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ABSTRACT 
 
The hydrosilylation reaction of 2.4.6.8-tetrahydro-2.4.6.8-tetramethyl-
cyclotetrasiloxane (D4

H) with 2.2.3.3.4.4.5.5-octafluoropentyl acrylate and 
vinyltriethoxy in the presence of platinum catalysts (platinum hydrochloric acid, 
Karstedt’s catalysts and Pt/C (10%) at 80C were carried and corresponding 
addition aduct (D4

R,R‘) were obtained. The synthesized product D4
R,R were analyzed 

by FTIR, 1H, 13C, and 29Si NMR spectroscopy. Sol-gel reactions of D4
R,R doped with 

Lithium trifluoromethylsulfonate (triflate) and lithium bis(triflouromethanesul-
phonyl)imide have been studied and solid polymer electrolyte membranes were 
obtained. Via electrical impedance spectroscopy ion conductivity of solid polymer 
electrolyte membranes were determined. It was shown that ion conductivity of 
polymer electrolyte membranes, depending on the used salts and concentration, 

change in the range of 1.0 × 10
-4 

- 1.9 × 10
-10

 Siemens/cm. 
 
Key words: Hydrosilylation, sol-gel reaction, solid polymer electrolyte, 
membrane, ion conductivity. 

 
 
INTRODUCTION 
 
The wide application of organosilicon polymers in many 
fields of techniques pushed the development of orga-
nosilicon chemistry and increased application-oriented 
researches in above mentioned field. Nowadays, develop-
ment of new and more efficient methods of energy storage 
and conversion is one of the major problems facing 
scientists. This includes the efficient storage of electricity. 
Therefore, development of batteries and other energy 
storage devices with high energy density, low energy losses 
during operation, low cost and long lifetime is one of the 
most important challenges (Muldoon et al., 2015; Sun et al., 
2017; Goodenough and Park, 2013 ). 

Polymer electrolytes (PE) play an important role in 
electrochemical devices such as batteries and fuel cells. To 
achieve optimal performance, the PE must maintain a high 
ionic conductivity and mechanical stability at both high and 
low relative humidity. The polymer electrolyte also needs 
to have excellent chemical stability for long product life and 
robustness. 

According to the prevailing theory, ionic conduction in 
polymer electrolytes is facilitated by the large-scale 

segmental motion of the polymer backbone and primarily 
occurs in the amorphous regions of the polymer electrolyte. 
Crystallinity restricts polymer backbone segmental motion 
and significantly reduces conductivity. Consequently, 
polymer electrolytes with high conductivity at room 
temperature have been sought through polymers which 
have highly flexible backbones and have largely amorphous 
morphology. 

The interest on polymer electrolyte was increased also by 
potential applications of solid polymer electrolytes in high 
energy density solid state batteries, gas sensors and 
electrochromic windows.  

Conductivity of 10-3 S/cm is commonly regarded as a 
necessary minimum value for practical applications in 
batteries (Gray and Armand, 1999). At present, polyethy-
lene oxide (PEO)-based systems are most thoroughly 
investigated, reaching room temperature conductivities of 
10-7 S/cm in some cross-linked salt in polymer systems 
based on amorphous PEO–polypropylene oxide 
copolymers. However, conductivity with such value 
unfortunately   is   low  resulting  from  the  semi  crystalline  
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character of the polymer, as well as from the increase in the 
glass transition temperature of the system. It is widely 
accepted that amorphous polymers with low glass 
transition temperatures Tg and a high segmental mobility 
are important prerequisites, halogen, especially fluorine 
groups for high ionic conductivities. Formation of the grid 
like structures increases the mechanical properties of 
polymer-electrolytes (Grünebaum  et al., 2014; Yue et al., 
2016; Kim et al., 2013).  

It is well established also that lithium ion coordination 
takes place predominantly in the amorphous domain and 
that the segmental mobility of the polymer is an important 
factor in determining the ionic mobility. Great attention 
was pointed to PEO-based amorphous electrolyte obtained 
by synthesis of comb-like polymers, by attaching short 
ethylene oxide unit sequences to an existing amorphous 
polymer backbone. The properties of organosilicon 
polymers depend on the structure of macromolecular 
chains and on the nature of organic groups surrounding the 
silicon atom (Yue et al., 2016). In comb-type copolymers, 
there are different size and nature organic substituent 
groups bonded to the methylsiloxane hydrophobic matrix. 
A wide range of variation of these substituent groups is 
possible. Some organosilicon copolymers contain donor 
groups and exhibit complexing properties (Hicham et al., 
2015; Liu et al., 2017; Boaretto et al., 2016).   

A variety of organic donor groups can be bound to the 
silicon that includes fluorine host groups in the side chain 
of siloxane matrix, which give us possibility to change ion-
conducting properties of polymer electrolyte membranes. 

Comb-type polymers with donor side groups mainly are 
obtained via hydrolytic polycondensation reactions donor 
groups containing diorganodichlorosilanes. The second 
way is modification reactions of industrial product 
polymethylhydrosiloxane (PMHS), via hydrosilylation 
reaction of polymethylhydrosiloxane with C=C bonds 
containing compounds in the presence of platinum 
catalysts (Pt/C, platinum hydrochloric acid, Karstedt’s cata-
lyst) (Tatrishvili et al., 2015), or using dehydrocoupling 
reactions of polymethylhydrosiloxane with hydroxyl- and 
donor groups containing compounds in the presence of 
catalysts. 

The third method of synthesis of comb-type 
polyorganosiloxanes is the hydrosilylation reactions of 
2.4.6.8-tetramethyl-2.4.6.8-tetrahydro-cyclotetrasiloxane 
(methylcyclotri-, -pentasiloxanes) to allyl or vinyl 
containing compounds in the presence of Platinum 
catalysts and then polymerization or copolymerization 
reactions of obtained organocyclosiloxanes in the presence 
of terminating (regulating) agent hexamethyldisiloxane or 
without it, in the presence of nucleophilic catalysts. In this 
case, polyorganosiloxanes with regular arrangement of side 
donor groups are obtained (Mukbaniani et al., 2018). 

The aims of the present study include synthesis of D4
R,R’ 

type methylorganocyclotetrasiloxane with 2.2.3.3.4.4.5.5-
octafluoropentyl    propionate    side    group    as    well    as  

 
 

 
ethylsilyltriethoxy groups (as cross-linking moieties) at 
silicon atoms, determining their structure by FTIR and NMR 
spectroscopy, investigating the sol-gel reaction of this 
compound D4

RR’ to obtain new solid polymer electrolyte 
membranes on the base of lithium salts (CF3SO3Li) or 
lithium bis(trifleurosulphonyl)imide and study their electro 
physical properties. 
 
 
MATERIALS AND METHODS 
 
All synthetic manipulations were carried out under an 
atmosphere of dry dinitrogen gas using standard vacuum 
line Schlenk techniques. All solvents were degassed and 
purified prior to use according to standard literature 
methods: toluene, hexane, and tetrahydrofuran were 
distilled from sodium/benzophenone ketyl. All other 
reagents (Aldrich) were used as received or distilled prior 
to use. 

2.4.6.8-tetrahydro-2.4.6.8-tetramethylcyclotetrasiloxane 
(D4

H), vinyltriethoxysilane, Karstedt’s catalyst 
(Pt2[(VinSiMe2)2O]3) - platinum(0)-1,3-divinyl-1,1,3,3-tetra-
methyldisiloxane complex (2% solution in xylene), 
platinum hydrochloric acid (Aldrich), Pt/C (10%) and 
Lithium trifluoromethylsulfonate (triflate) and lithium 
bis(triflouromethanesulphonyl)imide were purchased from 
Aldrich and used as received. Toluene was dried and 
distilled from sodium under atmosphere of dry nitrogen. 
Tetrahydrofuran (THF) was dried over and distilled from 
K–Na alloy under an atmosphere of dry nitrogen.  
 
 
Characterization 
 
FTIR spectra were recorded on a Nicolet Nexus 470 
machine with MCTB detector. 1H, 13C NMR and 29Si NMR 
spectra were recorded on a Bruker ARX400 NMR 
spectrometer at a 400-MHz operating frequency with CDCl3 
as the solvent and an internal standard. The scanning 
electron microscope investigation and the X-ray  energy 
dispersion microscopy were performed on SEM- Hitachi 
TM3030 Plus devices. Differential scanning calorimetric 
investigation (DSC) was performed on a Netzsch DSC 200 
F3 Maia apparatus. Thermal transitions including glass 
transition temperatures Tg were taken as the maxima of the 
DSC peaks. The heating and cooling scanning rate was 10 
K/min. 
 
 
Hydrosilylation reaction of D4

H with 2.2.3.3.4.4.5.5-
octafluoropentyl acrylate and vinyltriethoxysilane  
 
2.4.6.8-tetrahydro-2.4.6.8-tetramethylcyclotetrasiloxane 
(D4

H) 0.6000 g, (2.4946 × 10-3 mole) were transferred into a 
100 mL flask under nitrogen using standard Schlenk 
techniques. High vacuum was applied to the flask for half an  
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hour before the addition of 2.2.3.3.4.4.5.5-octafluoropentyl 
acrylate 1.3920 g, (7.4753 × 10-3 mole) in 5 ml dry toluene 
and Karstedt’s precatalyst solution (20 µL). The 
homogeneous mixture was degassed and placed into an oil 
bath, which was previously set to 50C and reaction 
continued at 80C. Then 0.4748 g (2.4946 × 10-3 mole) vi-
nyltriethoxysilane in 3 ml dry toluene was added. The 
reaction was controlled by decreasing the intensity of 
active Si-H groups (Mukbaniani et al., 2018). After 
finishing reaction, 0.1 (mas) % activated carbon was added 
and refluxed for 2 h for deactivation of catalysts. All vo-
latiles were removed by rotary evaporation at 50-60C and 
further evacuated under high vacuum for 10 h to isolate 2.3 
g (93.5%) of colorless viscous compound I - 2.4.6.8-
tetramethyl-2.4.6-tris(2.2.3.3.4.4.5.5-octafluoropentyl 
propionate)-8-ethyltriethoxysilane cyclotetrasiloxane 
(D4

R,R’). 
 
FTIR (KBr, cm-1) as: no – Si-H absorption at 2169; 1080 
(SiOSi), 958, 1128 (C-F), 1171 (CO-O), 1270 (Si-C), 1762 
(C=O) and 2800-3100 (C-H) 
(https://en.wikipedia.org/wiki/Infrared; George Socrates, 
2001; Stuart, 2004). 
 
The hydrosilylation reactions in the presence of other 
catalysts were carried out using the same method. 
 

1H NMR (d-DMSO, CCl4), (ppm) : 0.21 (Si-Me), 0.5 
(broadened m, –CH2-Si(OEt)3;  1.2 (m, Si-CH2- anti-
Markovnikov addition); 0.9, 1.6 (m, =CH-CH3 Markovnikov 
addition); 0.9, 1.60 (m, =CH-CH3); 1.64, 2,6 (m, =CH-CH3); 
2.4 (m, CH2-O) overlaps with signals of methin =CH-CH3 

groups; 3.7 (m, Si-O-CH2); 4.7 (t, CH2-CF2); 6.0 – 6.8 (t, 
CF2H). 13C NMR (d-DMSO, CCl4), (ppm): -1.98 (Si-CH3), -3.6 
(=CH-CH3). Signals: 1.49, 7.9, 8.8, 18.2, 26.6, 27.1, 58.4,107, 
107.8 and 173 correspond to carbon atoms in the groups -
OCH2-CH3, CH-CH3, =CH-CH3, SiCH2CH2-, -CH2CO-, -CO-CH2-
CF2-,  -OCH2CH3, -CF2-, -CHF2 and C=O groups accordingly. 
29Si NMR (ppm): -18.6-20.4. -46.0 - -57.0, -66.5 for D and T 
fragments (Mukbaniani et al., 2018; Lin et al., 2002). 
 
 
General procedure for preparation of cross-linked 
polymer electrolytes 
 
The 1.0 g of the base compound I was dissolved in 4 mL of 
dry THF and thoroughly mixed for half an hour. After the 
required amount of lithium triflate from the previously 
prepared stock solution in THF was added to the mixture, it 
was stirred continuously for further 1 h. The mixture was 
then poured onto a Teflon mould with a diameter of 4 cm, 
then catalytic amount of acid (one drop of 0.1 N HCl 
solutions in ethyl alcohol) was added to initiate the cross-
linking process and solvent was allowed to evaporate 
slowly overnight. Finally, the membrane was dried in an 
oven at 70C for 3 d and at 100C for 1 h. Homogeneous and  

 
 
 
transparent films with average thickness of 200 m were 
obtained in this way. These films were insoluble in all sol-
vents, only swollen in THF. 
 
 
Ac impedance measurements 
 
The total ionic conductivity of samples was determined by 
locating an electrolyte disk between two 10 mm diameter 
brass electrodes. The electrode/electrolyte assembly was 
secured in a suitable constant volume support which 
allowed extremely reproducible measurements of conduc-
tivity to be obtained between repeated heating–cooling cyc-
les. The cell support was located in oven and the sample 
temperature was measured by thermocouple positioned 
close to the electrolyte disk. The bulk conductivities of 
electrolytes were obtained during a heating cycle using the 
impedance technique (Impedance meter BM 507 –TESLA 
for frequencies 50 Hz-500 kHz) over a temperature range 
between 30 and 90oC  
 
 
Introduction 

 
For obtaining of D4

R,R‘ type compounds with 
octafluoropentyl propionate and ethyltriethoxy side 
groups, we studied the hydrosilylation reaction of 2.4.6.8-
tetrahydro-2.4.6.8-tetramethylcyclotetrasiloxane (D4

H) 
with 2.2.3.3.4.4.5.5-octafluoropentyl acrylate and 
vinyltriethoxysilane at 1:3:1 ratio of initial compounds in 
the presence of platinum catalysts (platinum hydrochloric 
acid, Karstedt’s catalysts and Pt/C) at various 
temperatures.  

Preliminary heating of initial compounds in the 
temperature range of 6090C in the presence of catalyst, 
showed that under these conditions, polymerizations of 
2.4.6.8-tetrahydro-2.4.6.8-tetramethylcyclotetrasiloxane, 
2.2.3.3.4.4.5.5-octafluoropentyl acrylate, break in siloxane 
backbone, or elimination of methane do not take place. 
Besides, there are no changes in the NMR and FTIR spectra 
of a 2,2,3,3,4,4,5,5-octafluoropentyl acrylate and 2.4.6.8-
tetrahydro-2.4.6.8-tetramethylcyclotetrasiloxane. By gas-
liquid chromatography, it was established that the poly-
merization of 2,2.3.3.4.4.5.5-octafluoropentyl acrylate and 
2.4.6.8-tetrahydro-2.4.6.8-tetramethylcyclotetrasiloxane in 
this condition does not proceed. The reaction proceeds as 
shown in Scheme 1. 

The obtained organocyclotetrasiloxanes I is transparent, 
viscous product well soluble in ordinary organic solvents. 
The structure and composition of obtained compound was 
determined by elemental analysis, molecular mass, 
molecular refraction, FTIR, 1H, and 13C NMR spectra data. 
 
*Molecular refraction- In numerator calculated values, - 
denominator found values 
**Molecular masses were determined via ebullioscopy
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method.  
 
The hydrosilylation reaction was controlled by decrease of 
amount of active Si-H bonds in the time via FTIR 
spectroscopy. By the completion of the reaction, we 
considered, in the case of complete disappearance of the 
signal at 2160-2170 cm-1. It was studied that catalyst 
activity decreases in the range Karstedt’s catalysts  
H2PtCl6 > Pt/C. 

Via sol-gel reaction of compound I - 2.4.6-
tris(2,2,3,3,4,4,5,5-octafluoropentyl propionate)-8-
ethyltriethoxysilane-2.4.6.8-tetramethylcyclotetrasiloxane 
doped with 1-2 drop of hydrogen chloride solution in 
ethanol at room temperature, thin transparent film II was 
obtained. In the FTIR spectra of compound III, one can 
observe the same signals which are observed in compound 
II. Sol-gel reaction proceeds as shown in scheme 2. 

The morphology of the surface of the membrane II (2) 
(10% -CF3SO3Li salt), via scanning electron microscope and 
the X-ray energy dispersion microscopic method is 
examined. Figure 1 clearly shows more or less smooth and 
uniform surface morpology. This smooth morphology 
confirms the complete amorphous nature of PE membrane 
and complete dissolution of the lithium salt. The image 
shows the dispersion of the fillers and it also contains small 
pore entrapping the ionic liquid which assists for fast ionic 
motion.  From the pictures, a well visible amorphous layers 
of lithium salts givie rise to high ionic conductivity. 

By X-ray energy dispersion microscopic method it was 
shown that approximately homogeneous composition of 
the obtained membranes. Investigation of the electric 
conducting properties of the membranes showed that these 
membranes conductivity essentially depends both on type 
of the salts and concentration of them (Table 1). Here the 
peculiarity of the obtained materials is manifested. By 
increasing the salt concentration, the conductivity increases 
also, but till definite concentrations, higher of which the 
conductivity bypassing the maximum gradually decreases 
and at more high concentrations remained unchanged. It 
was concluded (Mukbaniani et al., 2018; Rossi and West, 
2009; Snyder et al., 2003), that such character of the 
concentration dependence of the membranes with Li-salts 
is due to formation of so called ion pairs connecting each 
other by quantum- mechanical forces of interactions 
between ions in triplet state. Such pairs move in the 
polymer matrix through the intermolecular space but with 
less mobility than that characterized for mono-ions. In our 
case, such maximum often coincides on the salt concen-
tration near 10 wt %.   

From the data in Table 1, one can observe also other 
peculiarities. First of all, the comparison of the conductivity 
of the membranes containing two different salts CF

3
SO

3
Li 

and (CF
3
SO

2
)

2
NLi shows very great difference between 

numerical values of conductivity of the membranes 
containing 5 wt % of these salts (on 4 orders). This fact can 
be   explained   in   terms   of  structural  peculiarities  of  the  

 
 

 
investigated membranes.  Here one of the important 
meaning have the values of interactions of two types: 1) 
between salt molecules and 2) between salt molecules and 
polymer electrolyte molecules. In the first case, owing to 
the relatively strong interactions between salt molecules, 
the lasts favor to create associates, which can decrease the 
molecules actively participating in the charge transfer 
processes. This phenomenon will be additively enhanced if 
the interactions between heterogeneous phases are weak 
as compared with interactions between salt molecules. It 
can be said that in the case of the first membrane, the 
molecules of the CF

3
SO

3
Li participates in the conducting 

processes partially and, consequently, the conductivity of 
such membranes will be relatively low. Vice versa, in the 
case of more weaker interactions between salt molecules at 
more stronger interactions between heterogeneous phases, 
the concentration of ions would be relatively higher and, 
consequently, the membrane conductivity would be higher 
as compared the with membranes containing first salt. 

It can be proposed that the second salt did not create the 
associates or conglomerates and is distributed in polymer 
matrix more homogeneously than the first one. Although at 
more high concentrations of these salts the noted difference 
in conductivity practically disappears. However the ten-
dency of noted difference (although little) between 
conductivity values for membranes containing salt I and 
salt II is saved to some extent at more higher 
concentrations of these salts.  

More deep consideration of the specific volumetric 
electric conductivity of membranes containing two 
different salts show that because of the difference in salt 
molecule specific weights (first salt is lighter than second 
one) and consequently difference in the mobility (in favor 
of the first), the general conductivity of membranes 
containing salt I is characterized by more conductivity to 
some extent (compare the corresponding values of the 
conductivity of membranes containing salts I and II 
according to Table 1). 

The temperature dependences of membranes 
conductivity (in Arrhenius coordinates) reflect the well 
known type curves for the analogical functions and reflect 
the phenomenon of increasing conductivity of membranes 
because of the increasing intensity of charge transfer of 
ions in the polymer matrix as a result of the enhancement 
of electrons mobility at increased temperatures (Figures 2 
and 3). However, comparison of increasing character of the 
membrane conductivity of these membranes shows that in 
the case of membrane with 5wt % temperature dependence 
covers more wider temperature interval than other 
membranes, which indicates the passing of redistribution of 
ion salts molecules in more wider temperature range than 
other types of membranes. 

The dependence of the electric current on the voltage 
(voltammograms or volt-amper characteristics) strongly 
depends on the specific volumetric electric conductivity of 
the  samples -  the  more  their  conductivity, the  higher  the  
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Table 1: Some physical chemical properties of organocyclotetrasiloxane. 
 

# Compound Yield, % nD20 d420 M*RD M** 

1 

 

93.5 1.4142 1.3772 183.27 

183.00 

988.0 

1020 

 
 

  
 

Figure 1: SEM micrographs of PE membrane II(2)- 10% CF3SO3Li 
(spectrum 1). 
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Figure 2: Temperature dependence of the electric 
conductivity of membranes II (1-4). and salt CF3SO3Li at 
concentrations 5 (1), 20 (2), 15 (3) and 10 wt % (4). 
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Figure 3: Temperature dependence of the electric 
conductivity of membranes II (5-8) and salt 
(CF3SO2)2NLi at concentrations 5 (1), 20 (2), 15 (3) 
and 10 wt % (4). 
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Figure 4: Volt-ampere characteristics of the 
membranes II (1-4) and salt CF3SO3Li at concentrations 
20 (1), 15 (2), and 10 wt % (3).  

 
 
boundary values of saturation currents in membranes 
(Figures 4 and 5). 

Figures 4 and 5,  which show the changes of electric 
current at increasing voltage, one can observed that the 
membranes containing 5 and 20 wt % of the salts elapsed 
very weekly as compared with membranes containing  10 
and 15 wt % of the salts. This is due to two different 

phenomena: 1) availability of low concentration of the 
charge carriers and 2) elucidation of ion pairs with low 
mobility as compared with single ions. Probably the more 
high significances of electric current at increasing voltage is 
due to availability of the more sufficient amount of charge 
carriers at simultaneously absence of formation of the ion 
pairs in the polymer matrix.   
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Figure 5: Volt-ampere characteristics of the membranes 5 
(1), 20 (2), 15 (3) and 10 wt % (4). 
II (5-8) and salt (CF3SO2)2NLi  at  concentrations 

 

 
Table 2: Electric conductivity of the solid polymer electrolyte membranes. 
 

# 
PE  

Membrane II 
Salt 

Salt, 
% 

Specific volum. electric 
resistance at 25C, Ohm 

× cm 

Specific volum. electric 
conductivity at 25C, 

Siemens/cm 

Specific volum. electric 
conductivity at 90C, 

Siemens/cm 

1 II(1) CF3SO3Li 5 5.4 ×109 1.9 ×10-10 9.1 ×10-9 

2 II(2) CF3SO3Li 10 4.1 ×105 2.4×10-6 1.0 ×10-4 

3 II(3) CF3SO3Li 15 3.3 × 106 3.0 ×10-7 7.3 ×10-5 

4 II(4) CF3SO3Li 20 5.0 ×106 2.0 × 10-7 8.2 ×10-6 

5 II(5) (CF3SO2)2NLi 5 5.2 ×105 1.9 × 10-6 1.4×10-5 

6 II(6) (CF3SO2)2NLi 10 2.8 ×105 3.6 ×10-6 7.2 × 10-5 

7 II(7) (CF3SO2)2NLi 15 1.2 × 106 8.3 ×10-7 7.8 × 10-6 

8 II(8) (CF3SO2)2NLi 20 2.1× 106 4.8 × 10-7 3.1 × 10-6 

 
 
 
 
Conclusions 
 
The hydrosilylation reaction of 2.4.6.8-tetrahydro-2.4.6.8-
tetramethylcyclotetrasiloxane (D4

H) with 2.2.3.3.4.4.5.5-
octafluoropentyl acrylate and vinyltriethoxy in the 
presence of platinum catalysts at 800C was carried and the 
corresponding addition adduct (D4

R,R‘) was obtained. Sol-gel 
reactions of D4

R,R‘ doped with Lithium trifluoromethylsulfo-
nate (triflate) were studied and solid polymer electrolyte 
membranes were obtained. 

The membranes conductivity increases at start with 
increasing salt concentration (the number of the charge 
carriers increases), but at more higher concentrations, a 
second process - decreasing conductivity of membranes 
was observed and consequently the dependence of 

conductivity on salt concentration was maximum. The 
decreasing membrane conductivity to some extent at 
relatively high concentrations of the salt is due to formation 
of so-called ion pairs, mobility of which was lower than for 
mono-ions, resulting in membranes conductivity decreases. 
The temperature dependences of membranes conductivity 
(in Arrhenius coordinates) reflect the well known type 
curves for the analogical functions and reflect the 
phenomenon of increasing conductivity of membranes 
because of increasing intensity of charge transfer of ions in 
the polymer matrix as result of the enhancement of 
electrons mobility at increased temperatures. The character 
of the voltamograms of these electrolytes corresponds to 
the value of conductivity of the electrolytes – the higher the 
conductivity, the higher the specific electric current in these  
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materials.    
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