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Abstract Quaternized polysulfone with triphenylphosphonium pendant groups

was investigated, as to its optical and electronic properties. Optical properties were

analyzed by refractivity and transmission spectra. To obtain the optical parameters,

the approach proposed by Tauc for amorphous semiconductors has been used,

because of the similarity of the absorption edges. Values of pseudogap energy and

Urbach energy of 3.89 eV and 168 meV, respectively, were obtained. The dielectric

properties and AC-conductivity were also studied as a function of temperature and

frequency. Decrease in the dielectric constant was observed with the increase in

frequency and decrease in temperature. Also, quaternized polysulfone films were

characterized by two relaxation processes, c and b relaxation, which appear at dif-

ferent temperatures, depending on the pendant group. The frequency–temperature-

dependent conductivity showed that conductivity increases with frequency and also

that the quaternized polysulfones possess typical semiconducting properties. All

parameters have been found as slightly influenced by the polymer chain structure.

Keywords Quaternized polysulfone � Optical properties � Dielectric properties �
Electrical conductivity

Introduction

Polysulfone (PSF) is one of the most attractive polymeric materials used in the

manufacture of synthetic polymer membranes and also in biomedical fields, due to
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its excellent properties, such as mechanical, thermal and chemical stability, as well

as to its excellent film-forming properties [1, 2]. Also, polysulfones exhibit the

unique advantage of transparency, coupled with hydrolytic stability and heat

resistance that makes them useful as covers and lids for hot serving dishes and

containers, lids for medical sterilization trays, research lab animal cages, dairy

processing equipment, flow meters, and sight glasses for chemical process

equipment [3]. Also, PSF membranes possess the highest biocompatibility among

all types of membranes [4]. Different configurations of the PSF membranes are used

as flat sheets or hollow fibers, primarily for microfiltration, and ultrafiltration

separation applications [5, 6]. Their main disadvantage is related to the relatively

hydrophobic character of PSF. For this reason, researches are now focusing on the

synthesis of new polymers that match to desired applications. Modification

procedures allow a compromise between hydrophobicity and hydrophilicity; in this

way, the modified membranes combine the superior bulk properties of the

hydrophobic polymers with the good surface characteristics of the hydrophilic

ones [7].

Incorporation of desirable hydrophilic functionalities onto PSF can be accom-

plished via plasma treatment [8, 9], ultraviolet irradiation, chemical reaction of

hydrophilic components onto PSF [10–13], and hydrophilic polymer coating and

blending [14, 15]. Modified polysulfones exhibit attractive properties, which

recommend them for a wide range of industrial, environmental, electronic, and

biomedical applications [16–19].

Among the reactive groups, the chloromethyl one is especially useful, because it

can be readily modified by a substitution reaction. Therefore, polymers with

chloromethyl pendant groups are often used as starting materials for obtaining new

functional polymers [20] with hydrophilic groups (e.g., hydroxyl, amine, carboxyl,

and sulfone) grafted onto the backbone chain polymer. Synthesis of phosphonium

salts bonded to macromolecular supports has been discussed in detail, due to their

numerous applications as phase-transfer catalysts, polymeric reagents for Witting

reactions, polycationic biocides [21, 22].

On the other hand, the search for alternative proton-conducting membranes

capable of operating at high temperatures has extended the focus of the research

area, and increased the interest for investigating alternative phosphonic ‘‘protogen-

ic’’ groups which have the ability to facilitate proton conductivity under low-

humidity conditions [23–26]. Thus, polymers carrying these groups have properties

quite different from those of polysulfones. For example, phosphonated polymers

generally show a higher degree of hydrogen bonding and a lower water uptake,

comparatively with their sulfonated compounds. Moreover, phosphonated model

compounds have been recently shown to possess an attractive combination of

properties that further motivates investigation of phosphonated polymers as proton

conductors under low-humidity conditions [23]. Since this is a relatively new topic,

some key characteristics of the phosphonic units, have to be underlined as compared

to the sulfonic units.

According to our recent work [27], modification of polymers with aromatic

structure-bearing chloromethyl groups with a phosphorus reactive compound induces

some differences, in comparison with the aliphatic structures (i.e., differences of
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reactivity, influence of the substitution degree, etc.). The results showed a high

hydrophobicity of phosphorus-modified polysulfones [28] in which the work of

spreading of water takes high negative values, and the work of water adhesion is very

low in comparison with the work of water cohesion. Also, the investigation evidenced

the influence of the substitution degrees on surface characteristics. At the same time,

studies of dielectric spectra at different temperatures revealed that the dielectric

constant of these polymers increased at higher substitution degrees, as a result of the

competition between the main chain and pendant group contributions [29].

The aim of this study is to investigate the optical characteristics, the electrical

and conduction properties of a new quaternized polysulfone with triphenylphos-

phonium pendant groups, over a large domain of frequencies and temperatures.

Experimental

Materials

UDEL-1700 polysulfone (Union Carbide) (PSF) (Mn = 39000 g/mol; Mw/Mn =

1.625), a commercial product, was purified by repeated reprecipitations

from chloroform and dried for 24 h in vacuum, at 40 �C, before being used in

the synthesis of chloromethylated polysulfone. A mixture of commercial parafor-

maldehyde with an equimolar amount of chlorotrimethylsilane (Me3SiCl) as a

chloromethylation agent, and stannic tetrachloride (SnCl4) as a catalyst, was used

for the chloromethylation reaction of polysulfone, at 50 �C. The reaction time

necessary to obtain chloromethylated polysulfones (CMPSF) was 72 h. Finally, the

samples were dried under vacuum at 40 �C.

Polysulfone with triphenylphosphonium pendant groups, PSFP, was synthesized

by reacting chloromethylated polysulfone (6.29% chlorine content) with triphen-

ylphosphine. The quaternization reaction was performed by mixing of CMPSF

(6.29% chlorine) with triphenylphosphine (PPh3) in the presence of dioxane. The

mixture was maintained under stirring, in nitrogen atmosphere, for 15 h at 90 �C.

The viscous product thus obtained was filtered, washed with dioxane and ethylether,

and finally dried. The contents of ionic chlorine, Cli, and total chlorine, Clt, were

determined by potentiometric titration (Titrator TTT1C Copenhagen), with 0.02 N

AgNO3 aqueous solutions. The ratios between the ionic chlorine and total chlorine

contents show that the quaternization reaction of CMPSF occurs with about 46%

transformation degree.

The general chemical structures of the studied polysulfones (PSF, CMPSF and

PSFP) are presented in Scheme 1.

Table 1 lists the structural characteristics of the polysulfone with triphenylphos-

phonium pendant groups and Fig. 1 shows ATR-FT-IR spectrum (recorded on film,

using a Nicolet-6700 ATR-FT-IR spectrometer (Thermo Electro Corporation), in

the range 400–4000 cm-1) which proves the structure of PSFP. The infrared

spectrum shows two characteristic absorption peaks at 3060–3200 cm-1 and

1665–2000 cm-1, which refers to bands characteristic to aromatic rings. In addition,

the band at 1294 cm-1 is attributed to SO2 group and the vibrational band observed
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at 2854–2965 cm-1 is associated with C–H stretching from alkyl groups (–CH,

–CH2, –CH3). The band at 1150–1169 cm-1 is assigned for –P–CH2– bond, while

the absorption corresponding to P-aryl stretching occurs at 1047–1082 cm-1. A

band characteristic to triphenylphosphonium salts can be observed at 1105 cm-1.

Also, Fig. 2 shows 2D and 3D AFM images of PSFP film surface prepared by

solution in N,N-dimethylformamide (DMF) drop casting on glass slide. The

scanning area of 5 9 5 lm2 reveals porous morphology, with various pore sizes

(pore diameter ranging between 39 and 471 nm) and two- or three-dimensional

ordered structures. These pores were naturally formed during the evaporation of the

solvent. The value of 5.16 nm for root mean square (RMS) roughness obtained by

analyzing topography image was influenced by the pores presence. AFM images

were obtained on a SPM SOLVER Pro-M instrument. A NSG10/Au Silicon tip with

a 10 nm curvature radius and 286 kHz oscillation mean frequency.
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Scheme 1 General structure of different polysulfones

Table 1 Total chlorine, Clt, ionic chlorine, Cli, substitution degree, phosphorus content, P, and func-

tionalization degree of polysulfone with triphenylphosphonium pendant groups

Sample Clt (%) Cli (%) Substitution

degree

P (%) Functionalization degree

(mmol phosphonium

groups/g polymer)

PSFP 4.43 2.06 0.46 2.40 0.773
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Optical investigations

The refractive indices of the polysulfone with triphenylphosphonium pendant

groups, n, were measured both experimentally, with an Abbé refractometer at

25 �C, and theoretically, using Eq. 1 proposed by Lorenz [30] and Lorentz [31]:

Fig. 1 ATR-FT-IR spectra for PSFP in 4000–400 cm-1 spectral regions

Fig. 2 2D and 3D AFM images of PSFP film, for 5 9 5 lm2 scan area
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Ru ¼ Vuxðn2 � 1Þ=ðn2 þ 2Þ ð1Þ

where n is the refractive index, and Vu and Ru are the molar volume and molar

refractivity, respectively, of quaternized polysulfone, expressed in Eqs. 2 and 3:

Vu ¼
X

i

ai � Vi ð2Þ

Ru ¼
X

i

ai � Ri ð3Þ

where Vi and Ri are the contributions of molar volume and molar refractivity,

respectively, corresponding to particular functional groups within the polymer

repeating unit, and ai is the number of i groups from the repeating unit.

Transmittance of the polysulfone here under study was recorded at 200–1100 nm

wavelengths, on a SPECORD 200 Analitik-Jena spectrophotometer. The films were

prepared from PSFP solutions with 5 g/dL concentration, in DMF. The polymer

solutions were cast on a glass plate and solidified initially by slow drying in

saturated atmosphere of the used solvents, and finally under vacuum, at 35 �C. The

polysulfone with triphenylphosphonium pendant groups films thus prepared were

subjected to transmittance and conductivity investigations.

Dielectric and conductivity measurements

Dielectric spectroscopy (DS) measurements over the 100 to 106 Hz frequency range

were carried out using a Novocontrol Concept 40 broadband dielectric spectrometer.

Temperature was controlled with a 0.1 �C device by the Novocontrol Quatro

Cryosystem, in dry nitrogen atmosphere. The sample was sandwiched between two

gold-coated brass electrodes and tested. The sample had around 2 mm thickness,

with slightly larger diameters than those of the upper electrode (20 mm).

Dielectric measurements (dielectric constant, e0, and dielectric loss, e00) and AC-

conductivity of PSFP films, prepared from solutions in DMF, were performed by

sweeping the frequency between 100 and 106 Hz, at fixed temperatures, at 4 �C

intervals, over a temperature domain between -150 and ?120 �C, at an increasing

temperature rate of 2 �C/min.

Results and discussion

Optical properties

Typical transmission spectra of the investigated polysulfone with triphenylphos-

phonium pendant groups films prepared from solutions in DMF over the whole

measured range of 200–1200 nm wavelengths are shown in Fig. 3. The transmission

spectra, initiated in the ultraviolet domain, present a value of about 85%

transparency for films prepared in DMF.

To obtain the absorption coefficient, a, from transmittance data, Eq. 4 was used:
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a ¼ 1=dð Þ ln 1=transmittanceð Þ ð4Þ

where d is film thickness.

Generally, for a typical amorphous semiconductor, three domains are evident in

the variation of the absorption coefficient versus photon energy:

• in the first region, the absorption coefficient due to inter-band transition near the

band gap describes the optical gap energy EG in amorphous semiconductors;

• in the second region, absorption at photon energy below the optical gap depends

exponentially on photon energy, which defines the Urbach edge energy, EU. The

theories of the Urbach edge are based on the idea that the sharp absorption edge

is broadened by some kind of mechanism. For example, in semiconductors, the

exponential edges are due to the electric fields produced by charged impurities.

Besides the charged impurities, there are also other possible sources of internal

electric fields. One of them is represented by density fluctuations via the

piezoelectric effect in semiconductors with a piezoelectric constant different

from zero. In amorphous materials, such density fluctuations do not change with

time, so that the exponential edge can be thought of as due to frozen-in

longitudinal optical phonons;

• the third region describes the optical absorption generated by defects appearing

at an energy lower than the optical gap. This energy, ET, the so-called Urbach

tail, refers to the weak absorption tail and describes the defect states; this energy

is rather sensitive to the structural properties of the materials. This absorption

tail lies below the exponential part of the absorption edge (the second region),

and its strength and shape were found to depend on the preparation, purity and

thermal history of the material, varying only slightly with its thickness.

From the obtained data, the absorption coefficient was plotted in Fig. 4 for the

studied film, as a function of photon energy, according to Eq. 5:

a ¼ a0 expðE=AÞ ð5Þ

where a0 is a constant and E is photon energy.

Fig. 3 Typical overall transmission spectra of polysulfones with triphenylphosphonium pendant groups
films prepared from solutions in DMF
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The shape of the curve is very similar to the behavior proposed by Tauc for a

typical amorphous semiconductor [32–34], although the absorption level is lower

than for amorphous, inorganic thin films. These results agree with other literature

data, which assume that a lower absorption in polymer materials is due to a lower

degree of bonding delocalization [35, 36]. An absorption edge is a sharp

discontinuity in the absorption spectrum by an element that occurs when the

energy of the photon corresponds to the energy an atom shell. Each of the

absorption edges in Fig. 2 exhibits two different slopes, and a saturation region for

higher energy. Parameter A becomes either EU, in the high-energy region, or ET in

the low-energy region of the absorption coefficient.

For the investigated sample, the absorption edges were found to follow the Tauc

power law (Eq. 6) in the range over which photon energy was higher than optical

gap energy, EG:

a � Eð Þ1=2¼ B E � EGð Þ ð6Þ

where B is a constant.

Thus, the dependencies plotted in Fig. 5 were used to obtain the Tauc optical gap

energy, EG, for PSFP. The approach, typical for amorphous semiconductors, has

been also applied to polymer films [37]. The values of the obtained optical

parameters illustrated in Figs. 4 and 5 are listed in Table 2. One can observe that

these parameters possess sensitive properties which may be influenced by many

different factors, such as, for example, the conditions of films preparation from

solution, where air oxidation or the dissolving power of the DMF lead to changes in

film transmittance. Thus, the energy gap EG values exceeded 3.26 eV for

transparent films prepared in DMF. Studies were compared with the modified

polysulfones PSF-DMEA and PSF-DMOA, obtained by the quaternization reaction

of chloromethylated polysulfones with N-dimethylethylamine and N-dimethyloc-

tylamine, respectively [38].

Fig. 4 Absorption coefficients of polysulfone with triphenylphosphonium pendant groups, with films
prepared from solution in DMF. The values of EU and ET were obtained from the lines slopes from figure
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The history of films preparation also influenced EU and ET values. The value of

Urbach energy was 168 meV, which agrees with the specific values for transparent

polymers. Also, the ET energy for transparent polysulfone has a low value

(599 meV). These two parameters are related to the localized state induced by the

polymer atomic structures. Possible structural defects, such as breaks, configura-

tional imperfections, or torsions of the polymer chains, seem to be responsible for

the energy described by Urbach tail energy, ET. Moreover, larger structural disorder

and charged impurities may cause an increase in Urbach energy, EU. In this context,

our data show that EU and ET are specific for films obtained from transparent

polymer solutions. One can observe that gap energy and the electric fields produced

by charged impurities—expressed by Urbach edge energy—have approximately the

same values with previous data obtained for PSF-DMEA and PSF-DMOA

quaternized polysulfones, but the defect states expressed by Urbach tail energy

have lower values than for PSF-DMEA and PSF-DMOA; this could be attributed to

the different structure of triphenylphosphonium, N-dimethylethylammonium, or N-

dimethyloctylammonium from the side groups.

Dielectric properties

The dielectric constant depends on both chemical structure and polarization

mechanisms. Dielectric constant magnitude or the refractive index, depending on

Fig. 5 Tauc dependence of polysulfone with triphenylphosphonium pendant groups with films prepared
from solution in DMF

Table 2 Optical parameters of polysulfone with triphenylphosphonium pendant groups films, prepared

in N,N-dimethylformamide solution

Sample in DMF d (lm) ET (meV) EU (meV) EG (eV)

PSFP 20 599 168 3.89

PSF-DMEA [38] 10 1657 157 3.62

PSF-DMOA [38] 20 1308 165 3.61
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the ability of the polarizable units from the polymer structure to orient them fast

enough to keep up with the oscillations of an alternating electric field, is

characterized by the dipole moment per unit volume induced by the electromagnetic

field. At optical frequencies (approximately 1015 Hz), only the electrons—the

lowest mass species—are efficiently polarized. At lower frequencies, atomic

polarization of the nuclei, which move more slowly than the electrons, contributes

to the dielectric constant, too. Contribution of each polarization mode to the

dielectric constant is expressed in Eq. 7 [39]:

e ¼ eelectronic þ eatomic þ edipolar ð7Þ

where eelectronic is the dielectric constant corresponding to electronic polarization at

optical frequencies (1015 Hz); eatomic is the dielectric constant corresponding to

atomic polarization at lower frequencies (1012 Hz); edipolar is the dielectric constant

corresponding to dipolar polarization occurring at microwave (109 Hz). In solid

state, alignment of the permanent dipoles requires considerably more time than

electronic or atomic polarization, occurring at microwave (109 Hz) or at much lower

frequencies. At optical frequencies around 1015 Hz, only the electrons are efficiently

polarized. Under these conditions, the dielectric constant, eelectronic, can be deter-

mined with Maxwell relationship, which assumes knowledge of the refractive

indices, n, according to Eq. 8 [39]:

eelectronic ¼ n2 ð8Þ
Thus, a theoretical study was performed to calculate the refractive index and,

implicitly, the eelectronic of PSFP from the contribution of the individual atoms,

according to Eq. 1, in which molar refraction, Ru, and molar volume, Vu, were

calculated with Eqs. 2 and 3, while the contributions of various substructures, Ri

and Vi, were taken from literature (Table 3) [40, 41]. The Ru, Vu, and n results

are illustrated in Table 4. The theoretical values of the refractive index

correspond to transparent materials. Also, these data are close to our experimental

evaluations.

Table 3 Increments of various

Ri and Vi substructures [40]
Increment Ri (cm3/mol) Vi (cm3/mol) Ri/Vi

–CH2– 4.504 15.528 0.290

p-C6H4 (aromatic) 25.235 65.912 0.383

–CH3 5.901 25.798 0.229

C6H3 (aromatic) 24.785 53.710 0.462

[SO2 9.630 27.713 0.348

–O– (ether) 1.625 9.052 0.180

P [41] 7.970 17.000 0.469

–C–CH3 7.875 22.645 0.347

CCl3 20.620 67.096 0.307

CCl2 15.786 41.498 0.380

C6H5 (aromatic) 25.824 74.129 0.348
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AC-dielectric measurements at different frequencies and temperatures

A dielectric study was developed for PSFP in DMF, in the frequency range from

1 Hz to 106 Hz, and temperature range between -150 and ?120 �C. Figure 6

presents the dielectric constant (i.e., permittivity) (e0) as a function of temperature,

at different frequencies.

The dielectric constants increased with temperature, due to the increase of total

polarization, arising from dipoles orientation and trapped charge carriers, and

decreased with increasing frequency, due to dielectric dispersion, as a result of the

lag of molecules behind the alternation of the electric field at higher frequency [42].

One can observe that, for the studied sample, the dielectric constant depends on the

main chain and on the pendant group. On the other hand, the pendant groups

reduced the electronic conjugation from the main chain and resulted in lower values

of e0, comparatively with the unmodified polysulfone. In this context, Saxena et al.

[43] found out, from the PSF dielectric spectrum at 30 �C, e0 values of 4.3 at 100 Hz

and 3.7 at 500 Hz. Moreover, triphenylphosphonium from the side groups reduces

more the electronic conjugation from the main chain, lower values of e0 and lower

slopes of log e0 versus temperature thus resulting, comparatively with the

quaternized polysulfones with N-dimethylethylammonium or N-dimethyloctylam-

monium side groups [38].

Table 4 Molar refraction, Ru, molar volume, Vu, theoretical, nth, and experimental, nexp, values of the

refractive index, n, and dielectric constant, eelectronic, for PSFP

Sample Ru (cm3/mol) Vu (cm3/mol) Ru/Vu nth nexp eelectronic

PSFP 221.944 663.541 0.334 1.584 1.580 2.509

1.585* 2.512a

a Data obtained from extrapolation of the dielectric constant versus frequency, at optical frequency (1015

Hz) (see Fig. 7)

Fig. 6 Logarithmic plot of the dielectric constant versus temperature at different frequencies, for PSFP
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The experimental and theoretical results obtained for the refractive index and the

corresponding values of dielectric constants (obtained from Maxwell’s equation)

were consistent with the values obtained in Fig. 7, by extrapolating the dielectric

constant versus frequency to optical frequency (1015 Hz) (see Table 3).

Variation of dielectric loss with frequency and temperature

Figure 8 exhibits the tridimensional variation of dielectric loss, e00, with frequency

and temperature, for the studied sample. One can observe that the main contribution

to dielectric relaxation appears in the frequency range attributed to the motion of

Fig. 7 Double logarithmic plot of the dielectric constant versus frequency at 20 �C, for PSFP

Fig. 8 Frequency and temperature dependencies of the dielectric loss for PSFP
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the side groups. Thus, in the dielectric relaxation spectrum between -150 and

?120 �C, c relaxation is observed at very low temperatures, in the -145 7
-100 �C range, for different frequencies. This process is called secondary or local

relaxation. Detailed spectrum results for c relaxation are shown in Fig. 9, which

presents dielectric loss versus frequency for the PSFP sample in the frequency

domain of c relaxation. On the other hand, b relaxation appears very weak at 70 �C,

at high frequencies, and becomes indistinguishable at lower frequencies, so that the

activation energy could not be determined.

Unlike quaternized polysulfones, polysulfone films are characterized by two

transition temperatures, i.e., b transition at approximately 75 �C, caused by the

micro-Brownian motion of the main chain segments—due to the flexibility of their

molecules—and a transition at 197 �C, caused by a rotatory diffusional motion of

the molecules from one quasi-stable position to another one, around the skeletal

bond, involving large-scale conformational rearrangement of the main chain [43]. a
relaxation does not appear in quaternized polysulfones because of the losses caused

by increased conductivity. In addition, the thermal decomposition temperatures of

quaternized polysulfones do not exceed 150 �C, while that of polysulfone is

approximately 400 �C [44].

The relaxation time for c relaxation, smax, which is correlated with the maximum

frequency for dielectric relaxation by the fmax ¼ ð2psmaxÞ�1
dependence, is plotted

versus the reciprocal temperature (i.e., Arrhenius plots) in Fig. 10, for the

-145 7 -100 �C temperature range. The obtained value for activation energy,

Ea, is 0.202 eV.

Literature [45] shows that, in the sub-glass relaxation domain, the activation

energy associated with each relaxation is related to the relaxation temperature and to

its corresponding activation entropy at a frequency of 1 Hz, according to the

approach described by Starkweather [46, 47]. The local-mode c relaxation of the

main chain appears to involve a spectrum of motions in which the limiting low-

temperature, high-frequency component has an activation entropy close to zero.

Fig. 9 Dielectric loss versus frequency for PSFP in the frequency domain of c relaxation
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Taking into consideration that the strength and frequency of relaxation depend on

the characteristic properties of dipolar and ionic relaxation, the present study can

also provide some information on the modification of local relaxation [48]. Thus,

individual relaxations can be described using the Havriliak-Negami (HN)

expression:

e� ¼ e0 � ie00 ¼ eU þ
eR � eU

½1þ ðixsHNÞa�b
ð9Þ

where eR and eU represent the relaxed (x ? 0) and unrelaxed (x ? ?) values of

the dielectric constant for each relaxation, x = 2pf is the frequency, sHN is the

relaxation time for each process, and a and b represent the broadening and skewing

parameters, respectively [49]. When parameter a is much below 1, the distribution

of the relaxation time is broader. Also, when parameter b is equal or smaller than 1,

dielectric dispersion is symmetrical or asymmetrical, respectively. In the case of c
relaxation, occurring at very low, negative temperatures, the mean values are

a % 0.287 and b % 1 for the PSFP sample, evidencing a relatively broad

distribution of the relaxation times and a symmetrical dielectric dispersion. The

relaxation intensity, De ¼ eR � eU; corresponding to the PSFP sample for c
relaxation, changes with temperature (8.39 9 10-2 to 8.84 9 10-2 in -145 7 -

100 �C range), reflecting an apparent loss of the net dipolar correlation with thermal

energy increasing [45].

Electrical modulus analysis

Conductivity behavior in the frequency domain is more conveniently interpreted in

terms of conductivity relaxation time, s, using the representation of electrical

modulus, M� ¼ 1=e�: The M*representation is now widely used to analyze ionic

conductivities, by associating a conductivity relaxation time with the ionic process

[50]. Thus, the electric modulus M*is defined in terms of the reciprocal of the

complex relative permittivity, e* (Eq. 10):

Fig. 10 Tmax from dielectric loss versus temperature (i.e., Arrhenius plots) for c relaxation determined
for PSFP
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M� ¼ 1

e�
¼ M0 þ iM00 ð10Þ

where M0 ¼ e0
e02þe002 and M00 ¼ e00

e02þe002 :
Tridimensional variation with frequency and temperature of the real, M0; and

imaginary part of the modulus, M00; for PSFP, is shown in Fig. 11a, b. At lower

frequencies, the real and imaginary parts of the modulus approaches zero, indicating

that the electrode polarization phenomenon makes a negligible contribution; the

long tail that appears is due to the large capacitance associated with the electrodes

[51]. The presence of a peak in the imaginary modulus formalism at higher

frequency indicates that ionic conduction is predominant in the structure of the

studied polysulfone. As temperature increases, the peak maximum shifts to higher

frequencies, which indicates that the conductivity of the charge carrier has been

thermally activated.

AC-conductivity

Variation of conductivity, r, with frequency at different temperatures is shown in

Fig. 12. One can notice that the conductivity of many substances, especially of the

amorphous ones (such as phosphorus-modified polysulfones), is governed by the

r / f n dependence. In this study, exponent n decreases with temperature increasing

(according to Fig. 13), being within the 0.5 \ n \ 1 limits, for a limited

temperature domain (i.e., 0.4 and 50 �C). These n values characterize electronic

conduction via a hopping process [52, 53]. Deviation from linearity at higher

frequencies may be due to the dispersion of charge carriers produced by dipolar

relaxation.

Generally, increasing temperature leads to an increase in electrical conductivity,

with lower slope at high frequencies, for modified polysulfones. In this context, a

model based on energy band gap representation could explain the temperature

Fig. 11 Frequency and temperature dependencies of real part, M0 (a) and imaginary part, M00 (b) of
dielectric modulus for PSFP
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dependence on electrical conductivity. Electrical conductivity is not unilateral,

because electronic conduction is accompanied by an ionic conduction—due to

triphenylphosphonium pendant groups from the quaternized polysulfone (with 0.46

substitution degree). Plotting the relation between ln r and 103/T (K-1) shows a

smaller slope over the lower temperature range (Fig. 14a), and a large slope over the

higher temperature range (Fig. 14b) for PSFP. Moreover, at lower frequency,

conductivity increases more rapidly with temperature than at higher frequency.

According to literature data [54], the higher slopes correspond to intrinsic

electrical conduction, while slopes decrease at lower temperatures indicates a

reduction in the impurity concentration of samples.

Fig. 12 Double logarithmic plot of electrical conductivity versus frequency at different temperatures, for
PSFP

Fig. 13 Double logarithmic plot of electrical conductivity versus frequency at two temperatures, for
PSFP
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The activation energies at different frequency values were calculated with Eq. 11

[55, 56]:

r ¼ r0 expð�DE=kTÞ ð11Þ

where DE ¼ EG=2 [57] denotes the thermal activation energy of electrical

conduction, r0 is a parameter depending on the polymer nature, k is Boltzmann’s

constant (k = 8.617343 9 10-5 eV/K), and T represents the absolute temperature.

Figure 15 shows approximately the same values of activation energy for different

frequency values over a lower temperature domain and a large variation with

frequency at high temperatures. Consequently, electrical conductivity can be

explained in terms of a band conduction mechanism, through band gap represen-

tation. Thus, the values of gap energy, EG ¼ 2Ea; ranged from 0.05 to 0.09 eV over

the low-temperature domain, and the values of EG ranged from 0.17 to 1.15 eV over

the higher temperature domain, being attributed to the hopping processes

characteristic to semiconductor materials.

Fig. 14 Electrical conductivity versus temperature for PSFP in low (a) and high (b) temperature domains

Fig. 15 Activation energy versus frequency at lower and higher temperature domains
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The values of the thermal activation energy of electrical conduction are different

from those obtained from the optical band gap energy presented in Table 2.

Considering that light emission in the semiconductor is a creation process of

photons, by annihilation of an electron–hole pair, the gap energy obtained from

optical measurements should be higher than EG from conductivity analysis.

Furthermore, the differences between optical and electrical gap energy can be

explained if assuming that the band gap optical energy of the system is related to the

photon energy intensity of the photoluminescence spectra, and that band gap

electrical energy is a consequence of the relaxation process appearing when

temperature is modified.

Conclusions

This article evaluates the opto-electronic properties of a new quaternized

polysulfone obtained by the quaternization reaction of chloromethylated polysulf-

one with triphenylphosphine. An extremely important roles in quaternized

polysulfone applications is played by the control balance between the refractive

indexes of the substructures, for obtaining the desired optical properties. Thus,

knowledge on the optical properties prior to the preparation process is necessary.

Theoretical evaluation of the refractive index shows that the ratio of molar

refraction (proportional to the induced dipole moment) to molar volume for the

different atoms present in the studied samples is reflected in the variation of the

refractive index, and also that such values of the refractive index correspond to

transparent materials. Also, theoretical data of the dielectric constants at visible

wavelength (according to Maxwell law) confirm the lower polarizability of this

sample.

On the other hand, quaternized polysulfone films appear as interesting materials,

because of their transmittance properties:

• the films are transparent, with about 85% transmission over the whole visible

spectral range. The transmission spectra start in the ultraviolet domain, being

slightly different at higher wavelengths;

• the absorption edges of the investigated samples are similar to the typical edges

for amorphous semiconductors, allowing the obtaining of optical parameters.

The sample can be considered as a transparent material, with EG values higher

than 3.26 eV;

• the Urbach edge energy, EU, which is related to the electric fields produced by

charged impurities, and the Urbach tail energy, ET, which characterizes the

localized state induced by the polymer atomic structures, show the influence of

the quaternized polysulfone side groups. Possible structural defects, such as

break, abbreviation, or torsion of the polymer chains seem to be responsible for

the low-energy absorption described by parameter ET.

Dielectric spectroscopy measurements provided information on changes in the

dielectric constant, dielectric loss and AC-conductivity for different frequencies and

temperatures. Due to dielectric dispersion, the dielectric constant decreases with
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increasing frequency. The dielectric loss behavior exhibits two types of relaxation, c
and b, relaxation c being more visible. In the case of c transition, a relatively broad

distribution of the relaxation times and a symmetrical dielectric dispersion is

evidenced.

The linear dependence of conductivity with frequency around room temperature

is due to electronic conduction via a hopping process. Consequently, the electrical

conductivity of studied sample can be explained in terms of band conduction

mechanisms, through band gap representation. The values of thermal activation

energy of electrical conduction are different from the results provided by absorption

spectra, being first a consequence of the electronic transfer mechanism appearing

when changing temperature, and, secondly, a consequence of the absorbed photons,

electrons, and holes generators. In the same time, was observed that the presence of

a peak in the imaginary part of electrical modulus at higher frequency indicates that

ionic conduction is predominant in the structure of the studied polysulfone.

The findings of this study demonstrate that new quaternized polysulfones with

triphenylphosphonium pendant group, with a suitable macromolecular design, may

potentially offer important advantages for membrane applications.
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