form films that exhibit crystalline 

channels rather than for ô-form films that exhibit crystalline cavities. These phenomena 

are due to the fact that these aliphatic carboxylic acid molecules are included in the õ-

form crystalline channels by assuming their zig-zag planar conformation and by 
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establishing intermolecular hydrogen bonds between carboxylic groups of adjacent guest 

molecules. The same acid molecules are instead too big to be accommodated in the 

cavities of the NC ô-form films. 

Polarized FTIR spectra show that, in the crystalline channels of the õ-form, mainly 

dimeric aggregates of LA and SA and mainly oligomeric aggregates of AA are present, 

and they exhibit the same orientation shown for the shorter HA guest molecules, whose 

amounts of isolated and dimeric species are comparable. 

WAXD patterns of axially oriented õ-form sPS films, after sorption of LA, SA and AA, 

show a reduced intensity of the low angle (110) and (020) diffraction peaks with respect 

to the higher angle equatorial diffraction peaks, as found for HA sorption. 

Thus, it has been established that the crystalline channels of the sPS õ-form are able to 

host: i) very long carboxylic acids prevailingly as hydrogen bonded linear dimers; ii) 

dicarboxylic acids prevailingly as hydrogen bonded linear polymers. 

Sorption of the aromatic carboxylic acid BA is in line with results observed for aliphatic 

carboxylic acids. Particularly, Polarized FTIR spectra show that, in amorphous and CC ¸ 

phases of sPS, BA molecules are prevailingly present as dimers. In CC ô phases of sPS, 

on the contrary, BA molecules are prevailingly present as isolated molecules. 

Consequently, only the NC ô-form of sPS is able to isolate BA guest molecules even 

disrupting their strong intermolecular hydrogen bonds, which are present not only in BA 

crystals but also in diluted solutions. For BA molecules the ô sPS form plays a crucial 

role, not only avoiding additive aggregation but even leading to separation of dimeric 

molecules. This segregation of molecules allows spectroscopic characterization of 

isolated molecules already at room temperature, avoiding use of more difficult procedures 

such as Argon gas matrix maintained at 17 K onto a cooled optic CsI substrate. 

Polarized FTIR spectra also show that, both in the high free-volume amorphous phase of 

PPO as well as in the large intrahelical channels of the ³ form of PPO, BA molecules are 

essentially present only as dimers. Moreover, sorption studies in PPO films were 

conducted also for the aliphatic carboxylic acids LA, SA and AA (not shown here because 

FTIR spectra were poorly informative) and the results were analogous: molecules present 

in PPO phases are essentially dimers/oligomers. These data thus confirm that the empty 

space in the NC form of PPO is distributed as channels (as occurs for the ¸ phase of sPS) 

rather than as isolated cavities (as occurs for the ô phase of sPS). 
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Moreover, considering c⊥ orientated sPS (and PPO) films hosting hydrogen-bonded 

<linear polymers=, the formation of isolated semiconductive channels perpendicular to 

the plane of insulating sPS films could be possible. 

This can open new perspectives in the use of CC polymer films as functional materials. 
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CHAPTER 5 
Co-crystalline axially oriented sPS fibers 

This chapter gives details about a very unusual phenomenon of both crystallization as 

well as axial orientation in sPS unstretched fibers by different guests. Moreover, some of 

these guests shows antimicrobial activity. So, in addition, the release of these 

antimicrobials (i.e.. eugenol, and the phenolic isomers carvacrol and thymol) from these 

axially oriented co-crystalline (CC) sPS fibers has been also investigated. 

5.1 Guest-induced axial orientation in sPS fibers 

Crystalline phase orientations, axial and planar, can be generally obtained for polymers 

by axial and biaxial stretching, respectively.135 

For CC phases between polymer hosts and low-molecular-mass molecules, different 

kinds of planar orientations can be easily prepared, even in the absence of mechanical 

stretching.  

For sPS films, especially, different kinds of uniplanar orientations, i.e. of preferential 

orientation of a crystalline plane with respect to the film plane, have been obtained 

depending on the film preparation procedure as well as on the chemical nature of the 

guest.6312  

Uniplanar orientations of sPS can be maintained9 not only after guest-exchange13 but also 

after suitable guest removal procedures leading to NC phases.14  

It is also worth adding that for sPS by combining axial or unbalanced biaxial stretching 

with co-crystallization procedures, as induced by selected guest molecules, two different 

kinds of uniplanar-axial orientations have also been achieved.15 These orientations exhibit 

the polymer chain axis (c-axis) parallel to the main draw direction and a crystal plane 

parallel or perpendicular to the film plane. 

Moreover, high degrees of axial orientation can be obtained for CC, NC and dense 

crystalline (ñ, ò, ) phases of sPS by usual axial stretching procedures on polymer films 

and fibers as well as by high-speed melt spinning processes.16 

In this section, guest-induced crystallization and at the same time axial orientation in 

essentially unoriented amorphous melt-spun fibers is reported.  

5.1.1 WAXD and Birefringence characterization 

For a 35 m melt-spun sPS fiber (as obtained by a melt spinning process with a take-up 

speed of 80 m/min), a WAXD pattern and the corresponding radial 2θCuK³ scan are shown 
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in Figures 5.1a and a’, respectively. The broad halos occurring in the 2θCuK³ scan (Figure 

5.1a’) indicate that the fibers are fully amorphous while the uniform rings of the 2D 

pattern (Figure 5.1a) indicate that the spinning procedure does not lead to appreciable 

axial orientation. It is worth adding that melt-spun sPS fiber of similar diameter, but 

obtained by a take-up speed of 2000 m/min, exhibit WAXD patterns very similar to those 

of Figure 5.1a,a’. 

The occurrence of very low axial orientations can be however established by optical 

birefringence measurements. In fact, in agreement with data reported in Figure 3 of Ref.16, 

birefringence (n = n//- n⊥) of sPS amorphous fibers, as obtained with take-up speeds of 

80m/min and 2000m/min, are 30.007  0.001 and 30.014  0.002, respectively. 

Nearly negligible orientation also characterizes both kinds of fibers after their thermal 

crystallization in the ñ-form as induced by annealing at 200 °C.20,21 In fact, uniform 

diffraction rings, at 2θCuK³ ≈ 6.8°, 11.8°, 13.5° and 20.5°, corresponding to (110), (300), 

(220) and (211) reflections, typical of the ñ’-form are observed.21 Correspondingly, the 

birefringence of these ñ’-form fibers remains nearly unchanged with respect to those of 

the starting amorphous films. 

 

Figure 5.1  WAXD patterns of sPS amorphous fibers,  as obtained by melt -spinning at  take-
up velocity of 80 m/min,  before (a,a ’) and after thermal crystal l ization (in ñ ’-form) by 
annealing at  200  °C (b,b ’).  (a,b) 2D patterns;  (a ’ ,b ’) radial  intensi ty scans vs the diffract ion 
angle 2C u Kñ .   
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Completely different behavior is observed for guest-induced crystallization of these 

amorphous unstretched fibers. In fact, the 2D patterns of amorphous fibers (Figure 

5.1a,a’), after guest-induced crystallization, show the presence of diffraction arcs rather 

than of uniform diffraction rings (Figure 5.2), thus indicating the achievement of axial 

orientation of the crystalline phases, already in the absence of mechanical stretching.  

WAXD patterns of the 35 m amorphous sPS fiber after room temperature sorption of 

liquid dichloromethane (DCM), dimethyl naphthalene (DMN) and eugenol, with guest 

content close to 15, 34 and 35 wt% are shown in Figures 5.2a-c, respectively.  

 

Figure 5.2  WAXD patterns of sPS amorphous melt -spun fibers after crystal l izat ion as 
induced by l iquid guest  sorption:  (a,a ’) DCM, leading to a monoclinic ô-clathrate phase; 
(b,b ’) DMN, leading to a ô-intercalate phase;  (c,c ’) eugenol,  leading to a disordered 
crystal l ine form. (a-c) 2D patterns;  (a ’-c ’) equatorial  intensi ty scans vs the diffract ion 
angle 2C u Kñ .   

The patterns of Figure 5.2a,a’ show the presence of two intense equatorial reflection arcs 

at 2θCuK³ ≈ 8.4° and 10.6°, corresponding to 010 and 2̄10 reflections, respectively,22 as 

typical of monoclinic ô-clathrate phases23 with DCM.24 The observed reflections are 

collected in the left part of Table 5.1. 

WAXD patterns of the amorphous sPS fiber after room temperature sorption of liquid 

DMN show the presence of the intercalate sPS/DMN phase,25 with equatorial peaks at 

2θCuK³ ≈ 5.8° and 9.9° corresponding to 010 and 2̄10 reflections (Figure 5.2b’). The 

observed reflections are collected in the central part of Table 5.1. 
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WAXD patterns of the amorphous sPS fiber after sorption of eugenol (Figure 5.2 c,c’) 

only exhibits few diffraction peaks: mainly an equatorial reflection (with 2θCuK³ ≈ 9.8°, d 

= 0.900 nm, i.e. intermediate between those of the 010 and 2̄10 reflections of monoclinic 

ô-form); a meridional reflection (2θCuK³ ≈ 22.7°, d = 0.391 nm); two broad reflections on 

the first layer line (at 2θCuK³ ≈ 16.2° and 2 ≈ 19.7°). The observed reflections are 

collected in the right part of Table 5.1. This indicates the occurrence of a disordered 

crystalline phase including, as the clathrate and intercalate CC phases of Figure 5.2a and 

b, s(2/1)2 helical chains with typical periodicity of 0.78 nm. The presence of only one 

equatorial reflection suggests a hexagonal packing of the helical polymer chains axes, 

with a = 1.05 nm. Similar WAXD patterns corresponding to disordered crystalline phases 

are obtained by guest induced crystallization with many other guests, like 

methylethylketone, ethylacetate or methylacetate.26  

The degree of axial orientation, as obtained by guest induced crystallization, is always 

high (fc ≈ 0.75) and is particularly high for the intercalate sPS/DMN phase (fc = 0.85, 

Figure 5.2b).  

Similarly, birefringence increases up to n = 30.026  0.002, nearly independently of the 

considered take-up speed range (8032000 m/min) as well as of the crystallization 

inducing guest. Definitely higher is birefringence of the intercalate sPS/DMN phase (n 

= 30.069  0.002).  

After guest removal from the fibers of Figure 5.2 (by ACN sorption/desorption at room 

temperature) WAXD patterns of Figure 5.3 are observed. In particular, after DCM guest 

removal from the ô-clathrate fiber, WAXD patterns (Figure 5.3a,a’) show an intense 010 

reflection at 2θCuK³ ≈ 8.4° and very low intensity of the 2̄10 reflection at 2θCuK³ ≈ 10°, 

which indicate the formation of the monoclinic NC ô-form.23  

After DMN guest removal from the ô-intercalate fiber, WAXD patterns (Figure 5.3b,b’) 

are very similar to those of the disordered crystalline phase, as obtained by eugenol 

induced crystallization (Figure 5.2c,c’). It is worth adding that the 2D pattern of Figure 

5.3b is a fiber pattern of the disordered NC form that was already obtained in unstretched 

samples, by guest removal from intercalate sPS/DMN phases.26 

WAXD patterns of the crystalline fiber as crystallized by eugenol sorption, after eugenol 

removal, are only slightly changed. In fact WAXD patterns of Figure 5.3c,c’ are very 

similar to those of Figures 5.2c,c’ with only a minor shift of the equatorial peak from 9.8° 

to 9.7°. 
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Figure 5.3  WAXD patterns of sPS amorphous melt -spun fibers after guest induced 
crystal l izat ion followed by complete guest  desorption:  (a,a ’) sorption/desorption of DCM, 
leading to the monoclinic ô-form; (b,b ’) sorption/desorption of DMN, leading to a 
disordered crystal l ine form; (c,c ’) sorption/desorption of eugenol,  leading to a disordered 
crystal l ine form. (a3c) 2D patterns;  (a ’3c ’) equatorial  intensi ty scans vs the diffract ion 
angle 2C u Kñ .   

This guest-induced axially oriented crystallization not only occurs by guest sorption by 

fiber immersion in pure liquid but can also occur by sorption of the guest from diluted 

aqueous solutions. This is shown, for instance, by WAXD patterns of sPS amorphous 

fibers, after equilibrium eugenol uptake from 0.1% aqueous solution, 1% aqueous 

emulsion (water solubility of 2460 mg/L at 25 °C) and liquid eugenol which are shown 

by patterns a,a’, b,b’ and cc’ in Figure 5.4, respectively. The eugenol content evaluated 

by TGA measurements is of 3, 34 and 35 wt% for 0.1% aqueous solution, 1% aqueous 

emulsion and liquid eugenol treatments, respectively. 

It is worth adding that the result obtained for a dilute eugenol aqueous solution (Figure 

5.4a,a’) is particularly relevant for a possible industrial production. In fact, immersion of 

amorphous sPS fibers, (as produced by industrial melt-spinning plants), in an eco-friendly 

dilute aqueous solution is sufficient to get, beside large uptake of the antimicrobial guest, 

crystallization as well as remarkable axial orientation. 

A plausible mechanism to rationalize the spontaneous axial orientation of crystallites of 

unstretched sPS fibers upon co-crystallization with organic guest molecules could be 

based on co-crystalline fibril formation in confined space. In fact, CC phase formation 

can occur only behind the advancing guest penetration front, which moves radially toward 
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the fiber axis. The nano-confinement of crystalline fibrils in the cylindrical crown of the 

fiber could favor their orientation parallel rather than perpendicular to the fiber axis. 

 

 

Figure 5.4  WAXD patterns of sPS amorphous melt -spun fibers after crystal l izat ion as 
induced by eugenol sorption from 0.1 wt% aqueous solution (a,a ’);  1  wt% aqueous emulsion 
(b,b ’);  l iquid eugenol (c,c ’).  (a3c) 2D patterns;  (a ’3c ’) equatorial  intensity scans vs the 
diffract ion angle 2C u Kñ .  
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5.1.2 Thermal treatments  

The high degrees of axial orientation, as obtained by guest induced crystallizations on 

amorphous sPS fibers (Figure 5.2), are also maintained after thermal treatments leading 

to crystal-to-crystal transitions, even associated with relevant changes of polymer chain 

conformation. This is shown, for instance, for a disordered CC fiber as crystallized and 

axially oriented by sorption of liquid eugenol, whose WAXD patterns before and after 

annealing at 200 °C are shown in Figure 5.5a,a’ and b,b’, respectively. In fact, the WAXD 

pattern of Figure 5.5b shows the presence of reflections arcs typical of the ñ’-form, with 

a high degree of orientation (fc = 0.84). This high degree of orientation is observed 

irrespective of the drastic conformational change of the polymer chain, from helical 

s(2/1)2 to zig-zag planar.20 

 

Figure 5.5  WAXD patterns o f an amorphous sPS fiber,  after crystal l ization and orientat ion 
as induced by l iquid eugenol sorption leading to a disordered CC phase (a,a ’) and after 
subsequent thermal treatment at  200°C leading to the ñ ’-form (b,b ’).  (a,b) 2D patterns; 
(a ’ ,b ’) equatorial  intensi ty scans vs the diffract ion angle 2Cu Kñ .   

Birefringence measured for the axially oriented fiber of Figure 5.5a, exhibiting a 

disordered NC form and hence s(2/1)2 helical chains,26 is n = 30.026 while birefringence 

measured for the axially oriented fiber of Figure 5.5b, exhibiting the ñ’-form and hence 

zig-zag planar chains,20 is markedly higher n = 30.14. 

As already observed for axially stretched sPS films,27 although orientation factors of 

crystalline phases with helical and zig-zag planar crystalline phases are similar, 
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birefringence values are largely different. This has been rationalized on the basis of the 

orientation of the phenyl rings of the crystalline chains with respect to the chain axis, 

being completely different for the two polymer conformations.27 

5.2 Antimicrobial guest release from CC axially oriented sPS 
fibers 

Relevant antimicrobial properties have been described for phenolic components (such as 

thymol, carvacrol and eugenol) of essential oils (EOs), i.e., of aromatic oily liquids 

obtained from plant materials (flowers, seeds, leaves, herbs, wood, fruits and roots). In 

addition to antibacterial properties28, these phenolic compounds exhibit antiviral29, 

antimycotic30, antitoxigenic31, antiparasitic32, and insecticidal33 properties. 

It is worth noting that the use of natural antimicrobial agents, such as EOs, is considered 

as a valid alternative therapeutic strategy to conventional synthetic drugs that are 

commonly used nowadays in medicine, agriculture, cosmetics and food industry.34 In 

recent years, the combination of EOs with engineered materials has emerged as a 

promising approach for several applications. 

In fact, since EOs are naturally found in plants, they have the added advantage of being 

relatively inexpensive and biodegradable and, therefore bioaccumulation is not a concern. 

There is, hence, a significant interest in developing carrier systems of these natural 

antimicrobial compounds, trying to manage the control of their release in the 

environment. In this regard, various materials in different morphologies, including 

micro/nanofibers35340, films41, nano/microparticles37,42344, surface coatings45, and 

hydrogels46, are being developed as carrier or matrices for incorporating EOs in material 

complexes especially for biomedical applications. Also polymers have been explored as 

materials for microcapsule shells, such as chitosan and cellulose, but the encapsulation 

efficiency achieved ranged from 20375% and a burst release was observed in the early 

stages.47351  

It is well known that the release of guest molecules from CC sPS phases is generally 

slower from the crystalline phases than from the corresponding amorphous phase52; the 

kinetic release can be further maximized controlling the orientation of the host crystalline 

phase.6,53357 

In this section, the solvent-induced crystallization as well as axial orientation of sPS 

unstretched fibers by using eugenol is explored similarly for other natural antimicrobials, 
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i.e. the phenolic isomers carvacrol and thymol. Their release in air during time from sPS 

fibers is also investigated.  

5.2.1 Release of eugenol from CC sPS oriented fibers 

Eugenol sorption in amorphous unstreched sPS fibers leds to crystallization as well as 

axial orientation.58 

This axial orientation as well as crystallization not only occurs by sorption of pure liquid 

but can also happen by sorption of the guest from diluted aqueous solutions. This 

phenomenon was clearly shown, in the previous section (5.1), by WAXD patterns of sPS 

amorphous fibers, after equilibrium eugenol uptake from 0.1% aqueous solution, 1% 

aqueous emulsion and liquid eugenol (patterns a,a’, b,b’ and c,c’ in Figure 5.4, 

respectively). The eugenol content in the axially oriented CC sPS fibers, evaluated by 

thermogravimetric measurements, after immersion in 0.1% aqueous solution, 1% aqueous 

emulsion and liquid eugenol, is almost 3, 34 and 35 wt%, respectively. It is worth noting 

that the eugenol uptake after treatment with 1% aqueous emulsion and liquid eugenol is 

nearly the same (34-35 wt%). The action induced by pure liquid eugenol seems to be 

equal to that induced by eugenol 1% aqueous emulsion.  

sPS fibers after treatments by 0.1% aqueous solutions and 1% aqueous emulsion have 

also been characterized by FTIR analysis by DRIFT method (Figure 5.6). The spectral 

region 315033750 cm31 shows a broad band centered at 3447 cm31 and a sharper band 

located at 3527 cm-1 (Figure 5.6b,c), these FTIR bands are present also in the FTIR 

spectrum of pure eugenol (Figure 5.6, pink line).  

Moreover, FTIR spectra particularly for the axially oriented CC sPS fibers after 

immersion in 1% aqueous emulsion (Figure 5.6c) show the presence of other peaks 

related to eugenol (i.e. 649, 794, 819 and 995 cm31) as well as the sharp peak at 571 cm3

1 due to the crystallization of sPS fibers in s(2/1)2 helical conformation59. FTIR peaks of 

eugenol absorbed in the CC sPS fibers after immersion in 0.1% aqueous solution reported 

in Figure 5.6b are almost negligible due to the low amount (3 wt%). 

The desorption kinetic of eugenol from these axially oriented CC sPS fibers are reported 

in Figure 5.7. 

For the axially oriented CC sPS fibers with an initial content close to 34 wt%, after 

treatment with 1% aqueous emulsion (red squares in Figure 5.7A), a fast initial desorption 

(up to 200 days) is apparent followed by a slower release. 
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Figure 5.6.  FTIR spectra in the ranges 50031000, 140031700 and 315033750 cm - 1  of sPS 
amorphous fibers (a) before and after crystall ization as induced by ( b) 0.1% eugenol 
aqueous solution and (c) 1% eugenol aqueous solution.  FTIR spectra of pure l iquid eugenol 
is also reported in the bottom (pink l ine).  

 
Figure 5.7  Eugenol  desorption as at  room temperature (A) as grams of guest  per 100 grams 
of polymer and (B) as reduction absorbance of eugenol spectral  bands,  from sPS fibers 
with:  (red squares) eugenol  ini t ial  content  of 34 wt% as obtained by immersion in 1% 
eugenol aqueous emulsion;  (green squares) eugenol  ini t ial  content of  3 wt% as obtained by 
immersion in 0.1% eugenol aqueous solution.   

As for the axially oriented CC sPS fibers after treatment with 0.1% aqueous solution 

(green squares in Figure 5.7A), the initial content of 3 wt% slowly decreases reaching a 

loss of nearly 50% after 120 days.  

It is well known that the initial kinetic desorption of the guest in sPS samples is fast and 

occurs prevailingly by the amorphous phase while a slower guest desorption involves the 

CC phases.60 Also in this case, a same phenomenon occurs for both axially oriented CC 

sPS fibers with eugenol and it seems more evident for CC sPS fibers after treatment with 

1% aqueous emulsion due to a large guest uptake (34 wt%, red squares, Figure 5.7A). 

The quantitative evaluation of the guest desorption was also performed considering the 

absorbance ratio A/A0, where A0 is the peak absorbance in the spectrum of the freshly 
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prepared CC fibers while A is the peak absorbance at a certain desorption time. This 

absorbance ratio is reported versus the desorption time (Figure 5.7B). 

Comparing the eugenol desorption kinetics from both axially oriented CC sPS fibers 

(Figure 5.7B), it is clearly evident that both kinetics are identical, a slightly difference is 

only at the beginning (up to 12 days), where the release seems to be higher for the CC 

sPS fibers after treatment with 0.1% aqueous solution (green squares in Figure 5.7B). 

This is probably due to a lower degree of crystallinity of CC sPS fibers with eugenol 

initial content of 3 wt%, as shown also by WAXD patterns of Figure 5.4a,a’ (diffraction 

arcs less intense compared to those of Figure 5.4b,b’ for CC sPS fibers with eugenol initial 

content of 34 wt%). 

It is worth adding that this slow release can ensure long-term antimicrobial effect of the 

sPS fibers (or a fabric made with them) which can be involved in different applications, 

especially for biomedical practices where the inhibition of microorganisms’ growth is 

very crucial. Additionally, the procedure to get fibers with antimicrobial property is very 

easy, considering that a simple aqueous solution with 0.1% of eugenol is needed. 

5.2.2 Release of phenolic isomers from CC sPS oriented fibers 

Carvacrol and thymol molecules have been recognized as the principal active compounds 

extracted from thyme (Thymus vulgaris).61 Both molecules show not only excellent 

antibacterial62365 and fungicidal activities,66,67 but also they were found to be active 

against viral particles68,69 as well as larvae and adult insects.70,71 

Their schematics are reported in Figure 5.8a and b, respectively. Carvacrol is liquid while 

thymol is solid at room temperature, and they are structural isomers presenting the 

hydroxyl group (3OH) in different positions in the aromatic ring.72  

A WAXD pattern of sPS fibers with a diameter of 35 ¼m, as obtained by a melt spinning 

process, is shown in Figure 5.9a’ and the presence of broad halos indicates that fibers are 

fully amorphous. These amorphous sPS fibers are immersed for 10 minutes in pure liquid 

carvacrol as well as in a 30 wt% thymol methyl acetate (MA) solution and their WAXD 

patterns are shown in Figure 5.9b,c. The presence of diffraction arcs is apparent, 

indicating the occurrence of crystallization associated to a development of axial 

orientation. The same phenomenon, which occurs also for the antimicrobial eugenol, as 

shown in the previous section (5.1), is here confirmed likewise for these phenolic isomers. 

The degree of axial orientation (fc), evaluated via the Herman’s orientation function 

(according to ref 58), is ~0.75. 
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Figure 5.8  Schematic of (a) Carvacrol  and (b) Thymol molecular structures.  

2D-patterns in Figure 5.9b’,c’ exhibit one single equatorial peak located at 2θCuK³ value 

of ≈ 9.8°, due to the presence of the crystalline disordered phase which is a modification 

formed of small bundles of s(2/1)2 helical chain with typical periodicity of 0.78 nm.26,58 

 

Figure 5.9  WAXD patterns of sPS amorphous fibers,  as obtained by melt -spinning (a,a ’) 
before and after crystall ization as induced by (b,b ’) thymol/MA solution and (c,c ’) l iquid 
carvacrol  sorption.  (a-c) 2D patterns;  (a ’-c ’) radial  intensi ty scans vs the diffract ion angle 
2θC u K ³ .  

sPS fibers after treatments by pure carvacrol or thymol/MA solution have also been 

characterized by FTIR analysis using DRIFT method (Figure 5.10). Particularly 

informative is the spectral region 315033750 cm31 showing a broad band centered at c.a. 

3400 cm31 present in pure carvacrol and thymol and a new sharp band located at 3540 cm-

1 for thymol CC sample (curve b) and 3552 cm31 for carvacrol CC sample (curve c). 

Moreover, FTIR spectra show the presence of other peaks related to the guests (i.e. 637, 

813, 865, 939 and 993 cm31 for carvacrol and 809, 851 and 944 cm31 for thymol) as well 

as to the sharp peak at 571 cm31 due to the crystallization of sPS fibers in s(2/1)2 helical 

conformation.59 

Carvacrol and thymol amount, determined by TGA measurements, is nearly 28 and 16 

wt% for fibers immersed in carvacrol and thymol/MA solution, respectively. 
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Figure 5.10  FTIR spectra in the ranges 50031000 and 315033750 cm - 1  of sPS amorphous 
fibers (a)  before and after crystal l ization as induced by (b) thymol/ MA solution and (c) 
l iquid carvacrol  sorption.  FTIR spectra of pure l iquid carvacrol  and thymol are also 
reported in the bottom (orange and green l ines,  respectively).  

An useful tool to understand the host-guest interactions in a polymer matrix, in particular 

the presence of new extra FTIR peaks, are polarized FTIR measurements.73,74 Polarized 

FTIR analysis of axially oriented sPS ·-form films before and after immersion in 

carvacrol and in thymol/MA solution overnight at room temperature have been also 

performed and shown in Figures 5.11 and 5.12, respectively. 

FTIR peaks located at 813, 858, 993, 1115, 1174, 1228, 1254 cm21 related to carvacrol 

molecules75 in sPS film are apparent and, as shown, they are poorly dichroic (Figure 5.11, 

curve b). More informative is the spectral region 320033600 cm21 (Figure 5.11), in which 

a dichroic narrow peak at 3532 cm31 is present. A similar behavior is displayed also for 

axially oriented sPS ·-form film after immersion in the thymol/MA solution overnight at 

room temperature. In Figure 5.12 FTIR peaks of thymol75 located at 808, 1087 and 1290 

cm21 are poorly dichroic while the peak at 3540 cm31 shows a high dichroism (Figure 

5.12, curve c). FTIR peaks related to the carrier MA are visible and dichroic too (Figure 

5.12, curve b). 

The OH stretching region in FTIR spectra (320033600 cm-1) can be used to discriminate 

between guest molecules included into the crystalline phase and molecules dissolved in 

the amorphous phase,18,73,76380 as shown also in chapter 4. In particular, the peak located 

at 3532 or 3540 cm31 is related to the OH groups of isolated guest molecules included in 

the crystalline phase while the broad band centered at c.a. 3400 cm31 corresponds to 

molecules simply dissolved in the amorphous phase. The broadness of the OH stretching 

band is indeed due to hydrogen bonding between molecules.81 
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Figure 5.11  Polarized FTIR spectra,  in the wavenumber ranges 800 31300 and 320033600 
cm - 1 ,  taken with polarizat ion plane paral lel (thin blue lines) and perpendicular (thick red 
l ines) to the draw direction,  for an axially or iented sPS ·-form fi lm (a) before and (b) after  
immersion in pure l iquid carvacrol .  FTIR spectrum of pure l iquid carvacrol  is also reported 
in the bottom (orange l ine).  

 

Figure 5.12  Polarized FTIR spectra,  in the wavenumber ranges 800 31300 and 320033600 
cm - 1 ,  taken with polarizat ion plane paral lel (thin blue lines) and perpendicular (thick red 
l ines) to the draw direction,  for an axial ly oriented sPS ·-form fi lm: (a) before;  (b) afte r 
immersion in thymol/MA solution;  (c) after 21 days of desorption in air.  FTIR spectrum of 
pure MA (dark yellow l ine) and thymol (green l ine) are also reported in the bottom.  

 
Figure 5.13  FTIR spectra in the range 8003950 cm 3 1 and 320033700 cm 3 1  of sPS/carvacrol 
CC fibers,  with an ini t ial  carvacrol  content  close to 28 wt%, as collected at  various 
desorption times (up to 250 days):  (a) t=0;  (b) 9 days;  (c) 145 days;  (d) 250 days.   
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Other FTIR peaks of guest molecules are poorly dichroic, and they can be related to 

molecules in both phases (crystalline and amorphous) of sPS films. The guest amount in 

the films, as determined by TGA measurements, is ≈8 wt% and ≈7 wt% for carvacrol and 

thymol, respectively. 

FTIR spectra of sPS fibers, crystallized using carvacrol or thymol/MA solution, as 

prepared and after different desorption times in air at room temperature are shown in 

Figure 5.13 and in Figure 5.14, respectively.  

As for carvacrol guest molecules, all FTIR peaks located at 813, 858, 993, ≈3400, 3532 

cm21 decrease during time (Figure 5.13) indicating the desorption of carvacrol molecules 

from both the amorphous as well as the CC phase.  

Considering CC sPS fibers with thymol, while the desorption in air of the carrier MA 

occurs (shown by the decrease of intensity of FTIR peak located at 1236 cm21) an increase 

of the absorbances of the OH stretching thymol peak located at 3540 cm21 (labeled cr) 

and a contemporary decrease of the band at ≈3400 cm21 (labeled am) are apparent (Figure 

5.14). These data can be easily rationalized by assuming that, while the carrier MA 

desorbs, the crystalline cavities, initially occupied by the carrier molecules, are 

progressively filled by the thymol molecules, which mostly move from the amorphous 

toward the crystalline phase. The desorption kinetics of carvacrol and thymol molecules 

being dissolved in the amorphous as well as in the crystalline phase are reported in Figure 

5.15. It is clearly apparent that the reduction of intensity of the broad band at ≈3400 cm3

1 (labeled as am), due to the guest molecules in the polymer amorphous phase, is much 

faster than the reduction of the peak at 3532 (carvacrol) and at 3540 (thymol) cm31 

(labeled as cr), due to molecules in the polymer co-crystalline phases. 

 
Figure 5.14  FTIR spectra in the range 80031250 cm 3 1  and 320033700 cm 3 1  of sPS/thymol 
CC fibers,  with an ini tial  thymol content  close to 16 wt%, as collected at  various desorption 
t imes (up to 150 days):  (a) t=0;  (b) 1 hour;  (c) 1 days;  (d) 4 days;  (e) 150 days.   
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As expected, the reduction of intensity of FTIR peaks of guest molecules (i.e., 939 cm31 

carvacrol and 809 cm31 thymol) absorbed in both amorphous and crystalline polymer 

phases, is intermediate (magenta curves of Figures 5.15B, D). The overall amounts of 

carvacrol and thymol in sPS fibers evaluated by thermogravimetric measurements are 

reported in Figure 5.15B,D right scale, respectively. 

As for carvacrol, the initial content is close to 28 wt%, a fast initial desorption (up to 50 

days) is apparent followed by a slower kinetic desorption. After ~200 days the carvacrol 

is completely released from the amorphous phase (see red squares in Figure 5.15A) and 

the residual amount of nearly 3 wt% (shown in Figure 5.15B) is prevailingly related to 

the guest molecules included in the crystalline phase. 

As for thymol, the initial content is close to 16 wt%. This uptake is smaller respect to 

carvacrol due to different experimental conditions: pure liquid and MA solution for 

carvacrol and thymol, respectively. MA performs as a carrier, and it enables the 

absorption of molecules by the crystalline phase. After 24 hours the carrier MA is 

completely desorbed (stars in figure 5.15C), the thymol in the amorphous phase 

(evaluated on the basis of the intensity of the band at 3400 cm31) decrease of ~65% and 

the amount of thymol in the crystalline cavities (evaluated on the basis of the intensity of 

the peak at 3540 cm31) reached a maximum (squares in Figure 5.15C), suggesting that a 

fraction of thymol molecules moves from the amorphous toward the crystalline phase. 

After ~250 days the thymol amount in sPS fibers is close to 10 wt% (shown in Figure 

5.15D) prevailingly related to the guest molecules included in the crystalline phase 

(Figure 5.15C).   

Curves of Figure 5.15 highlight a slower carvacrol and thymol guest desorption from CC 

phase and a faster desorption from amorphous phase (similar for eugenol, Figure 5.7 in 

section 5.2.1). The plot also indicates that a much faster desorption of carvacrol guest 

molecules from CC sPS fibers occurs compared to thymol guest release. This slower 

thymol release from sPS fibers is possibly due to a larger fraction of guest molecules 

hosted in the crystalline phase respect to carvacrol as well as to the solid-state nature of 

the molecules which affects its desorption in air.  

As discussed for the antimicrobial eugenol, also here a slow release for both molecules is 

evident and it can ensure long-term antimicrobial effect of the sPS fibers (or a fabric made 

with them) especially for medical practices. 
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Figure 5.15  (A) Reduced absorbance of carvacrol  infrared bands of guest  molecules only 
in the crystal line (black squares,  cr label ,  3532 cm 3 1) or only in the amorphous (red squares,  
am label , ≈3400 cm 3 1) versus desorption time. (B) Carvacrol  desorption (grams of gues t 
per 100 grams of polymer) at  room temperature from sPS fibers with a carvacrol ini t ial 
content of 28 wt% (magenta circles,  939 cm 3 1).  (C) Reduced absorbance of thymol infrared 
bands of guest  molecules only in the crystal line (black squares,  cr label ,  354 0 cm3 1) or 
only in the amorphous (red squares,  am label ,  ≈3400 cm 3 1) and desorption of MA in air 
(stars) versus desorption t ime. (D) Thymol desorption (grams of guest per 100 grams of 
polymer) at  room temperature from sPS fibers with a thymol init ial  conte nt  of 16 wt% 
(magenta circles,  809 cm 3 1).  
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5.3 Conclusions 

Guest-induced crystallization of amorphous unstretched sPS fibers leads to high degrees 

of axial orientation of CC phases and of derived NC phases, already in the absence of 

mechanical stretching. In particular, for all the prepared NC fibers, degrees of axial 

orientation are in the range 0.7 < fc < 0.8 with birefringence n = 30.026  0.002, nearly 

independently of the considered take-up speed range (8032000 m/min) of the starting 

amorphous fibers as well as of the crystallization inducing guest. 

This phenomenon is unique for polymer fiber crystallization, and it has been observed for 

all guest induced crystallizations of sPS. In particular, sorption of DCM, DMN and 

eugenol in unstretched sPS fibers leads to axially oriented fibers exhibiting clathrate ô-

form, intercalate ô-form and disordered crystalline form, respectively. In the case of 

eugenol, the induced crystallization and orientation can be also obtained by guest sorption 

from aqueous emulsions as well as from dilute aqueous solutions. 

Maintenance of axial orientations is also observed for ñ-form fibers as obtained by high 

temperature treatments of CC (or NC) fibers.  

For the disordered NC form, fiber patterns only exhibit few diffraction peaks that can be 

rationalized by s(2/1)2 helical chains (with typical periodicity of 0.78 nm) with a 

hexagonal packing of their chains axes (a = 1.05 nm). 

However, the most relevant achievement of this study is that by simple guest sorption 

procedures in amorphous sPS fibers (as produced in pilot industrial plants) not only it is 

possible to obtain CC forms with active guests (suitable, e.g., for antimicrobial release) 

but also to get axial orientation that improves mechanical properties of fiber.  

This could be particularly interesting for CC fibers with active guests (suitable, e.g., for 

antimicrobial release). 

CC sPS fibers as well with carvacrol and thymol, relevant natural antimicrobial 

molecules, have been also prepared by sorption of pure carvacrol and thymol/MA solution 

on amorphous sPS fibers, leading to high degrees of axial orientation of CC phases. 

Eugenol, Carvacrol and Thymol guests release from sPS fibers in air at room temperature 

has been also analysed. The preparation of CC sPS fibers with antimicrobial molecules, 

being prevailingly present as guest of the crystalline phase, assures slow antimicrobial 

release and hence long-term antimicrobial properties.  

As for carvacrol and thymol, very informative are FTIR spectra, especially the OH 

stretching region. In fact, this spectral region shows a narrow peak as well as a broad band 
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corresponding to carvacrol and thymol molecules being isolated guests into the CC phase 

or simply dissolved in the amorphous phase, respectively. This interpretation has been 

confirmed by polarized FTIR spectra of axially oriented sPS films. 

The release of antimicrobial guest molecules from fibers or fabrics can ensure a long-

term antimicrobial effect usable for months, especially for biomedical applications where 

the inhibition of microorganisms’ growth is crucial. 
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CONCLUDING REMARKS 
 

In these chapters (fourth and fifth), sorption of carboxylic acids in NC phases of axially 

oriented sPS phases has been described. 

Firstly, it has been established that the õ crystalline channels can host:  

i) carboxylic acids (i.e., 6 C atoms HA, 12 C atoms LA, 18 C atoms HA) 

prevailingly as hydrogen-bonded linear dimers; 

ii) dicarboxylic acids (i.e., AA 6 C atoms) prevailingly as hydrogen-bonded linear 

polymers.  

This sorption occurs with a very fast kinetic, probably due to intermolecular hydrogen 

bonds between carboxylic groups of adjacent guest molecules, so the uptake could be 

very ease. Moreover, the sign of dichroism of the O2H stretching and C=O stretching 

peaks indicates that the orientations of O2H and C=O bonds are preferentially parallel 

and perpendicular to the crystalline polymer chain axes, respectively. 

The formation of hydrogen bonded linear polymers in the crystalline channels of the NC 

õ phase could be particularly useful for films exhibiting the c⊥ orientation, in which the 

crystalline channels and hence the hydrogen-bonded <linear polymers= are preferentially 

perpendicular to the film plane. In this field, could be very interesting the possible 

formation of hydrogen bonded linear polymers of fully conjugated dicarboxylic acids 

(like, e.g. trans-trans muconic acid) to be explored. This procedure could possibly lead 

to formation of isolated semiconductive linear polymers perpendicular to the plane of 

insulating sPS membranes. 

Furthermore, sorption of the aromatic BA in amorphous as well as in CC ¸ phases of sPS 

(where BA molecules are prevailingly present as dimers) has been examined. The main 

result find is that the NC ô-form of sPS is able to isolate BA guest molecules, even 

disrupting their strong intermolecular hydrogen bonds, which are present not only in BA 

crystals but also in diluted solutions.  

The ô sPS phase plays a crucial role not only avoiding additive aggregation but even 

leading to separation of dimeric BA guest molecules. This segregation of molecules by 

NC ô phases of sPS allows spectroscopic characterization of isolated molecules already 

at room temperature, avoiding use of more difficult procedures such as Ar gas matrix 

maintained at 17 K onto a cooled optic CsI substrate. 
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Another important aspect reported in these chapters has been the study of guest-induced 

crystallization of amorphous unstretched sPS fibers.  

Guest treatments (as pure solvent or in aqueous diluted solutions) have been performed 

on amorphous unstretched sPS fibers leading not only to crystallization phenomenon but 

also to induction of high degrees of axial orientation of CC phases (in the range 0.7 < fc < 

0.8), in totally absence of mechanical stretching. 

This phenomenon has been observed for all guest induced crystallizations as for instance 

dichloromethane, dimethyl naphthalene and eugenol.  

Maintenance of axial orientations is also observed after removing guests from CC phases, 

leading to axially oriented NC fibers, as well as after thermal treatment and subsequent 

crystal-to-crystal transition.  

The most relevant achievement of this study is that by simple guest sorption procedures 

in amorphous sPS fibers (as produced in pilot industrial plants) not only it is possible to 

obtain CC forms with active guests (suitable, e.g., for antimicrobial release) but also to 

get axial orientation that improves fiber properties, without applying mechanical 

stretching.  

Finally, CC sPS fibers, presenting high degrees of axial orientation of CC phases 

including eugenol, carvacrol and thymol, relevant natural antimicrobial molecules, have 

been prepared and characterized, and their release in air at room temperature has been 

analysed during time. The release of antimicrobial guest molecules from fibers starts 

quickly, due to release from both amorphous and crystalline phases, then it becomes 

slower when it happens mainly from the crystalline phase.  

The location of most antimicrobial molecules in the crystalline phases assures a decrease 

of desorption diffusivity and hence long-term antimicrobial releasing fibers, making them 

usable for months in many biomedical applications where the inhibition of 

microorganisms’ growth is crucial. 
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EXPERIMENTAL SECTION 

Materials 

Poly(2,6-dimethyl-1,4-phenylene)oxide (PPO) used in this study was kindly supplied by 

SABIC. Its molecular weight is Mw = 350 kg mol21 (Ultra High P6130 grade).  

Syndiotactic polystyrene (sPS), with the trademark Xarec 90ZC, was provided by 

Idemitsu. The content of syndiotactic triads, evaluated by 13C nuclear magnetic 

resonance, is higher than 98%. The mass average molar mass, determined by gel 

permeation chromatography in trichlorobenzene at 145 °C, is Mw = 140 Kg mol21, and 

the polydispersity index is Mw/Mn = 2.0.  

Poly(2,6-diphenyl-1,4-phenylene)oxide powder (Tenax, TA 60380 mesh), with surface 

area of 18 m2 g21, was purchased from Sigma Aldrich.  

All solvents were provided by Sigma Aldrich too and used without further purification. 

Film preparation: NC sPS/PPO films were obtained by casting procedure from 1.031.5 

wt% solution with a specific solvent at room temperature or higher temperature, using a 

Petri dish with a diameter in the range 439 cm, after solvent extraction by acetonitrile 

guest sorption/desorption at room temperature or by supercritical carbon dioxide. All the 

NC films have a thickness in the range 203100 ¼m, measured using a caliper.  

Amorphous PPO films were obtained from 1.031.5 wt% CHCl3 solution casting at T = 

60 °C using a Petri dish, as described for NC films. Immersion of amorphous PPO films 

in a suitable solvent (i.e., liquid carvone), followed by guest extraction, leads to the 

formation of NC PPO films with orientation of the main chain axes preferentially 

perpendicular to the film plane. Tenax films were prepared by casting from 1.5 wt% 

chloroform solution at T = 60 °C and then immersion in acetonitrile to remove the 

chloroform. 

Aerogel preparation: sPS/PPO gels were prepared in hermetically sealed test tubes by 

heating the polymer solvent mixtures, with a polymer concentration Cpol = 10 wt%, until 

complete dissolution of the polymer and appearance of a transparent homogeneous 

solution. Then the hot solution was cooled to room temperature where gelation occurred. 

sPS/PPO aerogels were obtained by solvent extraction from the gels by a supercritical 

carbon dioxide extractor at the following conditions: T = 40 °C, P = 200 bar, extraction 

time t = 3h. The obtained aerogels are monolithic with a regular cylindrical shape. 
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Axially oriented films: Axially oriented sPS films were prepared by axial stretching of 

sPS amorphous films with a dynamometer INSTRON 4301 at 105 °C, up to a draw ratio 

of 4.0 by using elongation rate of 10 mm/min. Amorphous sPS films were obtained by a 

blown extrusion process using a melt temperature of 290 °C. Axially oriented sPS films 

with the NC ·-form were obtained by immersion of axially stretched amorphous films in 

dichloromethane at room temperature for 1 night, followed by guest removal by 

acetonitrile sorption for 3 h. Axially oriented sPS films with the dense ´-form were 

obtained by annealing of ·-form films at 170 °C for 1 h. Axially oriented sPS films with 

the NC -form were obtained by immersion of the axially oriented ´-form film for 1 h in 

chloroform and then in acetonitrile at room temperature.  

Films exhibiting axial orientation of ³ NC phases were obtained by immersion of axially 

stretched amorphous films in limonene at room temperature for 1 night, followed by 

limonene removal by acetonitrile sorption for 3 h. Film stretching experiments were 

conducted by a dynamometer INSTRON 4301, at 220 °C, up to a draw ratio of 4.0 by 

using elongation rate of 10 mm/min.  

Fibers preparation: Amorphous sPS fibers with diameter of 35 ¼m were obtained by melt 

spinning with extruding temperature of 290 °C, by using two different take-up speeds (80 

m/min and 2000 m/min). 

These amorphous sPS fibers were co-crystallized by immersion in liquid guests (or 

aqueous solutions/emulsions) for 10 min at room temperature. To obtain sPS fibers with 

NC phases, guest molecules were removed by sorption/desorption of acetonitrile at room 

temperature. 

Methods  

Birefringence: Birefringence measurements were conducted by using a Leitz polarizing 

microscope, with Ehringhaus rotary compensator of 5 and 10 orders. The occurrence of 

negative birefringence, i.e. refractive index parallel to the stretching direction lower than 

refractive index perpendicular to the stretching direction, has been well established for 

axially oriented sPS fibers. 

Capacitance: Capacitance values (Cp) with parallel-equivalent circuit model were 

measured using a E4980A Precision LCR Meter by Agilent with a voltage ΔV = 100mV 

and a frequency of 100 Hz at room temperature (≈20 °C). 



 

 161 
 

 

Degree of orientation: The degree of orientation (fc) has been evaluated on a quantitative 

numerical basis using the Hermans’ orientation function described in literature:1 

fc = χ(hkl) = (3 ýāĀ2 γ̅̅ ̅̅ ̅̅ ̅̅  - 1) / 2 (M.1) 

where cos2γ̅̅ ̅̅ ̅̅ ̅ has been determined by azimuthal distribution of hkl reflection intensities 

of the sample. In these assumptions, fc = 0 corresponds to random crystallite orientation 

while fc = 1 or 30.5 indicate that c axes of all crystallites are perfectly parallel or 

perpendicular to the film plane (or the fiber axis), respectively. 

For PPO films presenting chain axis orientation of the crystalline phases preferentially 

parallel and perpendicular to the film plane (named c// and c⊥ orientations, respectively), 

fc = χ(001), and it was evaluated by azimuthal scans of the 001 reflection of the ³ form (at 

2θCuK³ = 16.8°). The degree of orientation for axially oriented sPS fibers was evaluated 

by using azimuthal scans of the 002 reflection (for all crystalline phases, both with helical 

and with zig-zag planar polymer).  

Degrees of crystallinity: Degrees of crystallinity (Xc) of NC PPO samples was evaluated 

by DSC measurements and based on the following formula:2  Xc,DSC  =  ΔHf ΔHfo⁄  (M.2) 

where ΔHf is the enthalpy of fusion and ΔHfo is the enthalpy of fusion of a totally 

crystalline PPO polymer (42 ± 3 J/g).3  

The degree of crystallinity of sPS films, instead, was evaluated by the FTIR method 

described in literature as following:4 Xc,FTIR  =  1 2 K (�′ �)⁄  (M.3) 

where K is the subtraction coefficient applied to reduce the amorphous phase contribution 

to the baseline, L and L′ are the thickness of the sample and of an amorphous reference 

film, respectively. The ratio L/L′ can be estimated spectroscopically from the absorbance 

ratio of a conformationally insensitive peak (i.e., at 1601 cm31). 

Density: Density of amorphous PPO (higher than 1 g/cm3) and NC PPO (lower than 1 

g/cm3) films was evaluated by the classical floatation method, by using aqueous solutions 

of CaCl2 and methanol at room temperature, respectively.  
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Differential Scanning Calorimetry: DSC measurements were conducted by TA Q2000 

equipment from TA Instruments in the temperature range from 25 °C to 300 °C and at 

heating rate of 10 °C/min. To avoid sample degradation, DSC experiments were 

conducted under nitrogen atmosphere.  

DFT calculations: FTIR spectra have been fitted as sums of Lorentzian peaks, as 

described in ref5. In order to obtain percentage of monomer and dimers, integrated areas 

obtained by the fitting have been corrected by molar extinction coefficients estimated by 

a quantum mechanical computation on monomer and dimer in gas phase in the harmonic 

approximation at the APFD6/6-311+G** level, using Gaussian16.7 

Diffusivity coefficient: In view of the Fickian behavior of sorption kinetics, the diffusivity 

coefficient (D) was estimated from experimental sorption data in the transient stage by 

using the following equation:8  

d(Mt M∞)⁄d(t1/2) = (16DL2Ã )1/2
 (M.4) 

where Mt and M> are the masses of penetrant absorbed at the time t and at equilibrium 

conditions, respectively. Film thickness (L) was evaluated by using a digital micrometer, 

with an accuracy of ±0.5 ¼m. Use of this equation requires constant film thickness during 

guest sorption. This assumption is safe for all the samples. 

Fluorescence: Fluorescence spectra were measured at room temperature on a Horiba 

Jobin-Yvon Fluorolog®-3 spectrofluorometer and equipped with a 450W xenon arc lamp, 

double-grating excitation, and single-grating emission monochromators. 

Fourier transform infrared spectroscopy: FTIR spectra were obtained at a 2.0 cm21 

resolution with a Vertex70 spectrometer from Bruker. It is equipped with a deuterated 

triglycine sulfate detector and a Ge/KBr beam splitter. A total of 32 scans were averaged 

to reduce the spectral noise. Polarized infrared spectra of films were recorded by using a 

SPECAC 12000 wire grid polarizer, while FTIR spectra of the fibers were collected in 

the diffuse reflectance infrared Fourier transform mode (DRIFT) by using an Easy Diff 

accessory benchmark from Pike Technologies. 

Guest extraction by scCO2: The guest extraction procedure for the sample used in these 

studies was conducted by using scCO2 at a temperature of 40 °C and pressure of 250 bar.  
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Guest molecular volume: The guest molecular volume was calculated from the following 

equation:9 

Vguest = M / ρNA (M.5) 

where M and ρ are the molecular mass and density of the guest molecules, respectively. 

NA is the Avogadro’s number (6.02 × 1023 molecules/mol). 

Order parameter: The order parameter of the polymer crystalline phases (Sp) was 

calculated by the formula:10 

þ�  =  ý� 2 1ý� + 2   (M.6) 

where R = A///A⊥ is the dichroic ratio, and A// and A⊥ are the measured absorbance for 

polarization plane parallel and perpendicular to the draw direction, respectively. This 

orientation factor is equal to zero for random crystallite orientation, while it is equal to 

+1 and 20.5 for orientation of all polymer chain axes of the crystallites, being parallel and 

perpendicular to the stretching direction, respectively. Polarized FTIR spectra of CC films 

also allow an analogous evaluation of the order parameter of monomeric and dimeric 

guest molecules (Sm and Sd, respectively), with respect to the film stretching direction: þ�  =  �ÿ21�ÿ+2    ;      þ�  =  ��21��+2 (M.7) 

where Rm and Rd are the dichroic ratios, as evaluated for monomeric and dimeric 

vibrational peaks. 

Porosity: Total porosity of the monolithic aerogels with regular cylindrical shape was 

evaluated as: � =  100 [1 2 Ä�Ä�] (M.8) 

where ρp is the density of the polymer matrix and ρa is the aerogel apparent density 

calculated from the mass/volume ratio of monolithic cylindrical aerogels. 

Quantum yield: The absolute quantum yield (§F) of umbelliferone-doped PPO films was 

determined by using a 152 mm diameter Quanta-phi integrating sphere, coated in 

Spectralon® and positioned on the optical path of the spectrofluorometer, placing the 

detector in right-angle mode (RA). 
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Scanning electron microscopy: The surface morphology of the PPO polymer sample was 

analyzed by scanning electron microscopy (Carl Zeiss SMT AG). Before imaging, all 

PPO polymer samples were coated with gold (Agar Auto Sputter Coater model 108 A) at 

30 mA for 5 min. 

Sorption analysis: Vapour sorption measurements were carried out at 35 °C with a VTI-

SA symmetrical vapour sorption analyzer from TA Instruments. PCE absorption tests in 

polymer films from water were conducted using 50 ppm aqueous solutions, kept 

homogeneous by a magnetic stirrer, at room temperature (≈20 °C). Then, PCE uptake was 

evaluated by the intensity of the isolated PCE FTIR peak at 800 cm21. 

Spin coating: PPO thin coating (138 µm thickened) on gold/silicon support were prepared 

by using the Spin Coater Spin 150 (SPS-Europe) setting 2000 rpm/sec, 1000 rpm and 30 

seconds. 

Surface area: Specific surface area of samples was obtained by N2 adsorption 

measurements carried out at 77 K on a Nova Quantachrome 4200e instrument and was 

calculated by using the Brunauer3Emmet3Teller method in the 0.05 < p/p0 < 0.2 pressure 

range. 

Thermogravimetric analysis: Guest amount in all samples was determined by 

thermogravimetric measurements (TGA), as performed with a TG 209 F1 equipment 

from Netzsch.  

UV–Vis absorption spectroscopy: Spectroscopy by UV3Vis absorption was carried out 

by means of a Cary 5000 (Agilent) equipped with a solid sample holder. 

X-ray diffraction patterns: WAXD patterns were performed using a D8 QUEST Bruker 

diffractometer (CuK³ radiation) by sending the X-ray beam parallel or perpendicular to 

the film surface (with the normal to the film surface horizontal); the collected two-

dimensional (2D) patterns were named EDGE and THROUGH, respectively. Equatorial 

and meridional profiles were collected along equatorial and meridional directions of the 

2D patterns. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

 

n : birefringence (optical property of the material) 

2θCuK³ : degree of a peak position in an X-ray diffraction pattern at the CuK³ radiation wavelength 
(1.5418 Å) 

A// : peak absorbance taken with polarization of light parallel to the film stretching direction 

a//c// : orientation of the ac layers of alternated enantiomorphous helices being preferentially parallel 
to the film plane 

A⊥ : peak absorbance taken with polarization of light perpendicular to the film stretching direction 

AA : adipic acid 

ACN : acetonitrile 

Ar : Argon 

Au : Gold 

BA : benzoic acid 

BE : benzyl ether 

BET : Brunauer-Emmett-Teller method 

c// : polymer chain axes oriented preferentially parallel to the film plane 

C=O : carbonyl group 

c⊥ : polymer chain axes oriented preferentially perpendicular to the film plane 

CaCl2 : calcium chloride 

CB : chlorobenzene 

CC : co-crystalline 

CCl4 : carbon tetrachloride 

CHCl3 : chloroform 

Cp : capacitance value for a parallel-plate capacitor 

CsI : cesium iodide 

Dabs : diffusivity coefficient during absorption (by Fick’s II law) 
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DCE : 1,2-dichloroethane 

DCM : dichloromethane 

DFT : Discrete Fourier Transform 

DMN : 1,4-dimethylnaphthalene 

DSC : Differential Scanning Calorimetry 

EOs : essential oils obtained from plant 

FTIR : Fourier transform infrared 

GIC: guest induced crystallization on amorphous film 

HA : hexanoic acid 

High-SA: high values of surface area  

LA : lauric acid 

MA : methyl acetate 

MB : methyl benzoate 

MEK : methyl ethyl ketone 

MIS : metal insulator semiconductor 

MOS : metal oxide semiconductor 

n⊥ : refractive index of light propagating perpendicular to the optic axis 

n// : refractive index of light propagating parallel to the optic axis 

NC : nanoporous crystalline 

o-DCB : orto-dichrolobenzene 

O2H : hydroxyl group 

p/p0 : relative pressure 

PCE : perchloroethylene 

PCL : polycaprolactone 

PLA : poly lactic acid  

PLGA : polylactic-co-glycolic acid  
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ppm : parts per million 

PPO : poly(2,6-dimethyl-1,4-phenylene oxide) 

rpm : revolutions per minute 

SA : stearic acid 

SABET : surface area by BET method 

scCO2 : carbon dioxide in supercritical conditions 

SEM : Scanning Electron Microscope 

sPS : syndiotactic polystyrene 

TCA : 1,1,1-trichloroethane  

TCB : 1,2,4-trichlorobenzene 

TCE : 1,1,2-trichloroethylene 

TGA : Thermogravimetric analysis 

TGIC : temperature of guest inducing crystallization of amorphous films 

TOL : toluene 

UV3Vis : ultraviolet-visible spectroscopy 

VOCs : volatile organic compounds 

WAXD : wide-angle X-ray diffraction 

wt% : wight percentage  

Xc : degree of crystallinity 

³ : alfa crystalline phase  

β : beta crystalline phase 

´ : gamma crystalline phase 

· : delta crystalline phase 

· : Hildebrand solubility parameter 

 : epsilon crystalline phase 

¸r : relative dielectric permittivity 
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θ : (teta) diffraction angle 

»exc : (lambda) excitation wavelength 

§F : fluorescent quantum yield  
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