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This book provides coverage of new research in polymer science and 
engineering with applications in chemical engineering, materials science, 
and chemistry. In addition to synthetic polymer chemistry, it also looks 
at the properties of polymers in various states (solution, melt, solid). The 
chapters provide a survey of the important categories of polymers, includ-
ing commodity thermoplastics and fibers, elastomers and thermosets, and 
engineering and specialty polymers. Basic polymer processing principles 
are explained as well as in-depth application of the latest polymer applica-
tions in different industrial sectors. This new book systematically reviews 
the field’s current state and emerging advances. With contributions from 
experts from both the industry and academia, this book presents the latest 
developments in polymer products and chemical processes. It incorporates 
appropriate case studies, explanatory notes, and schematics for more clar-
ity and better understanding.

This new book:
•	 familiarizes readers with new aspects of the techniques used in the 

examination of polymers, including chemical, physicochemical, 
and purely physical methods of examination;

•	 gives an up-to-date and thorough exposition of the present state of 
the art of polymer chemistry;

•	 features a collection of articles that highlight some important areas 
of current interest in polymer products and chemical processes;

•	 describes the types of techniques now available to the polymer 
chemist and technician, and discusses their capabilities, limita-
tions, and applications; and

•	 provides a balance between materials science and mechanics 
aspects, basic and applied research, and high-technology and high-
volume (low-cost) composite development.
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ABSTRACT

Polyalkylacrylates with a narrow polydispersion were synthesized with 
RAFT polymerization of butyl acrylate or 2-ethylhexylacrylate using 
novel S-alkylarylthiophosphate type chain transfer agents. Well-defined 
polyalkylarylacrylates with a wide range of controlled molecular weight 
and narrow polydispersity (1.22 < Mw/Mn < 1.42) were obtained. Results 
indicate that the new S-alkylarylthiophosphate type chain transfer agents 
are effective for controlled/living RAFT polymerization of acrylates with 
different alkyl groups and polymerization process is well controlled. A lin-
ear increase of molecular weight occurred with respect to conversion and 
the polydispersity was relatively low.

Synthesized polyalkylacrylates with narrow polydispersity were suc-
cessfully tested as a viscosity additive to base motor oils.

1.1  INTRODUCTION

Controlled free radical polymerization is a convenient and versatile tech-
nique to synthesize polymers with a controlled molecular weight, narrow 
polydispersity and designed architecture. The majority of this work in 
the literature has been carried out on nitroxide mediated polymerization 
(NMP) [1, 2], Atom transfer radical polymerization (ATRP) [7] and RAFT 
polymerization [4–12] to form narrow polydispersity polymers or copo-
lymers from most monomers amenable to radical polymerization. Over 
the past few years it has been demonstrated that polymerization through 
reversible addition–fragmentation chain transfer (RAFT) is an extremely 
versatile process. RAFT polymerization is a relatively simple method-
ology that can be used to polymerize a wide range of monomers under 
various conditions. It is possible to obtain high conversion and to achieve 
commercially acceptable polymerization rates via RAFT polymerizations. 
The chain transfer agent (CTA) plays an essential role to accomplish suc-
cessful polymerization, because the key feature of RAFT is the sequence 
of addition-fragmentation equilibration involving chain transfer agents. 
Reported difficulties with RAFT polymerization (such as, retardation and 
poorer than expected control) are frequently attributable to inappropri-
ate choice of CTA for the monomer(s) and/or reaction conditions. CTAs 
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that perform well under a given set of circumstances are not necessarily 
optimal for all circumstances. In order to guide the selection and design of 
CTAs for RAFT polymerization of various monomers (exactly, alkyl acry-
lates), relative reactivity’s of different functional groups were investigated 
by our group at the Institute of Petrochemical Processes of Azerbaijan 
National Academy of Sciences (IPCP of ANAS).

Polyalkylacrylates are important functional materials because of their 
useful viscosity properties when added to base motor oils.

1.2  EXPERIMENTAL PART

High purity monomers, butyl acrylate (BA) and 2-ethylhexylacrylate 
(EHA), were purchased from Sigma and used without further purifica-
tion. Initiators, benzoyl peroxide (BP), dicumylperoxide (DCP), and dini-
trileazo (bis) isooilacid (DAA), were also were purchased from Sigma and 
used after recrystallization from isopropanol.

As chain transfer agents, S-alkylarylthiophosphates were used and 
synthesized by the reaction of O,O-diphenyl-S-toluildithiophosphate and 
O-butyl-toluil- or 3,5-di-tert-butyl-4-hydroxyphenyl-xynthogenate, with 
the following chemical structures:

In the polymerization reaction, toluene, benzene and p-xylene were 
used as solvents. The general procedure was as follows: an ampule tube 
was filled with RAFT-1 benzoyl peroxide and p-xylene. The tube was 
purged with argon for 15 min to remove oxygen in the solution, sealed 
with argon and then placed into an oil bath at the desired polymeriza-
tion temperature. The polymerization was stopped after a desired period 
of time by cooling the tube under cold water. Afterwards, the tube was 
opened. The contents were transferred and dissolved in tetrahydrofuran 
(THF), and precipitated via the addition of a large amount of methanol. 
The conversion of monomer was determined gravimetrically.
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Molecular weights and the molecular weight distributions were  
measured using Waters 1515 GPC with THF as the mobile phase and at a 
column temperature of 30°C. Polystyrene standards were used to calibrate 
the columns.

IR spectrum was recorded by the means of a Nicholet NEXUS 670 
instrument between 400 cm–1 to 4000 cm–1 wave numbers, using a film 
prepared with KBr, received from THF or toluene solution.

1.3  RESULTS AND DISCUSSION

We have investigated the effects of different initiators, CTAs and solvents 
on RAFT polymerization of butyl- and 2-ethylhexyl-acrylates. The results 
of the experiments are presented in Table 1.1.

As seen in Table 1.1, without CTA, BA-monomer polymerizes with BP 
(Exp. 1), DCP (Exp. 4), and DAA in p-xylene solvent to a high molecu-
lar weight of poly-BA and yield of 85–95%. But the obtained polymers 
have wide range molecular weight distribution, MWD of 2.8–4.2. This is 
observed also in 2-EHA polymerization (Exp. 10, 13, 16). Polymer yield 
was 90–96% and MWD was 2.5–4.5.

In the presence of various CTAs, BA polymerizes to poly-BA with 
a yield of 65–96% and narrow MWD of 1.35–1.18 both in toluene and 
p-xylene solutions (Exp. 2, 3, 5, 6, 8, 9). The same results were obtained in 
the polymerization of 2-EHA. In toluene and p-xylene solution when using 
BP, DCP, and DAA, the yield of poly-2-EHA was in the range of 82–98% 
with a narrow MWD of 1.20–1.33. The results showed that synthesized 
S-alkylarylthiophosphates are effective chain transfer agents (CTAs) for 
the polymerization of butyl- and 2-ethylhexyl-acrylates in order to obtain 
narrow polydispersity.

Experimental results of different CTAs types, concentrations, reaction 
temperatures, and reaction times, which effect RAFT polymerizations of 
BA and 2-EHA, are presented in Tables 1.2 and 1.3.

Reaction concentrations: [M] = 2.0 mol/L; [I]=1.0×10–3 mol/L, 
[CTA-1] = 5.0×10–3 mol/L, reaction temperatures of T = 70°C and reaction 
times of τ = 6 h CTA-1 allow for the production of polybutylacrylate with 
the yields of 80%, molecular weights (Mn) of 85,000, and polydispersity 
(Mw/Mn) of 1.15.
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TABLE 1.1  Effects of Initiators, CTAs and Solvents Types on RAFT Polymerization of Butyl- and 2-Ethylhexyl-Acrylates

№ Monomer, 
M

Initiator, 
I

CTA Solvent [M],  
mol/L

[I]×103,  
mol/L

[CTA]×103, 
mol/L

T, °C Reaction 
time, 
hours

Polymer 
yield, 
%

Mn×10–3 Mw/Mn

1 BA BP - p-xylene 2.0 5 0 80 6 95 85 2.80
2 “—” BP CTA-1 toluene 2.0 5 10 60 6 75 66 1.35
3 “—” BP CTA-2 p-xylene 3.0 10 50 90 12 96 85 1.23
4 “—” DCP - p-xylene 2.0 5 0 120 6 88 65 3.50
5 “—” DCP CTA-3 toluene 3.0 1 5 120 6 80 54 1.22
6 “—” DCP CTA-1 p-xylene 2.0 5 10 130 12 93 72 1.24
7 “—” DAA - p-xylene 2.0 5 0 70 6 85 100 4.20
8 “—” DAA CTA-2 toluene 1.0 1 10 65 6 65 65 1.18
9 “—” DAA CTA-3 p-xylene 3.0 5 10 80 12 90 95 1.20
10 2-EHA BP - p-xylene 2.0 5 0 80 6 96 86 2.50
11 “—” BP CTA-3 toluene 3.0 5 50 90 6 88 60 1.20
12 “—” BP CTA-2 p-xylene 3.0 10 10 70 12 95 92 1.31
13 “—” DCP - p-xylene 2.0 5 0 120 6 92 115 3.10
14 “—” DCP CTA-1 toluene 3.0 10 50 115 6 82 95 1.25
15 “—” DCP CTA-2 p-xylene 2.0 5 10 130 12 94 82 1.32
16 “—” DAA - p-xylene 2.0 5 0 70 6 90 118 4.50
17 “—” DAA CTA-3 toluene 2.0 1 5 70 6 86 65 1.28
18 “—” DAA CTA-1 p-xylene 2.0 5 10 80 12 98 88 1.33
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TABLE 1.2  Effects of CTA Type, Concentration, Reaction Temperature and Reaction Time on RAFT Polymerization of Butyl Acrylate 
(Reaction Conditions: [M]= 2.0 mol/L; initiator (I) – benzoyl peroxide; solvent –p-xylene)

№ [I]×10
3
, 

mol/L
CTA [CTA]×10

3
, 

mol/L
Temperature,  
°C

Reaction 
time, hours

Polymer 
yield, %

Mn×10–3 Mw/Mn

1 1.0 CTA-1 5.0 70 6 80.0 85.0 1.15

2 5.0 CTA-1 10.0 80 6 85.0 79.0 1.20

3 1.0 CTA-2 5.0 70 6 90.0 81.5 1.25

4 10.0 CTA-2 50.0 90 6 82.0 75.0 1.12

5 1.0 CTA-3 5.0 70 6 93.0 71.0 1.18

6 1.0 CTA-3 10.0 90 1 42.0 1.2 1.65

7 1.0 CTA-3 10.0 90 3 70.0 40.0 1.37

8 1.0 CTA-3 10.0 90 6 85.0 58.0 1.25

9 1.0 CTA-3 10.0 90 12 92.0 66.0 1.24

10 1.0 CTA-3 10.0 90 24 98.0 73.0 1.23

11 1.0 CTA-3 10.0 90 36 99.0 74.0 1.22
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TABLE 1.3  Effects of CTA Type, Temperature, and Reaction Time on RAFT Polymerization of 2-Ethylhexylacrylate 
(Reaction Conditions: [M] = 2.0 mol/L; initiator, I – benzoyl peroxide; solvent –p-xylene

№ [I]×10
3
, 

mol/L
CTA [ CDA]×10

3
, 

mol/L
Temperature,  
°C

Reaction time, 
hours

Polymer 
yield, %

Mn×10–3 Mw/Mn

1 5.0 CTA-1 5.0 70 6 85.0 95.0 1.80

2 5.0 CTA-1 10.0 80 6 75.0 32.5 1.55

3 5.0 CTA-1 50.0 90 6 65.0 25.0 1.32

4 1.0 CTA-2 2.5 70 6 80.0 40.5 1.60

5 10.0 CTA-2 50.0 90 6 72.0 30.0 1.33

6 5.0 CTA-3 10.0 80 6 80.0 35.0 1.35

7 10.0 CTA-3 50.0 90 1 50.0 1.6 1.42

8 10.0 CTA-3 50.0 90 3 65.0 19.0 1.32

9 10.0 CTA-3 50.0 90 6 75.0 30.0 1.28

10 10.0 CTA-3 50.0 90 10 90.0 46.0 1.25

11 10.0 CTA-3 50.0 90 20 95.0 51.0 1.24
12 10.0 CTA-3 50.0 90 36 99.0 55.0 1.23
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Under the same conditions, CTA-2 and CTA-3 allow production 
of polybutadiene with the yields of 90% and 93%, molecular weights 
(Mn) of 81,500 and 71,000, and polydispersities of 1.25 and 1.18, 
respectively.

In the presence of CTA-3, an increase in reaction time from 1 to 36 h 
results an increase of polybutylacrylate yield from 42.0% to 99.0%. This 
results in an increase in molecular weight of the polymer from 1200 to 
74,000 and a decrease of molecular weight distribution (Mw/Mn) from 
1.66 to 1.22. As can be seen in Figure 1.1(a), the molecular weight of the 
polymer increases linearly with monomer conversion.

The same results were received in the polymerization of 
2-ethylhexylacrylate (Table 1.3). The molecular weight increases linearly 
with conversion and the molecular weight distributions remain relatively 
low after 65% conversion of monomer, indicating that the polymeriza-
tion remained controlled (Figure 1.1). Results consistent with living-type 
polymerization with fast initiation and little to no termination were obtained 
at lower temperatures. The molecular weight distributions obtained 
were narrower (1.22 < Mw/Mn < 1.42) with a higher initiator efficiency 
(Tables 1.2 and 1.3).

The collective results shown demonstrate that the new 
S-alkylarylthiophosphate type chain transfer agents are effective for the 
controlled/living RAFT polymerization of acrylates with different alkyl 
groups.

FIGURE 1.1  Molecular weight/conversion data for the polymerization of butyl- (a) and 
2-ethylhexyl-acrylates (b) RAFT polymerization with synthesized novel CTAs.
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1.4  CONCLUSION

The newly synthesized S-alkylarylthiophosphate type chain transfer 
agents were investigated in the RAFT polymerization of butyl- or 
2-ethylhexyl-acrylates initiated by benzoyl peroxide in p-xylene. Well-
defined polyalkylarylacrylates with a wide range of controlled molecu-
lar weights and narrow polydispersities (1.22< Mw/Mn< 1.42) were 
obtained. The polymers were characterized by FTIR and GPC. The molec-
ular weight increases linearly with conversion and the molecular weight 
distributions remained relatively low after 65% conversion of monomer, 
indicating that the polymerization was controlled. Results consistent with 
living-type polymerization with fast initiation and little or no termination 
were obtained at lower temperatures. The collective results shown dem-
onstrate that the new S-alkylarylthiophosphate type chain transfer agents 
are effective for the controlled/”living” RAFT polymerization of acrylates 
with different alkyl groups.

Various narrow molecular weight distribution polyalkylarylacrylates 
were successfully tested as a viscosity additive in base motor oils.

KEYWORDS
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•• chain transfer agent

•• narrow polydispersity

•• RAFT polymerization

•• S-alkylarylthiophosphates
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ABSTRACT

The vinylcyclopropanes (VCP) with various polar and non-polar, cyclic 
and non-cyclic, vicinal and geminate substituents in cyclopropane ring 
containing methyl group and chlorine atoms in double bond and in three-
membered cycle have been synthesized and characterized. Their reactivity 
in the processes of radical polymerization has been established. The model 
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addition reaction of thiophenol to the synthesized VCP has been carried 
out and it has been shown that the addition reaction as well as polymeriza-
tion proceeds on scheme of 1.5-addition, that is, opening of cyclopropane 
ring. It has been revealed the nature influence of functional substituent on 
polymerization ability and properties of the prepared polymers. It has been 
shown that the synthesized VCPs are of interest as the reactive monomers 
for preparation of polymers with specific properties and the adducts pre-
pared on their basis possess biological activity.

2.1  INTRODUCTION

The chemistry of vinylcyclopropane (VCP) is essentially unstudied field 
of organic and polymer chemistry, and therefore, is of large interest for 
theory and practice. On the basis of these compounds one can prepare 
practically valuable materials for development of economy of the country. 
They can be used as the biologically active substances (insecticides for 
agriculture), reactive monomers, especially during synthesis of polymers 
with technically valuable properties (resistance materials for microelec-
tronics), semiproducts, synthones (as “building blocks”) for synthesis of 
compounds of more complex structure (pheromones, prostaglandins, syn-
thetic analogs of natural pyretroids), as the active additions to polymer 
materials, etc.

One of the main problems of the polymer chemistry recently is the 
preparation of functional polymers or they possess unique properties and 
are used in various fields of science and technique.

In this work the results of the investigations prepared during synthe-
sis and radical polymerization of a series of derivatives of VCP have 
been presented. The functionally substituted VCPs, which are charac-
terized by high tension of cycle and are easily subjected to the polym-
erization with ring-opening were chosen as the object [1]. The synthesis 
of functionally substituted VCPs has been carried out by cyclopropa-
nation one of two double bonds of conjugated diene hydrocarbons by 
various carbenes generated both in catalytic conditions in the presence 
copper salts and in interphase conditions in the presence of Makoshi 
catalyst [2, 3].
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2.2  EXPERIMENTAL PART

2.2.1  MATERIALS

All used reagents and solvents have been preliminarily purified according 
to the standard methods.

2.2.2  TECHNICS

The IR-spectra of the synthesized monomers and polymers and also 
adducts were taken on apparatus “Specord M-80” in the field of prisms 
KBr, NaCl, LiF as the thin films. The NMR-spectra were taken on spec-
trometers BS-487 B of “Tesla” (80 MHz) in various solvents (internal 
standard – hexamethyldisiloxane). The isomer composition and purity of 
the synthesized compounds were determined by the methods of thin-layer 
and gas-liquid chromatography. The characteristic viscosities of the poly-
mer products were determined in Ostwald viscosimeter. The molecular 
weights were determined by a method of analytical ultracentrifugation 
according to the data of gel-permeating chromatography. The photosen-
sitive characteristics of polymers were investigated by a method of irra-
diation of surface of the sample by quartz lamp DPT-220. The biological 
activity of the synthesized compounds was studied by disk and emulsion-
contact methods on strains of some microorganisms.

2.2.3  SYNTHESIS

The synthesis of ethyl esters of vinylcyclopropane carboxylic acids was 
carried out by interaction of conjugated dienes (divinyl, isoprene and 
chloroprene) with ethyldiazoacetate in the catalytic conditions in the 
presence of anhydrous copper salts (sulphuric or chloride) on methodol-
ogy described in Ref. [3], and acids and alcohols have been prepared by 
saponification [4] and reduction [5] of the corresponding esters. Allyl, 
glycidyl and alkoxymethyl derivatives have been prepared by stan-
dard methods from corresponding acids and alcohols. The synthesis of 
1,1-dichlorsubstituted VCPs was carried out by cyclopropanation of the 
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corresponding diene by dichlorcarbene in the conditions of interphase 
catalysis. The synthesis of adducts of substituted VCPs with thiophenol 
was carried out on [6].

The polymerization of VCP was carried out in sealed ampoule in solu-
tion in the presence of initiator (AIBN) in the range of 60–70°C.

For determination of photosensitive characteristics of the prepared 
polymers from each polymer three solution with various concentrations 
was made. The solutions of resists were applied on glass substrates by 
centrifugation at 2500 revolutions per minute. The thickness of the pre-
pared films was 0.30–0.45 mcm. The drying of resists was carried out in 
optimal conditions at 80°C for 20 min. The light intensity was measured 
by radiation thermoelement RTN-10C. The irradiated films were sustained 
in developer (mixture of dioxane with isopropyl alcohol at ratio 1:2) for 
2 min and were again dried.

The investigations on revealing of biological activity of VCPs synthe-
sized by us and their adducts with thiophenol were carried out by emul-
sion-contact and disk methods on test-strains: Staphylococcus aureus, 
Escherichia coli, Candida albicans, Aspergillus niger, bacillus serratia 
(anthracoid).

The emulsion-contact method was carried out in Petri dishes with agar 
on emulsions of test-cultures with content in 1 mL 500 mln microbial bod-
ies. The content of studied substance – 0.001 in 0.1 mL of 1%-solution 
(1:2000). The dishes were placed into thermostat for 24 h at temperature 
34°C, on the expiry of this time the result was noted.

Disk method. A disk by diameter of 1 cm made from filter paper and 
impregnated by studied substance was applied on surface of agar. After 
24 h incubation in thermostat at 37°C the sizes of zones of delay of bacte-
ria growth around of disks was measured.

The modifying action of some synthesized monomers and oligomer 
products prepared from them was studied using them in compositions on 
the basis of polyester and epoxy diane resin in various quantities. The 
hardening was carried out for 16 h at room temperature, 2 h – at 60°C, 
2 h – at 80°C and 2 h – 120°C. The initiating system for curing of polyes-
ter composition was the mixture of isopropyl benzene hydroperoxide with 
cobalt naphthenate and for hardening of epoxide composition was used 
polyethylene polyamine.
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2.3  RESULTS AND DISCUSSION

With the aim of establishment of dependence between structure of VCP 
and their behavior in free-radical reactions of addition and polymerization 
and also preparation of polymers on the basis of compounds containing 
two types of substituents – double bond and functional group, 2-substi-
tuted (mono- and di-) VCPs were chosen as the possible initial monomers.

The interaction of ethoxycarbonyl-, diethoxycarbonyl- and dichloro-
carbenes with symmetric and asymmetric conjugated diene hydrocarbons 
was chosen as the reaction for synthesis of intended VCPs:

:CXY x
R1

R2
y

R1

R2

y = H; x = CO2R; CH2OR (R = Me; Et; Gly; All)

x = y = CO2R; CH2OR; x = y = Cl (R1 = R2 = H; Me; Cl)

It has been shown that cyclopropanation of diene hydrocarbons of 
symmetric structure of ethoxycarbonylcarbene leads to the formation only 
mixture of cis- and trans-isomers while in use of diene hydrocarbons of 
asymmetric structure along with geometric isomers the position isomers 
are formed [4]:

2

2
2

CO Et

:CHCO Et

R

R

CO EtR
+

In establishing of structure of the synthesized compounds the chemi-
cal shifts of signals of protons of methyl groups connected with double 
bond and three-membered cycle (in the first case a resonance of protons 
of methyl groups occurs in more weak fields) have been considered. 
Depending on location of methyl groups – in double bond or in three-
membered cycle – integral intensities of signals of olefin and cyclopro-
pane protons are strongly differed.
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In establishing of geometry of individual stereoisomers the chemical 
shifts of separate protons of cyclopropane ring and character of their spin-
spin interaction have been taken into account [7].

The structural attributions made for stereoisomer VCPs on the basis of 
the spectral data have been completely confirmed by some chemical con-
versions: favorable location in a space of double bond and carbonyl group 
in cis-isomers allowed in the presence of mineral acids to transfer them 
to the corresponding lactones (or perlactones in the presence of sodium 
bicarbonate) [8]:

COOH
O

O
Me

H
H

+
O

O
H

Me

COOH

endo- exo-

On the basis of the synthesized VCPs of carboxylic acids and alcohols 
prepared by establishing of the corresponding esters the allyl and (thio)
glycidyl ethers have been then prepared:

R OH R O R'

R= –CO; –CH2; R′= Me, Et, CH2=CH–CH2–;

With the aim of study of stereochemical aspects of the processes of 
stereo- and regioselective addition and study of mechanism of separate 
stages of polymerization processes and also to make a conclusion about 
structure of elementary link of chain of macromolecules the model addi-
tion reaction of PhSH to the synthesized compounds were investigated. 
The analysis of the spectral data showed that the addition reaction pro-
ceeds with formation of mixture of alicyclic unsaturated sulfides having 
cis- and trans-configurations of internal double bond. It means that an 
addition proceeds regioselectively in 1,5-position:

x

y
PhSH

PhS x

y
H PhS

x

y
H+

trans- cis-
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In Figure 2.1 the spectra of adducts PhSCH2CH=CH–CH2–CH(Cl)2 (а) 
and PhSCH2CH=CH–CH2–CH(CO2Et)2 (b) are presented:

The results of kinetic and spectral investigations and also model reac-
tion showed that VCPs are subjected to the polymerization in the pres-
ence of radical initiators with formation of polymer with pentenamer 
links. In other words, the polymerization of VCP proceeds as a result of 
simultaneous opening of vinyl group and three-membered cycle. It has 
been also established that the selective opening of cyclopropane ring in 
the process of polymerization has been stipulated by stabilizing action of 
functional substituent on growing radical.

Consequently, a high tension of cyclopropane ring and stabilizing 
action of functional substituent is the moving force leading to the proceed-
ing of polymerization of VCP with ring-opening [9]:

x
R

xM

x
Kr

R

x

Kg
2

M Kg
1

x

FIGURE 2.1  NMR-spectra of adducts of substituted VCPs with thiophenol.
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According to the data of GLC-analysis the investigation of interaction 
reaction of thiophenol with VCP having – СН2ОR-group as substituent 
showed that a mixture of two linear and cyclolinear adducts, that is, 1,5- and 
1,2-regioisomers is formed. The prepared data showed an availability 
of elements of both structures in composition of adducts. Consequently, 
at polymerization of VCP one can expect a formation of both 1,2-, and 
1,5- structural links a ratio of which would be depend on conditions of 
polymerization [11]. In other words, VCPs, as bifunctional monomers 
could be polymerized both due to opening of double bond and on both 
group immediately. Indeed, the prepared results showed that a proceeding 
of radical polymerization of VCP basically takes place on scheme includ-
ing rearrangement of intermediately forming radicals. A formation of large 
quantity of rearranged links in this case in comparison with non-rearranged 
ones means that intermediately forming radicals in greater degree are 
inclined to rearrangement with ring-opening than addition reaction [10]. 
This natural consequence results from the fact that a removal of stress of 
three-membered cycle as a result of its opening has been also conjugated 
with energy winning in a quantity ~ 106.86 kJ/mol (Table 2.1).

Thus, as a result of competitive reactions – monomolecular rearrange-
ment and intermolecular chain growth the polymers containing both 

TABLE 2.1  Polymerization of VCP of Total Formula

x

(Х) [М], 
mol/L

Yield of 
polymer %

[η] of 
polymers, dl/g

ММ · 10–3 V · 103,  
mol/L · min

(CO2Et)2 1.5 54 0.46 69.0 6.75
CO2Et 1.5 47 0.43 12.5 5.10
CO2H 1.3 42 0.47 6.9 4.55
CO2Gly 1.0 30 0.32 – 2.50
CH2OGly 3.0 61 – 0.77 1.53
CH2OCH3 3.0 65 0.20 3.56 1.82
CH2OCOCH3 3.0 70 0.14 3.32 1.75

Conditions of polymerization: solvent – benzene, temperature – 70°C, time – 120 min, [J]=5.72⋅10–3 
mol/L.
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saturated (with cyclic group in side appendage) and unsaturated linear 
structures are formed. The found values == 1

p

n
n k

kr ~261  allow to conclude 

that an elementary link with linear structure should prevail over other 
structural links.

The analysis of spectral data and also data of chemical analysis showed 
that in the process of polymerization the high-molecular compounds a 
structure of macromolecules of which corresponds to the simultaneous 
opening of both polymerization-capable groups – double bond and three-
membered cycle are basically formed. As a result a mixture of two cis- and 
trans-1,5-structural links with side functional groups is formed:

x

y

[J]
x

y

x

yn m

n-m

A ratio of a number of olefin protons (or protons of methyl groups in 
double bond) in polymers prepared from VCP with polar substituent’s to 
total number of protons shows that all samples of polymers basically con-
sist of linear 1,5-structural links. A quantitative determination of unsatura-
tion of the synthesized polymers is completely agreed with those results, 
which have been prepared from data of the spectral analysis. The good 
correspondence of the chemical and spectral data allowed to exclude an 
availability of any other structural units in macromolecular chain of the 
synthesized polypentenamers.

Recently an interest to the monomers polymerizing with ring-open-
ing sharply grew in connection with revealing of possibility of prepara-
tion of polymers with valuable properties on their basis. By this reason 
a number of the investigations carried out in the field of synthesis and 
polymerization of cyclic monomer compounds continue to increase. An 
illustrative example – the works of Japan, German, Korean and other 
scientist [12–17].

VCPs containing –СН2ОR-group as a functional substituent are 
polymerized with formation along with 1,5-structural links and other 
links, that is, in the chain of macromolecules along with rearranged links 
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there are also the links not containing double bonds. Such structures, 
possibly, are formed either as a result of polymerization in position 1,2, or 
as a result of intramolecular cyclization of growing allyl carbinyl radical 
(direction B). In addition, it is possible a proceeding of polymerization 
with expansion of cycle (direction A):

M
x

y R'
x

y
R

x
y

R

x y n

+(
n-

1)
M

y

x

R

x y

+(n-1)M

x y

n

+M
A B

A determination of unsaturation of the prepared polymers testifies to the 
fact that in macromolecules along with linear structure there are other struc-
tural links not containing double bonds. The experiments showed that with 
increase of concentration of monomers in initial mixture an unsaturation 
of the forming polymers falls. It means that a monomolecular rearrange-
ment proceeds considerably quickly in comparison with bimolecular chain 
growth reaction on intermediately forming radical. That is why an increase 
of concentration of monomer in the initial mixture leads to the increase of 
fraction of links with cyclopropane ring in the chain of macromolecule. 
An availability of links with cyclopropane rings as the side appendages 
in the chain of macromolecules shows that the substituents being in three-
membered cycle influence less than polar ethoxycarbonyl groups on stabi-
lization of allylcarbinyl radicals forming in the process of polymerization.

As far as all synthesized VCPs (with the exception of gem-diethoxy-
carbonyl- and chlorosubstituted) are the mixture of two geometrical iso-
mers, the polymerization should be considered as a copolymerization of 
stereoisomer’s. Therefore it was necessary to consider the relative polym-
erization activity of these isomers by a method of copolymerization.

The determined values r1 and r2 (Table 2.2) indicate to “ideal case” of 
copolymerization, that is, r1·r2 =1. Consequently, the considered system is 
characterized by the fact that there are two various monomer and one total 
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radical on which a chain growth takes place in it. Due to equality K11=K12 
or K22=K21 r1⋅r2 =1. Consequently, the isomer monomers are differed only 
by values Q and for them (е1=е2).

The investigations of polymerization of the synthesized monomers 
showed also that on polymerization ability the VCPs with methyl group 
in cycle have a less activity in comparison with VCPs not having methyl 
group. It has been established by comparison of values of the correspond-
ing rate constants that the largest rate constants is observed in a case of 
polymerization of monomers having isopropenyl group and chlorine atom 
in double bond. An availability of methyl group directly in cycle slightly 
decreases a polymerization activity of monomers which can be connected 
with destruction of transoid conformation (location of vinyl group) advan-
tageous for these compounds, this directly influences on conjugation of 
the initial molecules of monomers.

Cl Me Me

Me
Cl Me> > > > >

During investigation the influence of nature of functional substituent 
the following series of activities has been revealed:

CO2Et
CO2Et> > >

>

CO2Et
CO2H

CO2All CO2Gly > >

>

CH2OAll

>CH2OMe >CH2OGly CH2OAc

>

TABLE 2.2  Relative Polymerization Ability of Isomer VCPs

R1 R2 R3 rcis(K11/K12) rtrans(K22/K21)

H H CO2H 0.94±0.081 1.06±0.06
H CH3 CO2H 0.97±0.06 1.02±0.05
CH3 H CO2H 0.98±0.031 0.97±0.01
CH3 CH3 CO2H 0.98±0.03 1.02±0.036
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For some of the synthesized polymers the photosensitive properties 
have been determined. In Table 2.3 the data for polymers prepared from 
alkyl esters of VCP of carboxylic acids are presented.

The tests showed that the synthesized VCPs and their adducts with 
thiophenol show a high bactericide and fungicide activity. In compara-
tively small concentration they cause a death of gram-positive and gram-
negative bacteria and also fungi of genus Candida for 10–20 min and fungi 
Aspergillus niger die for 20 min., unlike from isomer cis-structure, the 
compounds with trans-structure show comparatively high bactericide and 
fungicide activity. Among studied class of compounds the most effective 
was 5-phenylthio-3,4-dimethylpenten-3-carboxylic-1 acid which gave 
the greatest repression zone on fungi and at all concentrations exceeded a 
standard. All studied compounds possess a bactericide and fungicide prop-
erty, which, apparently, has been connected with availability of biologi-
cally active fragments – carboxyl and hydroxyl groups, heteroatom’s of 
sulphur and chlorine and also three-membered cycle and aromatic ring in 
their structure.

For improvement of technological, heat-physical and physical-
chemical indices of compounds made on the basis of epoxide or polyester 
resins their modification by oligomer products containing active func-
tional groups in its composition, undergoing the chemical reaction with 
resin in the process of its hardening was carried out. Epoxy oligomers 
prepared from VCP with glycidoxymethyl functionality have been tested 
as the modifiers of polyester and epoxide resin of type ED-20.

TABLE 2.3  Photosensitive Characteristics of Some Polymers With Structure:

C C CH2 CH

CO2All
nCH2

R1 R2

R1 R2 ММ · 103 Softening 
temperature, °С

Photosensitivity, 
cm2/Wt 

Н Н 6.2 95–98 18.3–21.4
Н СН3 5.4 85–90 17.6–20.7
СН3 Н 6.5 101–108 17.5–20.8
СН3 СН3 5.8 92–95 16.8–20.2
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TABLE 2.4  Composition and properties of polymer compositions

Compositions, mass h. Properties of hardened composition

Polyester 
resin

Epoxide 
resin ED-20

Epoxy-
oligomer

Gel-
formation 
time

Brinell 
hardness, 
kgs/cm2

Vicat heat-
resistance, 
°С

100 – – 15 16.8 165
100 – 10 24 17.4 170
100 – 30 28 15.0 180
– 100 – 2 13.5 185
– 100 10 3.5 16.8 200
– 100 30 5.0 13.5 190

The prepared compositions showed good heat-resistance and stability 
at storage and also high strength characteristics (Table 2.4).

2.4  CONCLUSIONS

1.	� The synthesis of a series of VCPs with various substituents in cyclo-
propane ring has been carried out and their behavior in the reactions 
of radical addition and polymerization has been studied. It has been 
shown that the model reaction of radical addition of thiophenol to VCP 
proceeds, basically, as 1,5-addition with formation of cyclopropylcar-
binyl radicals on intermediate stage the formation of which has been 
directly proved by EPR-spectroscopy in technique of spin trap.

2.	� It has been shown on the basis of data of kinetic, stereochemical, model 
and structural investigations that the mechanism of polymerization of 
VCP includes the stages of intermediate formation of cyclopropylcarbi-
nyl radicals and their rearrangement to homoallyl radicals accompanying 
by migration of double bond. It has been established that the substituents 
being in cyclopropane ring and possessing π-electron system increase 
a monomolecular rearrangement rate of cyclopropylcarbinyl radicals to 
allylcarbinyl favoring thereby realization of mechanism of 1,5-addition.

3.	� The polymerization of VCP has been studied and the following regu-
larities of the process have been established:
•	 unlike vinyl monomers, the polymerization VCP in the radical con-

ditions proceeds both on scheme of 1,5-addition with rearrangement 
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of vinylcyclopropane skeleton and on scheme of 1,2-addition with 
conservation of cyclopropane ring;

•	 proceeding of polymerization in that or other direction is controlled 
by relative stability forming in the process of radicals; polymerization 
of VCP with polar substituent’s in three-membered cycle leads to the 
formation of macromolecules with linearly building pentenamer links 
whereas the monomers with substituent’s of aliphatic character give 
“cyclolinear” polymers containing 1,5- and 1,2-structural units.

•	 polymerization of VCP with polar functional groups proceeds with 
high degree regioselectively on scheme of 1,5-addition with forma-
tion of macromolecular chains containing pentenamer structures.

4.	� It has been established that VCPs as well as their adducts with thio-
phenol are the effective biologically active compounds and modifiers 
for thermoreactive polymers. The polymers from VCP are the high-
effective photo- and electrono-resists of negative type and show the 
high lithographic characteristics. The synthesized polymers with side 
epoxide groups are thermoreactive polymers and their use in composi-
tion of unsaturated polyesters and epoxide resins leads to the formation 
of materials with high strength characteristics.

KEYWORDS
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•• radical polymerization with ring-opening
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ABSTRACT

The phosphoro-sulfurization of alcohols and phenols with phosphorus 
pentasulfide occurs throughout the hydroxyl groups present in their chem-
ical structures. Zeolites also have hydroxyl groups and it is possible to 
carry out phosphoro-sulfurization, syntheses of O,O-disubstituted dithio-
phosphoric acids, and obtain metal complexes on zeolite matrices. In this 
article the problems associated with the synthesis of dithiophosphates of 
HУ and HLaУ zeolites and synthesis of Ni-, Co-, Fe-, Cr-containing dithio-
phosphates are considered. The synthesized nickel- and cobalt-containing 
zeolite dithiophosphates in combination with the aluminum organic com-
pound, diethylaluminumchloride, are highly active and selective catalysts 
for preparing low and high molecular weights of 1,4-cis polybutadienes. 
Their productivities reach 1200–2550 kg polymer/g Me.hr (for cobalt cat-
alysts) and 700–850 kg polymer/g Me.hr (for nickel catalysts), which is 
much more than those in homogeneous nickel- or cobalt-containing cata-
lytic dithiosystems 270–400 kg polymer/g Me.hour.

3.1  INTRODUCTION

Metal dithiophosphates are widely investigated as various chemical 
additives such as stabilizers of polymeric materials, engine oils and cor-
rosion inhibitors, etc. [1–5]. In recent years these metal complexes were 
also investigated as a component of bifunctional catalysts-stabilizers for 
oligomerization and polymerization reactions of dienes, in particular 
1,3-butadiene [6–16].

Homogeneous catalysis has a number of advantages such as higher 
catalyst activity and selectivity. However, the most important obstacle to 
their large-scale use in the industry is the separation of homogeneous cata-
lysts from the reaction medium. Consequently this leads researchers to use 
heterogeneous catalytic systems, but with the equal advantages of those in 
homogeneous catalytic systems. Proceeding from it; there was a task in 
view to develop metal dithiophosphates chemically connected with zeo-
lites on a matrix.

It is known that the phosphoro-sulfurization of alcohols and phenols 
with phosphorus pentasulfide (P2S5) occurs with hydroxyl groups. Zeolites 
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have hydroxyl groups in their structure and thus it is possible to carry out 
phosphoro-sulfurization, synthesize O,O-disubstituted dithiophosphoric 
acids on zeolite matrices, and then receive metal complexes. The proposed 
mechanism of the reaction are as follow:

OH OH
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O
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In the case of 3 valence metals there is probably participation of one, 
two and three dithiophosphorilic zeolite matrixes.

3.2  RESULTS AND DISCUSSION

3.2.1  SYNTHESIS AND CHARACTERIZATIONS

The phosphoro-sulfurization of the draiming zeolite is carried out in a 
glass reactor, supplied with a mixer, a circulating thermostat, a gas remove 
tube, and a neutralizer, H2S.

First zeolite, then p-xylene was added into a reactor at temperatures 
of 80–90°С. After emulsion was formed by addition of fine-grained P2S5 
gradually to the reaction medium under intensive mixing, release of H2S 
was observed. The temperature then rises to 120–130°C, and the pro-
cess is conducted before full release of H2S. After full removal of H2S 
from the reaction zone, the process is completed under a small vacuum 
(650–700 mm Hg). After the end of the reaction, the mass is washed out 
by ethanol (2–3 times) and dried at 60–70°С under vacuum. Thus dithio-
phosphorilated zeolites containing phosphorus of HУ (3.46% and 3.53%) 
and HLaУ (3.16% and 3.30%) are obtained.

For the obtaining of metal complexes the dithiophosphorilated zeo-
lites were placed into a reactor, ethanol was added, and to the suspension, 
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drops of ethanol solution of chlorides of Ni (II), Co (II), Cr (III) or Fe 
(III) were added.

The mixing was proceeded for 4–5 hours with heating in a water bath. 
After cooling, the reaction product was filtered and dried under vacuum 
at 60–70°C. It has been established that metal complexes give nega-
tive charge to chlorine, which somewhat confirms prospective structure. 
For the obtained metal complexes, phosphorus percentages have been 
defined as follow: 

HУ – DTPh-Ni – 3.36 and 3.52 HLaУ – DTPh-Ni – 4.91 and 5.02
HУ – DTPh-Co – 3.44 and 3.53 HLaУ – DTPh-Co – 4.03 and 4.30
HУ – DTPh-Cr – 3.27 and 3.47 HLaУ – DTPh-Cr – 4.83 and 4.97
HУ – DTPh-Fe – 3.11 and 3.22 HLaУ – DTPh-Fe – 4.73 and 4.80

Obtained dithiophosphorilated metal zeolites were investigated by the 
means of DTA and IR spectroscopy.

3.2.1.1  Differential Thermal Analysis (DTA)

DTA curves have show an endothermic peak at 175°C, being characteristic 
of initial zeolite HLaУ is exposed to change after phosphoro-sulfuriza-
tion and appears at 130°C. For the metal containing zeolite, this peak 
appears depending on the metal present at the respective temperatures: 
Ni – 140°C; Co – 130°C; Cr – 135°C; Fe – 135°C, however endothermic 
peaks for metal complexes are observed at 90–100°C.

The zeolite HУ endothermic peak is also present at 130°C. In the 
dithiophosphorilared sample, this peak is observed at 120°C and for metal 
containing samples (Ni, Co and Cr) it is observed at 155°C, 150°C and 
135°Crespectively.

Such sharp changes of the temperature characteristics of initial zeolites 
after dithiophosphorilation and metal introduction into the zeolite matrix 
can be acknowledged by the formation of dithiophosphorilic metal con-
taining zeolites.

As an example in Figure 3.1, DТА curves of zeolite HLaУ and prod-
ucts of its transformation are depicted.
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3.2.1.2  Infrared Analysis (IR)

In order to observe changes in a matrix of zeolites, the products of 
phosphoro-sulfurization and metallic compounds have been investigated 
using IR spectroscopy. It is established that absorptions at 1395 cm–1 and 
1655 cm–1 are characteristic of initial zeolites of the HLaУ type. After 
phosphoro-sulfurization, these areas disappear in the region of 1400 and 
1640 cm–1. For metal containing zeolites, these peaks are as follows for 
the respective metal complexes: Ni-complexes at 1400 and 1630 cm–1, 
Co-complexes at 1400 and 1625 cm–1, for Cr-complexes along with peak 
in the field of 1400 cm–1, absorption is also observed at 1460 cm–1 and 
peak in the field of 1645 cm–1 (Figure 3.2).

The same changes are observed in the IR-spectra of zeolite HУ and its trans-
formed products. In a spectrum of initial zeolite of bases, areas characterizing 
full occluding are observed in the field of 1000 and 1600 cm–1. For the dithio-
phosphorilated zeolites, these fields are displaced in 950 and 1500 cm–1, and 
for the metal containing products: Ni-complex at about 1560 and 950 cm–1, 
Co at 1590 and 1030 cm–1, and Fe at 1560 and 1020 cm–1. On Figure 3.2, 
IR-spectrums of zeolite HLaУ and transformed products are shown.

FIGURE 3.1  Derivatograms (– DTA, –TQ): 1 – HlaY zeolite; 2 – HlaY – DTPh; 3 – 
HLAY – DTPh-Ni; 4 – HLaY – DTPh-Co; 5 – HLaY – DTPh-Cr.
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On the basis of analytical data, regarding the structural features, it is 
possible to conclude that after phosphoro-sulfurization and treatments of 
metal complexes at zeolites HLaУ and HУ occurs the remarkable struc-
tural changes mentioning a skeleton of zeolites that confirms chemical 
bond formation between a matrix of zeolites and dithiophosphorilic group 
and metal through it.

The synthesized metal containing dithiophosphorilated zeolites 
were investigated as heterogenized component of catalytic systems for 
butadiene polymerization. It has been established that in a combina-
tion with an aluminum organic compound, diethylaluminum chloride 
(DEAC), these catalytic systems possess higher activity and selectiv-
ity in the synthesis of 1,4-cis-polybutadiene than their homogeneous 
analogues (organic O,O-disubstitued dithiophosphates of nickel or 
cobalt). Table 3.1 summarizes the results, including the polymeriza-
tion of butadiene in suspension and gas phases, HLaУ-DTPh-Co, and 
HLaУ-DTPh-Ni which were heterogenized by the same way, and by 
using homogeneous nickel- or cobalt-containing catalytic dithiosystems 
of IPCP-O,O-di-4-metylfenildithiophosphate cobalt (DCDTF-Co)  + 
DEAC or O,O-diethyldithiophosphate nickel (DEDTPh-Ni) + DEAC. 
In these reactions, diethyl aluminum chloride (DEAC) is used as a 
co-catalyst at a reaction temperature of 25°C and withtoluene as a sus-
pension medium.

The data demonstrate that in the gas phase polymerization of butadi-
ene using the heterogenized cobalt-containing catalytic systems lead to 
high molecular weight 1,4-cis polybutadienes with yields of 90–95%, and 

FIGURE 3.2  IR spectrums: 1 – HlaY zeolite; 2 – HlaY – DTPh-Ni; 3 – HlaY-DTPh-Co; 
4 –HlaY-DTPh-Cr.
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TABLE 3.1  Results of Butadiene Polymerizations With Nickel- and Cobalt-Containing Catalytic Dithiosystems

Catalyst Polym. 
type

Reaction 
time, min.

Polym. 
yield, %

Productivity, kq 
PBD/q Me.hour

Intrinsic viscosity, [η], dL/q Microstructure, %

1,4-cis 1,4-trans 1,2-

HLaУ-DTPh-Co Gas Phase 45 95.0 2500 2.8 96 3 1
HY-DTPh-Co “—” 60 90.0 1900 2.3 93 6 3
HLaУ-DTPh-Co “—” 60 94.0 2000 2.5 95 4 1
HLaУ-DTPh-Ni Suspension 60 92.0 1100 1.2 93 5 2
HLaУ-DTPh-Ni “—” 90 91.0  850 1.1 92 5 3
HУ-DTPh-Ni “—” 90 88.0  800  0.85 88 8 4
HLaУ-DTPh-Co “—” 90 93.0 2200 2.5 95 4 1
IPCP Co-Cat.* Homog. 60 98.0  400 2.3 92 6 2
IPCP Ni-Cat* Homog. 20 80.0  270 0.1 80 17 3

Note: *Homogeneous DCDTPh-Co (or DEDTPh-Ni)+DEAC catalysts of IPCP of ANAS ([Co]=1.0×10–4 mol/L; ([Ni]=5.0×10–4 mol/L, AI:Co=100:1, 
T = 25°C; solvent – toluene).
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productivities of 1900–2500 kg polybutadiene/g Co.hour. The synthesized 
polymers were characterized with intrinsic viscosities of 2.0–2.8 dL/g and 
1,4-cis contents of 92–96%.

In the case of suspension polymerization these catalysts allow to pro-
duce also high molecular weight polybutadiene with intrinsic viscosity of 
2.1–2.5 dL/g, 1,4-cis content of 93%, yield of 95%, and productivity of 
2200 kg polybutadiene/g Co.hour.

Nickel-containing catalytic dithiosystems provide the preparation of 
relatively low molecular weight polybutadiene with intrinsic viscosi-
ties of 0.85–1.2 dL/g, polymer yields of 80–92%, and productivities of 
800–1110  kg polybutadiene/g Ni.hour. Surprisingly, in the case of het-
erogenized nickel-containing catalytic systems, polybutadienes with high 
1,4-cis content of 88–93% were observed, which is not observed in the 
presence of homogeneous nickel containing catalysts.

From the data, it can be concluded that directly heterogenized nickel- 
and cobalt-containing catalytic dithiosystems show very high activity and 
selectivity for butadiene suspension and gas phase polymerization pro-
cesses. Their productivities reached 1900–2500 kg polymer/g Me.hour 
(for cobalt catalysts) and 800–1110 kg polymer/g Me.hour (for nickel 
catalysts), which is much more than that of homogeneous nickel- or cobalt-
containing catalytic dithiosystems, 270–400 kg polymer/g Me.hour.

3.3  CONCLUSION

Novel nickel- or cobalt-containing heterogenized dithiosystems were syn-
thesized by direct phosphorylation of surface hydroxyl groups on the zeolite 
matrix. Using dithiophosphorilated zeolites, metal dithiophosphates (particu-
larly nickel and cobalt) were synthesized by connecting zeolites on a matrix.

These metal dithiophosphates, incombination with the aluminum organic 
compound, diethylaluminum chloride (DEAC), were used as a component in 
heterogenized catalytic dithiosystems for gas phase and suspension polym-
erizations of butadiene. These catalytic systems possess higher activity 
(yield of polymer – 86–95%) and selectivity (1,4-cis content – 88–96%) in 
the production of 1,4-cis-polybutadiene than their homogeneous analogues 
(organic O,O-disubstitued dithiophosphates of nickel or cobalt).
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ABSTRACT

Method of Frontal Polymerization was used for Polyacrylamide (PAAm) 
Hydrogels (HG) obtainment. The states of frontal waves’ stable propagation 
were established. The impacts of different kinetic parameters on hydrogels’ 
synthesis (initiator concentration, initial temperature, concentration of surfac-
tant active substance and on pH value of reaction media) were investigated.
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4.1  INTRODUCTION

Hydrogels based on PAA have attracted increasing scientific and techno-
logical interest in recent years. PAAm HG is a cross-linking polymer with 
sewed macromolecules, which has ability to absorb the high amounts of 
water and various active substances by increasing its volume.

We managed to synthesize PAAm HG in a high-performance method 
– Frontal Polymerization (FP). The FP method is a nontraditional mode 
for polymers and copolymers synthesis. In contrary to the traditional 
polymer synthesis methods, the FP takes place from the local edge of 
the reaction ampoule (were having been given local heat) and propa-
gates by the auto-waves mechanism due to the thermal conduction and 
temperature-dependent reaction rates. In a HG obtainment the method of 
FP has big advantage in comparison with traditional methods carried out 
in industry by the polymerization of monomers mixture in two or more 
steps. In addition to this case a residual monomer still remains in the 
resulting in PAAm HG [1].

In literature many theoretical and experimental features of the FP [2–7] 
for polymers, polymer composites and PAAm HG synthesis have been 
investigated as well as the conditions of stable front waves propagation 
have been discussed.

An important advantage of the PAAm HG is that they are chemically 
inert, and stable in a wide range of pH, temperature and ionic force. PAAm 
HG have suitable mechanical and physical properties and the main impor-
tant property – swelling capacity. Thanks to this ability PAAm HG are 
widely used in various fields, especially agriculture, bioengineering, medi-
cine, pharmaceutics (drug delivery devices).

In the presented article we want to draw attention to the FP’s aspects 
for the synthesis of PAAm HG, with required properties of mechanical 
strength, appropriate swelling-deswelling capacity and most important 
fact-the absence of acrylamide in the final gel.

4.2  EXPERIMENTAL PART

The hydrogels were synthesized on the basis of acrylamide, in presence 
of the surface active material – sodium lauryl sulfate (C12H25SO4Na) 
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(SAM), initiator – potassium persulfate (K2S2O8). Resultant hydrogels 
were characterized by Fourier transform infrared spectroscopy (FTIR), 
thermogravimetric analysis (TGA) and by investigating their chemical 
compositions and structure and morphology. Equilibrium swelling ratios, 
swelling and deswelling kinetics were also carried out at different tem-
peratures and pH to check their pH and thermo-sensitivities.

4.3  RESULTS AND DISCUSSION

The gel’s swelling capacity depending on the synthesis conditions was 
investigated. 

On the Figure 4.1 the kinetic curves of water swelling depending on 
the SAM (C12H25SO4Na) quantities are presented. The swelling capacity of 
hydrogel is highest in first ~10 hours (SAM quantity = 3%).

On the Figure 4.2 the influence of the SAM quantities (1, 3, 5, 7 mass 
percent) on the gel’s swelling capacity is given. Results show that swell-
ing capacity of the gel depends on the quantities of SAM: the maximum 
swelling is observed at 3% of SAM and minimum at 1% and 7%.

Thermogravimetric analysis was used to investigate the thermal 
stability and the crosslink density of obtained hydrogels.

FIGURE 4.1  Kinetic curves of water swelling depending on the SAM quantities, 1–3; 
2–2; 3–5; 4–7% mass.
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On the Figure 4.3 the weight loss curve of the dried hydrogel is shown. 
There is a step on the curve at the 200°C which is because of the sample’s 
weight loss, about 15% by weight.

This may be attributed to the evaporation of residual water restrained 
by the hydrophilic bonds in the hydrogels. Hidrogels at the temperatures 
lower than 400°C have a good thermal stability. Thermooxidative destruc-
tion occurs at temperatures above 400°C.

FIGURE 4.2  Swelling capacity depending on the sewing agent SAM concentration.

FIGURE 4.3  Thermogravimetric analysis of hydrogel.
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4.3.1  PH SENSITIVITIES

The hidrogel’s stability depending on the pH value was investigated. It 
was found out that the hydrogel is stable in the range pH=1–11.

Hydrogel samples were kept in solutions with various pH ranging 
from 1 to 11 until the equilibrium swelling is reached. On the basis of 
the experiment results shown on the Figure 4.4, it can be stated that the 
hydrogel reaches the maximum swelling capacity in the solution where 
the pH value is 7.

4.3.2  THERMOSENSITIVITIES

Swelling-deswelling of hydrogel in distilled water at different tempera-
tures (25, 50, and 100°C) has been investigated. As it is obvious from 
Figure 4.5, the maximum swelling capacity is observed in the case where 
the water temperature is 25°C.

By means of infrared Spectroscopy (FTIR) hydrogels were ana-
lyzed for purpose to identify characteristics of functional groups of 
AAm (Figure 4.6). On the Figure 4.6 infrared spectra for acrylamide 

FIGURE 4.4  Swelling-deswelling of hydrogel depending on pH.
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FIGURE 4.6  FT–Raman spectra (λexit.= 976 nm) of aacrylamide (a), crystalline poly-
acrylamide (b) and hydrogel (c).

FIGURE 4.5  Dependence of swelling-deswelling ratio of hydrogel on temperature.

(a), crystal polyacrylamide (b) and the synthesized hydrogel (c) are 
shown. From comparison of spectra we can conclude that crystalline 
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polyacrylamide contains acrylamide (an absorption strip acrylamide 3034 
cm–1). Figures 4.6a and 4.6c show that synthesized hydrogel does not con-
tain any traces of acrylamide.

4.4  CONCLUSIONS

We propose a novel frontal polymerization method to prepare macropo-
rous, thermo- and pH-responsive release behaviors of hydrogels. Due to 
the absence of even traces of toxic acrylamide the obtained hydrogels 
have the potential to be safely used in agriculture, separation membranes, 
biosensors, bioengineering, medicine, pharmacy (drug delivery devices), 
cosmetology, etc.
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ABSTRACT

Lanthanide complexes that contain polymerizable groups can be polym-
erized or copolymerized together with another monomer. This results in 
a polymer or copolymer in which the lanthanide complex is part of the 
polymer backbone or of the side chain. One macromolecule contains two 
active layers of electroluminescent cell – the emission layer (unsaturated 
lanthanide complex), electronic conduction layer (1,10-phenanthroline).
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Сopolymers of 2-methyl-5-phenylpentene-1-dione-3,5 with styrene in 
ratio 5:95, which containing Eu, Yb and Eu, Yb with 1,10-phenanthroline 
were synthesized at the first time. The luminescence spectra of obtained 
metal complexes and copolymers in solutions, films and solid state are 
investigated and analyzed. The solubilization of β-diketonate complexes 
with 1,10-phenanthroline was shown to change luminescence intensity in 
such complexes. Obtained copolymers can be used as potential materials 
for organic light-emitting devices.

5.1  INTRODUCTION

Organic light emitting diodes (OLEDs) are considered the next generation 
of technology for flexible flat panel displays and low cost solid-state light-
ing. In particular, organic light emitting diodes that have the potential to 
achieve an internal quantum efficiency close to 100% have attracted con-
siderable research interest. Lanthanide β-diketones have attracted much 
attention because of their spectroscopic properties. Investigation of lumi-
nescence and optical absorption properties of lanthanide β-diketones is of 
great importance since these complexes are widely used as light-convert-
ing optical materials, light-emitting diodes, luminescent probes, polymer 
sol–gel derived glasses, electroluminescent devices [1–4]. Light emitting 
devices are usually made of solid-state materials that emit lights of various 
wavelengths upon the stress with an electric field.

The photoluminescence properties of rare-earth (lanthanide) compounds 
have been fascinating researchers for decades [5–7]. An attractive feature of 
luminescent lanthanide compounds is their line-like emission, which results 
in a high color purity of the emitted light. The emission color depends on 
the lanthanide ion but is largely independent of the environment of a given 
lanthanide ion. Most of the studies on these compounds have been limited 
to either inorganic compounds (lanthanide phosphors) or molecular lantha-
nide compounds (for instance, the β-diketonate complexes). On the basis of 
the unique photo physical properties of lanthanide cations (long lumines-
cence lifetime and very sharp emission band), rare earth metal complexes, 
especially europium(III) complexes, as luminescent materials have received 
increasing attention for application such as analytical sensors, imaging tech-
niques, displays and organic light-emitting diodes [8–14]. Recently, euro-
pium complexes have attracted more interest in organic light-emitting diodes 

© 2016 by Apple Academic Press, Inc.

  



Novel Lanthanide Polycomplexes for Electroluminescent Devices	 49

for their saturated red-emission [9, 10]. Also several europium complexes 
have been applied as red emitters in electroluminescent devices [15–17].

Using the monomer complex has a number of disadvantages connected 
with aggregation or crystallization of the film.

Therefore, there is a necessity of the polymeric materials synthesis. It 
is well known that metal polymers are mainly produced by intercalation 
of metals in the polymer ligand matrix. This method has a lot of disadvan-
tages such as partial degradation of the polymer chain and low yield of the 
synthesized polymers as well as low coordination level, which results in 
composition heterogeneity. All these shortcomings have an influence upon 
physical characteristics of obtained compounds.

The aim of this work were synthesis of Eu, Yb complexes with 2-methyl-
5-phenylpentene-1-dione-3,5 and 1,10-phenanthroline as well as copolymers 
based on them with styrene and investigations of optical properties of metal-
containing polymeric systems depending on influence of 1,10-phenanthroline 
configured-in the complex coordination sphere on the luminescence properties 
and concentration of rare earth elements complexes in polymeric materials.
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Сopolymers of 2-methyl-5-phenylpentene-1-dione-3,5 with styrene in 
ratio 5:95, which containing Eu, Yb and Eu, Yb with 1,10-phenanthroline 
were synthesized at the first time. 

5.2  EXPERIMENTAL PART

NMR: 1Н (D2O) δ (ppm): 3.27 (singlet, 3Н, CH3); 3.47(singlet, 
1H, =CH-); 5.27 (singlet, 1H, =CH2); 5.58 (singlet, 1H, =CH2); 7.15–
7.60 (mul'tiplet, 5H, Ph).
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Complexes obtained by an exchange reaction between equimolar amounts 
of lanthanide acetate and sodium 2- methyl-5-phenylpentene-1-dione-3,5 salt 
in a water-alcohol solution at pH 9–9.5 with a slight excess of the ligand.

The polymerization was carried out at 80°C in the thermostat in dimeth-
ylformamide solution with monomer concentration 0.03 mol/L and initia-
tor 2,2’-azobisisobutyronitrile concentration 0.003 mol/L. Thus, obtained 
metal polymers precipitate out from propanol-2 solution.

The synthesized compounds have been studied by NMR, IR-, elec-
tronic absorption and diffuse reflectance spectroscopy. The infrared 
spectra were recorded in KBr tablets at a range of 4000–400 cm–1 with 
Spectrum BX II FT – IR manufactured by Perkin Elmer. The electronic 
absorption spectra were recorded using spectrophotometer Shimadzu 
“UV-VIS-NIR Shimadzu UV-3600” and the diffuse reflectance spectra 
were obtained using the Specord M-40 spectrophotometer in the range 
of 30,000–12,000 cm–1. The excitation and luminescence spectra of solid 
samples and solutions (10–3 М, СHCl3) were recorded on a spectrofluo-
rometer “Fluorolog FL 3–22,” “Horiba Jobin Yvon” (Xe-lamp 450 W) 
with the filter OS11. The InGaAs photoresistor (DSS-IGA020L, Electro-
Optical Systems, Inc., USA) cooled to the temperature of liquid nitrogen 
was used as a radiation detector for infrared region. The excitation and 
luminescence spectra were adjusted to a distribution of a xenon lamp 
reflection and the photomultiplier sensitivity.

5.3  RESULTS AND DISCUSSIONS

The IR-spectra of synthesized compounds were registered to establish the 
type of coordination of the lanthanide ion with a mphpd functional groups. 
Analysis of IR spectra showed a presence of stretching vibrations of C-O 
and C-C bonds at 1500–1600 cm–1, that confirms the cyclic bidentate 
coordination of ligand to metal ions. A slight shift of the main absorption 
band for the complex in a comparison with β-diketone sodium salt to the 
long-wave region indicates a weakening of the metal – ligand bond, due 
to increase of covalent bond. The low intensity band at 1660 cm–1 corre-
sponds to the valency vibration of the double bond ν(C = C). Also there is a 
broad absorption band of coordinated water molecules at 3400–3200 cm–1. 
Thus, obtained results indicate a cyclic bidentate coordination of mphpd 
molecules in the complex.
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Electronic spectra of the monomer as well as metal polymeric com-
plexes have a set of bands corresponding to europium ion (Table 5.1). 
Shift of the main absorption bands in the long wavelength region in 
comparison with the spectra of aqua-ions, and their increase in intensity 
indicates the formation of metal complexes. Electronic spectra of the 
Yb(mphpd)3·2H2O have a singular transition band 2F7/2→

2F5/2 correspond-
ing to ytterbium ion. A slight shift of the maximum which is observed in 
absorption spectra of the complex Yb(mphpd)3·2H2O in comparison with 
the spectra of aqua-ions indicates the formation of metal complex and a 
weakening of the metal – ligand bond (Figure 5.1). The absorption spec-
trum of Yb(mphpd)3 · 2H2O presents two main bands. The band attrib-
uted to the ligand absorption lies in the near-ultraviolet region. The second 
band (Figure 5.2) extended in the NIR region from 900 to 1015 nm is 
due to f-f transition from ground 2F7/2 to exited 2F5/2 states of the Yb3+ ion. 
The absorption maximum (Table 5.2) is shifted to higher wavelengths for 
about 2 nm compared to ytterbium aqua-ion (i.e., nephelauxetic effect) 
due to the partially covalence of the coordination bonds [18, 19].

The luminescence of NIR emitting lanthanide ions is efficiently 
quenched by O–H vibrations in coordinated water molecules. In order to 
overcome this hindrance synthesis of 1,10-phenanthroline adduct of the 
studied complex was performed. The adduct was prepared by reaction 
between YbCl3, sodium salt or 2-methyl-5-phenylpentene-1-dione-3,5 and 
1,10-phenanthroline (taken in molar ratio 1:3:1) in alkaline (pH = 8 – 9) 
aqueous-alcoholic medium:

YbCl3 + 3Na(mphpd) + Phen → Yb(mphpd)3 · Phen + 3NaCl

where Phen stands for 1,10-phenanthroline.
Similarity of electronic absorption and diffuse reflectance spectros-

copy (ESA and SDR) show a similar structure of the complexes in solution 

TABLE 5.1  Some Distinctive Absorption Bands For Metallic Complexes

Complex 7F0
®5Н6 D1*

7F0
®5L6 D2*

7F0
®5D2 D3*

7F0
®5D1 D4*

Eu(mphpd)3·2H2O 31,420 30 25,180 70 21,280 220 18,550 150

Eu(mphpd)3·Phen 31,400 50 25,190 60 21,270 230 18,580 120
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FIGURE 5.1  Electronic absorption spectrum of Yb(mphpd)3·2H2O.
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FIGURE 5.2  Luminescence spectra of: (a) 1-Eu(mphpd)3·Phen; 2-Eu(mphpd)3, in solid 
state, T=298 K, λ=362 nm; (b) 1 – Yb(mphpd)3, 2 – Yb(mphpd)3Phen.
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TABLE 5.2  Absorption Maxima of 2F7/2 → 2F5/2 Transition

Compound λmax (nm)

YbCl3
a 973

Yb(mphpd)3 · 2H2O 975
Yb(mphpd)3 · Phen 976

aRef. [18].
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and polycrystalline state. A slight shift of the maximum which is observed 
in absorption spectra of the complex Eu(mphpd)3·Phen indicates a replace-
ment of water molecules in the nearest coordination environment without 
significant changes in the coordination polyhedron geometry.

The luminescence spectra of europium β-diketonate complexes in all 
samples are similar to each other and approving the structure similarity of 
coordination polyhedrons, which are distorted antiprism. All the samples 
have an equal number of the magnetic and electric dipole transitions as 
well as the forbidden transitions (see the Table 5.3).

The absorption spectrum of Yb(mphpd)3 · Phen is similar to that of 
Yb(mphpd)3 · 2H2O. The absorption maximum is insignificantly (~1 nm) 
shifted to higher wavelengths indicating the substitution of water mol-
ecules in the coordination sphere of Yb3+ ion without considerable changes 
of coordination polyhedron.

Under excitation at 410 nm the complex and its adduct both exhibit NIR 
luminescence corresponding to 2F5/2 → 2F7/2 transition (Figure 5.3). The lumi-
nescence intensity and its quantum efficiency are higher for adduct (Table 5.3) 
due to the absence of water molecules in the inner sphere of Yb3+ ion.

Europium luminescence spectra (Figure 5.2a) at 77K allow to establish 
the short-range coordination environment symmetry. 

The transition band 5D0 à
7F0 in luminescence spectra of all com-

pounds appears as a symmetrical single line and indicates a presence of 

TABLE 5.3  Energy Transition in Eu Luminescence Spectrum

Transition Eu(mphpd)3, cm–1 Eu(mphpd)3(Phen)], cm–1

5D0→
7F0 17,331 17,331

5D0→
7F1 16,978

16,849

16,977

16,921
5D0→

7F2 16,287

16,234

16,340

16,233
5D0→

7F3 15,408 15,384

5D0→
7F4

14,468

14,347

14,490

14,347
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one luminescence center. High-intensity lines caused by electric dipole 
transition 5D0à

7F2 compared with relatively low intensity magnetic dipole 
transition 5D0à

7F1 suggests not center-symmetric nature of the environ-
ment for all investigated compounds.

As for phenanthroline complexes, obviously phenanthroline is a part 
of the complex and forms an adduct but not a mixed-complex due to spa-
ciousness of the diketonate fragment. Based on the number of the splitting 
components we can assume a significant rhombic distortion.

The luminescence intensity of complexes based on Eu(III) and Yb(III)-
phenanthroline is greater in comparison with complex without additional 
ligand (Figures 5.2 and 5.3). The phenanthroline displaces the coordinate 
water out of the coordinate sphere, which is quenching agent.

The luminescence intensity of copolymer of styrene with Eu(III)-
phenanthroline complex (Figure 5.4) is identical practically with gomo-
polymer of Eu(mphpd)3·Phen [9].

The luminescence intensity of copolymer of styrene with Yb(III)-
phenanthroline complex is greater in several times in comparison with 
copolymer with Yb(mphpd)3·3H2O (Figure 5.5) and respective mono-
meric complexes (Figure 5.2b).

FIGURE 5.3  Luminescence spectra of Yb(mphpd)3 · 2H2O (a) and Yb(mphpd)3 · Phen 
(b) in CHCl3 under excitation at 410 nm.
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FIGURE 5.4  Luminescence spectrum of Eu(mphpd)3·Phen-co-styrene in solid state, 
T=298K, λ=358 nm.

FIGURE 5.5  Luminescence spectra of: (a) Yb(mphpd)3·3H2O-co-styrene; (b) Yb(mphpd)3· 
Phen-co-styrene in solid state, T=298K, λ=336 nm.

The luminescence intensity and its quantum efficiency are higher for 
adduct (Table 5.4) due to the absence of water molecules in the inner 
sphere of Yb3+ ion.
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5.4  CONCLUSIONS

The investigations conducted in the present wirk-allowed to determine the 
composition, structure and properties of the complexes and metallopoly-
mers on their basis obtained for the first time.

The similarity of monomers electronic absorption spectra with copoly-
mers spectra confirms of identical coordinative environment of lanthanide 
ions in both cases.

The solubilization of Eu(III) and Yb(III) β-diketonate complexes with 
1,10-phenanthroline, was shown to change luminescence intensity in these 
complexes. The luminescence intensity of these complexes is greater in 
comparison with complex without additional ligand.

Thus, obtained copolymers which containing 5% emission compo-
nents (lanthanide complex) in polymer chain only are comparably with 
suitable gomopolymers concerning luminescence properties and can be 
perspective for optical application.

KEYWORDS

•• copolymers
•• lanthanide
•• luminescence
•• metal complexes
•• organic light emitting diodes

•• β-diketone

TABLE 5.4  Quantum Efficiency of Studied Complex and Its Adduct With 
1,10-Phenanthroline

Yb(mphpd)3 · 2H2O Yb(mphpd)3 · Phen

Solid CHCl3 solution Solid CHCl3 solution

Quantum efficiency (%) 0.022 0.013 0.032 0.015
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ABSTRACT

Cobalt-containing bifunctional catalytic dithio systems has been het-
erogenized on various supports (such as silica gels, aluminum oxides, 
zeolites, carbon black, etc.) by the methods of direct deposition or 
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pre-alumination. The received data demonstrate that the pre-alumination 
method shows a very high activity in the gas phase polymerization of 
butadiene. The productivity of these catalysts reaches 650.0–2200.0 kg 
PBD/g. Co•h. which is much higher than the output of solution process 
using the same homogenous catalysts (57.0 kg PBD/g Co•h.) and the 
known gas phase process using the heterogenized neodymium-catalysts 
(500.0 kg PBD/g Nd•h.).

High activities of heterogenized bifunctional cobalt-containing cata-
lytic dithiosystems allow developing principally new ecologically favor-
able and economically benefited technology of butadiene gas phase 
polymerization process.

6.1  INTRODUCTION

The industrial production of polydienes is carried out with solution polym-
erization technology by using homogeneous Ti, Co and Ni-containing 
Ziegler-Natta type catalytic systems. The biggest obstacle preventing their 
large scale application in the industry is the problem of separating homoge-
neous catalysts from the reaction medium, inefficient removal and recovery 
of the solvents and monomers after polymerization, the latter of which often 
requires more process steps and energy than the actual polymerization.

As known, gas-phase polymerization methods for the production of 
thermoplastics, such as polyethylene and polypropylene, have proved to 
be particularly advantageous and have gained acceptance. The gas-phase 
process has many advantages over the solution process. Solvents are not 
used in this process, therefore there are no technological, economical or 
ecological problems concerning cleaning and drying the solvents, washing 
off catalyst residues from the polymerizate, polymer degassing, polymer 
solubility, and viscosity of reaction medium. In the gas-phase polymer-
ization process, the complicate procedures of aggregation and separation 
of polymer from solution, which are present solution polymerization, are 
also absent. These allow for significant reduction in both construction-
operation cost and environmental pollution.

The solvent-free polymerization of dienes in the gas-phase has not 
yet been established on the industrial scale, because there are not yet 
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technically accomplished substantial ecological, economical, energetic 
and safe advantages. Studies on gas-phase polymerization of butadiene 
with neodymium containing Ziegler-Natta catalysts in laboratory scale 
were firstly carried out by the Berlin Technical University in 1993 [1–6]. 
The productivity of these heterogenized neodymium catalyst systems was 
~500.0 kg PBD/g Nd•h. Many firms have also reported about gas-phase 
processes for diene monomers and several have established significant 
patent portfolios including Bayer, Bridgestone, and Union Carbide [7–15]. 
To date, Bayer appears to be the closest to commercializing a gas-phase 
process in the production of polybutadiene rubber [7–12]. However, cata-
lytic systems (containing lanthanides, cobalt, or nickel) used in gas-phase 
polymerization of butadiene are characterized by shortcomings related to 
their low catalytic activity, ability to accelerate oxidative aging and degra-
dation of PBD (PBD = Polybutadiene) [1–13].

Earlier we have developed highly active and efficient homogeneous 
bifunctional catalyst-stabilizers on the bases of Ni- and Co-dithioderivatives 
(such as O,O-disubstituted dithiophosphates, N,N-dithiocarbamates, xhan-
togenates) in combination with aluminum organic compounds (such as, dial-
kyl aluminum chlorides, aluminoxanes, and alkyl aluminum dichlorides) for 
butadiene polymerization and simultaneous stabilization of the end poly-
mer [14–18]. These catalysts show high activity and stereo-selectivity in 
homogeneous polymerization of butadiene. Their productivities reached 
5.0–109.0 kg PBD/g Me•h, intrinsic viscosities were in the range of 0.08–
3.5 dL/g, and their 1.4-cis contents were between 80.0–96.0%. After polym-
erization, such catalysts were not washed out and remaining in the polymer 
effectively stabilizes them against thermo- and photo-oxidative ageing in 
storage without additional involvement of antioxidants.

Heterogenization of these new bifunctional cobalt-containing catalytic 
dithiosystems allow to reach very high process productivities of – 650.0–
2200.0 kg PBD/g Co•h., which is much higher than those of solution pro-
cesses using the same homogenous catalysts (5.0–109.0 kg PBD/g Co•h.) 
and the known gas-phase process using the heterogenized neodymium-
catalysts (500.0 kg PBD/g Nd•h.).

In this article the results of gas-phase polymerization of butadiene 
are presented in the presence of new heterogenized bifunctional cobalt-
containing catalytic dithiosystems, firstly developed by our group.
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6.2  EXPERIMENTAL PART

Butadiene (99.8%, wt.), aluminum organic compounds (85.0–90.0%, wt., 
in benzene) were obtained from Aldrich.

Organic dithioderivatives (dithiophosphates and dithiocarbamates) of 
cobalt have been synthesized according to [14].

Where necessary, manipulations were carried out under dry, oxygen-free 
argon or nitrogen in a Schlenk-type apparatus with appropriate techniques 
and gas tight syringes. For the preparation of homogeneous metallocom-
plex catalysts, the desired volume of toluene, monomer, DEAC (Diethyl 
alu minum chloride) (or TEA-triethyl amine), and cobalt solutions were 
added to the 100 mL-reactor under magnetic stirring at oxygen-free atmo-
sphere and temperature control by the usual order of addition of catalyst 
components: solvent, cobalt component, aluminum organic compound (at 
–78°C), and finally monomer.

Many types of solid materials have been investigated as support 
materials for the immobilization of metallocomplex catalysts: inorganic 
materials (SiO2, MgCl2, Al2O3, zeolite, etc.) and polymeric materials 
(polystyrene, polysiloxane, etc.). The most common support used is silica 
gel, due to its low cost and ease of functionalization. The silica gel surface 
contains hydroxyl and siloxane functional groups, which are useful in sur-
face modification and catalyst immobilization [19, 20].

There are many ways that metallocomplex catalysts have been immo-
bilized on supports [19, 20] and we have used the three main techniques 
for metallocomplex catalysts immobilization:

1)	 “Direct deposition” (also called grafting or impregnation) method. 
This is a physi-sorbtion process of a complex such as a coordina-
tion metal compound onto the support’s surface. This is the most 
convenient method of metallocomplex catalysts immobilization. 
In a typical process, some pretreated (calcined and partially ther-
mally dehydroxylated at 120–200°C under vacuum) silica gel is 
stirred with a solution of a cobalt compound of metallocomplex 
catalyst in inert atmosphere at room temperature or elevated tem-
peratures for a period of time. Then, the slurry is filtered, and the 
remaining solid product is washed with solvent several times to 
remove weakly adsorbed metallocomplex compound molecules. 
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The washed product is dried under vacuum to remove the solvent. 
The metallocomplex compound is believed to react with hydroxyl 
groups on the silica gel surface and bond to the surface via an 
M-O-Si bond.

2)	 “Pre-alumination” immobilization method. This is the process in 
which the support material contacts with a co-catalyst (either methyl 
aluminoxane or an alkyl aluminum halides) before impregnating 
with a metallocomplex compound. In one process, the silica gel is 
stirred with a solution of co-catalyst (MAO- methyl aluminoxane) 
and then filtered (Scheme 1). The solid portion is washed and dried 
in vacuum to obtain the MAO-modified silica gel. A minor modi-
fication of this process is to add n-decane to the slurry of silica gel 
and MAO in toluene to precipitate the MAO onto the silica gel. In 
another process, supported MAO is generated in situ by reacting 
TMA with water in the presence of silica gel, or by reacting TMA 
with water adsorbed on the surface of silica gel without dehydration. 
The subsequent metallocomplex catalyst cobalt compound impreg-
nation process is similar to that of the direct deposition method.

	    When silica is treated with MAO, the surface hydroxyl groups 
react with MAO and release CH4, so MAO is bonded to silica gel 
through Si-O-Al bonds. The metallocomplex compound molecules 
are thus immobilized on the silica gel by ionic interaction with the 
bonded MAO and become active catalytic species at the same time. 
The ionic interaction is weak, so the active species may be able to 
migrate over the MAO covered silica gel surface, resulting in a 
similar environment of the active species as that in homogeneous 
solution. Therefore, the polymers produced by these supported cat-
alysts have similar properties as those produced by corresponding 
homogeneous metallocomplex catalysts.

3)	 The covalent tethering method to immobilize a homogeneous 
metallocomplex catalyst on silica gel that is similar to the pre-
alumination method. In this method the homogeneous metal-
locomplex catalyst is prepared by the reaction of a solution of 
cobalt compound of metallocomplex and MAO (or alkyl alumi-
num halides) in the presence of monomer molecules, and then pre-
aluminated silica gel is added to the solution.
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The slurry is stirred and dried to form the supported catalyst. Since the 
cobalt compound of metallocomplex catalyst has been activated in solu-
tion by MAO in the presence of monomer molecules, the immobilization 
should occur between excess MAO and the silica gel surface. The struc-
ture of the supported catalyst prepared using this method should resemble 
that of the supported catalyst using the pre-alumination method.

The methods of heterogenization of homogeneous bifunctional cata-
lyst-stabilizers and the calculated concentration of cobalt on support of 
heterogenized catalytic dithiosystems are shown in Table 6.1.

The molecular masses of high molecular 1,4-cis polybutadiene and 
1,4-cis+1.2- polybutadiene were determined by viscosimetric method [21] 
with the relationships:

[η]30(toluene) = 3.05×10–4 ×M0.725; [η]30(toluene) = 15.6×10–5 × M0.75

The molecular masses (Mw and Mn) and molecular mass distribu-
tion (Mw/Mn) of polybutadienes were measured by a Gel Permeation 
Chromatograph (GPC), constructed in Czech Republic with a 6,000 
A  pump, original injector, R-400 differential refractive index detector, 
styragel columns with nominal exclusions of 500, 103, 104, 105, and 106. 
The GPC Instrument was calibrated according to the universal calibration 
method by using narrow molecular weight polystyrene standards [22].

The microstructure of the polybutadiene was determined by the 
means of an FT-IR spectrometer (Nicholet NEXUS 670 with spectral 
diapason from 400 cm–1 to 4000 cm–1, as a film on KBr, received from 
toluene solution) [23, 24].

6.3  RESULTS AND DISCUSSION

The catalytic activity of some samples of heterogenized bifunctional 
cobalt-containing catalytic dithiosystems in gas-phase polymerization of 
butadiene were investigated and the results are summarized in Table 6.2 in 
comparison with the known homogeneous bifunctional cobalt-containing 
catalytic dithiosystems and the gas-phase process of Berlin Technical 
University using heterogenized neodymium-catalysts.
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TABLE 6.1  Heterogenization Methods of Cobalt-Containing Catalytic Dithiosystems

Catalyst Method of 
heterogenization

Support preparation Heterogenization conditions Concentration of cobalt on 
support (calculated)

1 2 3 4 5

CAT.1 Direct deposition Silica gel dehydrated at 
150°C for 3 h.

The toluene solution of X-Co is 
physisorb onto the support for 60 min. 
The slurry is filtered; the remaining 
solid product is washed for a while 
with toluene and dried under vacuum 
and inert atmosphere.

Toluene solution of DEAC was added 
and treated for 60 min. The slurry is 
filtered; the remaining solid product 
is washed for a while with toluene 
and dried under vacuum and inert 
atmosphere.

[Co] = 1.0×10–7 mol/g;
Al:Co = 100:1
[X-Co] = 6.77×10–5 g/g support
or [Co] = 5.9×10–6 g/g support;
Co = 0.00059%

CAT.2 Direct deposition
Silica gel dehydrated at 
150°C for 3 h and then at 
450°C for 2 h.

The toluene solution of X-Co+DEAC 
is physisorb onto the support for 
60 min. The slurry is filtered; the 
remaining solid product is washed for 
a while with toluene and dried under 
vacuum and inert atmosphere.

[Co] = 1.0×10–7 mol/g;
Al:Co = 100:1
[X-Co] = 6.77×10–5 g/g support
or [Co] = 5.9×10–6 g/g support;
Co = 0.00059%
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Catalyst Method of 
heterogenization

Support preparation Heterogenization conditions Concentration of cobalt on 
support (calculated)

CAT.3 Direct deposition Silica gel dehydrated at 
650°C for 5 h.

The toluene solution of X-Co+MAO is 
physisorb onto the support for 60 min. 
The slurry is filtered; the remaining 
solid product is washed for a while 
with toluene and dried under vacuum 
and inert atmosphere.

[Co] = 1.0×10–8 mol/g;
Al:Co = 1000:1
[X-Co]=6.77×10–6 g/g support
or [Co] = 5.9×10–7 g/g support;
Co = 0.000059%

CAT.4 Pre-alumination

Silica gel dehydrated at 
200°C for 6 h and at 25°C 
the toluene solution of 
DEAC ([Al]= 4 mmol/g 
support) was added, the 
slurry is filtered, the 
remaining solid product 
is washed for a while 
with toluene and dried 
under vacuum and inert 
atmosphere.

The toluene solution of X-Co+DEAC+ 
butadiene complex is physisorb onto 
the support for 60 min. The slurry is 
filtered; the remaining solid product 
is washed for a while with toluene 
and dried under vacuum and inert 
atmosphere.

[Co] = 1.0×10–7 mol/g;

Al:Co = 100:1

[X-Co]=6.77×10–5 g/g support

or [Co] = 5.9×10–6 g/g support;

Co = 0.00059%

TABLE 6.1  (Continued)
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Catalyst Method of 
heterogenization

Support preparation Heterogenization conditions Concentration of cobalt on 
support (calculated)

CAT.5 Pre-alumination Silica gel dehydrated at 
200°C for 2 h and at 25°C 
was added the toluene 
solution of MAO ([Al]= 
4 mmol/g support), the slurry 
is filtered, the remaining 
solid product is washed for a 
while with toluene and dried 
under vacuum and inert 
atmosphere.

The toluene solution of 
X-Co+DEAC+butadiene complex is 
physisorb onto the support for 60 min. 
The slurry is filtered; the remaining 
solid product is washed for a while 
with toluene and dried under vacuum 
and inert atmosphere.

[Co]=1.0×10–7 mol/g support;

Al:Co = 100:1

[X-Co]= 6.77×10–5 g/g support 
or [Co]= 5.9×10–6 g/g support;

Co = 0.00059%

CAT.6 Pre-alumination

Silica gel dehydrated at 
120°C for 2 h and at 25°C 
was added the toluene 
solution of TEA ([Al]= 
25 mmol/g support), after 
2 h the slurry is filtered, 
the remaining solid product 
is washed for a while 
with toluene and dried 
under vacuum and inert 
atmosphere.

The toluene solution of 
X-Co+MAO+butadiene complex 
is physisorbed onto the support for 
60 min. The slurry is filtered; the 
remaining solid product is washed for 
a while with toluene and dried under 
vacuum and inert atmosphere.

[Co]= 1.0×10–8 mol/g support;

Al:Co = 1000:1;

[X-Co]= 6.77×10–6 g/g support

or [Co] = 5.9×10–7 g/g support;

Co = 0.000059%

TABLE 6.1  (Continued)
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Catalyst Method of 
heterogenization

Support preparation Heterogenization conditions Concentration of cobalt on 
support (calculated)

CAT.7 Pre-alumination Al2O3 dehydrated at 120°C 
for 6 h and at 25°C the 
toluene solution of DEAC 
([Al]= 4 mmol/g support) 
was added, the slurry is 
filtered, the remaining solid 
product is washed for a 
while with toluene and dried 
under vacuum and inert 
atmosphere.

The toluene solution of X-Co + 
DEAC+butadiene complex is 
physisorb onto the support for 60 min. 
The slurry is filtered; the remaining 
solid product is washed for a while 
with toluene and dried under vacuum 
and inert atmosphere.

[Co] = 1.0×10–7 mol/g;

Al:Co = 100:1

[X-Co]=6.77×10–5 g/g support

or [Co] = 5.9×10–6 g/g support;

Co = 0.00059%

CAT.8 Pre-alumination

Zeolite NaY dehydrated 
at 160°C for 6 h and at 
25°C the toluene solution 
of DEAC ([Al]= 4 mmol/g 
support) was added, the 
slurry is filtered, the 
remaining solid product 
is washed for a while 
with toluene and dried 
under vacuum and inert 
atmosphere.

The toluene solution of X-Co + 
DEAC+butadiene complex is 
physisorb onto the support for 60 min. 
The slurry is filtered; the remaining 
solid product is washed for a while 
with toluene and dried under vacuum 
and inert atmosphere.

[Co] = 1.0×10–7 mol/g;

Al:Co = 100:1

[X-Co]=6.77×10–5 g/g support

or [Co]=5.9×10–6 g/g support;

Co = 0.00059%

TABLE 6.1  (Continued)
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Catalyst Method of 
heterogenization

Support preparation Heterogenization conditions Concentration of cobalt on 
support (calculated)

CAT.9 Pre-alumination MgCl2 dehydrated at 200°C 
for 6 h and at 25°C the 
toluene solution of DEAC 
([Al]= 4 mmol/g support) 
was added, the slurry is 
filtered, the remaining solid 
product is washed for a 
while with toluene and dried 
under vacuum and inert 
atmosphere.

The toluene solution of X-Co + 
DEAC+butadiene complex is 
physisorb onto the support for 60 min. 
The slurry is filtered; the remaining 
solid product is washed for a while 
with toluene and dried under vacuum 
and inert atmosphere.

[Co] = 1.0×10–7 mol/g;

Al:Co = 100:1

[X-Co]=6.77×10–5 g/g support

or [Co]=5.9×10–6 g/g support;

Co = 0.00059%

CAT.10* 
(BTU)

Pre-alumination Silica gel (15 g) dehydrated 
at 200°C for 2 h and at 
25°C was added the toluene 
solution of MAO (1.5 g), 
the slurry is filtered, the 
remaining solid product is 
washed for a while with 
toluene and dried under 
vacuum and inert atmosphere.

Cyclohexene solution of homogeneous 
catalyst Nd (Vers.)2+ TEA+EASC 
(0.5 g) is physisorbed onto the support 
for 60 min. The slurry is filtered; the 
remaining solid product is washed for 
a while with toluene and dried under 
vacuum and inert atmosphere.

[Nd]=3.5×10–2 mol/L cat 
support;

BD:Nd =12400;

Al:Nd = 170;

Cl:Nd = 1.7

CAT.11** Homogeneous – Homogeneous catalyst X-Co+DEAC
[Co] = 1.0×10–4 mol/L;

Al:Co = 100:1

(*) Heterogenized neodymium-catalyst of Berlin Technical University (BTU) [8, 9]: [Nd] = 3.2×10–2 mol/Lcat; catalyst productivity: 500.0 kg PBD/g Nd.h;
(**) Homogeneous bifunctional catalyst-stabilizers of IPCP of ANAS [13–16]: X-Co+DEAC; [Co] = 1.0×10–4 mol/L; Al:Co = 100:1; T = 25°C; solvent: 
toluene.

TABLE 6.1  (Continued)
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TABLE 6.2  Catalytic Activities of Heterogenized X-Co+AOC (Aluminum Organic Compound) Catalyst Systems in the Gas-Phase 
Polymerization of Butadiene (Reaction Conditions: [Co]= 1.0×10–7 mol/g Support; T = 25°C)

Catalyst Reaction 
time (min)

Productivity 
(kg PBD/g Co.h)

Intrinsic 
viscosity [η] 
(dL/g)

Molecular mass Microstructure (%)

Mw×10
–3 Mw/Mn 1.4-cis 1.4-trans 1.2

CAT.1 60 340 3.4 330 2.75 90 6 4

CAT.2 45 510 3.8 466 2.6 93 5 2
CAT.3 90 1250 4.9 950 2.2 94 4 2
CAT.4 60 1450 3.3 310 2.1 91 6 3
CAT.5 45 1700 3.8 466 2.6 93 5 2
CAT.6 90 950 4.1 500 2.5 92 5 3
CAT.7 90 1150 2.8 300 2.4 90 7 3
CAT.8 90 850 2.5 250 2.5 91 8 1
CAT.9 90 900 2.6 270 2.3 92 6 2
CAT.10* (BTU) 60 500 5.2 1500 2.3 97 2 1
CAT.11** 15 57 3.5 450 2.5 91 5 4

(*) (**) as in Table 1 footnotes.
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The data demonstrates that the pre-alumination method of immobilizing 
the bifunctional cobalt containing catalytic dithiosystem with X-Co shows 
a very high activity in the gas-phase polymerization of butadiene. Results of 
Table 6.2 show that at reaction conditions: [Co] = 1.0×10–7 mol/g support; 
T = 25°C catalysts productivity reaches ~1700.0 kg PBD/g Co.h., which 
is much higher than of the solution process using the same homogenous 
catalyst X-Co+DEAC (57.0 kg PBD/g Co.h.) and gas-phase process of 
Berlin Technical University using the heterogenized neodymium-catalysts 
(500.0 kg PBD/g Nd.h.).

High catalytic activities are showed by methods of heterogenization 
in CAT.4 and CAT.5. Therefore the investigations of activity and stereo 
selectivity of cobalt catalysts with various organic dithioderivatives were 
investigated using these heterogenization methods. Results are shown in 
Table 6.3.

Table 6.3 shows that by changing ligands in cobalt compounds it is 
possible to change the catalyst productivity and stereo-regularity in large 
diapason. The highest catalytic activity and stereo selectivity was obtained 
using X-Co, DCDTPh-Co (Cobalt O,O’-di-4-methylphenyl dithiophos-
phate) and NGDTPh-Co (Cobalt O, O’-di- (2,2′-methylene-bis-4-methyl-
6-ert.butylphenyl) dithiophosphate) as a component of heterogenized 
catalyst. Their productivities reached 1340.0–1700.0 kg PBD/g Co.h, 
intrinsic viscosities were in the range of 2.5–3.8 dL/g, and 1.4-cis contents 
were between 91.0–96.0%.

Heterogenized DEDTC-Co+DEAC (Cobalt diethyl dithiocarbamate) 
catalytic system allows for the production of high molecular 1,4-cis+1,2-
PBD with 1,4-cis content of 62.0%, 1,2-content of 35.0%, 1,4-trans con-
tent of 3.0%, intrinsic viscosity pf 1.94 dL/g and productivity of 850.0 kg 
PBD/g Co.h.

Changing of ligands in cobalt compound is similar to those of homoge-
neous catalyst for polymerization of butadiene [16, 25, 26]. High activity 
of X-Co (Cobalt O,O’-di- (3,5-di-tert. butyl-4-hydroxyphenyl) dithio-
phosphate), DCDTPh-Co and NGDTPh-Co in butadiene polymerization 
can be explained by the high solubility of these compounds in toluene and 
the formation of stable metallocomplex nanosized active centers, cova-
lently tethered on support, which allows obtaining polymers with very 
high productivities than those in solvent polymerization.
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TABLE 6.3  Catalytic Activities of Heterogenized DTC-Co + AOC Catalyst Systems in the Gas-Phase Polymerization of Butadiene 
(Reaction Conditions: [Co] = 1.0×10–7 mol/g Support; T = 25°C)

Cobalt Dithio 
compound  
(DTC-Co)

Method of 
heterogenization

Reaction 
time 
(min)

Productivity 
(kg PBD/g 
Co.h)

Intrinsic 
viscosity 
[η] (dL/g)

Molecular mass Microstructure (%)

Mw×10
–3 Mw/Mn 1.4-cis 1.4-trans 1.2-vinyl

DCDTPh-Co CAT.4 60 1340 2.5 250 1.56 93 5 2

DCDTPh-Co CAT.5 60 1650 2.6 270 1.54 95 4 1
DTBPhDTPh-Co CAT.4 60 750 3.1 320 1.72 93 5 2
DPhDTPh-Co CAT.4 60 810 2.9 300 1.94 91 6 3
TBPh-Co CAT.4 60 920 2.4 260 1.93 92 6 2
4-m,6-TBPh-Co CAT.4 60 650 2.8 290 1.93 93 5 2
X-Co CAT.4 60 1450 3.3 310 2.10 91 6 3
X-Co CAT.5 45 1700 3.8 466 2.60 93 5 2
NGDTPh-Co CAT.4 60 1300 3.2 330 1.74 95 4 1
NGDTPh-Co CAT.5 60 1600 2.5 290 1.65 96 3 1
DEDTC-Co CAT.4 90 850 3.3 350 1.94 62 35 3
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As was shown earlier the direct deposition method is simple and 
convenient, but the supported catalysts prepared using this method usu-
ally have low polymerization activities due to the influences of the silica 
surface, that is, steric hindrance and poisoning effect.

In the supported homogeneous catalysts prepared by the using of pre-
alumination method, active sites have appreciable freedom of movement 
on the support, so the catalytic properties of the supported active sites 
resemble those of the homogeneous analogs and the polymers produced 
are similar to those produced by the homogeneous analogs. However, the 
nature of the weak ionic interactions that bind the active sites to the MAO-
covered support is not clear and is difficult to study.

An important aspect of the immobilized homogeneous catalysts is the 
stability of the active species on the supports. In the gas phase polymeriza-
tion process, the migration of unstable active species from the interior of 
the catalyst particles to the surface will result in polymer products of poor 
molecular weight distribution and micro-structural dispersion. Both poor 
morphology and reactor fouling are manifestations of “catalyst leaching.” 
Catalyst leaching has been found in the first and second methods of cata-
lyst immobilization. No leaching of active species from the support was 
observed in the covalent tethering method [26].

6.4  CONCLUSION

A new high activity and stereoselective heterogenized bifunctional cobalt-
containing catalytic dithiosystem for butadiene gas-phase polymerization 
has been developed. Based on organic dithiocompounds of cobalt (O,O-
dithiophosphates, N, N-dithiocarbamates) in combination with aluminum 
organic compounds (DEAC, TEA, MAO), heterogenized by the methods 
of pre-alumination and covalent tethering on silica gel support, these cata-
lysts provide the preparation of high molecular mass 1,4-cis (91.0–96.0 %) 
or 1,4-cis+1.2 (1.4-cis – 62.5 and 1.2 – 35.0 %) polybutadienes with pro-
ductivities of 650.0–2200.0 kg PBD/g Co.h and intrinsic viscosities of 
2.5–3.8 dL/g.

Synthesized polybutadienes can be used in the production of tires, 
technological rubbers and impact resistant polystyrenes.
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ABSTRACT

The electrical conductivity of solid polymer electrolyte membranes based 
on three type of polysiloxanes containing propyl butyrate, acetyl acetonate 
and allyl cyanide as pendant groups and lithium trifluoromethylsulfonate 
(triflate) or lithium bis(trifluoromethylsulfonyl)-imide were investigated 
by impedance spectroscopy. It is experimentally shown that the dependence 
of conductivity of polyelectrolytes has extreme character – correspond-
ing curves are characterized with maximums, the intensity and location of 
which are determined by types of polymer matrix and Li-salt. This result 
is explained in terms of formation of ion-pairs at relatively high concentra-
tions of anions, the mobility of which is lower in comparison with mono-
ions. Temperature dependence of the electrolytes conductivity describes by 
Vogel-Tamman-Fulcher (VTF) or Arrhenius formula. These dependences 
are defined mainly with the value of ion mobility in the polymer matrix. 
The electrical conductivity of these materials at room temperature belongs 
to the range of 7×10–9 to 4×10–4 S/cm. The voltamogrames of investigated 
polyelectrolytes for small values of voltages have been obtained.

7.1  INTRODUCTION

Hybrid organic-inorganic materials, where molecular organic and inor-
ganic fragments are combined, have been considered potentially attractive 
for the purpose of developing of new materials with a broad spectrum of 
interesting properties. In comparison with organic and inorganic constitu-
ents and polymers separately, hybrid organic-inorganic materials have a 
lot of advantages [1–4].

Polymer electrolytes (PE) play an important part 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 elec-
trolytes 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 
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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 amor-
phous morphology.

The interest to 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 mini-
mum value for practical applications in batteries [4, 5]. At present, poly-
ethylene 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 character of the polymer as well as from 
the increase on 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 for high ionic 
conductivities. Another necessary condition for high ionic conductivity is a 
high salt solubility in the polymer, which is most often achieved by donors 
such as etheric oxygen or imide groups on the main chain or on the side 
groups of the PE. It is well established also that lithium ion coordination 
takes place predominantly in the amorphous domain and that the segmen-
tal 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.

Comb-like polysiloxanes solid PE systems incorporating different lith-
ium salts nowadays attract much more attention because of it relatively 
high conductivity of about 10–4 S/cm [5–7] and 5×10–4 S/cm for double 
comb polysiloxanes PE having two oligoether side groups per silicon and 
dissolved lithium bis(trifluoromethylsulphonyl)imide.

Synthesis and conductivity studies were published for another series of 
oligoether-substituted mono-comb polisiloxane PE, which was addition-
ally cross-linked by α,w-diallylpolyethyleneglicol [8, 9]. Careful analysis 
of these and other results conducted in Ref. [10] suggests that there is no 
significant conductivity loss at transfer from double-comb to mono-comb 
polydimethylsiloxanes.
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It was observed that the dependence of materials conductivity σ on the 
inverse temperature is described by one of the following types of regulari-
ties: (a) Vogel-Tammann-Fulcher (VTF) and (b) Arrhenius formula with 
two activation energies [11, 12].

The aim of presented work is an obtaining of new solid polymer elec-
trolyte membranes on the base of comb-like methylsiloxane matrix with 
regular arrangement of propyl butyrate, propyl acetoacetate, triethoxysi-
lane and allyl cyanide pendant groups separately and investigation of their 
electric conducting properties.

7.2  EXPERIMENTAL PART

7.2.1  OBJECTS OF STUDY

Polyelectrolytes on the basis of some siliconorganic polymers and two type 
of Li-salt were the objects for the investigations of some electrical- physical 
properties in dependence of type of polymers and ions and concentration of 
lasts. Following types of polymers have been synthesized: (a) polysiloxane 
containing propyl butyrate side groups; (b) polysiloxane containing propyl 
acetoacetate and triethoxysilane pendant groups at silicon; (c) polysiloxane 
containing allyl cyanide side groups. The synthesis of these polymers held 
earlier and now these materials are in the press for publication. Li-salts of 
types lithium trifluoromethylsulfonate (triflate) – salt S1 and lithium bis(tr
ifluoromethylsulfonylimide) –salt S2 were used in the investigated electro-
lytes. On the basis of these polymers and Li-salts there were obtained the 
membranes – films in the form of thin (0.2–0.3 mm) discs with diameter 
10 mm at using following method: 0.75 g of the base compound was dis-
solved in 4 mL of dry THF and thoroughly mixed for half an hour before 
the addition catalytic amount of acid (one drop of 0.1 N HCl solution in 
ethyl alcohol) to initiate the cross-linking process. After stirring for another 
3 h required amount of lithium triflate from the previously prepared stock 
solution in THF was added to the mixture and stirring continued for fur-
ther 1 h. The mixture was then poured onto a teflon mould with a diameter 
of 4 cm and solvent was allowed to evaporate slowly overnight. Finally, 
the membrane was dried in an oven at 70°C for 3 d and at 100°C for 1 h. 
Homogeneous and transparent films with average thickness of 200 µm 
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were obtained in this way. These films were insoluble in all solvents, only 
swollen in THF. The salts S1 and S2 were introduced to the polymers with 
concentrations 5, 10, 15, 20 and 25 wt % of each salt. The polyelectrolytes 
presented in this paper will be noted as:

P1S1 and P1S2 – polysiloxane containing propyl butyrate pendant groups 
with salt S1 and S2;

P2S1 and P2S2 – polysiloxane containing acetil-acetate pendant groups 
with salt S1 and S2;

P3S1 and P3S2 – polysiloxane containing allyl cyanide pendant groups 
with salt S1 and S2.

7.2.2  METHODS OF MEASURES OF ELECTRIC CONDUCTING 
CHARACTERISTICS OF MATERIALS

The total ionic conductivity of samples was determined by locating a 
membrane between two disks like brass electrodes with 10 mm diame-
ter. The electrode/electrolyte assembly was secured in a suitable constant 
volume support, which allowed extremely reproducible measurements of 
conductivity to be obtained between repeated heating-cooling cycles. The 
cell support was placed in an oven and the change of sample temperature 
was measured by a thermocouple close to the electrolyte disk. The bulk 
conductivities of the 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 20 and 
110°C. Voltamogrames measured at room temperatures were obtained by 
use of simple arrangement allowing the registration of the value of current 
passing true the electrolyte sample at gradual increase of the voltage.

7.3  RESULTS AND DISCUSSION

7.3.1  POLYSILOXANE CONTAINING PROPYL BUTYRATE 
PENDANT GROUPS

First of all it was defined a character of dependence of compounds electric 
conductivity on the concentration of Li salts. The curves on Figure 7.1 
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show that these dependences have extreme character, the conductivity 
rises with an increase of the salt concentration, reaches a maximum value 
and after declines. Obviously this fact may be described with increasing 
of charge carrier’s.

In accordance with Figure 7.1 noted above maximums on the curves 
for systems P1S1 and P1S2 appear at concentrations near 17–18 wt.% of 
salt, respectively.

Quantitative difference between curves in the Figure 7.1 leads to con-
clusion that in the electrolyte P1S1 ions of the salt S1 having relatively small 
anions is characterized with more high mobility, than that for the salt S2. 
Therefore the maximum of conductivity for P1S1 is higher to some extent 
than for P1S2 having anions with less mobility. Decreasing of conductiv-
ity of both electrolytes at relatively high concentrations of both types of 
salts is due to mentioned above phenomenon – increasing of probability of 
formation of ion pairs at high ion concentrations.

On the basis of well known experimental results about effect of the 
length of side groups on the value of conductivity of polyelectrolytes it 

FIGURE 7.1  Ionic conductivity of the systems based on polymer P1 as a function of 
salt S1 (1) and S2 (2) concentrations at 25°C temperature number. The maximum of ionic 
conductivity can be described by two opposing process, which are in accordance with 
conceptions noted in Ref. [9]: (a) increasing of the number of charge carriers (ions) in 
result of increasing of the salt concentration; (b) increasing of possibility of the formation 
of ion pairs, thanks to which the ions migration will be prevented in the electrolyte network.
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would be expected that the conducting complexes containing the mol-
ecules with long side groups would be more conductive than ones with 
relatively short side chains. However the literature data obtained by other 
authors and by us shown that, as a rule, it is no direct correlation between 
side chains lengths and conductivity of polyelectrolytes [12,13]. Main 
reason of these deviations we can find not only in the side chain lengths. 
There are also other factors (e.g., molecular morphology, content of salts, 
distribution of salt molecules between polymer chains and the character of 
interactions between them, etc.), which influence simultaneously on the 
electrical conductivity of polyelectrolytes and creates the difficulties in 
unique establishment of real nature of the polyelectrolytes conductivity. At 
establishment of the effect of microstructure of the polymer system on the 
mobility of Li ion it must be took into account the effect of the free volume 
between macromolecules and salt molecules. Therefore it is very difficult 
to define effect of influence of the length of side chains on the free volume, 
because at increasing of side chain length on last apparently has non-linear 
character. The exact estimation of the free volume with different methods 
would be introduced some definition to this problem.

Usually coming from practical interests the dependence of the conduc-
tivity on temperature of polyelectrolytes one defined mainly in the range 
of about 30–90°C [6, 7]. The conductivities of the investigated compounds 
defined on these limits are given in the Table 7.1.

The dependence log σ–1/T has nearly linear character and obeys to 
Arrhenius low (Figures 7.2 and 7.3). These curves were designed after 
several measuring of this dependence and the data of conductivities were 
obtained after averaging of them.

As it is seen from Figures 7.2 and 7.3 conductivity of the investigated 
compounds rises with an increase of temperature. Main factor which 
defines a such character of these dependences it must be fond in increas-
ing of charge carriers (ions) mobility at increasing of temperature. This 
conclusion on the temperature dependence of conductivity of PE is in 
good agreement with experimental data presented on Figure 7.2 and the 
Table 7.1.

It was interesting to define the dependence of current – voltage for 
investigated electrolytes (PE). On the Figure 7.4 the curves of I – V func-
tional dependences (so called the voltamograms) for some obtained mem-
branes are presented.
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TABLE 7.1  The Conductivities of Investigated Compounds PS1 and PS2, Defined at 25 and 90°C

Salt S1 S2

Concentr. Wt.% 5 10 15 20 25 5 10 15 20 25
S(30°C),  S/cm 6.3×10–6 1.2×10–5 3.2×10–4 3.5×10–4 1.6×10–5 6.4×10–7 6.6×10–6 1.5×10–5 1.3×10–4 7.2×10–6

S(90°C),  S/cm 2.5×10–4 5.2×10–5 7.9×10–4 1.1×10–3 2.4×10–4 3.3×10–5 2.3×10–5 6.2×10–5 3.4×10–4 2.6×10–5
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FIGURE 7.2  Arrhenius plots of ionic conductivity for polymer electrolytes P1S1 
containing 20 (1), 5 (2) and 10 wt% (3) of salt S1.
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FIGURE 7.3  Arrhenius plots of ionic conductivity for polymer electrolytes P1S2 
containing 20 (1), 10 (2) and 5 wt% (3) salt S2.
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The dependences I – U, that is, voltamograms (Figure 7.4) show that 
in the used interval of change of voltage the value of the current increases 
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with definite deviation from linearity. The behavior of the curves corre-
sponds to character of dependence of carriers transport on the nature of salt 
ions. As it was noted above the second salt ions differ from first ones with 
more high volume to some extent and relatively low mobility. Therefore at 
increasing of the voltage accelerated ions after charge-phonons scattering 
are gradually slowed, which is reflected on the deviation from the linear-
ity of A – V characteristics. At this time appears the Joule heat, which is 
one of the reasons of destruction of the conducting channels due to heat 
scattering of charges leading to decreasing of the electrical current passed 
through material. This deviation appears for the membrane PS2 earlier 
than for PS1 at containing one and same concentration of the salts because 
of difference in sizes and mobility of the compared ions.

For estimation of the effect of free volume in polyelectrolyte com-
pounds on the ion conductivity we provided the experiments on inves-
tigation of the influence of external pressure on the conductivity for the 
investigated polyelectrolytes (Figure 7.5).

The curves on the Figure 7.5 show that this dependence of resistance 
on the pressure has exponential character in relatively narrow interval of 
pressures. This result is non-expected to some extent, because, as it is well 

FIGURE 7.4  Voltamograms for membranes containing 20% S1 (1) and same amount of 
S2 (2).
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known, the free volume in the polymer matrix under increasing pressure 
decreases and, consequently, the transport of Li ions must be decreased. 
However it may be suggested that at same time the segmental mobility of 
side chains of oligoesters significantly decreases, which in general presents 
the definite barrier on the way of Li ions thanks to interactions between 
charge carriers and phonons corresponding to side group vibrations. 
Therefore the noted barrier will be decreased at increasing of pressure. 
Probably from two effects (decreasing of free volume and simultaneously 
the phonon-charge carrier’s interaction) the second is more effective than 
first one in the considered case. Generally the conductivity of polyelectro-
lytes will be depended significantly on the ratio of these factors.

7.3.2  POLYSILOXANE CONTAINING PROPYL ACETOACETATE 
AND TRIETHOXYSILANE PENDANT GROUPS AT SILICON

It was interesting also the investigation of the electric physical properties 
of analogical polyelectrolytes with another type of pendant groups – allyl 
acetoacetate and vinyltriethoxysilane.

FIGURE 7.5  Dependence of the resistance of electrolytes based on P1S1 with 10 (1) and 
20 (2) wt % S1. Ro – resistance of the samples at normal pressure.
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On the Figure 7.6 the temperature dependences of the polyelectrolytes 
based on polysiloxane containing propyl acetoacetate and triethoxysilane 
pendant groups at silicon atom P2S1 and P2S2 are presented. The curves 
of these dependences show that the values of the electrical conductivity 
of membranes and the range of their change, significantly depends on 
both polymer type and salt concentration. In case of PE – P2S1 containing 
10 wt. % of S1 the conductivity of the PE is rather low in all the tempera-
ture range. However, the conductivity of the same PE with relatively high 
concentration (20 wt. %) gets the significances on two order higher than 
for P2S1 containing 10 wt. % of this salt. Difference between conductivities 
of P2S1 and P2S2 may be described by difference in the electrical states of 
the PEs. Probably in the first PE possibility of creation of donor-acceptor 
complex is lower than in second one and consequently the corresponding 
conductivity for second PE is higher (but at low concentrations of the salts) 
besides of relatively high mobility of the anions of the first salt. However 
the picture is changed at more high content of the salts. In accordance with 
the conception expressed in Ref. [13] at increasing of the concentration of 
salts with relatively big anions the probability of creation of so called pairs 
of the ions increases and consequently the current density decreases more 
intensively than in case of little anions.

FIGURE 7.6  Dependence of electrical conductivity on the temperature for membranes 
P2S1, salt concentration in wt. % – 10 (1) and 20 (2); P2S2: 10 (3) and 20 (4).
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It was interesting to define the behavior of the conductivity of PE – P2S2 
with 20 wt. % of the salt. In this case, low conductivity of this PE at low 
temperatures increases with the rise of temperature, because of damage of 
charge pairs and increasing of mobility of corresponding ions. The wide 
interval of changes of conductivity of PE – P2S2 must be due to gradual 
structural changes of this material (gradual increasing of the segmental 
mobility of the polymer side groups).

The dependence of conductivity of PE based on polymer P2 on salt 
concentration at change of temperature is presented on the Figure 7.7. The 
curves shown on this figure differ one from another with relatively narrow 
interval of values. The low electrical conductivity of these compounds 
shows, that the microstructure is less suitable for the charge transfer in 
these polymer matrixes. In general the conductivity values at the edge 
temperatures are shown in the Table 7.2.

The voltamograms of compounds P1S1, P1S2, P2S1 and P2S2 presented 
on the Figures 7.8 and 7.9 show that these dependences in the used interval 
of the changes of voltage practically have linear character, which is due to 
no significant formation of the Joul heat effect after charge transfer in the 
polymer matrix.

FIGURE 7.7  Dependence of electrical conductivity on the temperature of the electrolyte 
membranes P2 S1, salt concentration in wt. % – 20 (1) and 10 (2); P2S2: 10 (3) and 20 (4).
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TABLE 7.2  Dependence of Conductivities For Compounds Based on Polymers P1 and P2 at Initial and Last Measuring Temperatures

Membrane Polymer Salt Salt Concentr., wt.% σ, (20°C), S/cm σ, (115°C), S/cm

P1S1

P1S1

P1S2

P1S2

P2S1

P2S1

P2S2

P2S2

P1

P1

P1

P1

P2

P2

P2

P2

S1

S1

S2

S2

S1

S1

S2

S2

10

20

10

20

10

20

10

20

9.0×10–8

2.2×10–6

6,1×10–7

2.5×10–7

5.4×10–7

6.5×10–7

6.2×10–7

8.2×10–8

2.5×10–6

5.2×10–5

2.3×10–5

5.9×10–5

7.2×10–5

9,1×10–5

4,1×10–5

2.5×10–5
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FIGURE 7.8  Voltamograms of compounds on the basis of polymer P2, B-10 wt.% S1, 
C-20 wt. % S1, D-20 wt.% S2 and E-10 wt.% S2.
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FIGURE 7.9  Voltamograms of compounds on the basis of polymer P2 – B-10 wt.% S1, 
C–20 wt.% S1, D–20 wt. % S2 and E –10 wt.% S2.
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7.3.3  POLYSILOXANE CONTAINING ALLYL CYANIDE PENDANT 
GROUPS

The next study on definition of behavior of dependence of electric conduc-
tivity on the temperature of comb like polyelectrolytes was conducted on the 
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silicon-organic polyelectrolytes containing allyl cyanide pendant groups. 
Obtained on the base of synthesized polymers the membranes containing 
Li-salts of two types were investigated in the temperature range 25–90°C.

Below the dependences of the membranes conductivity on temperature 
are presented (Figures 7.10 and 7.11). The values of conductivity of mem-
branes at initial and final temperatures were measured separately (Table 7.2).

FIGURE 7.10  Arrenhius plot of the dependence of electric conductivity of electrolytes 
based on the polymer P and salt S1 at concentrations 5 (B), 20 (C) and 10 wt % (D).
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FIGURE 7.11  Arrenhius plot of the dependence of electric conductivity of electrolytes 
based on the polymer P and salt S2 at concentrations 20 (B), 5(C) and 10 wt % (D).
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Analysis of the curves of Figures 7.10 and 7.11 leads to analogical 
opinion expressed above at consideration of temperature dependences 
obtained for other polyelectrolytes (e.g., extreme dependence of conduc-
tivity of PE on the concentration of salts).

7.4  CONCLUSIONS

Electrical conductivity of membranes and the range of their change signifi-
cantly depend on both polymer type and salt concentration. It is unusual 
fact that for all electrolytes dominated the decreasing of the conductivity at 
increasing of salt concentration. As main reason of such behavior of the salt 
concentration dependence of conductivity was described in terms of forma-
tion of so called ion pairs in polymer matrix as separate charges. The mobil-
ity of these pairs is rather small, than the separated ion and correspondingly 
the polymer electrolytes with such pairs are characterized by lower conduc-
tivities in comparison with electrolytes without such pairs. It may be sup-
posed that in our polyelectrolytes these pairs are formed already at 5 wt % 
concentrations of the salts. Difference between conductivities of electrolytes 
based on one and same polymers with two types of salts (S1 and S2) may be 
described by distinction in structure of salts and their anions. The character 
of the electrolytes conductivity at high concentrations of the salts changes 
essentially: the conductivity of electrolytes with S2 exhibit lower increase of 
temperature rise than for electrolytes with S1 because of increasing of prob-
ability of formation of the anion pairs in the electrolytes with S2 (big anions) 
leading to decreasing of conductivity of the electrolyte in comparison with 
one containing S1 (small anions). At cyclic heat loading of the investigated 
polyelectrolytes the behavior of the curves conductivity vs. temperature is 
repeated with small hysteresis, which witnesses about stable microstructure 
of obtained polyelectrolytes in the used range of the temperatures.

The electric physical properties of the polyelectrolytes based on syn-
thesized polymers and two types of the Li-salts allow consider these mate-
rials as the perspective basis for production of the Li-battery.
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ABSTRACT

In this article there are given the results of the investigations conducted 
at the Institute of Chemistry of Additives of the National Academy of 
Sciences of Azerbaijan Republic in the direction of preparation of poly-
meric compounds, which have different functions in the composition of 
lubricating oils depending on the meaning of their molecular mass and 
chemical composition. The results of the conducted investigations have 
shown that for the purposes of the improvement of thermal stability of 
viscous additives, initial monomers used for their analysis are underwent 
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to copolymerization with vinyl aromatic and carboxylic compounds. With 
the purpose of the development of polyfunctional polymeric compounds 
is conducted functionalization of oligomers of the high α-olefins. This 
way gives the possibility to develop lubricating compositions of the more 
simple structure, which leads to economic effect. On the base of oligo-
mers of high α-olefins sulfonate, succinimide and thiophosphate additives 
were synthesized. Introduction of synthesized additives into the structure 
of lubricating compositions will give the possibility to develop lubricating 
compositions of various purposes.

8.1  RESULT AND DISCUSSION

Polymeric compounds are widely used in different fields of national econ-
omy and in Petro chemistry, concretely in the improvement of the quality 
of lubricating oils.

Lubricating oils have compositional structure and contain additives 
of different functional condition. Between these additives polymeric 
additives take special place because by chemical structure they close to 
petroleum oils (hydrocarbons) and that is why they have no problem in 
solubility, not volatile and easily under go to chemical modification.

Polymeric additives by functional action are divided into two groups: 
viscous additives and polyfunctional polymeric additives. Viscous addi-
tives by their function are divided on thickener additives and modificators 
of viscous index. Thickener additives are used for increase of initial vis-
cosity and for increase only of viscosity index of petroleum oils in con-
centration 0.5–1%.

Polyfunctional polymeric additives are obtained by functionalization of 
oligomers of α-olefins and with increase of viscosity index of oil improve 
and other exploitation characteristic including detergent-dispersant, anti 
oxidative, anti corrosive and other properties.

As viscous additives, mainly, polyisobutylenes and polyalkylmethac-
rylates were used. However, with the tightening conditions of exploitation 
of lubricating oils in the structure of the new models of auto tractor equip-
ment, the above-mentioned additives had stopped to satisfy the increasing 
requirements. That is why, the investigations for the development of more 
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contemporary viscous additives, which have high stability to thermal and 
mechanical influences had begun. In this direction the investigations at 
the Institute of Chemistry of Additives were conducted. The main point 
of these investigations is consisted in copolymerization of the initial high 
methacrylates with vinyl aromatic monomers [1–3].

It was shown that by copolymerization of decyl methacrylate with 
dicyclopentadiene or with indene are obtained viscous additives which 
are characterized not only by high stability to thermal influences, but 
they have anticorrosive and depressor properties in the composition of 
petroleum oil, that is only by copolymerization can be obtained additives, 
which improve a number of characteristics of lubricating oils. By the right 
selection of copolymerized pairs of monomers can be obtained polyfunc-
tional additives without functional group.

Viscous additives of ester type on the base of compound allyl esters of 
the high carbonic acids were obtained [4].

Experiment of the usage of viscous additives had shown that polymeric 
compounds of ester type by the improvement of viscous-temperature, 
mainly, low – temperature properties of lubricating oils have advantages 
before hydrocarbon polymers. From another side, compound ester poly-
mers are obtained by ecological technology – the methods of radical 
polymerization. Hydro carbonaceous polymers are obtained by catalytic 
method and arises problem to release product from the remains of catalyst.

By copolymerization of high methacrylates with α-allylphenol viscous 
additives, improving viscous-temperature and anti oxidative properties of 
oils were synthesized [5].

More interesting work is the development of polyfunctional polymeric 
additives by functionalization of oligomers of α-olefins. It gives the possi-
bility to develop lubricating compositions of the more simple composition 
and it leads to economic effect.

Between the additives to motor oils detergent – dispersant are wide – 
spread additives – about 50–60% of all additives comes on their portion. 
Oligoalkylsulfonates are wide – spread additives.

For their synthesis oligomers of different α-olefins are underwent to 
sulfonation.

For increase of efficiency of sulfonation in the structure of ini-
tial oligomers of α-olefins are created additional chemical centers by 
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cooligomerization of high α-olefins with styrene or indene, into molecule 
include aromatic fragments, which make easier for passing of the reaction 
of sulfonation [6]. By the further reaction of sulfoacid with corresponding 
reagents sulfonated or sulfamide additives are obtained.

Synthesis of polyalkenylsuccinimide additives on the base of cooligo-
mer of hexene-1 with dicyclopentadiene gives the possibility to obtain 
compound, which in the composition of oils improves their detergent-
dispersant, viscous-temperature and anticorrosive properties [7]. The 
well-known succinimides do not have anticorrosive properties, but vis-
cous-temperature properties improve slightly.

The research in the field of development of additives containing such 
active elements as phosphor, sulfur, nitrogen, metal and other is more 
interesting. This variant of synthesis of polyfunctional additives is carried 
out by reaction of α-olefinic oligomers with sulfides of phosphor [8].

The obtained dioligoalkylphosphiric acid by neutralization with vari-
ous reagents is turned into ash (metal containing) and ash less additives. 
By including of the obtained additives into the structure of lubricating 
compositions may be developed lubricating structures of various purposes.
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ABSTRACT

The chapter describes results of thermooxidative degradation of low-density 
polyethylene (LDPE) composites containing additives of fullerene C60/C70. 
It has been established that fullerenes С60/С70 exhibit high stabilizing activity 
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comparable with that of strong commercial basic antioxidants. Mechanism 
of the stabilizing action relates mostly to scavenging of alkyl macroradicals. 
Fullerenes С60/С70 and fullerene soot are recommended for use in the poly-
mer industry as active basic components of stabilizers package to block the 
processes of thermal and thermo-oxidative degradation of polyolefines.

9.1  INTRODUCTION

Intrinsic durability of most polymers especially of polyolefines to 
thermooxidative ageing is extremely low, and therefore usage of 
stabilizers package is necessary to provide the long-term retention and 
high performance of polymeric materials [1, 2]. Up to date the pack-
age containing basic (primary), secondary and light stabilizers is used 
to ensure the effective stabilization of polyolefines [2–4]. Scavengers of 
peroxy- and alkyl radicals such as sterically-hindered phenols, second-
ary aromatic amines, hydroxylamines, benzophuranones are commonly 
related to the basic stabilizers. They exhibit high stabilization effects and 
as of today are most important stabilizers for polyolefines.

Secondary stabilizers are compounds acting on mechanism of 
non-radical decomposition of hydroperoxides to afford molecular inert 
products. Phosphites, sulphides and tioesters and oths. are usually attrib-
uted to secondary stabilizers.

Besides these two main types of stabilizers sterically-hindered amine 
stabilizers on the basis of 2,2’,6,6’-tetramethyl-piperidine has been recently 
offered as additives with dual (light and thermal) effects of stabilization.

Usually the stabilization occurrence is governed by two main factors – by 
chemical structure and behavior of a stabilizer in condensed substrate envi-
ronment. Hence, an approach used in this work is preliminary assessment of 
efficiency and mechanism of stabilizer’s action on model oxidative reaction 
followed by speeded-up tests of stabilizers directly in polymeric materials.

As it has been established in model reactions of cumene and styrene 
oxidation the fullerenes С60 and С70 demonstrate high antioxidative 
activity and they therefore can be ranked as promising class of polymer 
stabilizers acting as radical quenchers [5–7]. According to the mechanism, 
the fullerenes, along with quinones, nitroxyl radicals and condensed aro-
matics are related to the basic stabilizers [4, 8].
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Determination of activity and mechanism of fullerenes antioxidant 
action in polymer materials may be also carried out by thermal analysis of 
the composites.

9.2  THEORETICAL PRESUMPTIONS

The preliminary theoretical analysis of electronic structure of fullerenes 
indicates their potential antioxidative capacity due to:

•	 high value of fullerenes electronic affinity 2.7–3.4 eV that signifi-
cantly exceeds that (0.5eV) for alkenes [9];

•	 multiple additions of free radicals to fullerenes [10];
•	 higher mobility of the molecular clusters in condensed mediums 

(e.g., in polymers)

9.3  OBJECTS, PREPARATION PROCEDURES

Commercial low-density (0.9185 g/cm3) polyethylene (LDPE) was 
employed in experiments. This polymer is large-tonnage polymer of a 
great practical importance. The problem of LDPE stabilization is inter-
esting since the LDPE is partly crystal polyolefine usually characterized 
by different solubility of oxygen and antioxidant distribution in matrixes.

Fullerene С60/С70 (85/15 %) were provided by Xzillion GmbH & Co. 
KG (recently renamed to Proteome Sciences R&D GmbH & Co. KG).

The LDPE and fullerene С60/С70 compounding was made on laboratory 
rollers at temperatures150–160°С for 5–7 minutes.

The thermic analysis of composites was conducted in a dynamic mode 
on derivatograph Q-1500D of “Paulik-Paulik-Erdei” system, amount of 
a sample = 100mg, rate of heating was 5о С/min., the reference sample 
was α-Al2O3.

9.4  RESULTS OF THERMAL ANALYSIS OF THE LDPE 
COMPOSITES

According to the results of differential thermal analysis (DTA), the 
substantial changes upon introducing fullerenes in LDPE are just observed 
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in the plot of high temperatures. Endo-effects of melting of the LDPE 
crystalline phase observed at 378°К are practically not changed. This 
is evidence that fullerenes are preferably located in amorphous phase 
of the polyethylene. Little exothermic peak observed at 508К is seem-
ingly related to recrystallization processes. The heat effects of exothermic 
thermo-oxidative processes at 600К and higher are notably sensitive to the 
fullerene presence. In the presence of С60/С70 the wide and intensive peak 
of the polyethylene decomposition is transformed into narrow exothermic 
peak having square, which by an order less than that for initial neat poly-
ethylene samples.

These results obtained are verified by thermogravimetric analysis data. 
The weight loss degree at different temperatures as well as half-decay 
period τ/2 of the composites are accumulated in Tables 9.1 and 9.2:

The data given in Tables 9.1 and 9.2 show the influence of additives 
on thermo-stability of LDPE in the air atmosphere. It should be noted 
that there was observed an excellent compatibility of additives with LDPE 
polymer matrix.

The LDPE resistance to oxidation is low and the polymer decomposi-
tion starting point is near 200°С. It indicates that the polymer has labile 
bonds and domains that lead to the substantial weight loss of the samples 
even at moderate temperatures.

Anyway, the stabilizing effect of fullerene С60/С70 is evidently equal 
to that of strong commercial antioxidants. Thus, introduction of fullerene 
С60/С70 to the polymer matrix significantly increases the thermostability of 
LDPE.

It is assumed that fullerenes prevent the oxidation chain processes just 
at the initial stages according to the reactions:

CH2 CH2 CH2
ToC

CH2 CH CH2

. C60/C70

O2

CH2 CH CH2

.

C60/C70

CH2 CH CH2

OO
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TABLE 9.1  Thermal Analysis of LDPE Composites, Comparative Efficiency of 
Commercial Antioxidants and Fullerene С60/С70

№

Polymer composite

Тнр°С Т10°С Т20°С Т50°С

Half-decay 
period 
τ/2 of the 
composites

LDPE

0 Virgin sample 225 330 370 380 68

1 +0.5 wt.%

Phenantrene

235  325 375 420 72

2  +0.5 wt.%

Irganox 1010

240 350 380 410 76

3  +0.5 wt.%

Agerite White 

260 375 390 430 76

4 +0.5 wt.%

Fullerene С60/С70

260 330 370 380 77

5
+0.25 wt.% Fullerene С60/С70 +

+0.25 wt.% Agerite White
295 370 395 455 80.9

and thereby they preserve polymer oxidative disruption. Total LDPE 
stabilization can be realized in the simultaneous presence of peroxy 
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TABLE 9.2  Heat Resistance of LDPE Composites

№
LDPE composites Weight loss at %:

LDPE 220 225 250 275 300 325 350 375 400

0  Without additives 0 0 2.8 3.8 4.5 7.0 14 22 57

1 +0.5 wt.%

Phenantrene

0 0  2 4 6 10 12 20 38

2  +0.5 wt.%

Irganox 1010

0 0 0 1 1.5 3 6 10 37

(AH) – and alkyl radical acceptors. In this case the reaction scheme may 
be presented as:

CH2 CH CH2

CH2 CH CH2

.

C60/C70

O2

C60/C70

CH2 CH CH2

O OHAH

.

CH2 CH CH2

OOH

+ inactive A
.
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9.5  CONCLUSIONS AND OUTLOOK

1.	 Fullerene С60/С70 has been considered as active component of stabiliz-
ers package for low-density polyethylene (LDPE) composites

2.	 Fullerenes С60/С70 exhibit high stabilizing activity purely comparable 
with activity of such strong commercial basic antioxidants as Irganox 
1010 or Agerite White.

3.	 Mechanism of stabilizing action of fullerenes has been furnished. 
Fullerene introduced in a polymer matrix as physical additive is 
chemically bonded with macromolecule, keeping the remaining spin 
and forming stable radical capable to multiple breakage of oxidation 
chains.

4.	 Fullerenes С60/С70 are recommended for polymer industry as active 
basic components of stabilizers package to block the processes of 
thermal and thermo-oxidative degradation of polyolefines.

№
LDPE composites Weight loss at %:

LDPE 220 225 250 275 300 325 350 375 400

3  +0.5 wt.%

Agerite White 

0 0 1 1.5 3.5 6 10 15 42

4 +0.5 wt.%

Fullerene С60/С70

 

0 0 0 2  3 6 15 35 53

5 +0.25 wt.% Fullerene С60/С70 + 
0.25 wt.% Agerite White

0 0 0 0 1.0 1.2  4 12 48

TABLE 9.2  Continued
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ABSTRACT

The remote interaction between polyacrylic acid hydrogel (gPAA) and 
poly-2-methyl-5-vinylpyridine hydrogel (gP2M5VP) depending on their 
molar ratio in the aqueous medium is studied. It is established that at ratios 
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of hydrogels (gPAA: gP2M5VP) 5:1 and 1:5 intergel system in aqueous 
medium has maximum specific conductivity. With increase of one hydro-
gel content in solution, there is an increase in hydrogels swelling propor-
tionally to concentration of second component, which indicates to their 
mutual activation. For poly-2-methyl-5-vinylpyridine hydrogel ratio area 
at which the cationic hydrogel have low coefficients of swelling due to 
formation of intermolecular bonds between inter-node links of polibasis 
is detected.

Obtained results are explained as a result of remote interaction with 
the result that both hydrogels have high charge density formed without 
counterions along inter-node chains.

10.1  INTRODUCTION

Earlier in the systematic study of the interaction of hydrogels with differ-
ent compounds it was found that in remote interactions of two hydrogels 
of different nature there is a significant change in their properties [1–4]. 
Subsequently, the growth of the sorption capacity of intergel system under 
certain molar ratios was shown for some salts [4]. It was assumed that the 
high sorption ability of intergel system at their remote interaction occurred 
due to their mutual activation of hydrogels, in result uncompensated charges 
of inter-node links of individual hydrogels appear. However, there was no 
experimental confirmation of this hypothesis. In this regard, the goal of 
this work is to study the properties of intergel system solutions consisting 
of rare cross-linked polyacrylic acid and poly-2-methyl-5-vinylpyridine.

10.2  EXPERIMENTAL PART

10.2.1  MATERIALS

For measurement of electroconductivity conductometer “MARK 603” 
(Russia) was used, рН of solutions was measured on рН meter “Seven 
Easy” (METTLER TOLEDO, China). Swelling coefficient Ks was 
defined by weighting of hydrogel-swollen samples on electronic scales 
“SHIMADZU AY220” (Japan).
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10.2.2  TECHNICS

Researches were carried out in distilled water medium. Hydrogels of poly-
acrylic acid were synthesised in the presence of crosslinking agent N, 
N-metilen-bis-acrylamid and redox system K2S2O8, Na2S2O3. The hydrogel 
of poly-2-methyl-5-vinylpyridine (gP2M5VP) was synthesized from a lin-
ear polymer in dimethylformamide in presence of epichlorohydrin at 60C.

Hydrogels synthesized in an aqueous medium is a intergel pair poly-
acrylic acid gel – poly-2-methyl-5-vinylpyridine gel (gPAA-gP2M5VP). 
Swelling coefficients of hydrogels are Ksw(gPAA) = 10,1 g/g, Ksw(gP2M5VP) = 
0.46 g/g. Experiments were occurred at room temperature. Study of inter-
gel systems was made by this way: each hydrogel was located in separated 
glass weighing filter pores of which are permeable for low-molecular ions 
and molecules, but it is not permeable for a dispersion hydrogels.

Then weighing filter with hydrogels were located in glasses with dis-
tilled water. Electroconductivity and pН of overgel liquid was measured 
by taking out of weighing filters with hydrogels from the glass. Swelling 
coefficient was calculated as the difference of weights of weighing bottle 
with hydrogel and empty weighing filter according to this equation:

K m m
msw =
−2 1

1

where m1 – weight of dry hydrogel, m2 – weight of swollen hydrogel.

10.3  RESULTS AND DISCUSSIONS

Experimental data on electroconductivity of intergel systems’ solutions 
depending on the starting time and molar ratios is shown in Figure 10.1. 
Figure 10.1 reflects the change in electrochemical properties of hydrogels 
constituting the intergel system.

High conductivity values at the maximum point point to the high con-
centration of charge carriers. In this case it may be H+ ions in an aqueous 
medium, the concentration of which is determined by the degree of dissoci-
ation of the polyacrylic acid carboxyl groups and increases during swelling. 
However, there is presence of polybasic – poly-2-methyl-5- vinylpyridine 
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hydrogel, which can easily attach the H+ ions and it moves into the charged 
state. The process should reduce the concentration of ionized particles in 
the solution.

Appearance of the electroconductivity maximum at a hydrogels 
ratio 5:1 can be explained by the low concentration of nitrogen atoms in 
the solution, since the concentration of vinylpyridine 5 times less than 
the concentration of carboxyl groups. Electroconductivity reducing with 
increasing content of vinylpyridine groups in solution can be explained by 
the increasing of the nitrogen atoms associated with a proton.

At equimolar ratio gPAA: gP2M5VP electroconductivity reaches mini-
mum, due to the maximum protonization of vinylpyridine’s links.

In the right part of the curve χ – gPAA: gP2M5VP electroconductiv-
ity reduction due to the binding of H+ C ≥ NN groups could be expected. 
However, there is an increase in electroconductivity in the first part of the 
curve. On Figure 10.1 high electroconductivity values, which are obtained 
in maximum point at a ratio 1:5, point to the greatest number of ionized 
particles in the solution.

FIGURE 10.1  Curves of specific conductivity changing of polyacrylic acid hydrogel 
– poly-2-methyl-5-pyridine hydrogel system in dependence of time Curves’ description: 
1 – 0 min; 2 – 20 min; 3 – 40 min; 4 – 60 min; 5 – 120 min; 6 – 240 min; 7 – 360 min.
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The interaction between the hydrogels in intergel system was studied by 
pH-metry. Figure 10.2 describes the change of H+ and OH– ratios in various 
ratios of hydrogels depending on the hydrogels remote interaction time. As 
it can be seen from the figure at the ratios gPAA – gP2M5VP = 4:2 and 2:4, 
there is a minimum concentration of H+ ions and maximum concentration 
of OH– ions in solution. When the composition is 3:3 and 1:5 of H+ ion 
content is maximized.

To describe the obtained data it is necessary to analyze equilibrium in 
solution. In an aqueous medium the following processes take place:

1.	 –СООН groups of inter-node links dissociate by the scheme:

-СООН= СОО– + Н+

2.	 A nitrogen atom in the pyridine ring of ionizes:

≥N + H2O = ≥NH+ + OH–

3.	 Next, the nitrogen atom also interacts with a proton, which is split 
off from the carboxyl group:

≥N + Н+ = ≥NH+

FIGURE 10.2  Curves of pH changing of polyacrylic acid hydrogel – poly-2-methyl-5-
pyridine hydrogel system in dependence of time. Curves’ description: 1 – 0 min; 2 – 20 min; 
3 – 40 min; 4 – 60 min.
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4.	 Н+ и ОН– groups formed by the interaction of the functional groups 
attach forming a water molecule:

Н+ + OH– = H2O

The result of these interactions is the lack of counter ions of charged func-
tional groups of the hydrogels.

High pH values when the composition gPAA-gP2M5VP = 4:2 and 2:4 
point to predomination of OH– ions in the solution. This is possible if 
the occurrence of the second reaction in which hydroxyl anions are allo-
cated in a solution, the third reaction also proceeds in parallel whereby the 
free proton bound to the pyridine ring and the concentration of positively 
charged ions in the solution is significantly reduced.

When the composition is 3:3 and 1:5, the high concentration of H+ ions 
is observed. This is probably proceeds due to the fact that the hydroxyl 
ions and protons are neutralized by protons and the high concentration of 
positive ions in the solution remains due to a moderate degree of carboxyl 
groups’ dissociation.

It is known that polyacrylic acid is a weak acid.
Figure 10.3 shows how the polyacryllic acid swelling coefficient 

depends from time in intergel system gPAK gP2M5VP – at different ratios 
of hydrogels gPAK:gP2M5VP mol:mol.

It is known that the swelling degree of hydrogel is proportional to the 
charge density along inter-node chains. Remote interaction should be shown 
in the volume – gravimetric properties of hydrogels. Figure 10.3 shows 
how swelling coefficient (Ksw) of polyacrylic acid hydrogel is changing 
in the presence of the second gel-poly-2-methyl-5-vinylpyridine. As can 
be seen from the figure, with increase of the time of the polymer network 
is in the solution the swelling coefficient also increases. Increase content 
of the main hydrogel in solution also increases the swelling. Moreover, 
with increasing swelling time at a ratio of 2:4 and 1:5 (gPAK:gP2M5VP) 
it increases dramatically. These results show that the charge density along 
the inter-node chains is increasing proportionally with the increase of the 
second hydrogel content in solution.

Figure 10.4 represents the dependence of swelling of the of poly-2-
methyl -5- vinylpyridine hydrogel from the ratio of gPAA:gP2M5VP at 
different time. When swelling occurs for 20 minutes gP2M5VP swelling 
coefficient increases proportionally to the content of polyacrylic acid in 
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FIGURE 10.3  Polyacrylic acid hydrogel swelling coefficient dependence from polyacrylic 
acid hydrogel – poly-2-methyl-5-pyridine hydrogel system ratio in dependence of time (Curves’ 
description: 1 – 20 min; 2 – 40 min; 3 – 60 min; 4 – 120 min; 5 – 240 min; 6 – 360 min).

FIGURE 10.4  Poly-2-methyl-5-pyridine hydrogel swelling coefficient dependence from 
polyacrylic acid hydrogel – poly-2-methyl-5-pyridine hydrogel system ratio in dependence 
of time (Curves’ description: 1 – 20 min; 2 – 60 min; 3 – 120 min; 4 – 240 min; 5 – 360 min).
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an aqueous medium. Swelling increase of the main hydrogel in this case is 
caused by the formation of ≥NH+ groups by addition of H+ ions by inter-node 
chains containing nitrogen atoms. A further increase of swelling time leads 
to the appearance of a minimum in the range of ratios gPAA:gP2M5VP and 
reaches maximum at a ratio of gPAA:gP2M5VP = 4:2.

Reduction of swelling in this area is probably due to the appearance 
of the intramolecular bonds of ≥ NH + … N ≤ between inter-node links.

With further increase of the gPAA concentration in the aqueous medium 
the swelling increases and Ksw increases significantly.

Unfolding of inter-node links and change of the local conformation is 
due to an increase of the charge density along the chain, which leads to the 
destruction of intramolecular bonds.

10.4  CONCLUSIONS

1.	 There is a remote interaction between the gPAA and gP2M5VP hydro-
gels in an aqueous medium, what was pointed by physicochemical 
methods during study of the intergel system.

2.	 As a result of the remote interaction there is additional activation of 
hydrogels, consisting in that the inter-node chains acquires additional 
charge without counterions.

3.	 Remote interaction provides conformational change in the inter-node 
chains of both hydrogels, which causes their considerable additional 
swelling.

4.	 There is a region of intramolecular bonds formation of gP2M5VP 
hydrogel at certain ratios of gPAA:gP2M5VP, which provides to fold-
ing of polymer networks.
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ABSTRACT

The interaction of the energetic ions with the surfaces plays an important 
role in the field of the surface science. Relevant topics are the ionization of 
atomic particles at surfaces, the modification of surfaces and surface anal-
ysis. In this work the production of multi charged escaping ions at ion-sur-
face interactions are experimentally investigated. During the ion-surface 
bombardment some different manners of multi charged ions forma-
tion and neutralization at emission are also discussed. Quasimolecular 
approach of atomic particles interaction is used. Numerous experimental 
results depending on the various factors on formation and emission of the 
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multi charged ions are presented. The emission of multi charged ions at 
bombarding of the NaCl, Mg, Al, Si, S surfaces by N+, O+, N2

+, O2
+, Ar+ 

primary ions with energies Eo = 0.5–50keV at different experimental con-
ditions are investigated by using the SIMS method. At ion – surface inter-
action the inner shell vacancies can be formed and multi charged ions can 
be produced as a result of Auger-transitions either during Auger decay in 
solids or after ion emission in vacuum. The neutralization processes of the 
double and triple charged ions emitted from Al and Si surfaces were stud-
ied. The processes of formation and emission of the multi charged ions are 
rather sensitive to atomic and electronic structure of surfaces.

11.1  INTRODUCTION

During ion sputtering of solid surfaces the mass spectra of the emitted 
secondary ions contains the multi charged ions as well, its research is 
obviously important for determining the mechanism of their formation. 
So-called “kinetical” mechanism allows basic determination of the pro-
duction of multi charged ions at ion-surface interaction. It is necessary 
to specify the occurrence of the multi charged ions, in order to get some 
information about the influence of the various factors on the formation 
and emission of the multi charged ions. It is known that [1] during atomic 
binary collisions in keV energy range inner shell vacancy can be produced 
and after that Auger and radiation transitions can occur. The Auger transi-
tions lead to producing multi charged ions. Present experimental investi-
gations of double and triple charged ion yields shows that Auger processes 
can take place either in solids or after emission in vacuum.

In the present work the multi charged ions (Mgn+, Aln+, Sin+, Sn+) yields 
Yn+ (n=2,3) are measured during N+, O+, N2

+, O2
+, Ar+ ions bombardment 

of NaCl, Mg, Al, Si, S surfaces in energy range Eo = 0.5÷50 keV under 
UHV (~10–10 torr) conditions. The yields of Aln+ are measured at various 
oxygen partial pressures in the interaction chamber. The yields Yn+ are 
measured also for Al and Si in dependence on angle of bombardment by 
Ar+ ions, counted from normal to surface of sample. With the purpose of 
comparison of results the similar data of inner shell vacancy production at 
binary ion-atom collisions in gas, such as Ar+ – Ar [1] are also discussed.
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11.2  METHODS OF RESEARCH

Using the method of mass-spectrometry of secondary positive and nega-
tive ions (SIMS) multi charged ions yields are measured during primary 
ion sputtering of surfaces. The measurements of ions yields Yn+ at bom-
bardment by N+, O+, N2

+, O2
+, Ar+ ions of Al surfaces in energy range 

of the primary ions Eo = 5÷50 keV, and also research behavior of ions 
yields depending on pressure of oxygen in the chamber of interaction, 
are executed on experimental arrangement at the University of Salford 
(England) consisting of secondary ions mass-spectrometry method adding 
with energy analyzer [2]. Yields Yn+ at bombardment of NaCl, Mg, Al, Si, 
S surfaces by Ar+ ions, in an energy range Eo = 0.5÷10 keV and depending 
on an angle of bombardment – α of primary ions Ar+, counted from normal 
to a researched surface are measured on installation developed at Tbilisi 
State University for research of solid surfaces by a method SIMS on base 
to the UHV arrangement [3].

The N+, O+, N2
+, O2

+, Ar+ ions are formed in a plasma type ions source 
with the high-frequency discharge, in energy range Eo = 5÷50 keV are 
accelerated, allocated on mass by mass-monochromator, collimated by 
slits and bombarded along normal researched surfaces. Emitting thus the 
secondary positive and negative ions get in the hemispherical energy-ana-
lyzer with radius 24 cm and further act in quadruple mass-spectrometer 
such as Finnigan -750 for the analysis of mass in a range 1–750 а.m.u. 
Using monochromator in visual spectra light emission is investigated 
during bombardment as well. Typical intensity of a primary ions beam is 
changing from some tens μA/сm2 to a few mА/сm2. For investigation of 
multi charged ions yields depending on a condition of researched surfaces 
in the interaction chamber the oxygen up to pressure PO2 = 10–6 torr was 
filled. The time of stabilization of pressure О2 and time of establishment a 
condition of balance of multi charged ions yield at letting-to-oxygen gas in 
the interaction chamber were experimentally determined [2].

In the work [3], the primary ions beam of Ar+ with energy 
Ео =0.5÷10 keV and density of a current a few mА/сm2 collides with 
the researched sample surface along with the normal of the surface. The 
minimal diameter of etch pit by ion beam makes ~ 0.5 mm. Emitted dur-
ing bombardment the secondary positive ions are analyzed by monopole 
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mass-spectrometer directed under 45° angle to the surfaces of the sample. 
As a source of the primary ions duoplasmatron type ion source is applied, 
which represents a discharge plasma source with the cold cathode and 
double contraction of plasma. The source of ions is equipped with elec-
tronic optics, which provide focusing and scanning ion beam on the sur-
face on the area 5×5 mm2 for providing the balancing formation of the 
edges of a crater at the depth profile analysis. The secondary ions are 
analyzed by monopole mass-spectrometer MX7304A, which is comple-
mented with electronic optics for the stretch of the secondary ions and is 
altered for a method of the SIMS. The range of registered mass is 1÷380 
a.m.u. The technique also allows to investigate yields of secondary ions 
depending on an angle of incident of primary ions in range α = 0÷45°. 
The errors of relative measurements of multi charged ions yields in both 
methods are made ~ (10÷20)% and at low intensities of multi charged 
ions yields are determined within the factor 2.

11.3  RESULTS AND DISCUSSION

Results of measurements of multi-charged ions yield Yn+ (n = 2,3) dur-
ing Ar+-Mg, Al, Si, S interactions are given in a Figures 11.1–11.4 and in 
Table 11.1. The results from work [4] for Ar+-Al, Si – are also specified, 
which as it is visible from figures, will be in line with our data satisfac-
torily. In a Figures 11.1–11.3 calculated value coefficients of sputtering 
S° for neutral atoms of Mg, Al, Si in a case Ar+-Mg, Al, Si from [5] are 
also given.

11.3.1  MECHANISM OF MULTI-CHARGED IONS 
PRODUCTION

The investigations of Yn+ (n=2, 3) have shown their dependence on the 
initial energy of bombarding ions Eo, as against behavior of neutral, nega-
tive and positive ions, and the radiations, arising at decay of all observable 
exited states Al*, Al+*, Al2+* [11] from Eo, have the pronounced, brightly 
expressed character. It is obvious, that the double and triple-charged sec-
ondary ions yield sharply increases with increase of Eo, that specifies 
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FIGURE 11.1  Secondary Mg+ and Mg2+ ions yield during Ar + − Mg. Mg0 -coefficient of 
sputtering [5].

FIGURE 11.2A  Secondary and ions emission in case. and – exited state for and Al II 
(3587 Å) – exited state for Al0 and Al+.
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FIGURE 11.2B  Secondary ions emission in Ar+ −Al case.  – from [4]; +,   – 
measurements in Salford and Tbilisi. Dashed lines – cross section of 2p(Al) production in 
Ar+ −Al, which was estimated using the formula (1).

FIGURE 11.3  Secondary Si2+, Si2+, Si3+ ions emission in Ar+-Si case. 4 form [4]. Si° – 
coefficient of spluttering [5].
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difference between mechanisms of their formation. It is known [6], that 
at binary collisions of Ar+ ions with atoms Mg, Al, Si, S in keV-energy 
range of collisions, with probability close to 1, at achievement critical 
inter nuclear distance rк (appropriate overlapping of inner shells of inter-
acting atomic particles), responding to drastic promotion 4fσ orbitals, one 
or two inner 2p-vacancies in the light partner of collision are formed, that 
is explained on the basis of “level shifts” model of molecular orbitals [6]. 
The basic channel of decay of 2p-vacancy in these cases is the Auger-
transition, as a result after that the atom remains without two electrons.

TABLE 11.1  Results of Measurements of Multi-Charged Ions Yield Yn+ (n = 2,3)

Collisions Ar+-Mg Ar+-Al Ar+-Si Ar+-S Ar+-Ar N+-Al O+-Al

Energy, 
Eo, keV

10 50 15 10 50 50 50

Y21 0.1 3.3×10–2 0.3 8×10–3 5×10–2 1.5×10–3 2×10–3

Y31 3×10–3 2×10–2 1.8×10–4

FIGURE 11.4  Double-charged ions Mg2+, Al2+, Si2+, S2+ emission during Ar+-Mg, Al, Si, 
S interaction. σA –cross section of 2p-Auger-electrons emission ar Ar+-Ar collisions [1].
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In a Figure 11.2b the dashed line gives the cross section of 2p-vacancy 
formation in Al at binary Ar+ – Al collisions, which is estimated using the 
formula σ ~ πrк

2(1–U/Eо) (1), where rк the sum of radiuses of interacting 
2р-subshells, U-potential energy of interaction. From a Figure 11.2b fol-
lows, that the yield of multi charged Al2+ and Al3+ ions depending on Eо 
have similarity σ, threshold character. In a Figure 11.4 the measured yield 
of double charged ions of the Mg2+, Al2+, Si2+, and also cross section of 
Auger-electrons formation σ are given as a result of 2p-vacancy decay in 
Ar during Ar+-Ar collisions from work [1]. It is visible, that in the inves-
tigated energy range Eо of double charged ions yield and cross section 
of Auger-electrons σ behave in approximately similar manner. Different 
behavior of yields Al2+, Al3+ and σ at the sharply threshold region of Eо 
indicates a role of the collisional cascade in the surface, against binary 
interaction in gas.

Due to atomic collisional cascade interaction in surfaces, behavior 
of Yn+ (n=2,3) against Eo is not as sharp as at binary Ar+ – Ar collisions 
(Figures 11.1–11.4) and they indicate difference between binary and cas-
cade interaction. Radiuses 2p-subshells of the investigated elements cor-
respond as r(Mg)>r(Al)>r(Si)>r(S)>r(Ar).

Therefore, the threshold energy Eо, necessary for achievement 
the critical inter nuclear distance rк should obey to a correlation 
Е(Аr)>E(S)>E(Si)>E(Al)>E(Mg). It is visible, that alleged appropriate-
ness is observed in experiment (Figure 11.4). From a Figures 11.1–11.4 
follows, that with increase of Eо yields Yn+ (n=2,3) increase and approach 
to saturation at large Eо. The value of a ratio of yields double-charged ion 
to single-charged ion Y21 (Y21=Y(A2+)/Y (A+)) and triple-charged ion to 
single-charged ion Y31 (Y31=Y (A3+)/Y(A+)) is increased with the increase 
of Eо and appears on saturation. The ratio of the yield of the triple-charged 
ions to double-charged ions Y32 (Y32=Y(A3+)/Y(A2+)) at the saturation 
areas practically do not depend on Eо which are given in the Table 11.1. 
At the thresholds region of Eо triple-charged ions yields decrease more 
rapidly, then double-charged for Al and Si basically for Al, where neutral-
ization processes for highly charged ions are more probable.

In our investigations [7, 10] in a case N+, O+ – Al 2p-vacancy in Al 
is formed as a result of promotion 3dσ – orbital, which is formed from 
2p-level of Al and also will get mixed up at rather small inter nuclear 
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distance rк with smaller number of free orbitals in comparison with 4fσ 
orbital, corresponding with formation of 2р-vacancy in the light colli-
sional partner during interaction of two L-shell Ar+- Mg, Al, Si, S, Ar. 
Consequently, thresholds energy of formation of 2р-vacancy in a case N+, 
O+- Al are at large Eо and besides this case the cross section of formation 
of 2р-vacancy in Al is not big enough (Figure 11.5). Because of chemi-
cal activity of projectiles measurements of N+, O+- Al were carried out at 
small intensity of a primary beam of N+ and O+ (~ 50 nA/cm2) also it is 
experimentally proved, that implanted small concentration of N and O in 
Al does not change yield of ions Al2+.

Formation of inner shell vacancy is sometimes discussed in frame of 
the cascade of collision. For example, in the first act of impact N+, O+, 
Ar+ – Al the atom Al receives significant kinetic energy for formation fur-
ther 2р-vacancies in a case Al -Al. Thus, the threshold energy of formation 
2p(Al) in all cases should coincide, that is not proved to be true from our 
results (Figure 11.5).

FIGURE 11.5  Al2+ ions emission at N+, O+, Ar+, −Al.
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Atom with a vacancy in an inner shell – high excited states for 
t = 10–14–10–15 sec is relaxed by emission of X-ray or Auger electron. It 
is known, that by the basic channel of decay of 2р-vacancy in the above-
mentioned atoms is Auger-transitions, since fluorescence yield ωx ~ 10–3–
10–4 [1] (ωx = σx/σx + σA = σx/σvac) where σx and σA are cross sections of 
X-ray and Auger-transitions, and – σvac cross section of inner shell vacancy 
production.

The presence of Auger-electrons in the secondary electrons energy 
spectra testifies the production of inner shell vacancies in atoms during 
bombardment by ions of surfaces in keV-energy range [8]. Observation on 
the corresponding X-ray photons is difficult because ωx is small and also 
because of the inconvenience for the analysis of weak signals for such 
energy range of radiation (tens of eV).

In the work [3] during bombardment of surfaces Mg, Al, Si, S with 
Ar+ ions yield of the multi charged ions is explained by formation of 
2р-vacancy at binary collision in solids and subsequent Auger-transition, 
as a result of which the atom remains without two electrons.

Triple-charged ions can be produced: as a result of “shake” effect at 
Auger decay of inner vacancy [9]; as a result of simultaneous production 
of vacancies in outer and inner shells and subsequent Auger-transition; 
at simultaneous formation of two vacancies at once (molecular orbital 
contain two electrons with counter-oriented spins) in inner shell of atom 
and subsequent Auger-transitions. The most probable effect represents to 
“shake” (is especial for K-LL).

It is known, that the ions Al2+ can also be formed in result dissociation 
of a molecular ion (AlO)+; at stripping of ion Al+ in a case of interaction 
with adsorbed on the surface of aluminum oxygen and in case of tunneling 
electron from (Al+)* in solid. However, probability of formation Al2+ in 
such cases will depend on a condition of aluminum surface, from presence 
impurity of atoms in participating in the process of production Al2+.

In the present work the yield of ions Aln+ (n=1, 2, 3) and oxygen con-
taining ions (such as (AlO)+, (Al2O)+, (AlO)–, (AlO2)

– etc.) are measured in 
dependence on pressure of oxygen in the chamber of interaction in a range 
Po2 = 5·10–1° – 10–6 torr and at current intensity of ions Ar+ – Io ~ μA/cm2 
(Figure 11.6). Observable sharp increase of yield Al+ and all oxygen con-
taining ions with increase of Po2 indicates adsorption process of oxygen 
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on surface Al [10]. Considering that, yield of multi charged ions Al2+ and 
Al3+ is equally weak (about 2–3 times) and decreases with increase of Po2, 
as a Al2

+, Al3
+ clusters. It appears in the research [11], that the yield of the 

radiation arising at decaying of exited states (Al+)* also poorly decreases 
with increase of Po2.Thus, contribution in formation of ions Al2+ in above 
specified processes is insignificant in comparison to the process of forma-
tion inner shell vacancy and subsequent Auger-transitions.

11.3.2  WHERE DO THE AUGER-TRANSITIONS OCCUR—IN 
SOLIDS OR AFTER EMISSION, IN VACUUM?

Assuming that emitted atomic particle Mg, Al, Si or S with 2р-vacancy has 
energy ~10 eV, and considering that time of life is defined as ~10–14 sec, 
parts of atoms with vacancy can pass < 1Å. In such case formed multi 
charged ions move in solid and before emission in vacuum tests a lot of 

FIGURE 11.6  Secondary ions and photons emissions at various oxygen pressure (λ1, λ2 - 
excited states of (Al+)*).
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interactions with atoms of solid, which leads to neutralization in process 
of capture by multi charged ion. At the close atomic collisions, when 
there is an ionization of inner electronic shells of atoms the partners of 
interaction receive significant kinetic energy. In the work [12] energy dis-
tribution of ions.

Mgn+, Aln+, Sin+ (n = 1, 2, 3), emitted at irradiation by Ar+ ions with 
energy Ео =10 keV of Mg, Al, Si surfaces were investigated. The yield of 
Mg2+ ions have a single maximum at energy Еi ~ 300eV, and ions Si2+ – two 
maxima, first at energy ~8 eV, and second – at Ei ~500 eV with intensity of 
60% from the first basic peak. The ions Al2+ have a maximum at Ei ~5 eV 
and insignificant intensity <10% a shoulder at large Ei. Thus, certain part 
of ions Mg2+ and Si2+ has the high speed and in comparison to Al2+ they, 
with inner 2р-vacancy “Live” up to exit in vacuum, where Auger-process 
takes place in isolated atom. The data given in the Table 11.1 also testifies 
it. Besides that, it is possible to explain suppression of a yield Al2+ to their 
high neutralization in aluminum (in comparison to Mg and Si).

Transitions in the isolated particles is indicated by narrow, atom-like 
line in spectra of Auger-electrons, which were measured in work [13] for 
a case Ar+ – Mg, Al, Si at Eo = 9 keV, where the peaks in spectra of elec-
trons are clearly visible, appropriate to Auger-transitions in atoms Mg, 
Al, Si. In spectra of secondary electrons their wide distribution, some 
“shoulder” at higher Ee, is visible, which was named by the authors [13] 
as “chemical shift.”

Observed in [13], apart from atom-like lines, the wide distribution 
in spectra of the secondary electrons can be connected with so-called 
Auger-transitions in quasimolecule [14]. Because of smallness of life-
times of inner vacancies at the binary collision of atomic particles, the 
Auger-transitions can occur “in quasimolecule” up to scatter of pushing 
atoms together – partners of collisions and the energy of Auger-transitions 
is determined at the inter nuclear distance where was an Auger-transition. 
In case of bombardment of solids the Auger-decay can occur in imme-
diate proximity of partner of collision (length of free path of atom with 
vacancy <1Å), or under influence of electronic system of solid surface 
(electrons of surface can take part in Auger-process, similar to quasimole-
cule). In the latter case probability of Auger-transitions will be determined 
by electronic structure of solid surface and investigation of Auger-electrons 
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spectra (analysis of the “shoulder”) or multi charged ions will allow to 
receive information directly on the electronic structure of the surface.

Measured in Ref. [13] spectra of the secondary electrons in a case 
Ar+ – Mg, Al, Si indicate about Auger-transitions in Mg, Al, Si as in vac-
uum – after emission, as well in solids – up to exit in vacuum.

Assume that the Auger-transitions occur in solids, the average depth of 
formation emitted multi charged ions will determine the probability of their 
neutralization during emission [15]. Depth of formation of multi charged 
ions is possible to be varied by the change of an angle of bombardment α.

The yield of ions Aln+ and Sin+ (n = 1, 2, 3) are measured at angles of 
bombardment α = 0° and α = 45° by ions Ar+ in a energy range Ео = 5 – 9 keV 
(Figure 11.7). It is visible, that the values of ratio Y21 and Y31 at the angles 
α = 45° are above than at α = O°. From the data on yields of various ions 
follow the weak dependence of yield on α in a range of angles (0–45°). 
Increase of yield of ions Sin+ (n = 1, 2, 3) at increase of an angle α can be 
connected to reduction of average depth of exit, and that with reduction of 
probability of their neutralization [7].

11.3.3  NEUTRALIZATION AT EMISSION

The additional ionization of outer shell in the emitting ion with the 
2p-vacancy should occur as a result of the exchange interaction between 
the electronic structures the emitted ion + surface, that is not probable. 

FIGURE 11.7  Ratios of secondary ions Y21 and Y31 at various angles of bombardment.
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In this case the processes of Auger neutralization are more probable: with 
the participation of surface plasmons and the neutralization of ions as a 
result of resonance-tunnel capture of electrons from the semiconductor of 
metallic surface.

Numerous studies consecutively conform with the model of asymme-
try, which considers the higher degree of the neutralization of ions.

Number of multiple charged ions show the difference between prob-
ability of neutralization ions at emission either during Auger decay in solids 
or after ion emission in vacuum [15, 16]. On the Figure 11.8 are presented 
ratio R of Al2+/Al3+ and Si2+/Si3+ against Eo. The yields of double and triple 
charged ions are linkages at the initial energy Eo=15 keV. At low initial 
energy of Eo partner of collision (with 2p-vacancy) can take corresponding 
low kinetic energy at recoil and therefore probability of Auger decay in sol-
ids increases. Therefore neutralization is more probable for A3+ than for A2+. 
Influence ratio of R from Eo(from Figure 11.8) shows, that some part of 
Auger-transitions takes place in solids. Besides that, from Figure 11.2b and 
Figure 11.3 it follows, that at high EoratioY3+/ Y2+ for Ar+ – Si is about one 

FIGURE 11.8  Ratio R  of Al2+ / Al3+  and Si2+ / Si3+ against E0.
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order of magnitude more than Ar+–Al case. Consequently, neutralization 
processes of multi charged ions at emission from solids are more probable 
in Al than in Si [16, 17].

11.4  CONCLUSIONS

The numerous experimental results confirm, that during ions bombard-
ment of surfaces inner shell vacancies can be formed in atoms and as a 
result Auger-transitions emits Auger- electrons and multi charged ions. 
The experimental data shows, that the Auger-transitions take place both in 
solids, and in vacuum – after emission as well. The processes of formation 
and yield multi charged ions are rather sensitive to atomic and electronic 
structure of surfaces.
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ABSTRACT

The mathematical model of formation of the new structural state of the 
linear polymers – the gradually oriented/stretched state (GOS) – is dis-
cussed. The model allows to regulate the quantitative parameters of the 
gradually oriented/stretched polymers (GOPs). On the possibility of 
functionally graded materials’ (FGMs) creation by graded orientation/
stretching method is indicated.
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12.1  INTRODUCTION

The simplest and most common kind of orientation of polymers is the 
uniaxial oriented stretching action of a uniform mechanical field on the 
polymer sample. Throughout the volume of the specific oriented polymer 
sample relative elongation ∆l/l (∆l is the real elongation and l is the initial 
length of the sample) practically is the same.

Uniaxial oriented stretching can be carried out in a different mode. 
Previously we have developed the landmark decision of uniaxial oriented 
stretching – graded oriented stretching and introduced the notion – gradi-
ent of relative elongation/orientation degree and established the concep-
tion about new structural state of the thermoplastic polymers – about GOS.

Quantitative parameters of GOPs are: range of change of relative 
elongation/orientation degree, its length and profile (linear, hyperbolic, 
parabolic, logarithmic, etc.) [1–17].

GOS points to untapped resources existing in the nature of the poly-
meric substance. According to this conception as a result of transforma-
tion of isotropic polymers and its composites to GOS (in other words, 
by graded oriented stretching) in materials is generated gradient of all 
the properties that depend on the value of relative elongation/orientation 
degree. These properties are: optical, electrical, magnetic, acoustic, ther-
mal, mechanical, sorption, etc. Consequently the graded oriented/stretch-
ing method may be of interest to obtain a new type of functionally graded 
materials (FGMs) [18, 19].

In this paper mathematical model of controlled uniaxial graded ori-
ented stretching of linear polymer films is discussed. Based on this model 
the configuration of the inhomogeneous mechanical field is defined, 
which provides transition of the isotropic polymer films into GOS with 
pre-determined values of parameters.

12.2  MATHEMATICAL MODEL OF CONTROLLED GRADED 
ORIENTED STRETCHING

Let’s assume that the test sample has a form of curvilinear isosceles trap-
ezoid ABCD, where the large base of trapezoid is AD and BC is a small 
base. Graded stretching of trapezoidal ABCD-sample is discussed.
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Let’s consider rectangular Cartesian co-ordinates XOY, where the 
abscissa is parallel to the large base of ABCD-trapezoid and ordinate is an 
axis of symmetry (Figure 12.1).

Introduce the notations: AD ≡ 2a, BC ≡ 2b, NM ≡ H. NP1 ≡ h, P1 P2 ≡ l, 
elongation of P1 P2 segment P2 P3 = Δl.

Let’s assume that the side of trapezoid is y f x x a= ( ) ∈( ]0,  function. 
MN is an axis of symmetry. P MN1 ∈ . Then we get:

	 h f l= ( ) 	 (1)

	  l f h= ( )−1 	 (2)

Two cases of graded oriented stretching are discussed:

1.	 After stretching the sample takes a form of curvilinear rectangle AB1C1D 
(design for this type of deformation is described in Ref. [6]). Quantitative 
parameters of obtained gradually oriented AB1C1D-sample are: range of 

change of relative elongation 0 −
∆l
MC

; length of change of relative elon-

gation – MN. Creating of different profiles of change of relative elongation 
(the third quantitative parameter) is discussed below.

FIGURE 12.1  Rectangular Cartesian co-ordinates XOY, where the abscissa is parallel to 
the large base of ABCD-trapezoid and ordinate is an axis of symmetry.
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Let’s consider CDC1 and P2DP3 curvilinear triangle. ΔCDC1 ~ ΔP2DP3 
Based on the conformal mapping, we may assume that

P P
CC

NP
MN

P P CC NP
MN

2 3

1

1
2 3 1

1= ⇒ = ⋅

Taking into account the above denotations this formula becomes:

	
∆l P P a b h

H
w h= = −( ) ⋅ = ⋅2 3 	 (3)

where w a b
H

≡
− . From Eqs. (2) and (3) we get:

	
∆l
l

w h
f h

= ⋅
( )−1 	 (4)

Let’s consider different cases of f(x) function:

a) linear function: f x kx c f h h c
k

( ) ⇒ ( ) =
−= + −1

∆l
l

wkh
h c

wkh wkc wkc
h c

wk wk
h c

=
−

=
− +

−
= +

−  

After introduction of the notation m wk= , we get

	
∆l
l

m
h c

mk=
−

+ 	 (41)

b) quadratic function: f x x f h h( ) ⇒ ( ) == −2 1
1
2 , then

	
∆l
l

wh=
−
1
2 	 (42)

c) logarithmic function: f x x f h eh( ) ⇒ ( ) == −ln 1  then

	
∆l
l

wh e h= ⋅ − 	 (43)
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d) hyperbolic function: f x k
x

f h k
h

( ) ⇒ ( ) == −1 , then 
∆l
l

w h
k

=
⋅ 2

, 

After introduction of the notation m w
k

=  we get

	
∆l
l

m h= ⋅ 2 	 (44) 

Similar approach can also be applied to other functions.

2. During stretching the sides of the trapezoid moved parallel to its initial 
position by Δl distance. After stretching the sample takes a form of cur-
vilinear trapezoid A1B1C1D1. Unlike the first case P C D3 1 1∈ ; In this case 
elongation of the segment is P P l2 3 ≡ =∆ cost. Quantitative parameters of 
gradually oriented A1B1C1D1-sample are: range of change of relative elon-
gation ∆ ∆l

ND
l

MC
− ; length of change of relative elongation – MN. Creating 

of different profiles of change of relative elongation (the third quantitative 
parameter) is discussed below.

	 ∆ ∆l
l

l
f h

=
( )−1

 	 (5)

Let’s consider different cases of f(x) function:

a) linear function: f x kx c f h h c
k

( ) ⇒ ( ) =
−= + −1 , we get:

∆ ∆l
l

k l
h c

=
⋅
−

After introduction of the notation m l k= ⋅∆ ,  we get

	
∆l
l

m
h c

=
−

	 (51)

b) quadratic function: f x x f h h( ) ⇒ ( ) == −2 1
1
2 , then

	
∆

∆
l
l

l h= ⋅
−
1
2 	 (52)
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c) logarithmic function: f x x f h eh( ) ⇒ ( ) == −ln 1 , then we get:

	
∆

∆
l
l

l e h= ⋅ − 	 (53)

d) hyperbolic function: f x k
x

f h k
h

( ) ⇒ ( ) == −1 , then we get:

∆ ∆l
l

l h
k

=
⋅

Introduce the notation m l
k

=
∆ ,  then we get

	 ∆l
l

m h= ⋅ 	 (54)

Similar approach may be applied also to other functions. In the case, when 

f(x) or ∆l
l
h( )  are complex functions, to calculate appropriate profile of 

the clamps quantitative technique can be applied.

12.3  CONCLUSIONS

The regularities of formation of GOS – the new specific structural state 
of linear polymers has been studied. Transition of the isotropic poly-
mers to GOS occurs by action of inhomogeneous mechanical field on the 
polymeric sample.

Mathematical model of controlled uniaxial graded oriented stretching 
of linear polymer films is developed. Based on this model the configu-
ration of  the inhomogeneous mechanical field is defined which provides 
transition of isotropic polymer films to GOS with pre-determined values 
of parameters. These parameters are: range of changing of relative elon-
gation/orientation degree, length and profile (linear, hyperbolic, parabolic, 
logarithmic, etc.).
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Uniaxial graded oriented stretching method can be considered as a 
scientific and technological innovation for the creation of a new type 
FGMs/elements on the base of linear polymers/copolymers and its com-
posites with gradient of all properties which are depended on the elonga-
tion/orientation degree.

KEYWORDS

•• functionally graded materials

•• gradually oriented/stretched polymers

•• gradually oriented/stretched state

•• quantitative parameters

REFERENCES

	 1.	 Nadareishvili, L. Fabrication method and investigation of polymer films with a spec-
ified gradient of birefringence. Georgian Engineering News, vol. 2, 73–77, 2001. (In 
Georgian).

	 2.	 Nadareishvili, L., Gvatua Sh., Lekishvili, N. Investigation of Optical Properties of 
Polymers Subject to Solid Phase Transformation. International Conference of Poly-
mer Characterization, POLYCHAR-8, Denton, USA, January, 2000.

	 3.	 Nadareishvili, L., Gvatua Sh., Formation of Polymeric Macrosurface media with 
specified gradient refractive index and birefringence. Proceedings of the Internation-
al Conference Applied Optics. 2000, vol. 1, 34–35, St. Petersburg, October, 2000. (In 
Russian).

	 4.	 Lekishvili, N., Nadareishvili, L., Zaikov, G. E., Khananashvili, L. New Concepts in 
Polymer Science. Polymers and Polymeric Materials for Fiber and Gradient Optics, 
(Eds. J. S. Vygodsky, Sh. A, Samsonia), VSP, Utrecht, Boston, Totyo, Koln, p. 222, 
2002.

	 5.	 Nadareishvili, L., Gvatua Sh., Blagidze, Y., Zaikov, G. E. GB-optics – a new direc-
tion of gradient optics, J. of Apll. Polym. Science, 91, 489–493, 2004.

	 6.	 Wardosanidze, Z., Nadareishvili, L., Lekishvili, N., Gvatua Sh., The Possibilities 
of Application of the Gradient Birefringence Polymer Elements, Georcia Chemical 
Journal, 4, 270–273, 2004. (In Georgian).

	 7.	 Lekishvili, N., Nadareishvili, L., Zaikov, G. Polymer medium with gradient optical 
properties – advanced materials for next-generation optical instrument, in: Panorama 
of modern chemistry of Russia. Advances in the field of physical chemistry of poly-
mers, (Ed. G. E. Zaikov), “Chemistry”, Moscow, Russia, 624–675, 2004 (In Russian).

© 2016 by Apple Academic Press, Inc.

  



144	 High-Performance Polymers for Engineering-Based Composites

	 8.	 Nadareishvili, L., Lekishvili, N., Zaikov, C. E, Polymer Medias with Gradient of the 
Optical Properties, in: Modern Advanced in Organic and Inorganic Chemistry (Ed. 
G. E. Zaikov), Nova Science Publ., New York, USA, 31–134, 2005.

	 9.	 Nadareishvili, L., Gvatua, Sh., Topuridze, N., Japaridze, K., Polarization properties 
of polymer films with a gradient of birefringence, Optical Journal, St. Petersburg, 10, 
12–18, 2005. (In Russian).

	 10.	 Nadareishvili, L., Bakuradze, R., Topuridze, N., Sharashidze, L. Gradient oriented 
state of polymers, APMAS-2011, Turkey, Antalya, May, 2011.

	 11.	 Lekishvili, N., Nadareishvili, L., G. E. Zaikov, Polymer Materials with the Structural 
Inhomogeneity for Modern Optical Devices (Review), in: New Trends in Natural and 
Synthetic Polymer Science, (Eds. G. Vasile, G. E. Zaikov), Nova Science Publishers, 
New York, 165–201, 2006.

	 12.	 Nadareishvili, L., Bakuradze, R., Topuridze, N., Some Regularities of Polymer Gra-
dient Orientation in Inhomogeneous Mechanical Field, Proceedings of the Georgian 
National Academy of Science, Chemical Series, 36, 197–200, 2010. (In Georgian).

	 13.	 Nadareishvili, L., Bakuradze, R., Topuridze, N., Nakaidze, T., Pavlenishvili, I., 
Sharashidze, L., Some Regularities of Gradient Orientation of Polymers in Heteroge-
neous Mechanical Field, Georgia Chemical Journal, 11. 281–283, 2011 (in Russian).

	 14.	 Nadareishvili, L., Wardosanide, Z., Lekishvili, N., Topuridze, N., Zaikov, G., 
Kozlowski, R., Gradient Oriented State of Linear Polymers: Formation and Investi-
gation, Molecular Crystals and Liquid Crystals, 556, 52–56, 2012.

	 15.	 Nadareishvili, L., Akhobadze, V., Gvatua Sh., Topuridze, N., Sharashidze, L., 
Pavlenishvili, I., Blagidze, Y., Skirtladze, I., Japaridze, K., Device for stretching 
polymer films. Georgian Patent P2992, 2003.

	 16.	 Nadareishvili, L., Wardosanidze, Z., Chelidze, G., Polymeric films deformation 
method. Georgian Patent P4182, 2007.

	 17.	 Nadareishvili, L., Wardosanidze, Z., Skirtladze, I. Chelidze, G., Akhobadze, V., 
Topuridze, N., Lekishvili, N., Pavlenishvili, I., Sharashidze, L., Japaridze, K., Device 
for stretching polymer films. Georgian Patent P4398, 2008.

	 18.	 Functionally Graded Materials, (Ed. Nathan, J. Reinolds), Nova Science Publ., New 
York, 2011.

	 19.	 Sobczak, J., Drenchev, L., Functionally Graded Materials. Processing and Modeling, 
Warsaw, 2009.

© 2016 by Apple Academic Press, Inc.

  



CHAPTER 13

METHOD OF OBTAINING OF 
GRADUALLY ORIENTED POLYMERIC 
FILMS

L. NADAREISHVILI, R. BAKURADZE, N. TOPURIDZE,  
L. SHARASHIDZE, and I. PAVLENISHVILI

Georgian Technical University, Department of Cybernetics, 5 S. Euli 
St. Tbilisi, 0186, Georgia, E-mail: levannadar@yahoo.com

CONTENTS

Abstract.................................................................................................. 145
13.1  Introduction................................................................................. 146
13.2  Algorithm for Graded Oriented Stretching................................. 146
13.3  Conclusions................................................................................. 150
Keywords............................................................................................... 150
References.............................................................................................. 151

ABSTRACT

An algorithm for the formation of gradually oriented/stretched rectangular 
polymeric films with specified parameters (range of changes in elongation 
and length) in heterogeneous mechanical field is given. It is shown that the 
elongation of the films having curvilinear trapezoid form in the parallel 
clamps causes hyperbolic distribution of elongations.
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13.1  INTRODUCTION

Widespread method of the structural modification of the linear polymers 
is the uniaxial oriented stretching. In result of stretching isotropic polymer 
passes into the oriented state, which is characterized by predominant loca-
tion of the structural elements in the stretching direction. Throughout the 
volume of the specific oriented polymer sample relative elongation Δl / l 
(Δl is the real elongation and l is the initial length of the sample) practi-
cally is the same.

Previously, we have developed a new conception on the structural 
state of linear polymers – about gradually oriented state (GOS) [1–14]. 
Quantitatively COS is described by three parameters: the range of change 
in relative elongation/degree of orientation, length of this change and 
the profile (linear, hyperbolic, parabolic, logarithmic, sinusoidal, etc.). 
Transition of the isotropic polymer into COS is realized by superimpose 
of the inhomogeneous mechanical field on the isotropic polymer sample. 
Several managed graded stretching methods. In these methods on the basis 
of mathematical models the configuration of the mechanical field is deter-
mined, which provides obtaining of the graded stretched/oriented film 
with specified parameters.

Development of the new graded oriented stretching methods is an 
important part in the study of scientific and technological aspects of the 
COS and the various perspective applications.

In this paper we discuss a matter of getting the rectangular blanks 
with a hyperbolic distribution of elongation perpendicular to stretching’s 
direction.

13.2  ALGORITHM FOR GRADED ORIENTED STRETCHING

Let’s say we want to produce graded oriented rectangular ACDB film. 
The films such as these will be obtained by uniaxial stretching of ACDB – 
curvilinear trapezoid (Figure 13.1). The arrow indicates the direction of 
stretching.

To calculate the geometric sizes of ACDB – curvilinear trapezoid let’s 
consider sector AOB (Figure 13.2) the part of which is the curvilinear 
trapezoid ACDB.
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We introduce the following notation: OA=OB=R, OC=OD = r, 
OC+CA=OA, OD=DB=OB; the length of the chord CD through – a; the 
length of the AB – arc through – b; ∠ AOB is denoted by 2α (in radians); 
the distance between the chords CD and AB through – h; b/a = n. 

For the fixed a, l, and n significances the parameters R, r and α will 
be calculated. After simply transformation we obtain the system of 
equations:

	  2r sin α =a	

	 R =n /α	

	 R-r =l	

FIGURE 13.1  Explanations are in the text.

FIGURE 13.2  Explanations are in the text.
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For solution of the equations system on the basis of chords method the 
algorithm and program on programming language Pascal is elaborated. 
The results of calculations for the case when a = 20mm and l = 40 mm are 
presented in the table:

 n ∠ AOB (in radians)  R, mm  r, mm

 2  28  81.85  41.34
 3  56  61.4  21.3
 4  85  56.6  15.4
 5  110  52.1  12.2
 6  135  51.3  10.9
 7  160  50.13  10.15 

Figure 13.3 illustrates the graded stretching’s technique. The curvilinear 
trapezoid ACDB is fixed between the clamps of the stretching device dis-
posed mutually parallel. The distance between the clamps equals to small 
base of trapezoid – a. The test trapezoid – sample is fixed in the clamps 
along the sides AC and DB. If you move the clip (shift’s direction is indi-
cated by the arrow) stretching front moves smoothly from a small base of 
the trapezoid (a) to the arc (b). Stretching of specimen was stopped when 
a + ∆a (∆a increase the length of the small base of the trapezoid – a) will 
be equaled to the length of arc b, which at this point becomes a straight line.

FIGURE 13.3  Graded stretching’s technique.
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As a result of stretching curvilinear trapezoid transforms to a rectangle 
with sides b and h. In the described mode of graded stretching the lower 
limit of change in elongation is almost zero and the upper limit is deter-
mined by the ratio b/a = n.

In order to visualize the distribution of elongations on the original sam-
ple the square grid is applied. Figure 13.4a shows the original curvilinear 
trapezoid-sample for which b/n = 30 mm: 10 mm = 3, and h = 35 mm. After 
a three-fold extension (relatively to small base of the trapezoid) the sample 
is converted into a rectangle (Figure 13.4b).

Changing of topographic pattern of a square grid clearly indicates 
the existence of a gradient elongation perpendicularly to the stretching 
direction.

Quantitative parameters of the resulting gradually oriented film (for its 
middle part) are shown in Figure 13.5. According to the Figure 13.5 range 
of change in relative elongation (∆a/a) 0.225 – 2; length of change in rela-
tive elongation h = 30 mm; profile of distribution of relative elongation’s 
change – hyperbola.

Let us briefly consider the possibilities and limitations of the proposed 
method. In gradually oriented films the minimum lower limit of ∆a/a may 
be equal to zero, and the upper limit depends on the mechanical properties 
of the polymer and the deformation mode (stretching speed and tempera-
ture); the maximum length (h) of distribution of ∆a/a dictated by practical 
expediency, and the minimum value amounts to a few millimeters; this 
method provides a hyperbolic distribution of elongation.

FIGURE 13.4  Curvilinear trapezoid-sample.
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13.3  CONCLUSIONS

Method of controlled graded stretching of the linear polymers is proposed. 
On the basis of mathematical model the configuration of the mechanical 
field is determined, which provides obtaining of the graded stretched/ori-
ented film with specified parameters such as the range of change in rela-
tive elongation and length of this change. Method provides a hyperbolic 
distribution of elongation.

KEYWORDS

•• graded oriented stretching algorithm 

•• gradually oriented state

•• gradually oriented/stretched polymers

•• hyperbolic distribution

FIGURE 13.5  Distribution of relative elongation (∆a/a) in height (h) at the middle part 
of the gradually oriented polymer film.
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ABSTRACT

The results of influence of the gelatin – multinuclear alcohol ratio on 
dispersivity of the synthesized microcapsules are presented. It has been 
established that at the 1/3 gelatin-multinuclear alcohol ratio the most 
finely dispersed microcapsules are obtained.
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14.1  INTRODUCTION

Microencapsulation is a process of cladding fine particles of a substance 
(solid, liquid or gaseous) into a shell made of a film-forming material. 
Nowadays microencapsulation is a well-known, intensively developed 
technology, which is widely used in different branches of industry.

Microencapsulated systems are characterized by various properties, 
such as controllable and selective mass transfer of microcapsules through 
the shell, prolonged action of encapsulated substances, opportunity to con-
trol their reactivity, etc. This makes microencapsulation a perspective and 
high tech method, which could be used for development of absolutely new 
materials.

Besides, the basic component of microcapsules – a capsulated substance – 
may be in any aggregate state – liquid, solid or gaseous. Microcapsules’ 
content can be released both as a result of mechanical destruction of shells 
due to exposure to pressure, friction, melting, and ultrasound, and diffusion 
caused by swelling walls of capsules in a surrounding liquid. In any case, a 
complete content release during its use should be combined with its reliable 
protection from environment during storage.

There are many ways of production of microcapsules, which can be 
carried out by various methods: chemical, physical and physical-chemical 
[1–7]. Some technologies use the combined methods of shell formation, 
and the choice of the most effective methods or their combination is deter-
mined by both the properties of the capsulated product, requirements to 
the received microcapsules and by the cost of the technological process. 
For each specific case the effectiveness of the method is defined by a set 
of final product properties.

Coacervation is stratification of a polymer solution into two liquid 
phases; one of them is enriched with a dissolved substance (coacervate), 
and the other – with water. This phase division occurs due to the decrease 
of polymer solubility in a medium, which is caused by various factors.

Microencapsulation based on coacervation is widely used for 
production of microcapsules containing a nonpolar liquid (oil) or a solid 
substance with a low-energy surface as the basic capsulated substance.

As a material for shells water-soluble high-molecular compounds 
(HMC), which are capable to dissociate in aqueous solution to ions, that is, 
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polyelectrolytes (PE), and those ones which are capable of coacervation 
being exposed to external action on the solution are used.

Polyelectrolyte macromolecules in water solutions possess specific 
electric, conformational and hydrodynamic properties distinguishing them 
from ordinary non-dissociating polymers. In colloid chemistry polyelec-
trolytes (and other well-soluble in water polymers) are named hydrophilic 
colloid substances or hydrophilic colloids. Colloid properties of these sub-
stances are caused by the presence of big kinetic units having the sizes of 
10–5–10–7 cm [8] in their solutions.

14.2  EXPERIMENTAL PART

14.2.1  MATERIALS

Food gelatin, polyatomic alcohol, carbon tetrachloride, 5% hydrochloric 
acid solution, 5% caustic soda solution.

14.2.2  SYNTHESIS OF MICROCAPSULES

Synthesis of microcapsules from the real concentrated solution of gelatin 
has been carried out according to the well-known technique of emulsifi-
cation of a hydrophobic substance in a water solution and included the 
following stages:

•	 modification of the gelatin water solution;
•	 production of the emulsion;
•	 formation of the microcapsules;
•	 dehydration of the shells of the gelatin microcapsules;
•	 hardening the shells.

The emulsion that represents itself the drops of capsulated liquid 
stabilized with structure layers of gelatin has been produced by trickling 
the capsulated substance into the concentrated solution of gelatin at the 
temperature of 40–50°C and constant stirring.

The size of emulsion drops and, consequently, the future size of 
capsules are defined by surface tension at gelatin water solution-capsulated 
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liquid interface and also by the intensity of stirring during the emulsion 
formation. Emulsification of the capsulated liquid has been carried out 
with a magnetic stirrer.

The gelatin microcapsules produced by the coacervation method usu-
ally have the sizes of 300–1500 micrometers, which makes their use in 
our research unacceptable, for in our case the size of microcapsules should 
not exceed 50 micrometers. To reduce the size of the microcapsules the 
modification of the gelatin water solution by polyatomic alcohol has been 
carried out.

Then the capsules have been separated from the gelatin water solution, 
and the shells have been solidified on the capsulated liquid by dilution of 
the produced emulsion with water at the simultaneous sharp temperature 
decrease.

Dehydration of the gelatin microcapsules shells has been carried out 
with 20% sodium sulfate solution at 10°С, and is based on the property of 
gelatin to change its water solubility with a change of the medium рН. For 
hardening the shells the microcapsules have been treated with the formal-
dehyde water solution.

14.3  RESULTS AND DISCUSSION

Modification of 10% gelatin water solution has been carried out by 
polyatomic alcohol in the amount that promotes the best binding of 
gelatin. Besides, it was necessary to establish an optimal gelatin – 
polyatomic alcohol ratio. For this purpose a series of experiments in 
which gelatin – polyatomic alcohol ratio varied 2:1, 1:1, 1:3 and 1:5 
has been carried out. One of the basic characteristics of the produced 
microcapsules is their size and size distribution (Figure 14.1: 1 – 2:1 
gelatin – polyatomic alcohol ratio; 2 – 1:1 gelatin – polyatomic alcohol 
ratio; 3 – 1:3 gelatin – polyatomic alcohol ratio; 4 – 1:5 gelatin – poly-
atomic alcohol ratio).

The analysis of the particle sizes has been carried out by means of 
optical microscopy (Figure 14.1). In Figure 14.2 the curves of distribution 
of the microcapsule sizes are presented for different gelatin – polyatomic 
alcohol ratios.
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FIGURE 14.1  Optical micro photos of the synthesized microcapsules on the basis of 
gelatin modified by polyatomic alcohol.

According to the data presented in Figure 14.2, at the 2:1 
gelatin – polyatomic alcohol ratio the curve of distribution of the sizes of 
the produced microcapsules has a quite smooth transition from 20 up to 
100 micrometers while at the 1:1 gelatin – polyatomic alcohol ratio  the 
curves show clearly seen peak at 20–40 micrometers. At the 1:5 gelatin – 
polyatomic alcohol ratio the peak of distribution of the sizes of the syn-
thesized microcapsules is observed at 40–70 micrometers. Therefore, the 
1:1 and 1:3 gelatin – polyatomic alcohol ratios prove to be optimal for our 
purposes.
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14.4  CONCLUSION

As a result of this physical-chemical experimental research the technique 
of modifying gelatin microcapsules has been improved allowing to lower 
their size up to 20–40 micrometers.

This work has been carried out within the framework of the project 063 
“Development of the methods of obtaining self-healing composition coat-
ings” under the program of Groups of junior researchers of the project 
“Commercialization of technologies” of Ministry of Education and 
Science of Republic of Kazakhstan and the World Bank.

KEYWORDS

•• coacervation

•• emulsification

•• gelatin

•• microencapsulation

FIGURE 14.2  Distribution of the sizes of the synthesized microcapsules on the 
modified gelatin basis. The gelatin – polyatomic ratios: 1 – 2:1; 2 –1:1; 3 –1:3; 4 –1:5, 
correspondingly.
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ABSTRACT

Fulvic acids, isolated from surface waters, have been studied for the first 
time by the thermal analyze. Fulvic acids investigated by thermogravimet-
ric and differential thermal analysis are characterized by one endothermal 
and four exothermal effects. The loss of mass in low temperature range for 
fulvic acids isolated from the bottom sediments and water sample makes 
30 and 38 percent and over the high temperature range it equals 62 and 48 
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percent respectively. It is shown that the degree of aromatization of fulvic 
acids isolated from the bottom sediments was higher than that of fulvic 
acids isolated from the water sample.

15.1  INTRODUCTION

Unlike soil humic acids [1–3], the thermal characteristics of humin and 
fulvic acids isolated from the surface waters are not studied. By means of 
this method it is possible to evaluate the thermal stability of fulvic acids, 
as well as to calculate the variants of their mass depending on temperature 
and to determine the quantitative correlation between central and periph-
eral parts in the molecule.

The aim of this work was to study the fulvic acids isolated from the 
bottom sediments and from the water sample of the river Mtkvari by the 
methods of thermogravimetric and thermal analysis.

15.2  EXPERIMENTAL PART

To obtain pure samples of fulvic acids we concentrated the water of the 
river Mtkvari by the frozen method. Filtered water samples were acidified 
to pH 2 and was put for 2 hours on water bath at 60° C, for coagulation of 
humin acids. Then the solution was centrifuged for 10 min at 8000 rpm. To 
isolate FA from centrifugate the adsorption-chromotographic method was 
used. The charcoal (BAU, Russia) was used as a sorbent. Desorption of 
amino acids and carbohydrates were performed by means of 0.1N HCl. For 
the desorption of polyphenols the 90% acetone water solution was used. 
The elution of FA fraction was performed with 0.1N NaOH solution. The 
obtained alkali solution of FA for the purification was passed through a 
cation-exchanger (KU-2, Russia) and dried under the vacuum until the con-
stant mass was obtained [4, 5]. The extraction of the fulvic acids from the 
bottom sediments was performed with 0.1 M NaOH.

The thermal analysis was carried out on the Paulic-Paulic-Erday system 
derivatograph Q-1500 (Hungary); in the air, standard sample-Al2O3, over 
heating rate 5°C/min, temperature range 20–800°C. Differential  thermal 
analysis (DTA), thermogravimetric (TG) and differential thermo-gravimetric 
(DTG) curves were recorded simultaneously. Sensibility of the 
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balance – 100 mg, sensibility of DTA galvanometer – 250 µv and that of 
DTG – 500µv. Thermal effect were interpreted according to Refs. [1–3].

The thermograms of both samples of both samples were characterized 
by one endothermal effect, which was mainly caused by dehydration of 
the fulvic acids (Figure 15.1; Table 15.1). The effect was registered at 

FIGURE 15.1  The thermogram of fulvic acids isolated from the sample of the river 
Mtkvari: (a) water, and (b) bottom sediment.
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TABLE 15.1  Thermogravimetric Characterization of Fulvic Acids Isolated From the 
Lake Paravani

Fulvic Acids Ash DTA, T°C max DTG T°C TG % Z

Endothermal Exothermal

Water Sample 1.5 110 200

320

530

650

90

190

340

550

650

8

10

28

39

9

0.79

Bottom 
Sediments 3.5 105

210

330

480

630

105

205

350

500

600

4

9

21

52

20

0.48

105°C for fulvic acids isolated from the bottom sediments and at 110°C 
in case of fulvic acids isolated from the water sample. The loss of mass 
equals 4% and 8%, respectively.

15.3  RESULTS AND DISCUSSIONS

Both in low (190–350°C) and in high temperature range (350–650°C) the 
thermograms of two samples are characterized by two exothermal effects. 
For fulvic acids, isolated from the bottom sediments: 200°C, 330°C, 480°C, 
630°C.For fulvic acids isolated from the water sample: 200°C, 320°C, 
530°C, 650°C. Thus, the loss of mass for fulvic acids isolated from the 
sediments and water sample in the low temperature ranges makes 30% and 
38%, respectively, but in the high temperature range it equals 62% and 48% 
(Figure 15.1; Table 15.1).

Exothermal effects and the variation of their corresponding masses in 
the low temperature range must be conditioned by the splitting of the ali-
phatic chain, liberation of the functional groups and partial oxidation of 
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the formed products or because of the destruction of the structural compo-
nents of peripheral parts of fulvic acids molecules accompanied by dehy-
drogenation and decarboxylation.

Exothermal effects and their corresponding changes in the high tem-
perature range must be conditioned both by the splitting of aliphatic chain 
and liberating of more stable functional groups, releasing of cycles and 
aromatic nuclear [1–3].

Quantitative estimation of the correlation between the central and 
peripheral parts in the molecule of fulvic acids is possible by the value 
z=m/M, where m denotes the loss of mass in the low temperature range 
and M is the loss of mass in the high temperature range. The less the ration, 
the more aromatized is the substance. In our case for fulvic acids isolated 
from the bottom sediments z=0.48 and for those of isolated from the water 
sample z=0.79.

15.4  CONCLUSIONS

Thus on the basis of thermal analysis we can conclude that the investigated 
fulvic acids are characterized by one endothermal and four exothermal 
effects. The degree of aromatization of fulvic acids isolated from the 
bottom sediments is higher than that of fulvic acids isolated from the 
water sample.
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•• endothermal effect
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ABSTRACT

We have studied the concentrations of humin and fulvic acids in sur-
face waters of Georgia. The concentration of fulvic acids changes from 
0.08 mg/L to 4.23 mg/L. The concentration of humin acids changes 
from 0.00 mg/L to 0.60 mg/L. We have studied acid-base properties of 
humin fulvic acids isolated from the river Mtkvari, using potentiometric 
titration method. It has been established that in the case of humic acids 
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pK (COOH) = 4.12 pK (phen.-OH) = 10.52 and in the case of fulvic acids 
pK (COOH) = 4.19 pK (phen.-OH) = 10.46.

16.1  INTRODUCTION

Geopolymers (humic acids: humin and fulvic acids) belong to those natu-
ral ligands, which can form complex compounds both in solid and soluble 
state. The intensity of complexing is mainly conditioned by the existence 
of carboxylic and phenolic hydroxyl groups being in various states in mol-
ecule of humic acids and their ionization ability. Literature data on disso-
ciation of humic acids and quantitative substation of acidic groups in them 
is not uniform. The data of dissociation constants of one and the same acid 
groups of humic acids differs in several lines from each other [1–10]. Due 
to this the real role of humic acids in complexing reactions proceeding in 
natural waters is not clear. Also there are not experimental data about the 
concentration of humic acids.

Our objective was to study the concentration of humic acids in surface 
waters of Georgia and determine dissociation constants.

16.2  EXPERIMENTAL PART

To separate the fulvic and humin acids, we concentrated the surface waters 
by the frozen method. Filtered water samples were acidified to pH 2 and was 
put for 2 hours on water bath at 60°C, for coagulation of humin acids. Then 
the solution was centrifuged for 10 min at 8000 rpm. To isolate fulvic acids 
from centrifugate the adsorption-chromotographic method was used. The 
charcoal (BAU, Russia) was used as a sorbent. Desorption of amino acids 
and carbohydrates were performed by means of 0.1N HCl. For the desorp-
tion of polyphenols the 90% acetone water solution was used. The elution 
of fulvic acids fraction was performed with 0.1 N NaOH solution. The 
concentrations of fulvic and humin acids, isolated from the natural surface 
waters were determined by the photometric method (pH=10, l=420 nm). 
The obtained alkali solution of fulvic acids and humin acids for the purifica-
tion were passed through a cation-exchanger (KU-2, Russia) and were dried 
under the vacuum until the constant masses were obtained [11, 12].
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For purification, isolated humin acids were dissolved in 0,1 M NaOH, 
then humin acids were reprecipated. The purification procedure was repeated 
four times. Purified humin acids were washed with bidistillated water until 
the negative reaction on the Cl– ions, then humin acids were dried under the 
vacuum until the constant masses were obtained. The obtained humin and 
fulvic acids were used as standards for the photometric determination.

To determine dissociation constants of humin acids we used potenti-
ometric titration (direct and back titration). As objects for investigation 
were chosen the samples of fulvic acids separated and purified by precipi-
tation from the river Mtkvari. For potentiometric titration 50.0 mg of ful-
vic acids was solved in 20 mL 0.05 M NaOH. The end volume of solution 
by bidistallated water was reduced to 25 mL (m=0.1 KCl). The titration of 
alkali solution of fulvic acids was performed by 0.106 M HCl. Just after 
finishing of inverse titration (pH=2.98) direct titration was started with 
0.095 M NaOH. The accounting was made on pH meter, after adding of 
each portion of reagent (0.1 mL). Both direct and back titration was car-
ried out in nitrate area.

As objects for investigation were chosen the samples of humin acids 
separated and purified by precipitation from the river Mtkvari. For potentio-
metric titration 50.0 mg of humin acids was solved in 20 mL 0.05 M NaOH. 
By means of solution pH 0.5 M HCl reduced to 11.5–11.8. The end vol-
ume of solution by bidistillated water was reduced to 25 mL (m=0.1 KCl). 
As previous studies show, humin acids solution (THA =2 mg/mL) of such 
concentration is optimal for potentiometric titration. The titration of alkali 
solution of humin acids was performed by 0.01 M HCl. Just after finishing 
of inverse titration (pH=3.5–3.6) direct titration was started with 0.095 M 
NaOH. The accounting was made on pH meter (pH-673) after adding of 
each portion of reagent (0.1 mL). Both direct and back titration was carried 
out in nitrate area.

16.3  RESULTS AND DISCUSSIONS

As the results show (Table 16.1), in surface waters of Georgia the concen-
tration of fulvic acids changes from 0.08 mg/L to 4.23 mg/L, the concen-
tration of humin acids changes from 0.00 mg/L to 0.60 mg/L.
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TABLE 16.1  The Concentrations of Humin and Fulvic Acids (mg/L) in Surface Waters 
of Georgia

The object Humin acids Fulvic acids

Rivers Min Max Min Max

Mtkvari 0.11 0.58 0.31 4.23
Farvani 0.11 0.31 0.60 2.58
Aragvi 0.00 0.04 0.08 0.40
Xrami 0.00 0.03 0.33 0.43
Rioni 0.00 0.07 0.18 0.78
Tskhenisckali 0.00 0.04 0.20 0.58
Lakes Min Max Min Max
Lisi 0.00 0.00 0.56 0.70
Bazaleti 0.00 0.02 0.19 0.48
Tmogvi 0.00 0.03 0.12 0.33
Faravani 0.18 0.38 0.65 1.90
Sagamo 0.10 0.60 0.66 1.98

Figure 16.1 illustrates differential curve constructed by potentiometric 
titration data of humin acids isolated from the paravani Lake water. If 
we take in consideration that humin acids are mainly represented by ali-
tatic and aromatic carboxylic and phenolic hydroxyl groups it is clear that 
the data corresponding to the first group on the differential curve must be 
placed within pH=4–7 and those of the second group above pH=7.

One peak is well pronounced on the differential curve of the direct 
potentiometric titration. According to the literature it must be conditioned 
by titration of carboxylic and partially phenolic hydroxyl groups because 
the fixation of the latter by separate peak is not possible. If we take into 
consideration that only phenol hydroxyl groups, for example, pKa (phe-
nol)=10.0 pka (2,4-dinitrophenol) = 4.08 dislocated near electron acceptor 
groups (e.g., nitro groups) have rather high acidity then we can prove that 
the given peak might be conditioned only by COOH groups titration. The 
validity of this statement is testified by the data obtained by back titration 
(Figure 16.1). Two peaks are clearly observed on differential curve, which 
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FIGURE 16.1  The integral (a) and differential (b) curves of potentiometric titration of 
humin acids isolated from the river Mtkvari (1 – the direct titration, 2 – back titration; 
Vl=25 mL; CNaOH=0.095 M; CHCl=0.106 M; μ=0.1 (KCl)).
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correspond to the titration of carboxylic and phenolic hydroxyl groups. 
The similar character has differential curves in case of fulvic acids isolated 
from water (Figure 16.2):

This makes possible to regard humin acids in the given regions of pH as 
monofunctional substances and for calculation of dissociation constant to 
use the Henderson-Haselbach method. The link between pH solution, dis-
sociation rate and acid dissociation constant is expressed by the equation 
pH=pKα–lg[(1–α)/α]. α = Ci/Cmax, where Ci-the concentration of base, 
mg.eqv, which was spent on titration of fulvic acids by the base before 

FIGURE 16.2  The differential curve of potentiometric titration of fulvic acids isolated 
from the river Mtkvari (1 – the direct titration, 2– back titration; Vl=25 mL; CNaOH=0.095 
M; CHCl=0.106 M; μ=0.1 (KCl)).
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given pH, and Cmax-the quantity of base (mg.eqv) which was spent on 
titration of fulvic acids, on potentiometric curve, before the pH of the cor-
responding the maximum of the peak. Each concrete value of pH corre-
sponds to the determined dissociation rate of the given functional group, 
which can be calculated according to the additional reagent amount. When 
lg[(1-α)/α] =0, pH= pKα.

The data to calculate the dissociation constants of carboxylic 
and phenolic-OH groups of fulvic and humin acids are given in the 
Tables 16.2–16.5.

As the results show in the case of humin acids pK (COOH)=4.12 
(Table. 16.2); pK (phen.-OH)=10.52 (Table 16.3). As the results show in the 
case of fulvic acids pK (COOH)=4.19 (Table 16.4); pK (phen.-OH)=10.46 
(Table 16.5).

TABLE 16.2  The Experimental Data to Calculate the Meaning of Dissociation Constant 
of COOH Groups of Humin Acids Isolated From the River Mtkvari

pH add. NaOH,  mg.ekv ×10–3 α (1–α)/α lg[(1–α)/α]

3.12 9.5 0.062 15.13 1.1798

3.20 19.0 0.125 7.00 0.8451

3.32 28.5 0.187 4.35 0.6385

3.40 38.0 0.250 3.00 0.4771

3.52 47.5 0.312 2.20 0.3424

3.75 57.0 0.375 1.67 0.2227

3.99 66.5 0.437 1.29 0.1106

4.12 76.0 0.500 1.00 0.0000

4.37 85.5 0.562 0.78 –0.1079

4.62 95.0 0.625 0.60 –0.2218

4.89 104.5 0.687 0.46 –0.3372

5.18 114.0 0.750 0.33 –0.4815

5.48 123.5 0.812 0.23 –0.6383

5.81 133.0 0.875 0.14 –0.8539

6.24 142.5 0.938 0.07 –1.1549

6.86 152.0 1.000 0.0 –
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TABLE 16.3  The Data to Calculate the Stability Constant of Phenolic-OH Groups of 
Humin Acids Isolated From the River Mtkvari

pH add. HCl,  mg.ekv ×10–3 α (1–α)/α lg[(1–α)/α]

11.39 10.6 0.071 13.08 1.1166

11.29 21.2 0.143 5.99 0.7774

11.18 31.8 0.214 3.67 0.5647

11.07 42.4 0.286 2.50 0.3979

10.94 53.0 0.357 1.80 0.2553

10.71 63.6 0.429 1.33 0.1239

10.52 74.2 0.500 1.00 0.0000

10.30 84.8 0.571 0.75 –0.1249

10.19 95.4 0.643 0.55 –0.2596

9.98 106.0 0.714 0.40 –0.3979

9.76 116.6 0.786 0.27 –0.5686

9.55 127.2 0.857 0.17 –0.7696

9.26 137.8 0.929 0.08 –1.0969

8.80 148.4 1.000 0.00 –

TABLE 16.4  The data to Calculate the Dissociation Constant of COOH Groups of 
Fulvic Acids Isolated From the River Mtkvari

pH add. NaOH,  mg.ekv ×10–3  α (1–α)/α lg[(1–α)/α]

3.10 9.5 0.056 16,86 1.2269

3.25 19.0 0.111 8,01 0.9036

3.30 28.5 0.167 4.99 0.6981

3.45 38.0 0.222 3.50 0.5441

3.58 47.5 0.278 2.60 0.4150

3.65 57.0 0.333 2,00 0.3010

3.99 66.5 0389 1.57 0.1959

4.19 85,5 0.500 1.00 0.0000

4.42 95.5 0.556 0.80 –0.0969

4.65 104,5 0.611 0.64 –0.1938

4.87 114.5 0.667 0.50 –0.3010
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TABLE 16.5  The Data to Calculate the Dissociation Constant of Phenolic-OH Groups 
of Fulvic Acids Isolated From the River Mtkvari 

pH add. HCl mg.ekv. ×10–3  α (1–α)/α lg[(1–α)/α]

11.46 10.6 0.062 15.13 1.1798

11.38 21.2 0.125 7.00 0.8451

11.29 31.8 0.187 4.35 0.6385

11.16 42.4 0.250 3.00 0.4771

11.04 53.0 0.312 2.20 0.3424

10.88 63.6 0.375 1.67 0.2227

10.68 74.5 0.437 1.29 0.1106

10.46 84.8 0.500 1.00 0

10.24 95.4 0.562 0.78 –0.1079

10.04 106.0 0.625 0.60 –0.2218

9.85 116.6 0.687 0.46 –0.3372

9.62 127.2 0.750 0.33 –0.4815

9.36 138.8 0.812 0.23 –0.6383

9.06 148.4 0.875 0.14 –0.8539

8.70 159.0 0.937 0.17 –1.1546

8.30 169.6 1.000 0.00 _

16.4  CONCLUSIONS

The concentration of Fulvic acids changes from 0.08 mg/L to 4.23 mg/L. 
The concentration of humin acids changes from 0.00 mg/L to 0.60 mg/L in 

TABLE 16.4  Continued

pH add. NaOH,  mg.ekv ×10–3  α (1–α)/α lg[(1–α)/α]

5.22 123,5 0.722 0.38 –0.4202

5.38 133,0 0.778 0.28 –0.5528

5.69 142,5 0.833 0.20 –0.6990

6.03 152,0 0.889 0.12 –0,9208

6.48 161,5 0944 0.06 –1,2218
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surface waters. Thus, we can make the conclusion, that fulvic and humin 
acids, isolated from the surface waters practically don’t differ from each 
other by the acid–base properties. On pH, characteristic the surface water, 
Humic acid, which are dissolved in surface waters, are practically disso-
ciated. As the results show in the case of humin acids pK (COOH)=4.12 
(Table 16.2); pK (phen.-OH)=10.52 (Table 16.3). As the results show in the 
case of fulvic acids pK (COOH)=4.19 (Table 16.4); pK (phen.-OH)=10.46 
(Table 16.5).

KEYWORDS

•• dissociation constant

•• fulvic acids

•• geopolymers

•• humin acids

REFERENCES

	 1.	 Ephreim, J. H., Boren, H., Arsenie, I., Pettersson, C., Allard, B. A combination of 
acid- base titrations and derivatization for functional group determinations of an 
aquatic fulvic acid. The Science of the Total Environment, 81/82, 615–624, 1989.

	 2.	 Leenheer, J. A., Wershaw, R. L., Reddy, M. M. Strong acid, carboxyl-group struc-
tures in fulvic acid from the Suwannee river. Georgia. 1. Minor structures. Environ-
mental Science Technology, 29(2), 393–398, 1995.

	 3.	 Leenheer, J. A., Wershaw, R. L., Reddy, M. M. Strong acid, carboxyl-group struc-
tures in fulvic acid from the Suwannee river. Georgia. 2. Major structures. Environ-
mental Science Technology, 29 (2), 399–405, 1995.

	 4.	 Ephraim, H., Pettersson, C., Norden, M., Allard, B. Potentiometric titrations of 
humic substances: do ionic strength effects depend on the molecular weight? Envi-
ronmental Science Technology, 29(3), 622–628, 1995.

	 5.	 Bowles, E. C., Antweiler, R. C., MacCarthy, P. Acid-base titration and hydrolysis of 
fulvic acid from the Suwannee river. In: Humic substances in the Suwannee river, 
Georgia: U. S. Geological Survey Open-file Reports, 87–557 Denver, CO, 209–229, 
1989.

	 6.	 Gamble, D. S. Potentiometric titration of fulvic acid: equivalence point calculations 
and acidic functional groups. Can. J. Chem., 50, 2680–2690, 1972.

© 2016 by Apple Academic Press, Inc.

  



Fulvic and Humin Acids in Surface Waters of Georgia	 177

	 7.	 Andres, J. M., Romero, C., Gavilan, J. M. Potentiometric titration of fulvic acids 
from lignite, in dimethylformamide and dimethilsulphoxide media. Talanta, 34(6), 
583–585, 1987.

	 8.	 Mathuthu, A. S., Marinsky, J. A., Ephraim, J. H. Dissociation properties of Lauren-
tide fulvic acid: identifying the predominant acidic sites. Talanta, 42(3), 441–447, 
1995.

	 9.	 Sardessai Sugandha. Characteristics of humic and fulvic acids in Arabian Sea sedi-
ments. Indian Journal of Marine Sciences. 24, 119–127,1995

	 10.	 Lobartini, J. C., Tan, K. H., Asmussen, L. E., Leonard, R. A., Himmelsbach, D., 
Gingle, A. R. Chemical and spectral differences in humic matter from swamps, 
streams and soil in the southeastern United States. Geoderma, 49, 241–254, 1991.

	 11.	 Varshal, G. M., Kоsheеvа I. Y., Sirotkina, I. S., Velukhanova, T. K., Intskirveli, L. N., 
Zamokina, N. C. The study of organic substances of surface waters and their interac-
tion with metals ions. Geokhimia, (Geochemistry, Russ.), 4, 598–607, 1979.

	 12.	 Revia, R., Makharadze, G. Cloud-point preconcentration of fulvic and humic acids. 
alanta, 48(1), 409–413, 1999.

© 2016 by Apple Academic Press, Inc.

  



CHAPTER 17

SIDE CHAINS AZOBENZENE 
MOIETIES IN POLYMETHACRYLATES 
FOR LIQUID CRYSTAL ALIGNMENT

V. TARASENKO, O. NADTOKA, and V. SYROMYATNIKOV

Taras Shevchenko National University of Kyiv, Volodymyrs’ka str., 64, 
01033 Kyiv, Ukraine, E-mail: oksananadtoka@ukr.net

CONTENTS

Abstract.................................................................................................. 179
17.1  Introduction................................................................................. 180
17.2  Experimental Part........................................................................ 181
17.3  Result and Discussions............................................................... 185
17.4  Conclusions................................................................................. 189
Keywords............................................................................................... 189
References.............................................................................................. 190

ABSTRACT

Polymers based on the polymethacrylic acid with azobenzene-containing 
side-chains have been obtained and investigation of their orientation 
ability has been carried out. For this purpose the method of azopolymer 
synthesis by polymer analogues reaction of carboxylic groups of poly-
methacrylic acid with hydroxyazobenzenes has been proposed. In addition 
to functional carboxylic and photosensitive azobenzene groups the alkyl 
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moieties of different length were involved into polymeric side chain. It 
was shown that “azobenzene-containing” polymers have ability to produce 
liquid crystal photoalignment. Exposed to actinic UV light photosensitive 
azobenzene fragments undergo orientation due to trans-cis isomerization. 
Liquid crystal (LC) covered on such polymer film can be oriented.

17.1  INTRODUCTION

In the field of up-to-date materials the creation light-controlled 
high-sensitivity polymeric systems is the most topical question to date. 
Amorphous polymer materials with side-chain azochromophore groups 
are attractive in this respect due to some their properties. So azobenzene 
fragments are able to involve the photoinduced dipole orientation in poly-
meric matrices, which can be used for creation reversible optical storage 
materials [1]. In addition azobenzene derivatives are dipole nonlinear opti-
cal chromophores, which are used for electro optical polymer materials 
synthesis indispensable to wide-band light modulator and integral opto-
electronic systems based on it [1–4].

Efficiency and stability photoinduced processes in polymers depends 
on both chemical nature of system chromophore-polymer and the way of 
including chromophore in polymer. It is known that azochromophores can 
be put into polymeric matrices by the polycondensation or radical (co)
polymerization ways as well as by polymer analogues reaction of func-
tional groups with hydroxyazobenzenes.

Radical (co)polymerization of methacrylic azomonomers is widely 
applicable method of incorporating of chromophore group in side chain of 
macromolecule [5–9]. Nevertheless this method has some essential disad-
vantages due to the necessity of utilizing of hydrogen chloride and difficul-
ties of chromophore purification from ionic impurities, which lead to film 
conductivity and dipole polarization efficiency reduction in electric field. 
In addition polymerization of methacrylic azomonomers doesn’t lead to 
the high-molecular products as a result of low azomonomer activity, where 
azogroups play the role of free radical “traps” during polymerization.

To overcome these difficulties, we have used the method of polymer 
analogues reaction for obtaining light-sensitive polymers based on 
polymethacrylic acid [10]. So condensation of carboxylic groups with 
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hydroxyazobenzenes leads to transformation part of them into photochromic 
moieties. As a result amorphous polymers containing photosensitive azo-
benzene fragments and functional carboxylic groups were synthesized. 
These materials attract the special interest due to their dual properties. The 
presence of the azofragments capable of forming ordering in combina-
tion with functional chemically responsive groups allows to substantially 
enhancing the ability of new photosensitive materials creation. Functional 
carboxylic groups can not only to participate in the chemical reactions 
but also to form noncovalent binding with different low-molecular dop-
ants such as chiral substances, dyes, biological active fragments and liquid 
crystals (LC) molecules in particular. Such “binding” may be realized as 
due to ionic interaction of corresponding complementary pairs, and due to 
formation of hydrogen bonds between interacted groups.

In our paper the synthesis and the investigation of LC alignment ability 
of multifunctional azopolymers are presented. Illumination of these mate-
rials with exciting light stimulates reversible or irreversible trans-cis 
isomerization of azochromophores. When the exciting light is polarized, 
initially isotropic orientation distribution of photosensitive fragments 
transforms into anisotropic one characterized by some degree of orien-
tational order [11]. The LC molecules, adjacent to the orientationally 
ordered photoaligning film, reproduce to certain extend this order due to 
anisotropic interaction with the molecules or anisotropic fragments from 
the surface of this film.

In addition to functional carboxylic and photosensitive azobenzene 
groups the alkyl moieties of different length were introduced into poly-
meric side chain to improve of liquid crystal molecules mobility.

17.2  EXPERIMENTAL PART

17.2.1  MATERIALS

All starting chemicals were purchased from commercial sources and used 
without further purification unless otherwise noted. The structures of all 
the precursors and final products were confirmed by 1H NMR spectros-
copy. The 1H NMR spectra were measured on samples dissolved in CDCl3. 
Obtained results are in a good agreement with proposed structure.
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17.2.2  HYDROXY-AZOBENZENE SYNTHESIS (STAGE 1)

4-methyl-4’-hydroxyazobenzene (Azo1). 4-methylaniline 6.8 g (0.05 mol) 
was dissolved in 100 mL hydrochloric acid (2M). Solution was cooled by 
ice bath up to 0°С and solution of 3.3 g (0.05 mol) sodium nitrate in mini-
mal volume of water was added slowly. To the cooled solution of phenol 
4.4 g (0.05 mol) in water the diazonium salt was added under stirring. 
Yellow azodye precipitate was filtered, washed by cool water and dried. 
Substance purification was made by recrystallization from isopropanol.

Yield 87 %. Тg = 155°С. Rf = 0.7 (eluent–ethyl acetate, toluene = 1:1). 
NМR 1Н (400 MHz, DMSO-d6), ppm: 9.92 (s, 1H, OH), 7.71 (m, 4H, Ar), 
7.27 (d, 2H, Ar), 6.86 (d, 2H, Ar), 2.42 (s, 3H, CH3).

17.2.3  COPOLYMERS SYNTHESIS (STAGE 2)

Methacrylic acid and alkyl methacrylate (methylmethacrylate (MMA), 
buthylmethacrylate (BMA), hexylmethacrylate (HMA), octylmethacrylate 
(OMA), decylmethacrylate (DMA)) at different molar ratios (2:1, 1:1, 1:2) 
were dissolved in dimethylformamide (10 ml) to obtain total monomers con-
centration 6 mol/L. Thermo induced radical polymerization was carried out at 
70°C in sealed ampoules about 2 hours. 2–2’-azobisisobutyronitrile (AIBN) 
was used as free radical initiator. After reaction the contents of the ampules 
were transferred into cooled methanol, and copolymers were isolated as a pre-
cipitate. The product was dried to constant weight in a vacuum drying oven.

The yields of the polymers were determined by gravimetry. After titri-
metric analysis samples with similar molar ratios of functional groups 
were chosen for next synthetic stage.

17.2.4  AZOPOLYMERS SYNTHESIS (STAGE 3)

About 0.5 g (0.014 mol) of copolymer methylmethacrylate-co-methacrylic 
acid (MMA-co-MA) (at molar ratio 1:3) and 8.9 g (0.042 mol) of 
4-methyl-4’-hydroxyazobenzene (equimolar amount to carboxylic groups) 
were dissolved in 5 mL DMF. 0,3 g (0.014 mol) dicyclohexylcarbodimide 
as catalyst and 0.06 g 4-dimethylaminopyridine (20 wt. % from catalyst) 
were added to the resulting solution. Reaction mixture was stirred for 
5 hours and was left at overnight at room temperature. Then it was filtered. 
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Oxalic acid trace was added for removing of catalyst remainder and solu-
tion was left overnight once more. The solution was iteratively filtered and 
the filtrate was precipitated in alcohol. Polymers were purified by repre-
cipitation from DMF in alcohol. So azopolymers containing 4-methyl-
4’-oxyazobenzene based on MMA-co-MA (P1–0), BMA-co-MA (Р1–3), 
HMA-co-MA (Р1–5), OMA-co-MA (Р1–7) and DMA-co-MA (Р1–9) 
were obtained. All of them are dissolved in acetone, dioxane, toluene, 
dichloroethane. The copolymers compositions were determined from ele-
mental analysis data for nitrogen and 1H NMR spectra data.

17.2.5  TECHNICS

Films preparation and samples irradiation were carried out in the following 
way. Selected polymers were dissolved in dichloroethane (3 wt. %) and the 
solution was spin-coated on quartz substrates. Polymer films were annealed 
at 70°С for an hour and left overnight at room temperature for solvent resi-
due removing. Film thickness (d) was measured by profilometer. They varied 
from 300 to 500 nm. Absorption spectra in the films were measured in the 
spectral range of 250–600 nm by the spectrometer from Ocean Optics (USA).

The anisotropy in the polymer films was induced by UV light with 
λexp  = 365 nm and I = 4.5 mW/cm2. The light was linearly polarized by 
Glan-Thompson prism. Thus-obtained polarized monochromatic light beam 
was directed normally to polymer film so that the polarization of exciting 
light was parallel to the film axis x (Figure 17.1). 

For testing of LC alignment we used symmetric LC cells made of two 
equally treated photoaligning layers withy parallel easy axis. The cell 
thickness was defined by spacers of 20 µm in diameter. The cells were 
filled with nematic LC Е7 purchased from Merck. LC alignment quality 

FIGURE 17.1  Sample irradiation geometry.
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in the cells was observed with the naked eye and polarizing microscope. It 
was evaluated by the five-point scale: “excellent” (e), “good” (g) (singular 
orientation defects), “satisfactory” (s) (traces of defects), “bad” (b) (a lot 
of defects) and “no alignment” (n/a).

For pretilt angle measurements the substrates with covered polymers 
were irradiated in two steps. At the beginning linearly polarized light 
(Iexp = 4.5 mW/cm2) was directed normally to polymer film for 15 minutes 
and anisotropy in film was detected as result. Thereafter these films were 
exposed to a nonpolarized exciting light at 45° to film surface for a minute. 
Obtained in this manner two equally treated photoaligning layers of each 
polymer were used for LC cells preparing.

The pretilt angle of a liquid crystal in the cell was measured by the 
commonly used crystal rotation method between the crossed polarizers 
[12] (Figure 17.2). A LC cell was adjusted between the crossed polar-
izers so that director d made an angle 45° to both their axes. The cell was 
rotated around the axis OY, perpendicular to the director. The dependence 
of the system transparency T(φ) for a weak He-Ne laser beam on the angle 
φ between the beam and the cell normal was measured. In the case of a 
uniform director orientation through over a cell the value of a pretilt angle 
θ may be estimated by the expression:

	
θ

ϕ
≈

° +
∆

( )n ne 	
(1)

FIGURE 17.2  Experimental arrangement for measuring pretilt angles by cell rotation 
method.
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Here ∆φ is the shift of the symmetry axis of the curve T(φ) about the 
point T(φ = 0), n° and ne are the refractive indexes of ordinary and extraor-
dinary waves respectively, the angle θ is determined as the angle between 
the aligning surface and the direction of d near it.

17.3  RESULT AND DISCUSSIONS

The attempts to copolymerize methacrylic acid with methacrylic 
azomonomers results in the formation of polymethacrylic acid (PMMA) 
with isolated azobenzene moieties. Apparently, at high temperature 
required for radical copolymerization and at presence of active func-
tional carboxylic groups in reaction mixture the acidolysis of ester groups 
occurs. As a result, the blend of polymethacrylic acid and separate cova-
lent unbound azodye molecules was obtained. Therefore we tried to use 
the post-coupling reaction for incorporation azobenzene moieties in 
polymethacrylates. As polymethacrylate base were used copolymers of 
methacrylic acid with alkylmethacrylates containing alkyl substituents 
of different size. Synthesized azopolymers containing functional carbox-
ylic and photosensitive azobenzene groups as well as the alkyl moieties is 
shown below:

C CH2 C CH2

CH3 CH3

C

OH

O C O

O

C CH2

CH3

C O

O

(CH2)x

CH3

N
N

CH3

m n l

where x = 0 (P1-0), 3 (P1-3), 5 (P1-5), 7 (P1-7), 9 (P1-9)
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Azopolymers synthesis by post-coupling reaction of alkylmethacry-
late-co-methacrylic acid with azobenzene derivative was carried out in 
three steps.

On the first stage of synthesis (Figure 17.3) model 4-hydroxyazo-
benzene containing electrodonor methyl substituent was obtained. 
Azo-compound was synthesized according to the classical scheme of 
diazotation of aniline derivatives (4-methylaniline) and their further azo-
coupling with phenol [6]. Purity of corresponding hydroxy-azobenzene 

FIGURE 17.3  Polymer synthesis scheme.

NH2

CH3

NaNO2

H+

N

CH3

N
+ OH

N

CH3

N

OH

C CH2

CH3

C O

OH

+ C CH2

CH3

C O

O

(CH2)x

CH3

C CH2 C CH2

CH3 CH3

C

OH

O C O

O

(CH2)x

CH3

k n

AIBN

I stage

II stage

OH-

III stage

C CH2 C CH2

CH3 CH3

C

OH

O C O

O

(CH2)x

CH3

k n

+

N

CH3

N

OH
DCC

DMAP
C CH2 C CH2

CH3 CH3

C

OH

O C O

O

C CH2

CH3

C O

O

(CH2)x

CH3

N
N

CH3

m n l

© 2016 by Apple Academic Press, Inc.

  



Side Chains Azobenzene Moieties in Polymethacrylates	 187

derivative was controlled by thin-layer chromatography. The substance 
was identified accordingly to NMR-spectroscopy data. Synthesized mate-
rial is well-solved in majority of organic solvents; they possess yellow 
color as well as stability to light and air.

On the second stage the radical copolymerization of methacrylic acid 
with alkyl methacrylate at different ratios was carried out. After titrimetric 
analysis samples with similar molar ratios of functional groups were cho-
sen for next synthetic stage.

On the third stage the condensation of hydroxyazocompound with 
polymethacrylic copolymers was carried out. This reaction was occurred 
at dicyclohexylcarbodimide as catalyst and 4-dimethylaminopyridine as 
cocatalyst in dry DMF at room temperature.

Scheme of synthesis of these stages is represented on Figure 17.3 and 
synthetic details are described in experimental part.

Concentrations of azofragments covalently bonded to carboxylic groups 
of methacrylic acid chains were determined from NMR-spectroscopy data. 
For further LC alignment investigation it was used samples containing an 
equal side-chain proportion (Table 17.1).

In our study, first of all, we measured the UV/Vis absorption spectra 
of azopolypolymers containing azobenzene groups, one of them are rep-
resented on Figure 17.4. All investigated polymers strongly absorb in the 
visible region of the electronic spectrum. These UV/Vis spectra display 
high-intensity ππ* bands in the UV (at about 360 nm) and low-intensity 
nπ*-bands in the visible region (at about 450 nm). Considering the absorp-
tion spectra of trans- and cis-azobenzene [13], the band at nearly 350 nm 
corresponds essentially to the absorption of the trans-isomers while the 

TABLE 17.1  Azopolymers and Their Properties

polymer x Alkyl fragment 
% mol. 

Azo fragment 
% mol.

λmax, 
nm

Photo orientation 
quality

Pretilt 
angle 
Ө, °

P1–0 0 25 30 360 good 0.5–2
P1–3 3 25 30 360 g 1–1.5
P1–5 5 24 30 360 s 0.8–1.2
P1–7 7 24 30 360 s 0.7–1.3
P1–9 9 23 30 360 b 0.7–1.1°
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band at about 450 nm is mainly due to the absorption of the cis-isomers. 
The exact positions of the maximum of the ππ* absorption bands, λmax, 
are presented in Table 17.1.

It should be noted, that polymers P1–3, P1–5, P1–7, P1–9 have identi-
cal spectra to P1–0 as far as all they have the same azochromophore in 
side chain. The presence of alkyl side-chain groups of different length in 
azopolymers practically has no effect on the maximum of the ππ* absorp-
tion bands.

The anisotropy in the polymer films was obtained under UV polarized 
light due to reversible or irreversible trans-cis isomerization of azochro-
mophores [11]. It was detected in crossed polarizers and appropriate spec-
tra changes were recorded on the UV/Vis absorption spectra.

According to LC alignment tests, all obtained polymers show photo-
alignment effect (Figure 17.5). The azopolymer Р1–0, having the small-
est alkyl fragment in the side chain demonstrates the best LC alignment 
capability. Alignment characteristics of other polymers, having bigger 
alkyl groups are worse, that can be explained by steric effect (Table 17.1). 
Preferable direction of LC alignment determined by pretilt angle θ indi-
cates tilted alignment.

FIGURE 17.4  The absorption spectra of P1–0 polymer films before (1) and after (2) 
irradiation. The light parameters are λex1 = 365 nm, I = 5 mW/cm2, linear polarization along 
the x axis.
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17.4  CONCLUSIONS

The polymethacrylates with alkyl-, carboxyl- and azobenzene-containing 
side-chains were synthesized by copolymerization and further polymer 
analogues reaction. It was shown, that their films has ability to orientation 
under polarized light. Oriented films have important property to orient liq-
uid crystal (LC), covered them. It was shown that large alkyl group in side 
chain makes steric difficulties and don’t improve LC alignment quality. 
It should be noted that azopolymer having photosensitive methylazoben-
zene groups, functional carboxylic groups and the methyl moieties possess 
good photoaligning properties. This peculiarity can be used for creation of 
photosensitive layers for LC displays and other devices.

KEYWORDS

•• azopolymer

•• liquid crystal

•• photoalignment

FIGURE 17.5  Photoalignment of nematic liquid crystal Е7 in the cells based on 
azopolymers P1–0, P1–3 tilted alignment. Cells are in crossed polarizers.
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ABSTRACT

By the oxidative polycondensation of 4-N-methylamine phenol the poly-
functional polyconjugated oligo-4-N-methylamine phenols have been 
synthesized. Polyaniline in nanosizes and its nanocompositions with new 
matrix polymers have been prepared. It has been shown that they possess 
solubility and meltability and also high and stable electric conductivity.

18.1  INTRODUCTION

In recent years a use of polyfunctional reactive high-molecular compounds 
as the active additives to the industrially-produced polymers for improve-
ment of their operational indices, and also for giving to them a complex 
of necessary and useful properties is of great interest. These compounds 
are polyfunctional aromatic polyconjugated homo- and co-oligomers. 
They show semiconductivity, paramagnetism, thermal stability, catalytic 
activity and in most cases possess solubility and meltability. As a result 
such high-molecular compounds and their compositions with fibers, ther-
moplasts, resins and elastomers are widely used in creation of sensors, 
transformers and “clever materials” of various purpose and also in textile 
industry [1–3]. Purposeful change and control of the electrical properties 
of such materials while maintaining the solubility and meltability is an 
actual and important problem [3–5].

18.2  EXPERIMENTAL PART

During carrying out of the experiments were used: 4-N-methylamine phe-
nol aniline, methanol, ethanol (“rectificate”), 30% aqueous solution Н2O2 
and NaOCl, ammonium persulfate, maleic anhydride (German company 
MERCK) and styrene (Tabriz petrocompany), isopropylamine (German 
company MERCK), polyethylene glycol with Мn−500 (company ACROSS 
USA). Carried out: oxidative polycondensation of 4-N-methylamine phe-
nol in the presence of oxidizers O2+OH−, Н2O2 and NaOCl, aniline in the 
presence of ammonium persulfate in aqueous dispersion under the impact 
of ultrasound waves and template oxidative polycondensation of aniline in 

© 2016 by Apple Academic Press, Inc.

  



Preparation of Nanopolyaniline and Its Polymer-Polymer	 195

the presence of matrix polymers on methodologies cited in works [6–8]. 
For study of composition, structure and properties of the synthesized high-
molecular compounds and polymer compositions the methods of elemen-
tal, chemical and spectral (IR-, UV-, EPR- and PMR-) analyzes, XRD 
and SEM have been used. The values of electrical conductivity of these 
substances were measured by a method of four points. The corresponding 
measurements were carried out in devices pH meter-Behineh model 2000, 
IQ spectrometer-Tbermo Nicolet Nexus−670, UB-spectrometer-T80PG 
Instruments Ltd., 1HNMR-Spectrospin Advance (300 MHZ) and Scanning 
Electron Microscopic Bruker Company.

18.3  RESULTS AND DISCUSSION

Usually the polymers on nature are good isolators. A number of polymers 
possessing relatively high own electric conductivity is comparatively 
small. They are mainly high-molecular compounds, macromolecules of 
which include developed system of polyconjugated bonds, that is, poly-
acetylene, polyphenylenes, polymers of aniline, pyrrol, thiphene and their 
derivatives. However, these polymers, in its turn, have the serious lacks: 
practical absence of solubility in usual solvents and melting temperatures, 
very low adhesion, deformation and strength indices. In addition, the val-
ues of the electric conductivity of such polymers are changed depending 
on conditions of their synthesis in the very wide range and usually are 
not high. For elimination of such lacks the numerous investigations were 
carried out. For improvement of solubility and meltability and also adhe-
sion and strength properties the functional derivatives of above-mentioned 
polymers have been synthesized. An essential increase of the electric con-
ductivity, that is, an increase of quantity of solitons, polarons and bipo-
larons in their composition has been reached by the methods of thermal 
and chemical influence and in wider scale alloying. The alloying can be 
realized by various ways and with use of compounds of various natures. 
We have synthesized new representatives of polyfunctional polyconjugated 
polymers synchronically possessing semiconducting properties, solubil-
ity and meltability by oxidative of polycondensation of 4-N-methylamine 
phenol in the presence of various oxidizers (NaOCl, H2O2 and O2+OH–). 
It has been established that in this case oligo-4-N-methylamine phenols 
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which consist of 1-hydroxy-4-N-methylamine-2,6-phenylene links are 
formed. Oligo-4-N-methylamine phenols in influence of various oxidizers 
(for ex. O2+OH–) and at high temperature (523÷–673K) in atmosphere O2 
form the stable microradicals of aroxyl type. Both the initial oligomers and 
their macroradicals show paramagnetic and semiconducting properties. By 
change of conditions of synthesis one can purposefully vary the concentra-
tions of paramagnetic centers (PMC) in composition of these compounds. 
The results of the investigations showed that the electric conductivity of 
the samples both in constant and in alternating electric fields is essentially 
(~3÷5 order) increased with concentration growth of PMC (~1÷2 order) in 
their composition. The carried out corresponding calculations by means of 
Pollack equation showed that the concentrations of paramagnetic centers in 
composition of these compounds determine a density of the localized states 
near the Fermi level on which a transfer of electric charges is realized. 
By an introduction of the determined quantities of these compounds into 
composition of thermoplasts, thermoelastoplasts, elastomers and resins the 
antistatic polymer composition materials, including rubbers with high heat-
physical and physical-mechanical indices have been prepared. They show 
more high (~10–100 times) and stable electric conductivity in comparison 
with the known analogs.

However, the preparation of electro-conductive polymers in nanosizes, 
optimization and stabilization of their electric properties and also creation 
of their nanocompositions with matrix polymers are more interesting and 
tempting, as they have more wide possibilities for development of poly-
mer materials with high and stable electric conductivity.

Polyaniline (PANI) in nanosizes with more high electric conductiv-
ity has been synthesized by oxidative polycondensation of aniline in the 
presence of ammonium persulfate (APS) in a medium of HCl under action 
of ultrasound waves. For revealing of optimal parameters of synthesis of 
PANI in nanosizes the process has been carried out in atmospheres of air 
and nitrogen, at various values of pH medium and ratios monomer: oxi-
dizer (mol) and measurement of the electric conductivity of each synthe-
sized sample by a method of four points. It has been established that the 
samples of PANI prepared in a medium N2 show more high electric con-
ductivity than the samples synthesized on air. The electric conductivity 
of PANI prepared under action of ultrasound in the presence of N2 for 4 h 
becomes higher. During using of various concentrations of hydrochloric 
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acid the more high results are reached at 1.5 mol/L concentration of HCl. 
At the same time, it was known that a molar ratio of APS/monomer dur-
ing preparation of various polymers are differed: for polyaniline, polypyr-
role and poly-3,4-ethylenedioxythiophene a use of the values 1.5; 0.5 and 
1.0, respectively is recommended. However, the results of the carried out 
investigations showed that for samples of PANI synthesized under action 
of ultrasound waves its optimal value is1.25 (mol). In this case, the electric 
conductivity of the prepared PANI is higher and reached to 23.5 S/cm. 
The structural changes occurring in the samples of PANI at alloying have 
been investigated by the methods of thermogravimetric analysis, IR- and 
UV-spectroscopy.

It becomes clear from XRD diagram (Figure 18.1) and figure SEM 
(Figure 18.2) of the synthesized samples of PANI that the particles of PANI 
have the sizes approximately 50–100 nm, that is, the samples of PANI syn-
thesized under action of ultrasound waves consist of nanoparticles.

A comparison of value of the electric conductivity of the synthesized 
samples of PANI after treatment by various alloying compounds shows 
that a nature of the alloying agent also influences on value of the electric 
conductivity of polyaniline. As, the values of the electric conductivity of 
the samples of PANI prepared under action of ultrasound and treated with 
HCl and CSA are 23.5b and 16.0 S/cm, respectively

We have also carried out the template oxidative polycondensation of 
aniline in the presence of APS and matrix polymer under action of ultra-
sound waves in a medium of nitrogen. As a matrix polymers were used: 
poly(styrene-alt-maleic anhydride) (PSMA), products of its hydrolysis 

FIGURE 18.1  Diagrams XRD, synthesized samples of PANI: (a) with use of magnetic 
mixer, (b) under action of ultrasound.
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(PSMT) in interaction with isopropylamine and polyethyleneglycol and 
also aniline sulfoacid (PSMА-SAT). As a result, a number of nanocompo-
sitions of polyaniline with high and stable electric conductivity have been 
developed.

The water-soluble polymers, which can be stable as nanosized particles, 
attracting surface of molecules of other monomers create a possibility for 
carrying out of their oxidative polycondensation. As a result, the newly 
obtained polymer particles are formed in nano-sizes. In addition, the poly-
mer stabilizers acting by mechanism of phase stabilization can directly 
be used as a matrix polymer for prevention of accumulation of polymer 
nanoparticles. The compositions consisting of nanoparticles of spherical 
form in sizes about 100 nm have been prepared by the oxidative polycon-
densation in dispersions PSMT–PS and PSMT–SAT–PS in acidic aqueous 
medium. The electrical properties of these compositions have been stud-
ied for their thin films. The process has been carried out under action of 
ultrasound waves in a medium of nitrogen with use of APS as an oxidizer, 
HCl – alloying agent (37%) and PSMT – phase stabilizer, product of hydro-
lysis. The values of the electric conductivity of compositions of PANI–
PS and PANI–PSMT–PS of various structures are changed in the interval 
of 0.17÷2.39 S/cm. The electric conductivity of compositions of PANI–
PSMT–PS is higher. The electric conductivity of nanocompositions of 
PANI–PSMT (PEQ) and PANI–PSMT (IPA) are practically on level of the 
electric conductivity of compositions of PANI–PSMT, but they character-
ized by more high deformation and physical-mechanical indices. An intro-
duction of PS into structure of these compositions leads to the decrease of 

FIGURE 18.2  Figures SEM, synthesized samples of PANI (a) 50,000 KX and 
(b) 1000 KX).
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their electric conductivity approximately in 20 times, however the prepared 
template of PANI–PSMT–PS is sufficiently homogeneous and elastic. A 
growth of quantity of PANI in structures of compositions and also a quan-
tity of PSMT in a mixture of matrix polymers is accompanied by value 
growth of the electric conductivity of film. This has been connected with 
the fact that PANI is the basic electro-conductive component and acidic 
groups of PSMT, apparently, fulfill the role of the alloying agent.

The synthesized new matrix polymer of PSMA–SU includes in com-
position of macromolecule simultaneously carboxyl aniline sulfoacidic 
groups (pka= 4, pka = 0.7, and for aniline – pk = 4.63). In media of pH < 4.5 
PSMA–SU becomes negatively charged and aniline positively charged. 
PSMA–SU fulfills the function of electrostatic template which creates 
a favorable condition for combination of molecules of aniline orderly 
through para-position and the polyconjugated macromolecules of linear 
structure are formed. A high concentration of cations of aniline near surface 
of template creates a favorable condition for proceeding of the oxidative 
polycondensation. As a result, it is formed PANI with more high molecular 
mass. Thus, the prepared nanocompositions of PANI possess considerably 
higher and stable electric conductivity than its known compositions made 
by other methods, for example, by a method of displacement. The nano-
composition of PANI−PSMA–SU prepared at ratio PANI: PSMA–SU= 
0.06:1.0 (mol) is characterized by sufficiently high electric conductivity. 
A value of its specific volume electric conductivity is 0.41 S/cm and with 
content growth of PSMA–SU in comparison with PANI the electric con-
ductivity of compositions is decreased (Figure 18.3). At the same time, the 

FIGURE 18.3  Influence of ratio template/aniline (mol) on electrical conductivity of 
nanocomposition.
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electric conductivity of compositions of PANI prepared in the presence of 
various template polymers is noticeably differed.

The distribution and sizes of components in nanocomposition have 
been determined with use of methods XRD and SEM.

18.4  CONCLUSIONS

By the oxidative polycondensation of 4-N-methyamine phenol the 
oligo-4-N-methylamine phenols macromolecules of which consist of 
1-hydroxy-4-N-methyamine-2,6-phenylene links have been synthesized. 
The oligo-4-N-methyamine phenols under the impact of various oxidizers 
and high temperature (523÷673K) in oxygen atmosphere form the stable 
macroradicals of aroxyl type.

Under the impact of ultrasound waves from aniline by template poly-
condensation of aniline in the presence of matrix polymer the polyani-
line in nanosizes and polymer nanocompositions of polyaniline have been 
prepared.

It has been established that oligo-4-N-methylamine phenols, nanopolyani-
line and its nanocompositions synchronically possess solubility and meltabil-
ity and also high and stable electrical conductivity. The values of their specific 
volume electro-conductivity reach fields close to metallic conductivity.

KEYWORDS

•• nanopolyaniline

•• oligo-4-N-methylamine phenols

•• polymer nanocompositions

•• template polycondensation

REFERENCES

	 1.	 Hu, W. L., Chen, S. Y., Yang, Z. H. J. Phys. Chem. B, №115, 8453–8457, 2011.
	 2.	 Khastgir, D., Nikhil, K., Singha, J., Progress in Polymer Science, №34, 783–810, 2009.

© 2016 by Apple Academic Press, Inc.

  



Preparation of Nanopolyaniline and Its Polymer-Polymer	 201

	 3.	 Pud, A., Ogurtsov, N., Korzhenko, A., Shapovol, Q. Proq. Polym. Sci., vol.28, 1701–
1758, 2003.

	 4.	 Valipour, A. Ya., Moghаddаm, P. N., Mammedov, B. A. Archives Des Science Jour-
nal, Switzerland, Geneva. vol. 65 (7), 14–20, 2012.

	 5.	 Valipour, A. Ya, Moghаddаm, P. N., Mammedov, B. A., Life Sci. J., vol.9 (4), 409– 
421, 2012.

	 6.	 Valipour, A. Ya., Moghaddam, P. N., Mamedov, B. A. et al. Azеr. Chem. J., № 1, 
39–43, 2011.

	 7.	 Valipour, A. Ya., Moghaddam, P. N., Mamedov, B. A., Processes of Petro-Chemistry 
and Oil-Refining, vol.12, № 1(45), 20–32, 2011.

	 8.	 Valipour, A. Ya., Moghaddam, P. N., Mammedov, B. A. Jokull Journal Reykjavik, 
Iceland, issue July, 211–251, 2013.

© 2016 by Apple Academic Press, Inc.

  



CHAPTER 19

SYNTHESIS OF BENTONITE AND 
DIATOMITE-CONTAINING POLYMER 
NANOCOMPOSITES AND THEIR 
CHARACTERISTICS

A. O. TONOYAN, D. S. DAVTYAN, A. Z. VARDERESYAN, 
M. G. HAMAMCHYAN, and S. P. DAVTYAN

State Engineering University of Armenia 105 Teryana Str., Yerevan, 
0009, Armenia, E-mail: davtyans@seua.am

CONTENTS

Abstract ................................................................................................. 204
19.1  Introduction................................................................................. 204
19.2  Experimental Part........................................................................ 205
19.3 � Influence of AAm Filled Mixtures Density on the Frontal 

Polymerization Velosity.............................................................. 205
19.4 � Temperature Profiles of the Frontal Polymerization of AAm 

Mixtures with Bentonite and Diatomite...................................... 207
19.5 � Influence of Character and Concentration JF Initiating 

Agent on Velocity of Frontal Polymerization 
of AAm Filled Mixtures.............................................................. 210

Keywords............................................................................................... 216
References.............................................................................................. 216

© 2016 by Apple Academic Press, Inc.

mailto:davtyans@seua.am


204	 High-Performance Polymers for Engineering-Based Composites

ABSTRACT

Frontal polymerization of acrylamide filled by bentonite, diatomite and 
fine-dispersed chalk was investigated. Steady state propagation of heat 
waves was determined both for descending and ascending polymerization 
waves (from top to bottom as well as from bottom to top). Front velocity 
dependence on the initiator concentration (benzoic peroxide, azoisobu-
tyric acid dinitrile) and filling degree was studied.

19.1  INTRODUCTION

There are many papers [1–6] devoted to the research of influence of 
various kinetic factors on the velocity of polymerization front propaga-
tion [1–10], conversion [1, 4, 6, 11, 12], molecular mass characteristics 
[13–16] of generated polymers. However, the majority of the specified 
research papers refer to the frontal polymerization of liquid monomers 
[1, 4–8] in relation to which the gravitational convective mass transfer 
[8, 14, 17] as well as natural convection [18] can be observed when the 
reaction front propagates vertically from top to bottom or vice versa 
(descending and ascending). It should be noted that there is extremely 
small quantity of analogous research for the crystal monomers [9,19] 
despite the fact that this kind of monomers is of great interest both 
scientific and practical point of view. Earlier, we studied and explained 
some features of the frontal polymerization of solid-state crystal mono-
mers by the example of acrylamide (AAm) and acrylamide complexes 
with transition metal nitrates [9]. Specifically, it was shown that the dif-
ference of velocities of descending and ascending thermal waves upon 
the AAm frontal polymerization [19] is associated with the gravitational 
convective mass transfer of melted polymer from the reaction region to 
the monomer medium. It should be noted that in much of publications 
there is no information relative to the research in the area of frontal 
polymerization of filled systems based on the solid-state crystal mono-
mers. The purpose of the presented paper is to fill this gap to the extent 
possible.

© 2016 by Apple Academic Press, Inc.

  



Synthesis of Bentonite and Diatomite-Containing	 205

19.2  EXPERIMENTAL PART

Acrylamide and initiating agents of radical polymerization (benzoyl 
peroxide – BP and azoisobutyric acid dinitrile – AIBN) of Sigma-Aldrich 
brand were used without preliminary cleaning.

Polymerization initiating agents in certain proportions were introduced 
into acrylamide (AAm) from solutions in acetone, and further sample were 
dried in vacuum cabinet at the room temperature till they obtained constant 
weight. Dried AAm with initiating agent in certain proportions was mixed 
with particulate filler until homogeneous mass was obtained. Then obtained 
mass was introduced into the cylindrical glass ampoules (with inner diam-
eter of 5.0 mm) in small portions with their sequential compaction. Packing 
density of AAm filled mixtures was determined gravimetrically calculating 
the sample volume according to the height of its column in the ampoule 
with known diameter. Frontal polymerization of AAm filled mixtures was 
studied in the vertically established glass ampoules depending on various 
parameters. Methods of frontal polymerization realisation are described in 
the paper [9] in details. Bentonite, diatomite and in certain cases fine-dis-
persed chalk were used as filling agents for the AAm frontal polymeriza-
tion. Average dimensions of these filling agents (bentonite, diatomite and 
chalk) were ~5 µm. Herewith, bentonite has lamellar structure and accord-
ing to different estimations [20–22] the thickness of individual layers is 1 
to 2 nm. Also it should be mentioned that the microporosity of diatomite is 
90–92% of its total surface area and it has density of 0.27–0.3 g·cm2.

19.3  INFLUENCE OF AAM FILLED MIXTURES DENSITY ON THE 
FRONTAL POLYMERIZATION VELOSITY

Under the conditions of frontal polymerization of crystal monomers 
(especially for the filled systems) the formation of stationary modes of 
thermal polymerization waves depends quite significantly on the density 
of initial reaction mixture [9]. Indeed, as is seen from Figure 19.1, for 
AAm mixtures with bentonite (initiating agent – BP with quantity of AAm 
0.5% wt) with low packing densities of reaction mixture the degeneration 
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and attenuation of the frontal modes (curves 1 and 2) are observed both for 
ascending and descending thermal waves.

Therefore, determination of the range where the steady frontal modes 
exist depending on the degree of filling and density of reaction mixture is 
of practical interest. Influence of the reactive medium packing density on 
the mass velocity of polymerization front propagation depending on filler 
amount is shown in Figure 19.2.

Three regions (I, II, III) of the frontal polymerization thermal modes 
stand out on curves in Figure 2a, 2b. In region I which corresponds to the 
packing densities of (0.7–0.85) g·cm–3 of initial reactive medium the for-
mation of frontal modes is not observed. In this case application of high 

FIGURE 19.1  Dependence of polymerization front coordinate for the descending waves 
on time for AAm-bentonite nanocomposites (filler content of 30% wt) with various packing 
densities (in g/cm3): 0.76 (1); 0.90 (2); 1.10 (3). Initiating agent – BP (0.5% wt of AAm).
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FIGURE 19.2  Dependence of mass velocity of frontal polymerization of AAm-bentonite 
mixtures on packing density upon the front propagation from top to bottom ( ) and vice 
versa ( ). Content of filler – 20 (a) and 30 (b) % wt. Polymerization initiating agent – BP 
(0.5% wt of AAm).
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temperatures (~200°C – initiation) to the reactive ampoule edge causes 
the formation of polymerization frontal mode in adjacent layers and the 
degeneration of thermal polymerization wave occurs at the distance of 
~1–4 cm. Most probably, the attenuation of frontal modes is caused [9, 19] 
by the gravitational convective mass transfer of the polymer generated in 
reaction zone to monomer medium.

When we increase the packing density of initial reactive medium 
(region II) up to 0.85 ≤ ρ≈0.92 g·cm–3, the formation of unstable frontal 
polymerization modes is observed with occurrence of oscillatory and spin 
modes of thermal polymerization waves. Because unstable frontal polym-
erization modes were studied in details in the paper [9] we do not represent 
it here. Formation and propagation of the stable thermal modes of fron-
tal polymerization is accomplished in region III which corresponds to the 
packing densities of initial reactive medium ρ ≥ 0.92 g·cm–3.

It should be noted that similar results were obtained when studying the 
AAm frontal polymerization with diatomite additives in different quan-
tities. Also, the boundaries, which separate the regions of degeneration, 
unstable and stable stationary frontal modes are quite close to the results 
shown in Figure 19.2; therefore, this data is not specified here.

Further study of regularities of the frontal polymerization of Aam with 
various filling agents was carried out within the range of densities ρ ≥ 0.92 
g·cm–3 which provide the stable thermal modes of thermal polymerization 
waves propagation.

19.4  TEMPERATURE PROFILES OF THE FRONTAL 
POLYMERIZATION OF AAM MIXTURES WITH 
BENTONITE AND DIATOMITE

Temperature profiles of the frontal polymerization of AAm and its mix-
tures with bentonite (with different contents of filler in mixtures) are 
shown in Figure 19.3.

As is seen from the curves 1–4 in Figure 19.3, the temperature pro-
files of the frontal polymerization with different filling degrees are 
homotypic. As it should be expected, the increase of bentonite con-
tent in AAm mixtures results in the decrease of maximum heating-up 
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temperature of reaction zone. However, it should be specifically noted 
that this decrease is not proportional to the filling degree but consider-
ably lower. Perhaps, similar phenomenon is connected with the specific 
processes, which occur at the boundary of AAm-bentonite phases. The 
point is that the bentonite has lamellar structure and during its polymer-
ization the delamination occurs [21, 22] which assists to the process of 
exothermic interaction [23–25] of polyacrylamide macromolecules with 
individual bentonite layers.

Non-proportional decrease of the limiting temperature of thermal 
polymerization waves from the degree of bentonite filling confirms this 
assumption.

Indeed, as is seen from Figure 19.4, the limiting heating-up tempera-
ture in reaction zone decreases considerably more slowly than it could 
have been expected in case of adding of inert fillers to the same system.

It should be specifically noted that frontal polymerization of acryl-
amide up to the temperatures 100–120°C is generating only linear mac-
romolecules [26] and the imidization process starts at the temperatures 
>100–120°C and results in the formation of polyamide with spatially 
cross-linked structure.

Behavior of the temperature profiles of the AAm frontal polymerization 
in the presence of diatomite additives with different amounts (Figure 19.5) 
is analogous to the data given in Figure 19.3; the only difference consists 
in the following: when we increase the amount of filler the limiting tem-
perature of thermal polymerization waves decreases to the greater degree 
than in case with bentonite adding (Figure 19.6).

FIGURE 19.3  Temperature profiles of the frontal polymerization of unfilled AAm (1) 
and AAm-bentonite nanocomposites. Filler content in mixtures (in % wt): 20 (2); 30 (3) 
and 40 (4). Polymerization initiating agent – AIBN (0.5% wt of AAm).
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FIGURE 19.5  Temperature profiles of the frontal polymerization of unfilled AAm (I) 
and AAm-diatomite nanocomposites. Filler content in mixtures (in % wt): 0 (1); 20 (2); 30 
(3); 40(4). Polymerization initiating agent – AIBN (0.5% wt of AAm).
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FIGURE 19.4  Dependence of limiting heating-up temperature of reaction zone on the 
degree of filling with AAm bentonite.
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However, as is seen from the data in Figure 19.6, in this case non-
additive decrease of the limiting temperature of thermal waves caused 
by the corresponding amount of diatomite additives is also observed 
(Figure 19.6).

This fact can be the result of intercalation of linear polyacrylamide 
macromolecules into micro- and nano-pores of filling agent which causes 
the exothermic interaction with their surface.

It is interesting that the change of mass front velocity caused by the 
diatomite amount (Figure 19.7) has the nature analogous to the curve in 
Figure 19.6 which is connected with the influence of limiting heating-
up temperature of thermal waves on the velocity of polymerization front 
propagation.

19.5  INFLUENCE OF CHARACTER AND CONCENTRATION 
JF INITIATING AGENT ON VELOCITY OF FRONTAL 
POLYMERIZATION OF AAM FILLED MIXTURES

It is known from the frontal polymerization theory [27, 28] that the front 
velocity depends on the initial concentration of initiating agents according 
to the power law, in other words, u~In

о. And according to the results of 
numeric calculation [27] the value n was 0.40 and according to the results of 
analytical study [28] – 0.48. However, in the previous experimental papers 

FIGURE 19.7  Dependence of mass front velocity on diatomite filling degree.
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[1] it was shown that upon the frontal polymerization of 3-(oxyethylene)-γ, 
ω-dimethacrylate (OEDMA) and methyl-methacrylate under high pres-
sures (up to 5 KBr) the value n depends on the character of initiating agent 
and monomer. Thus, in the condition of frontal polymerization of OEDMA 
initiated by peroxides: ditretbuthyl (t-BP), benzoyl (BP), dicyclohexylper-
oxydicarbonate (DCPC) the value n was 0.22, 0.32 and 0.34, respectively, 
and for methyl-methacrylate (initiating agent – BP) – 0.36. Relying only 
on these results we could assume that similar change of the value n is 
caused by the specific effect of high pressures on the efficiency of ini-
tiation, chain-breaking process etc. However, in further study [29] of the 
frontal polymerization of methacrylic acid and triethylene-glycol-dimeth-
acrylate (TEGDM) without high pressures affected by AIBN, peroxides: 
cumil (PC), lauryl (PL), t-BP and AIBN, BP, LP the following values n 
were obtained: 0.24, 0.25, 0.27, 0.26 and 0.2, 0.23, 0.31. Also the data 
associated with the influence of character and concentration of initiating 
agent on the value n for the frontal radical polymerization of acrylamide 
should be considered. Influence of concentration of BP and AIBN on the 
velocity of acrylamide frontal polymerization as it is shown at the paper 
[19] indicates that when the packing density of initial reactive medium for 
descending and ascending waves is 0.95–1.0 g·cm–3 the obtained depen-
dence thereof is practically identical and described through the following 
expression: u~Io0.43±0.02. Thus, analysis of the represented data shows that 
upon the frontal polymerization of vinyl monomers the degree by initiat-
ing agent depends on the character of initiating agent, monomer and state 
of aggregation (liquid, crystal) of monomer. Until now similar dependence 
of the front velocity on the initial concentration of initiating agent has 
not been explained within the framework of current concepts of the fron-
tal polymerization or in of the radical polymerization of vinyl monomers. 
Against the background of the considered data it should be investigated 
whether the specified regularities persist when introducing fillers, which 
are different by their character into AAm.

The dependence of the linear velocity of the AAm frontal polymeriza-
tion on initiating agent concentration is given in Figure 19.8.

According to the data in Figure 19.9 the degree of front velocity is deter-
mined from the BP concentration which is ~0.6 with the filling degree of 
30%. In the same way the degrees by initiating agent (for BP and AIBN) are 
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FIGURE 19.8  The influence of the initiator concentration (AIBN) on the linear velocity 
of frontal polymerization of mixture AAM – bentonite. Filler content in the mixture – 30%.
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FIGURE 19.9  Dependence of the degree by initiating agent upon the frontal 
polymerization of AAm-bentonite mixtures on the filling degree for descending ( ) and 
ascending ( ) waves when using BP (a) and AIBN (b) as the initiating agents.
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determined upon the polymerization of AAm mixtures with bentonite from the 
filling degree, which are given in Figure 19.9a and Figure 19.9b, respectively.

The obtained results indicate the complex nature of dependence of the 
degree by initiating agent on composition of mixtures and type of initiat-
ing agent. And as is seen from Figure 19.10, the degree does not depend 
on direction of the front propagating vertically from top to bottom or 
vice versa. For both initiating agents the increase of filler amount causes 
increase of the value n. Herewith, in case of initiation of the BP frontal 
polymerization the increase of filling degree leads to the growth of degree 
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by initiating agent right up to 0.61±0.02 but in case with AIBN the degree 
grows from 0.38 to 0.58±0.02. As it was mentioned before, such increase 
of the degree by initiating agent higher than 0.5 with growth of the filling 
degree is caused by the interaction of polyacrylamide macromolecules with 
the surface of individual layers of filler and occlusion of active polymeriza-
tion centers in near-surface zone during the interaction process of macro-
molecules of bentonite which binds the surface of individual layers.

It is interesting that upon the frontal polymerization of AAm with diato-
mite additives the following results are obtained: n = 0.65±0.02 for BP and 
n = 0.6±0.02 for AIBN, respectively. Increase of the value n in case of diat-
omite adding can be explained through the intercalation of polyacrylamide 
macromolecules into micro- and nano-pores of diatomite and their interac-
tion with the pore surface with the occlusion of active centers in filler pores.

On the basis of the obtained data, conclusion can be drawn that for 
the considered fillers the termination of growing macro-radicals is accom-
plished in accordance with both bimolecular and monomolecular mecha-
nisms. Particularly this fact is the reason for notable increase of the degree 
by initiating agent under conditions of the AAm frontal polymerization in 
the presence of bentonite and diatomite.

In order to determine the role of lamellar or porous structure of filling 
agents analogous study was also carried out for AAm-fine-dispersed chalk 
mixtures using the same polymerization initiating agents. Data associated 

FIGURE 19.10  Dependence of the degree by initiating agent upon the frontal 
polymerization of AAm-chalk mixtures on the filling degree using BP (curve 1) and AIBN 
(curve 2) as the initiating agents.
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with the influence of the filling degree on the degree by initiating agent is 
given in Figure 19.10.

As well as upon the frontal polymerization of unfilled AAM [19] the 
degrees by BP and AIBN for descending and ascending thermal waves coin-
cide in the whole range of filling degrees under study; however, their abso-
lute values for each type of the initiating agent vary insignificantly. When 
using BP as the initiating agent the dependence of polymerization front 
velocity on the initial concentration of initiating agent is described through 
the equation u~Iо

0.43±0.02 for the composites filled with chalk (filler content is 
20–40% wt). When using AIBN and filling AAm with chalk the degree by 
initiating agent grows to 0.48 (upon the filling degree of 50% wt).

Most probably, the difference in absolute values of degrees by initiat-
ing agents for the mixtures filled with bentonite, diatomite and chalk is 
associated with the constitution and structure of filling agents as well as 
character of chemical compounds on the surface layers of bentonite, diato-
mite and fine-dispersed chalk.

It should be noted that when using other fillers which are more coarsely-
dispersed than chalk (expanded pearlite, potassium chloride) the depen-
dence of the front velocity on BP and AIBN concentration is described 
through the regularities obtained for fine-dispersed chalk.

19.5.1  MORPHOLOGICAL CHARACTERISTICS 
OF POLYACRYLAMIDE/BENTONITE, DIATOMITE 
NANOCOMPOSITES

Textures of nanocomposite samples obtained via the frontal polymeriza-
tion of acrylamide by bentonite (20% wt) and diatomite (20% wt) additives 
are shown in Figure 19.11. Data in Figure 19.11a shows that during the 
frontal polymerization the delamination of bentonite particles, which are 
evenly distributed in the volume of polymer binder is observed. According 
to Figure 19.11b the particles of added diatomite are also evenly distrib-
uted in the volume of polymer matrix.

In the article [25] we showed that the frontal mode benefits to 
the even distribution of nano-additives in the finite polymer matrix. 
Quite even distribution of individual bentonite layers as well as diat-
omite additives also can be explained through the frontal mode of 
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polymerization. In this case thermal wave causes the even distribu-
tion of particles and the reaction zone leads to their fixation in poly-
mer composite obtained.

Indeed, as is seen from Figure 19.11a, during the AAm frontal polym-
erization the delamination of bentonite particles is observed which is con-
nected with the intercalation of acrylamide linear macromolecules into the 
interlaminar space with their further splitting to individual layers, as it was 
mentioned before. And the diatomite particles keep their initial form in the 
finite polymer matrix.

Delamination of bentonite particles (Figures 19.12a and 19.12b) dur-
ing the AAm frontal polymerization as well as the exothermic interaction 
of polyacrylamide linear macromolecules with the surface of individual 
layers (Figure 19.12c) can be demonstrated in diagram form as follows.

It should also be noted that during the frontal polymerization a quite 
strong interaction of linear polyacrylamide macromolecules with the 
surface of individual bentonite layers takes place [23–25]. As a result, at 
the phase boundary the solid amorphous fraction [23–25] can be formed 
from the linear polyacrylamide macromolecules; it can cause notable 
change of relative thermal capacity, glass transition temperature and 
dynamic mechanical properties of nanocomposites depending on the 
filling degree.

FIGURE 19.11  TEM photomicrographs of nanocomposites: polyacrylamide/bentonite 
(a) and polyacrylamide/diatomite (b).
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ABSTRACT

Characteristics of the frontal copolymerization of acrylamide with 
methyl-methacrylate in the presence of single-wall carbon nanotubes in 
different amounts are studied. It is shown that adding of bentonite which 
represents the natural lamellar nanomaterial with nanodimensional lay-
ers results in the formation of polyacrylamide-bentonite hydrogels. It 
is shown that the filling by nanotubes by more than 20% (of the initial 
weight of comonomers) causes the loss of stability of copolymerization 
thermal waves with occurrence of periodical, spin and chaotic modes. 
The mechanism of periodical modes formation is offered. Physical and 
mechanical, dynamic and mechanical and thermochemical properties of 
obtained polymer nanocomposites are studied.

On the basis of analysis of the data on the influence of amounts of 
single-wall nanotubes on the properties of copolymer nanocomposites the 
conclusion is drawn relative to the intercalation of copolymer macromol-
ecules into the inner surface of nanotubes.

20.1  INTRODUCTION

Poor compatibility of carbon nanotubes with many polymer binders, 
organic and aqueous solutions considerably restricts their application as 
nanofillers. Therefore, there are many papers (for example, see Refs. [1–3] 
and cited references) devoted to the research of capabilities of consider-
able enhancement of interaction of single-wall (SWCNT) and multi-wall 
(MWCNT) carbon nanotubes surface with polymer macromolecules.

High physical and mechanical performance of carbon nanotubes 
(tensile strength ~100 GPa, modulus of elasticity ~1000 GPa and elonga-
tion up to ~0.4%) are good preconditions for the enhancement of prop-
erties of nanocomposites – polymer/carbon nanotubes. However, as it 
was mentioned in the paper [4], and as analysis of other papers shows 
[5–11], the data of physical and mechanical properties of nanocompos-
ites (polymer/carbon nanotubes) is inconsistent. Most probably, first of 
all such status is connected with the uneven distribution of nanotubes 
in the polymer volume. Also the methods of nanocomposites generation 
[4, 12], which influence on the morphology of binder macromolecules, 
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directly on the surfaces of phases of nanotube-polymer matrix are very 
important factors. Reliable comprehension of the results of many papers 
is complicated also due to the fact that often they do not give data on 
the thermal and temperature conditions of nanocomposites synthesis. 
Therefore, development of new methods of polymer nanocomposites 
synthesis which will provide the even distribution of carbon nanotubes in 
the binder volume as well as the enhancement of reliability and reproduc-
ibility of their generation process are the topical tasks for the obtaining of 
nanomaterials – polymer/carbon nanotubes.

The purpose of this chapter is to synthesize nanocomposites using the 
method of frontal copolymerization of acrylamide (AAM) with methyl-
methacrylate (MMA) in the presence of SWCNT and to distribute them 
evenly in the polymer matrix; to investigate their physical and mechanical, 
dynamic and mechanical, thermochemical and electroconductive proper-
ties; to determine the boundaries of stable frontal modes depending on the 
nanotubes filling degree, considering the direct dependence of obtained 
nanocomposite properties on the capability of setting the stationarity of 
frontal process thermal wave propagation. It is also interesting to investi-
gate the geometric shapes and constitution of nonlinear structures, which 
are formed as a result of non-stationary front wave propagation.

20.2  EXPERIMENTAL PART

Sigma Aldrich AAMs and MMAs were used as co-monomers. MMAs 
were purified according to the methods [12]. AAMs were purified via 
double recrystallization from the saturated solutions of ethyl alcohol.

Initiating agent of copolymerization is dicyclohexylperoxydicarbon-
ate (DCPC) which was used after the double recrystallization from ethyl 
alcohol and drying in vacuum cabinet at the room temperature until the 
constant weight was obtained. SWCNTs (of Sigma Aldrich brand) and 
aluminum nanopowder with the particles size of 40 nm (of Sigma Aldrich 
brand) were used as the nanofillers during the copolymerization process.

For the frontal copolymerization of AAM with MMA in the presence 
of SWCNT the initial mixtures were prepared as follows. In the begin-
ning, the powdery AAM was carefully mixed with the necessary amount 
of nanotubes. Then, in order to ensure the stationary modes of frontal 
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copolymerization [13, 14] the AAM mixture with nanoparticles was put 
into the reaction glass ampoules in individual portions and compacted. 
Further, MMA in quantity of 20% (of AAM weight) together with initiat-
ing agent was added to the prepared mixture. DCPC concentration in all 
experiments was 2% (of weight) of co-monomer amounts.

The frontal copolymerization of AAM with MMA adding nanotubes 
in the appropriate amounts was accomplished according to the methods, 
which were described by us before in the papers [14, 15]. The reaction 
was carried out in the vertically established glass ampoules with diameter 
of 5 mm, length of 100 mm. Polymerization front was initiated from the 
top of reaction ampoules by application of hot (~200°C) metallic surface 
to the edges of reaction ampoules [16]. Temperature profiles of the frontal 
copolymerization were determined through the copper-constantan thermo-
couples performance. Thermocouple junctions were located in the middle 
part of ampoules. And the velocity of front propagation was determined 
visually according to the dependence of front coordinate on time.

Physical and mechanical (under conditions of elongation), dynamic 
and mechanical properties of nanocomposite samples were determined on 
the Perkin-Elmer Diamond DSA device.

Thermal-oxidative degradation of polymer binders was investigated 
via derivatographic method on MOM device with the heating-up veloc-
ity of 3.2о/min. Electroconductive properties of nanocomposite samples 
(cross-section 0.2 cm2, length 1cm) were determined via impedance 
measurements (frequency 1000 Hz, amplitude 5 mv) on Electrochemical 
workstation CHI 660D.

20.3  INFLUENCE OF AMOUNTS OF SWCNT ON THE 
CHARACTERISTICS OF FRONTAL COPOLYMERIZATION

Data on the influence of SWCNT amounts on the temperature profiles 
(Figure 20.1a) and propagation velocity (Figure 20.1b) of copolymeriza-
tion front of AAM with MMA are given in Figure 20.1.

Comparison of the data in Figures 20.1a and 20.1b with analogous 
results obtained in the paper [12] displays their considerable differ-
ence. In this case, the limiting temperature (Figure 20.1a) of thermal 
waves and velocity of copolymerization front (Figure 20.1b) decrease 
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practically simultaneously with adding of nanotubes. Herewith, as is seen 
in Figure 20.1a, the structure of temperature profiles also changes.

Observed changes of typical values of the AAM-MMA frontal copo-
lymerization can be explained by two factors. From one hand, this is the 
joint effect of nanofiller quantities and intensity of thermal loss from 
the reaction zone to the environment on the thermal conditions of fron-
tal copolymerization. But on the other hand, there is absence of chemi-
cal interaction of binder macromolecules with outer and inner surfaces of 
SWCNT. Proof of the first factor is found in such aspects as quite signifi-
cant decrease of the limiting temperatures (Figure 20.1a) and data on the 
influence of nanotubes amounts on the stationary status of frontal modes 
and their stability. And indeed, as is seen from the data in Figure 20.1b, 
depending on the amounts of SWCNT added, three regions of copolymer-
ization front velocity change with different nature are observed. Region I 
(amount of nanoadditives up to 20%) corresponds to the stationary stable 
statuses of thermal copolymerization waves. In region II (amount of nano-
tubes is 20– 25%) when amount of SWCNT grows the front velocity quite 
sharply reduces and the stability of frontal modes is lost. And in region III 
when amounts of nanotubes are higher than ~25–26% the frontal copoly-
merization modes do not exist. Let us consider unstable frontal modes in 
region II in details.

FIGURE 20.1  Influence of amounts of SWCNT on the behavior of temperature profiles 
(a) and front velocity (b). Ratio of AAM co-monomers: MMA= 80:20, amount of SWCNT 
(% of co-monomers weight): 1 – 0, 2 – 5, 3 – 10, 4 – 5 and 5 – 20.
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It is known [17–27] that the loss of frontal modes stability as a rule 
is followed by occurrence of oscillatory, periodical, single-, two-, three- 
and multiple-start spin modes. Herewith, on the surfaces of polymerized 
samples in the specified papers [17–27] the spiral hollows, which are typi-
cal for unstable modes of frontal polymerization are revealed. In this case, 
as is seen from the data in Figure 20.1b and Figure 20.2 (samples 1–6), 
the stability of co-polymerization thermal waves is lost when adding the 
nanotubes in amount of 20% and higher. Indeed, when filling the polymer-
ized medium with nanotubes up to 19%, the frontal modes are stable and 
samples have smooth surface with black color. In Figure 20.2 the photo of 
one nanocomposite sample (sample 1) with 15% filling is displayed.

Stability loss (Figure 20.2) is followed by the formation of periodical 
(sample 2), single- (sample 3), two- (sample 4), three- (sample 5) start spin 
and chaotic (sample 6) modes. Formation of the specified nonlinear phe-
nomena is displayed in the form of white colorings against the background 
of smooth surfaces of obtained samples.

In order to reveal the sequence of unstable modes occurrence with fill-
ing up to 20% and higher the amount of SWCNT additives was increased 
in small portions or by 1% of total weight of co-monomers.

For the processes of frontal copolymerization of AAM with MMA in 
the presence of SWCNT the loss of stability of stationary thermal waves 
starts from the occurrence of periodical modes (Figure 20.2, sample 2). 

FIGURE 20.2  Samples of copolymer nanocomposites obtained under conditions of the 
frontal copolymerization of AAM with MMA. Filling degree (% wt of AAM and MMA 
amounts): 15–1, 20–2, 22–3, 23–4, 24–5, 25–6. Stationary stable – 1 and unstable modes: 
periodical – 2, single-start – 3, two-start – 4, three-start – 5, spin, chaotic – 6.
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Periodical modes of the frontal copolymerization are characterized by the 
fluctuation [20] of front velocity about its stationary value (Figure 20.3).

Study of the mechanism of periodical modes formation and geometrical 
shape of front is of interest. For this purpose the polymerization was stopped 
by the freezing of reaction ampoules using liquid nitrogen in pre-assigned 
time intervals (points specified in Figure 20.3 by Figures 20.1–20.4), which 
correspond to the half of front velocity fluctuation period.

After, the reaction ampoules were independently heated up to the 
room temperature, without causing damage to the samples, then the glass 
housing was removed and photos of the obtained samples were taken 
(Figure 20.4).

It is seen in Figure 20.4 that in point 1 (Figure 20.3) the front shape is 
flat but then its incurvation occurs (Figure 20.4, sample 2) together with 
forming of “tongue” (point 2 in Figure 20.3). Then (Figure 20.4, sample 3), 
the formed “tongue” becomes longer (point 3 in Figure 20.3) and in point 4 
(Figure 20.3) the front shape becomes flat again (Figure 20.4, sample 4). 
Dynamics of the front geometrical shape change shown in Figure 20.4 
is connected with the heat loss from the reaction zone to environment 
and effect of inert SWCNT additives on the reaction mixture heating 
up (Figure 20.1a). Most probably, at the moment of maximum incurva-
tion of the front geometrical shape (which corresponds to the minimum 

FIGURE 20.3  Oscillatory mode of the frontal copolymerization.
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temperature in reaction zone) the nucleation site occurs which closes on 
itself. Or by analogy with results of the paper [21], thermal wave propa-
gates not only in axial but also in radial directions of reaction ampoules. 
Both considered mechanisms can result in the front shape alignment and 
increase of the temperature in reaction zone, respectively. Therefore, 
velocities of thermal copolymerization waves (Figure 20.3) have maxi-
mum values for the flat (Figure 20.4, sample 1 and 20.4, sample 4) and 
vice versa, minimum values (Figure 20.3) for the most curved front shapes 
(Figure 20.4, sample 3).

Further increase of amounts of nanotubes at first results in the forma-
tion of single-start (Figure 20.2, sample 3), then two-start (Figure 20.2, 
sample 4), multiple-start (Figure 20.2, sample 5) spin and at the end cha-
otic (Figure 20.2, sample 6) modes. Stability loss of thermal waves of 
chemical nature with formation of spin modes for the processes of burning 
and SHS (self-propagating high-temperature synthesis) is considered in 
the papers [25–27] in details.

It should be noted that degeneration of copolymerization frontal modes 
of AAm with MMA is observed when adding nanotubes in amounts of 
26% and higher (Figure 20.1b, region III).

Also under the conditions of frontal polymerization of MMA [12] or 
upon the frontal copolymerization of AAM with MMA [24, 28] (in the 
presence of spherical nanoparticles SiO2 and TiO2) the stability loss of sta-
tionary frontal modes is observed when the filling degrees are 25–30%. 

FIGURE 20.4  Change of geometrical shape of front caused by time. Time in sec. (time 
reference corresponds to the point 1 in Figure 20.3): 0 – 1, 20 – 2, 40 – 3 and 50 – 4.
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This phenomenon [12, 24, 28] is explained by the existence of additional 
heat generation source in reaction zone at the expense of exothermic inter-
action of binder macromolecules with nanoparticles surface.

20.4  PHYSICAL AND MECHANICAL, DYNAMIC AND 
MECHANICAL AND THERMOCHEMICAL PROPERTIES OF 
NANOCOMPOSITES

Influence of the filling degree on tensile strength (s), modulus of elasticity 
(E) and elongation (e) is displayed in the Table 20.1. Increase of amounts 
of SWCNT additives in nanocomposites leads to the increase of the values 
s and E and decrease of deformability of samples. 20% filling causes the 
growth of limiting tensile strength by ~30%, modulus of elasticity – by 
~20% and the decrease of deformability by ~50%.

When the amounts of SWCNT additives increase, there is the notable 
growth of the tensile strength and modulus of elasticity, which indicates 
their even distribution in the copolymer binder volume. Even distribution 
is provided at the expense of deagglomeration of agglomerated nanopar-
ticles [12] (nanotubes) under the influence of thermal copolymerization 
waves and fixation of this status in polymer binder.

Behavior of the dynamic module (E′) and tangent of angle of mechani-
cal loss (tgδ) for copolymer nanocomposites which content different 
amount of SWCNT is illustrated in Figures 20.5a and 20.5b.

As should be expected (Figure 20.5a), the values E′ upon the same 
filling degrees keep constant and only at the temperatures ~220°C their 
decrease occurs.

TABLE 20.1  Influence of Amounts of SWCNT Additives on the Values σ, Ε and ε

SWCNT. % of binder weight s. MPa, kgf/mm2 E. MPa,  kgf/mm2 ε, %

0 84±5 136 ± 7 40
5 93± 5 140 ± 7 36
10 105± 5 150 ± 8 25
20 111 ± 5 170 ± 8 20
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Obviously, this change of the dynamic module is associated with 
the increase of mobility of macromolecules and individual fragments of 
copolymer binder at the devitrification temperatures. Growth of the val-
ues E′ (curves 1–4, Figure 20.5a) is observed when amounts of nanotubes 
increase. Most probably, observed growth of the value E′ caused by the 
amounts of nanotubes occurs due to the intercalation of copolymer macro-
molecules or their fragments into the inner surface of nanotubes.

Behavior of tangent of mechanical loss angle (curves 1–4, Figure 20.5b) 
caused by the amounts of nanotubes has quite uncommon shape. Here two 
transitions are observed in the range of temperatures higher than 200°C, 
which correspond to the devitrification of nanocomposite copolymer sam-
ples. In the beginning quite intensive primary (devitrification) transition is 
observed and then the secondary transition occurs. Herewith, the intensity 
of the secondary transition grows (Figure 20.5b, curves 2–4) when the 
amounts of SWCNT increase. This fact, the growth of the secondary tran-
sition intensity with the increase of amounts of nanotubes, confirms the 
assumption that the intercalation of individual elements or binder macro-
molecules into the inner surface of nanotubes takes place.

Curves of weight loss depending on the temperature with different 
amounts of SWCNT are given in Figure 20.6.

It is seen from the data in Figure 20.6 that weight loss for the pure copoly-
mer of AAm with MMA starts at the temperature ~300°C (curve 1). Adding 

FIGURE 20.5  Change of the dynamic module (a) and tangent of angle of mechanical 
loss (b) caused by the temperature with different filling degrees. Filling degree corresponds 
to the data in Figure 20.1.
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SWCNT causes some decrease of the initial temperature of thermal-oxidative 
degradation and quite tangible change of character of weight loss curves.

Indeed, as is seen from the curve 2 and 3 in Figure 20.6 in the tempera-
ture range ~450–500°C small plateau occurs (curve 2) and only after this 
occurrence the second stage of weight loss starts. When the amounts of 
SWCNT grow the plateau value increases (curves 2, 3).

Most probably, observed two-stage character of nanocomposite 
weight loss curves is associated with the intercalation of AAM-MMA 
copolymers macromolecules into the inner surface of SWCNT, which 
slows down the thermal-oxidative degradation process to some extent. 
The following fact remains incomprehensible: increase of SWCNT 
amounts causes some decrease of initial temperature of nanocomposites 
thermal-oxidative degradation. Results given in Figure 20.5 correspond 
to the paper conclusions [29] quite well and clarify the data [30] on the 
influence of SWCNT and MWCNT on the process of nanocomposites 
thermal-oxidative degradation.

Samples of copolymer nanocomposites which content 15 to 25% of 
SWCNT have practically zero electrical conductivity. In order to gener-
ate the electroconductive nanocomposites we added 5% (of comonomers 

FIGURE 20.6  Weight loss of pure copolymer based on AAM with MMA and 
copolymer nanocomposites with different amounts of nanotubes (% wt of total amount of 
comonomers): 1–0, 2–10, 3–20.
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weight) of aluminum nanopowder to the initial reaction mixture. As it 
turned out, for copolymer nanocomposites which contain 18–19% of sin-
gle-wall nanotubes and 5% of aluminum nanoparticles the electrical con-
ductivity reaches up to ~95,000 Si·m–1.

Thus, the results which were obtained in this paper show that in the 
process of the frontal copolymerization of AAM with MMA in the pres-
ence of single-wall nanotubes, there takes place intercalation of fragments 
or binder macromolecules into the inner surface of nanotubes which 
causes the increase of tensile strength, modulus of elasticity and decrease 
of deformability of nanocomposite samples. The frontal copolymerization 
of AAM with MMA in the presence of ~18% of single-wall nanotube addi-
tives and 5% of aluminum nanoparticles (according to the total weight of 
comonomers) leads to the formation of nanocomposites with insignificant 
current-carrying properties.
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ABSTRACT

The relative content of free, bound and trapped water in the water core 
of reverse micelles in the presence of iodide and fluoride ions may be 
expressed by 1.7/2.2/5.2 and 5.7/1.0/2.4 ratios respectively. Binding con-
stants of o-NA are 2 times higher in the presence of fluoride ions than in 
the case of iodide ions. The values of proton chemical shifts in nanocages 
of reversed micelles under the influence of iodide and fluoride anions are 
3.8 and 3.9 ppm, respectively.

21.1  INTRODUCTION

In the past two decades the structure of water confined in the core of 
reverse micelles has been the subject of intensive research [1]. A reverse 
microemulsions are thermodynamically stable liquid systems, containing 
surfactant, co-surfactant, oil and water. These systems have attracted sig-
nificant attention because of their likeness to biomembranes and living 
cells and their catalytic properties in chemical and enzymatic reactions [2]. 
Reverse micelles are the aggregates of surfactant formed in nonpolar 
solvents. Polar head groups of the surfactants are located toward to the 
core of micelles and the hydrocarbon chains are located in the nonpolar 
solvent [3–4]. Size of the micelles is nanometer-scale and can be changed 
by the water content in the core of micelles, which can be expressed by the 
molar ratio of water to surfactant (W=[H2O]/[surf]) [3]. One of the most 
commonly used surfactant is sodium 1,4-bis (2-ethylhexyl) sulfosuccinate 
(AOT), which has a special ability to solubilize a large amount of water 
without help of any co-surfactant [3, 4]. This provides a good opportunity 
to use AOT for studying the properties of water aggregates close to the 
ionic center [5]. Behavior of water that is confined in water pool of reverse 
micelles can be considered as anomalous. Encapsulated water displays at 
least two structures: water, located near the interface of surfactant head 
groups (peripheral water) and water in the center of the water droplets of 
the reverse micelles (free water). These two types of water differ from free, 
pure water [6]. Molecular dynamics simulations were performed in order 
to reveal the Hofmeister series effect in the context of anion-lipid bilayer 
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interactions. The mentioned simulations showed that the large chaotropic 
anions penetrate more deeply into the interfacial region of the lipid bilayer 
interior since the larger anions have poor hydrated layer and approach the 
surfactant head groups tightly [7]. Thermodynamical and spectroscopic 
properties of water confined in the reverse micelles have been studied by 
means of a great number of experimental techniques, such as dynamic 
and static light scattering, differential scanning calorimetric and conduc-
tivity methods, as well as nuclear magnetic resonance (NMR), electron 
spin resonance, infrared (IR) and UV–visible spectroscopic methods 
[3, 5, 6, 8–15].

The goal of this chapter was investigation of structural changes 
of water pools of AOT reverse micelles in the presence or absence of 
structure-making and structure-breaking ions by IR, UV and NMR spec-
troscopic methods.

21.2  EXPERIMENTAL PART

21.2.1  MATERIALS

21.2.1.1  Preparation of the Reverse Microemulsions

Reverse microemulsions were prepared on the basis of AOT, hexane, 
water and 0.05 M water solutions of potassium iodide and sodium fluo-
ride. AOT (98%) was obtained from Fluka and was used without further 
purification.

21.2.1.2  Technics

IR absorption spectra were taken in a IR spectrophotometer Specord 75 
equipped with a 1 cm path length sodium chloride window. All the IR 
spectra at W=1 were obtained between 4000 and 400 cm–1 at room temper-
ature. In order to investigate microstructure of the confined water, the O-H 
stretching vibrational absorption spectra in the region of 3000–3800 cm–1 

were fitted into three subpeaks. The curve fitting was performed by 
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using Origin 6.5. Gauss function was chosen to fit the overlapped peaks. 
Gaussian curve fitting was achieved with a Monte Carlo method.

UV-visible absorption spectra were recorded in a UV-visible spectro-
photometer Optizen POP using cells with 1 cm path length. O-nitroaniline 
(o-NA) was used as a molecular probe. Binding constants of o-NA with 
AOT micelles were calculated by absorption data of o-NA at wavelengths 
of 376 and 398 nm in hexane (0.0M and 0.1M AOT). Concentrations of 
free and bound o-NA were determined by equation systems at intermedi-
ate concentrations of AOT.

All 1H NMR spectra were recorded in n-hexane on Agilent Mercury 
300 NMR spectrometer operating at 300 MHz. Tetramethylsilane was 
added as an internal reference standard for chemical shift measure-
ments. Before measurement, the spectrometer was locked at D2O fre-
quency for filed/frequency stabilization and shimmed using gradient 
shimming protocol.

21.3  RESULTS AND DISCUSSION

In order to study the influence of kosmotropic and chaotropic ions on the 
distribution of free, bound and trapped water in the water core of reversed 
micelles the O-H stretching vibrational absorption spectra were fitted into 
three subpeaks in the region of 3000–3800 cm–1. The vibrational charac-
teristics of bound, free and trapped water are different. It has been consid-
ered that free water (in the centre of micelle) has the lowest wavenumber 
3290 ± 20 cm–1. The 3490 ± 20 cm–1 peak is assigned to the bound water 
fraction. The high wavenumber 3610 ± 10 cm–1 corresponds to the trapped 
water molecules, which are located among the alkyl chains of surfac-
tant [13]. As water inside the micelle is in three different states, it can be 
assumed that total peak area of O-H vibrational stretching band is the sum 
of peak areas of the different states of water [16]. Results show, that free 
water fraction in the presence of fluoride ions in the water pockets of the 
reverse micelles three times exceeds the free fraction of water in the pres-
ence of iodide ions. At the same time, the fractions of bound and trapped 
water are two times higher in the presence of iodide ions, than in the pres-
ence of fluoride ions in water droplets (Figures 21.1 and 21.2).
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FIGURE 21.1  Deconvoluted infrared spectrum for the 0.05 M sodium fluoride-AOT-
hexane system (W=1). Curves with lines - - - - correspond to trapped water, with lines -∙-∙-∙- 
correspond to bound water and – – – curves represent free bulk water. The dots correspond 
to experimental data. The solid lines correspond to the sum of the deconvoluted spectrum 
of the water (sum of surfaces of trapped, bound and free water peaks).

FIGURE 21.2  Deconvoluted infrared spectrum for the 0.05 M potassium iodide-AOT-
hexane system (W=1). Curves with lines - - - - correspond to trapped water, with lines -∙-∙-∙- 
correspond to bound water and – – – curves represent free bulk water. The dots correspond 
to experimental data. The solid lines correspond to the sum of the deconvoluted spectrum 
of the water (sum of surfaces of trapped, bound and free water peaks).
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The reinforcement of formation of trapped water fraction under the influ-
ence of iodide ions can be explained so: as iodide ion is chaotropic, and has 
big radius and less hydrated layer, it can be located near the interface of 
surfactant/water [7]. This causes that part of water passes the surfactant head 
groups and is located among the alkyl chains. This is called trapped water.

This suggestion that iodide ions are located near the surfactant/water 
interface is somewhat substantiated by UV-visible spectroscopic results, 
viz. the binding constants of o-NA to the AOT head groups are less in the 
presence of iodide ions in comparison with fluoride ions in the water core of 
reverse micelles (Figure 21.3). This indicates that iodide ions interfere the 
binding of o-NA molecules to AOT head groups and hence the binding con-
stants have the lower values in this case than in the presence of fluoride ions.

The high content of free water (63%) in the presence of fluoride ions is 
in good correlation with NMR results. As seen from Figure 21.4 the value of 
chemical shift is higher in the presence of fluoride ions in comparison with 
the case when water core is modified by the iodide ions. This means that con-
tent of free water in water droplet should be higher in the presence of fluoride 
ions, as free water exhibit proton chemical shifts in downfield direction [9]. 
The appearance of proton chemical shift to downfield is hindered in case of 
iodide ions not only by the amount of free water, but also by bound water 
fraction (bound water exhibit proton chemical shifts in upfield direction), 
which is more in case of iodide ions than in the presence of fluoride ions.

FIGURE 21.3  Diagram of binding constants of o-NA with AOT reverse micelles in the 
presence of 0.05 M potassium iodide (■) and 0.05M sodium fluoride (□).
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21.4  CONCLUSIONS

Microenvironment of AOT reversed micelles has been studied by IR, UV 
and NMR spectroscopic methods. The influence of kosmotropic and chao-
tropic ions on the ratio of free, bound and trapped water fractions was 
investigated. It was found that formation of free water is promoted by 
fluoride anions in water core, but producing of free water is inhibited in 
the presence of iodide ions. Binding constants of the optical probe to AOT 
head groups are higher in the presence of fluoride anions in the water 
pools of the reverse micelles.
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FIGURE 21.4  NMR spectra of sodium fluoride (a) and potassium iodide (b).
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ABSTRACT

Nanotechnology has gained a great deal of public interest due to the needs 
and applications of nanomaterials in many areas of human endeavors. 
Nano composites are a special group of materials with unique features and 
extensive applications in diverse fields. Studying these particular features 
has always been of great interest to many scientists. As a result of this 
research a new nano composite of titanium dioxide was produced. The 
nanocomposite, which synthesized is in proportion to the weight of Al2O3-
TiO2 was characterized by the FT-IR, XRD and SEM.

22.1  INTRODUCTION

Nanotechnology is the ability to work on a scale of about 1–100 nm in 
order to understand, create, characterize and use material structures, 
devices and systems with new properties derived from their nanostruc-
tures [1]. All biological and man-made systems have the first level of 
organization at the nano scale. Nanostructured materials have been exten-
sively explored for the fundamental scientific and technological interests 
in accessing new classes of functional materials with unprecedented prop-
erties and applications [2–6]. In recent years, there has been an increasing 
interest in the synthesis of nanosized crystalline metal oxides [7]. This 
is based on positively perceived characteristics of these nanocomposites. 
Such characteristics include mechanical performance, electric behav-
ior, thermal properties, biodegradability, optical properties, bactericidal 
effects, magnetic characteristics and transport, permeation and separation 
properties [8–11]. Two building strategies are currently used in nanotech-
nology: a “top-down” approach and the “bottom-up” approach. The com-
mercial scale production of nano materials currently involves basically the 
“top-down” approach, in which nanometric structures are obtained by size 
reduction of bulk materials, by using milling, nanolithography, or preci-
sion engineering. Smaller sizes meaning a bigger surface area, desirable 
for several purposes. The newer “bottom-up” approach, on the other hand, 
allows nanostructures to be built from individual atoms or molecules capa-
ble of self-assembling [9]. In this research a new titanium nanocomposite 

© 2016 by Apple Academic Press, Inc.

  



Synthesis and Characterization of a New Nano Composite	 243

was synthesized and characterized. This nano composite has a mixed 
oxide base and can classify as an inorganic base nano composite.

22.2  MATERIALS AND METHODS

22.2.1  MATERIALS

All material was prepared by Merck Company and used as received without 
further treatment. Solvents that were used for reactions were purified and 
dried by standard procedures. In this study, the alumina powder (with purity 
higher than 90%) and titanium dioxide nano powder with an average grain 
size 21 nm with a purity of 99.9% of which approximately 80% and 20% 
rutile/anatazitis with the weight ratio were used. XRD diffractions were 
studied with X-ray diffraction device Siemens D500 Diffractometer 
model. In all phases of Cu-Kα radiation with a wavelength of 1.5404 Å 
was used. The morphology and size of the nanocomposites were studied 
with a JEOL 2010 scanning electron microscope (SEM).

22.2.2  PREPARATION OF AL2O3-TIO2 NANOPARTICLE

About 3.4 g TiO2 was taken to the beaker (50 mL) and in added in 50 mL 
of water. Then this component of the beaker was added to another bea-
ker that is including 5 g of Al2O3. The whole solution was mixed; finally 
the compound was precipitated and separated. The product, dried at room 
temperate for 3 h. Then this nano composite was taken to the electric fur-
nace at 185°C for 5 h until to calsinate. FT-IR spectrum is the main reason 
of producing mentioned nano composite.

22.2.3  CHARACTERIZATION OF NANO COMPOSITE

New nanocomposite was characterized by IR, XRD and SEM techniques. 
IR spectrum shows the bands of components such as TiO2. (Figure 22.1) 
The XRD pattern showed the formation of a nanocomposite. The diffrac-
tion pattern was similar to other published nanocomposites. (Figure 22.2) 
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FIGURE 22.1  FT-IR spectrum Al2O3-TiO2nano-composite in KBr disk.

FIGURE 22.2  XRD pattern of Al2O3-TiO2 nanocomposites.
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Scanning electron microscope (SEM) pictures shown the composition of 
nanocomposites in pictures (Figure 22.3). These pictures can show the 
homogency of a mixture of two mentioned compounds easily shown the 
morphologies.

FIGURE 22.3  (Continued)
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22.3  RESULTS AND DISCUSSIONS

22.3.1  VIBRATIONAL SPECTRA OF (FT-IR)

FTIR absorption was used in order to check the characteristic bands of the 
synthesized powder. Similar spectra were observed for other nanocompos-
ites. The bands at 450–900 cm–1 were related to Ti-O bonds [10, 11]. The 
spectrum shows two strong IR absorption bands at 3154 and 1409 cm–1 
which are characteristic of H–O–H bending of the H2O molecules reveal-
ing the presence hydroxyl groups in the as prepared sample (Figure 22.1).

22.3.2  X-RAY DIFFRACTION ANALYSIS (XRD)

The overall shape of the pattern and angular peaks shows the nano proper-
ties of a nano composite. The characteristic pattern of components could 

FIGURE 22.3  Al2O3-TiO2nano-composite morphology with Magnification (a) 1000 
times, (b) 5000 times, (c) 10000 times, (d) 30000 times, (e) 50,000 times, (f) shows the 
particle size in the presence of ultrasonic waves.
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be found in the XRD pattern such as absorption 2θ=9.5–10, related to the 
TiO2 and peak at 2 θ=29–30, related to Al2O3.

XRD spectra using the approximate size of the particles in the nano-
composite can be calculated. When particles are smaller than 100 nm XRD 
peaks are much wider than this factor can be used to estimate the size of 
the nanoparticles. Shrr equation used for this purpose:

D = 0.9λ/BCos θ

In the above equation D in terms of particle diameter Å, B corresponds 
to the width of the strongest peak at half height in radians, and θ is the 
angle at which the peak appears. XRD analysis shows the synthesized 
nano composites. The XRD pattern of nano-composite Al2O3-TiO2 in scat-
tering observed and Nano TiO2 sharp peak appeared at 2Ө=9.50–10 is 
clearly seen in all samples.

22.3.3  SEM PICTURES

Scanning Electron Microscope image of Al2O3-TiO2 nanocomposite with 
different magnification for 5 hours at 185° C has been shown admixture 
Figure 22.3. Scanning electron microscopic observations of Al2O3-TiO2 
nanocomposite shows that the powder particles due to heat released during 
admixture of the flexible and an increase in average particle size and mor-
phology is irregular. Due to the heat released during admixture irregular 
particles are particles in different forms (crystalline, includes and snow 
mass) are observed. With increasing admixture time to 8 hours of powder 
particles due to higher heat release, the grain size was larger and thus 
reducing the distance between the atoms and consequently the particles 
are too large. Figure 22.3 the morphology of this nano composite as seen 
in SEM pictures is mixed mode and semi spherical. As is know the mor-
phologies sometimes arise spontaneously as an effect of a templating or 
directing agent present in the synthesis such as miscellar emulsions or 
anodized alumina pores, or from the innate crystallographic growth pat-
terns of the materials themselves. Amorphous particles usually adopt a 
spherical shape (due to their microstructural isotropy) whereas the shape 
of anisotropic microcrystalline whiskers corresponds to their particular 
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crystal habit. At the small end of the size range, nanoparticles are often 
referred to as clusters. Spheres, rods, fibers, and cups are just a few of the 
shapes that have been grown.

22.4  CONCLUSION

The nanocomposite results were determined with SEM, FT-IR, and XRD, 
which confirmed the formation of Al2O3-TiO2nanocomposite. In recent 
years, reducing the structural weight of the factor considered by manufac-
turers, especially in aerospace and automobile industries is, therefore, the 
use of lightweight aluminum and titanium alloys in these industries has 
grown considerably. As a result of this research a new nano composite of 
alumina-titanium dioxide was produced. The nanocomposite, which syn-
thesized is in proportion to the weight of Al2O3-TiO2 was characterized 
by the FT- IR, XRD and SEM. This new nanocomposite can have applica-
tions in automobile and medical industries.
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ABSTRACT

Organomineral ionites have been synthesized, in which natural mineral sor-
bent is chemically bound to organic part of a molecule, containing ionogen 
groups. Ionogen groups of these ionites contribute to efficient exchange 
in water solutions. They might be used for cleaning drainage waters and 
technical solutions, as well as for purification of medicinal preparations 
from various admixes. Hydrogen forms of natural zeolite – clinoptilo-
lite and bromoacetic acid were used to resolve this problem. Chemical 
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modification of clinoptilolite, by inculcation of ionogen groups into zeolite 
skeleton, enables us to increase significantly ionite exchange capacity. Static 
exchange capacity of a cationite with carboxyl ionogen groups increases 
from 0.1–0.9 (for chemically unmodified zeolite) to 5–6 mg-equiv/g.

23.1  INTRODUCTION

Organic monomers with double links, containing ionogen groups were 
used to synthesize ionites. Ionites were polymerized, as a result of which 
organic ionites were obtained with ionogen groups in elementary rings of 
polymers characterized by spatial structure.

At the application of inorganic natural sorbents, for example zeolites 
in ionite synthesis, zeolite is presented just as a matrix, playing a role of a 
skeleton of synthetic organic ionite [1–3].

It was considered interesting to synthesize organomineral ionites, in 
which natural mineral sorbent would be chemically bound to organic part 
of a molecule, containing ionogen groups.

In the work [2] zeolite was modified through its treatment in aceto-
acetic acid. In that method of ionite synthesis, ionogen groups were not 
introduced into zeolite skeleton, capable to participate in ion exchange 
process. As a result of such treatment zeolite exchange capacity fell from 
0.9 to 0.3 mg-equiv/g.

The present work pursued to synthesize ionites in which organic molecule, 
containing ionogen groups, would be chemically bound to zeolite skeleton.

Ionogen group of such ionites is capable to contribute to efficient 
exchange in water solutions and they might be used for treatment of drain-
age waters, and technical solutions as well as for purification of medicinal 
preparations from various admixes.

23.2  EXPERIMENTAL PART

23.2.1  MATERIALS

For the resolution of this problem the authors of the present work used natu-
ral zeolite –clinoptilolite of the following composition, expressed in oxides:

	 (Na2K2)O·Al2O3·10 SiO2·8 H2O.	
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The other component was bromoacetic acid (BrCH2COOH), which due to 
increased activity of bromine atom easily comes into reaction with hydro-
gen atom of H-form zeolite.

Zeolite easily absorbs bromoacetic acid, but bromoacetic acid mol-
ecules are washed out easily from zeolite pores too. Preliminary experi-
ments proved that at the treatment by water, bromoacetic acid is washed 
out completely.

23.2.2  TECHNICS

Initially zeolite was treated by 5% hydrochloric acid solution. In this way 
it is transformed into hydrogen form (H-form zeolite). At this moment 
cations, mainly K and Na, were substituted by hydrogen atoms. After 
thorough washing it was dried to remove water. At the interaction of bro-
moacetic acid and H-form zeolite, in organic solvent, at the temperature 
60 – 80°С, we obtained ionite with carboxyl ionogen groups. Schematically 
the reaction can be presented as follows:

	 Z-Na (K) + HCI → Z – H + Na(K)CI	

	 Z – H + BrCH2COOH → Z – CH2COOH + HBr	

IR-spectral studies of ionites showed absorption bands in the area 
1090–1050 сm–1, inherent to Si–O–C chemical bond, referring to the fact 
that the remainder of acetic acid is chemically bound to zeolite skeleton. 
Reiterated washing by water showed that nature and intensity of absorption 
bands doesn’t change, which refers to the presence of Si–O–C chemical bond.

Cationite on the basis of modified natural zeolite – clinoptilolite and 
bromoacetic acid was obtained as follows: natural zeolite–clinoptilolite 
was crushed into particles of 1–2 mm, than 0.5 N hydrochloric acid solu-
tion was added to it and the mix was heated for 4–5 hours. Then it was 
decanted many times till it showed negative reaction to chlorine atom, and 
finally, it was dried at 120°С.

H-form zeolite and bromoacetic acid were placed in thick-wall 
ampoule. Distilled water of the volume equal to that of zeolite was added 
and was placed in metallic capsule. Ampoule was welded, placed in 
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metallic capsule and heated over silicone bath. Temperature was increased 
gradually up to 60–65°С. Reaction duration was 6–8 hours. Then the 
ampoule was opened and its contents was shifted to a beaker and filtered. 
Remainder on a filter was washed by warm distilled water and then was 
diluted in hydrochloric acid and again by distilled water till neutral reac-
tion and negative reaction to bromine. The obtained cationite was dried on 
air and then in drying cabinet at 80°С.

23.3  RESULTS AND DISCUSSION

At the synthesis of ionites we studied impact of various factors on the pro-
cess of reaction and on static exchange capacity of the obtained cationite, 
considering conditions of condensation reaction of bromoacetic acid with 
H-form clinoptilolite. Effect of quantity (mass.%) of bromoacetic acid, 
temperature and reaction duration on the reaction progress, was studied.

Experiments showed that at the increase of bromoacetic acid quantity 
from 0.2 to 7 mas./h., static exchange capacity of the zeolite was increased. 
Results of experiments are given in Figure 23.1. The data given in figure 
show that optimal ratio of zeolite and bromoacetic acid is 7:1. Further 
increase of bromoacetic acid composition doesn’t lead to any significant 
increase in static exchange capacity of a cationite, which is limited by 
composition of cations in clinoptilolite.

Study of temperature effect showed that optimal is temperature 
60–65°С. Decrease of increase of reaction temperature leads to reduction 
of exchange capacity.

Reaction time also affects a process of interaction of bromoacetic acid 
and H-form zeolite. Optimal is reaction duration 8 hours. Further increase 
of reaction time doesn’t exert any significant influence on cation exchange 
capacity.

Thus, study of the influence of various factors on the process of inter-
action, showed that to reach maximum index of static exchange capacity 
of a cationite, optimal conditions for the reaction process are: zeolite and 
bromoacetic acid ratio (mas.h) – 7:1, correspondingly; reaction tempera-
ture 60–65°С, and reaction duration 8 hours.
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Static exchange capacity of low-acidity cationite with carboxylic iono-
gen groups at the treatment in 0.1 N NaOH water solution increase from 
0.1–0.9 (for chemically unmodified zeolite) to 5–6 mg-equiv/g.

As is seen from the obtained results, chemical modification of clino-
ptilolite by means of introduction of ionogen carboxyl groups into the 

FIGURE 23.1  Dependence of static exchange capacity (SEC) of cationite based on 
chemically modified clinoptilolite on the conditions of synthesis (■ - Bromoacetic acid 
quantity, ▲ - Reaction temperature, × - Reaction time).
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skeleton, enables us to increase significantly their exchange capacity. 
Carboxyl groups are easily dissociated, which contributes to improvement 
of kinetics of exchange with various ions.

23.4  CONCLUSIONS

Synthesis of organomineral zeolite on the basis of natural sorbent – clino-
ptilolite type zeolite, in which sorbent is chemically bound to organic part 
of a molecule, containing ionogen groups – was performed. Chemical 
modification of clinoptilolite, by means of introduction of ionogen car-
boxyl groups into its skeleton, enables us to increase static exchange 
capacity of ionite with carboxyl ionogene groups from 0.1 to 0.9 (for 
chemically unmodified zeolite) to 5–6 mg-equiv/g.

Low-acidity cationite with carboxyl ionogen groups in zeolite skeleton 
was synthesized on the basis of modified H-form clinoptilolite and bromo-
acetic acid.
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ABSTRACT

Low acidity cationite with carboxyl ionogen groups in zeolite skeleton 
was synthesized on the basis of modified clinoptilolite (H-form) and 
chloropropionic acid. At the treatment of the clinoptilolite by water, Na 
leaves clinoptilolite skeleton, forming water-soluble chloride. At wash-
ing of the hydrogen form clinoptilolite that is formed in the process Na is 
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removed and silane groups are formed. At the interaction of these groups 
with chloropropionic acid the chemical bonds are created between them.

The obtained cationite is stable to acids and alkali; it possesses high 
mechanical strength and increased exchange capacity.

24.1  INTRODUCTION

It is known that ionites based on natural inorganic sorbents are obtained 
through their impregnation by monomers containing ionogen groups, by 
their further polymerization [1]. Skeleton of inorganic sorbents, in this 
case plays a role of a matrix of organic ionite.

There are ionites, and namely anionites, in which zeolite replaces skel-
eton of synthesized polymer [2, 3].

Organic ionites with organic carcass (with polymer skeleton) are com-
plexity of technology of their synthesis and high price. Process of obtaining 
of ionite skeleton, which is an organic polymer, is connected with multi-stage 
organic synthesis of both original monomers and polymers on their base.

Skeleton of mineral rock (natural) contributes to the increase of thermal 
resistance of ionites. Such ionites are able to function at increased tempera-
tures, which is most important at their exploitation in extreme conditions.

In special literature we find description of cationite with inorganic skel-
eton. Widening of assortment of such type ionites is a rather urgent task. 
Widening of number of possible monomers, able to fulfill the same func-
tions, will increase the possibilities and spheres of their application in the 
form of ion-exchangers.

It was interesting to synthesize cationite with inorganic skeleton, on 
the base of natural mineral material. Synthesis of this type ion-exchang-
ers is interesting since a ready skeleton enables us to use all active centers 
of organic polymer, without their spending for creation of ionite skeleton

24.2  EXPERIMENTAL PART

24.2.1  MATERIALS

In the synthesis of cationites with inorganic skeleton, one of the original 
components chosen by us was natural zeolite, clinoptilolite, as all other 

© 2016 by Apple Academic Press, Inc.

  



Zeolite Based Hybrid Cationites	 259

FIGURE 24.1  Clinoptilolite skeleton structure.

zeolites, is characterized by molecular-screen properties. Size of entry 
apertures of this zeolite is accessible to molecules with critical diameter 
0.35 nm [4]. According to other data diameter of efficient apertures of this 
zeolite is 0.44 nm [4].

Significant sorption parameter of zeolite is quantity of water, pres-
ent in intra-crystalline cavities, which to a significant extent depends on 
the zeolite form. There are many scientific works dealing with the study 
of physical-chemical characteristics of clinoptilolite-containing tuffs of 
various deposits. It was revealed that all of them are complex by their 
structure and the main difference is in their purity, that is, in the presence 
of incidental rocks, as well as in cation composition.

Idealized composition of elementary cell: Na6[(AlO2)6(SiO2)30].24H2O;
Typical oxide formula: (Na2, K2)O

.Al2O3
.10SiO2

.8H2O;
Limits of composition alteration: Si/Al = 4.25 – 5.25, Na, K “ Ca, Mg;
Density: 2.16g/сm3; volume of elementary cell: 2100 Å3, free volume: 
0.34c m3/cm3;
Channel system, bi-dimensional, 8- and 10 number rings: 0,40х0,55; 
0,44 х 0,72 nm.
Skeleton density – 1.71g/сm3;

Tables 24.1 and 24.2 show the physical-chemical and structural charac-
teristics and the data of elementary composition of clinoptilolite are offered.
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The data of chemical analysis show that a clinopyilolite specimen (sect. 
Khekordzula) is mainly of Na-form.

TABLE 24.1  Physical-Chemical and Structural Characteristics of Clinoptilolite

Typical 
composition 
of elementary 
cell 

Crystalline 
structure

Volume of 
elementary 
cell, nm3

Free 
volume 
cm3/cm3

Aperture 
size, nm

Skeleton 
density, 
g/сm3 

КОЕ,  
m.equiv/g

Na6Al6Si30O72

.24H2O

monocline 2.10 0.34 0.40х0.55 
in 
8-memb.

0.44х0.72 
in 
10-memb. 
rings

1.71 2.16

TABLE 24.2  Chemical Composition of Clinoptilolite-
Containing Rocks of Dzegvi Origine, Khekordzula Section

% Clinoptilolite original sample

50.91 SiO2

15.42 Al2O3

0.78 TiO2

7.50 Fe2O3

0.72 FeO

0.09 MnO

3.32 MgO

1.90 CaO

5.20 Na2O

2.80 K2O

0.30 P2O5

— SO3

6.10 H2O

4.72 ППП

99.5 ∑

Si/Al=2.89.
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Other components are chloropropionic acid (CICH2CH2COOH), which 
reacts with silanol groups of clinoptilolite.

24.2.2  TECHNICS

Cathionites on the basis of modified natural zeolite – clinoptilolite and 
chloropropionic acid has been obtained as follows: natural zeolite – clino-
ptilolite, was crushed to the particle size 1–2 mm., 0.5 N hydrochloride 
solution was added to it and the mix was heated for 4–5 hours. Then it was 
decanted, washed iteratively till negative reaction to chlorine ion and then 
it was dried at 120°С.

Hydrogen form clinoptilolite has also been obtained according to other 
method. Zeolite granules, prepared in advance (0.5–1.0 mm), crushed 
manually, were treated in 0,1n NH4Cl solution, then were washed in dis-
tilled Н2О and dried in a thermostat at 150–200°C.

IR-spectral studies of modified samples prove the preservation of crys-
talline skeleton of clinoptilolite after cathion modification. Insertion of 
ammonium ions (NН4

+) to the zeolite decreases of “entry apertures” of 
clinoptilolite. At heating of ammonium form clinoptilolite up to 150°С 
and higher, it is transformed into hydrogen form and dimensions of entry 
apertures of zeolites are increased.

The obtained hydrogen form zeolite and chloropropionic acid were 
placed in thick-walled ampoule. Distilled water was added to the mix, 
in quantity equal to that of zeolite. Ampoule was welded and placed in 
metallic capsule and was heated over silicone bath. Then temperature was 
increased gradually up to 150°С. Reaction duration was 8–10 hours. Then 
the ampoule was opened and its content was shifted to a beaker and fil-
tered. The remainder on the filter was washed initially by warm distilled 
water, and then by diluted hydrochloric acid solution, and again by dis-
tilled water, up to neutral reaction to rinsing waters and negative reaction 
to chlorine. The obtained cationite was dried initially on air, and then in 
drying cabinet, at 80°С.

Schematically the reaction can be presented as follows:

Z- Na(K) + HCI → Z – H + Na(K)CI 
Z – H + CICH2CH2COOH → Z– CH2CH2COOH + HCI
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Ionite IR-spectral studies showed absorption bands in the area 
1090–1050 сm–1, inherent to Si–O–C chemical bond, referring to the fact 
that the remainder of propionic acid molecule is chemically linked with 
zeolite skeleton. Reiterated washing by water showed that nature and 
intensity of absorption bands doesn’t change, which refers to presence of 
Si–O–C chemical bond.

24.3  RESULTS AND DISCUSSION

At the treatment of modified clinopyilolite by acid, we are able to remove 
Na and K from its skeleton, which form water soluble chlorides and 
at washing of the created hydrogen form clinoptilolite, Na and K are 
removed, as a result of which silane groups are formed. At the interac-
tion of these groups with chloropropionic acid chemical bonds are formed 
between them, according to the following scheme:

– Si – OH + CICH2CH2 COOH → – Si – O – CH2 CH2- COOH + HCI

Cationite obtained at the interaction with chloropropionic acid and H-form 
zeolite, is characterized by the following properties: grain size 1–2 mm, 
apparent density 0.6–0.8 g/mL, static exchange capacity to 0.1 N NaOH 
solution 5–6 mg-equiv/g.

If we compare exchange capacity of the obtained cationite with that of 
the natural zeolite/original, we’ll see that its exchange capacity 0.2–0.3 
increases 4–5 times. Alongside with it, introduction of easily dispersible 
ionogen carboxyl groups into zeolite skeleton, contributes to improvement 
of kinetics of exchange of a series of ions. Cationite is stable to acids and 
alkali, and is characterized by high mechanical strength.

Thermal stability of a cation was evaluated at its heating for 24 hours, 
at various temperatures. Investigations showed that at the increase of tem-
perature from 60 to 200°С exchange capacity of a cationite decreases from 
5 to 2 mg-equiv/g.

Thermal stability of an ionite was determined in dynamic conditions 
of heating. It appeared that thermal stability remains at the level of results 
obtained at the terms of their testing in static conditions.
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Thus cationite obtained on the basis of modified natural zeolite – 
clinoptilolite (H-form) is characterized by high thermal stability and 
mechanical strength, high static exchange capacity and thus can be used 
at high temperatures.

24.4  CONCLUSIONS

Low acidity cationite with carboxyl ionogen groups was obtained on the 
basis of modified clinoptilolite (H-form) and chloropropionic acid.

Spectroscopic studies proved that in IR-spectra of a cathionite there is 
an absorption band in the region of 1090–1050 сm–1, that is characteristic 
to Si–O–C bond, that refers to the creation of ether bond.

Static exchange capacity with respect to 0.1 N NaOH, compared with 
that of natural clinoptilolite increase from 0.2–0.3 to 5–6 mg-equiv/g. 
Simultaneously, introduction of easily dissociable ionogen groups into 
zeolite composition, contributes to improvement of kinetics of exchange 
capacity of a series of other ions.

The obtained cationite is stable to the impact of acids and alkali, pos-
sesses high mechanical strength and increased thermal stability.
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ABSTRACT

Coal tar pitch is a unique product with a rich set of properties, among 
which are polymeric ones. Modification of coal tar pitches provides a wide 
opportunity to adjust and change their properties. This opens a new direc-
tion – the use of coal tar pitch chemical potential for creating the disperse-
filled compositional polymeric materials.

The obtained pitch composite has relatively high mechanical properties 
and thermal stability. The obtained material for all parameters can be 
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attributed to the hard-burning polymer composite what gives it a cogent 
advantage comparably to thermoplastic polymers.

Tests of modified coal tar pitch as a polymer matrix showed that it can 
successfully compete with classical polymers in order to create composi-
tional materials.

25.1  INTRODUCTION

Creating a composite polymeric material in recent years is considered as 
the main reserve of production of new materials with improved properties. 
Polymer composites consist of a plastic base (matrix), which is reinforced 
with fillers with high strength, hardness, etc. By varying the composition 
of matrix and filler, their ratio, the orientation of filler, a wide range of 
materials with desired set of properties can be received.

Properties of polymeric composite materials are determined by the 
properties of the polymer matrix, the nature of filler and the interfacial 
interaction between them.

One of the promising application of coal tar pitch chemical potential is 
creation of new pitch composite materials.

Coal tar pitch is a multicomponent mixture of condensed aromatics 
hydrocarbons and heterocycles, which form a permolecular structure as a 
result of intermolecular interactions (hydrogen bond, dipole interaction, 
dispersion interaction).

Coal tar pitch can be used as polymeric matrix. This statement is 
substantiated by the fact that coal tar pitch has some properties inherent to 
polymers [1]. Despite the fact that coal tar pitch is not the classic polymer 
it is characterized by three states of amorphous polymers and plastic range. 
A characteristic feature of both classical polymers and coal tar pitch is the 
ability to form permolecular structures. Morphological forms of structural 
formations of polymers (fibrils, spherulites, globular) are observed in coal 
tar pitch.

The low mechanical strength and heat resistance of coal tar pitch does 
not allow to produce appropriate composite materials.

Coal tar pitch due to the nature of its composition and structure is a 
highly reactive material.
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The whole system is in nonequilibrium state and any physical or 
chemical effects lead to irreversible changes in ratio of monomeric, oligo-
meric and highly condensed components.

Modification of coal tar pitch by active polymer additives has shown 
ability to adjust and modify the properties of coal tar pitch.

Active polymer additives have a great influence on thermo-chemical 
and structural transformations of coal tar pitch. Their effect is the change 
in structural-group composition, thermal, rheological and mechanical 
properties of coal tar pitch [2–4].

Thermochemical conversion at low temperatures (up to 200°C), taking 
place in coal tar pitch under the influence of active polymer additives, lead to 
viscosity increase and softening point of coal tar pitch on 15–20°C. Due to 
structural changes mechanical properties of coal tar pitch are improved: com-
pressive strength is increased in 7 times, bending strength – 2 times, modulus 
of elasticity in compression – 7 times, flexural modulus in 3.5 times [5].

Introduction the filler to pitch polymeric matrix improves technological 
and operational properties of pitch composite [5]. The important factor in 
the process of composite materials creating is the nature of filler. Most 
interesting is the fibrous filler – chrysotile. Chrysotile is used in polymer 
compositions as a reinforcing filler, giving increased strength and flexural 
modulus to products, improving heat resistance.

One of the main tasks when creating composite pitch polymers is to 
optimize the filler content in order to keep a balance between the mechani-
cal and thermal properties of material.

The results of studies concerning the effect of filler amount and the 
time-temperature conditions for obtaining the pitch composite on its 
mechanical properties and heat resistance are presented in article.

25.2  EXPERIMENTAL PART

For laboratory research coal tar pitch with the following fractional 
composition was used (%): α-fraction 34.9; α1-fraction 8.0; β-fraction 
34.1; γ-fraction 31.0. Softening temperature: by method stem-ring 80°C, 
by Vicka 53°C. Viscosity at 135°C is 10 Pa·s, the density is 1300 kg/m3, 
volatile matter content is 55%.
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For coal tar pitch modification polyvinyl chloride (PVC) and polymer 
of polyolefin row with grafted maleic functional groups (PM – EV) were 
selected.

Polyvinyl chloride – amorphous polar polymer with density 1380–
1400 kg/m3, white amorphous powder with a glass transition temperature 
of 70–80°C, KF = 63, the bulk density of 500 kg/m3.

As the filler of pitch polymeric matrix chrysotile was used.
Chrysotile belongs to a class of disperse fillers in origin – mineral, in 

the form of fibers. On the chemical composition of chrysotile is highly 
hydrated magnesium silicate with general formula Mg6[(OH)4Si2O5]2.

In accordance with practice of new materials development in laboratory 
plant experimental batches of pitch composite materials were received. 
The laboratory plant was a reactor equipped with auger mixers, and a cir-
culation thermostat to heat the reactor.

The experimental procedure was as follows.
Сoal tar pitch and modifiers (PVC 3% of coal tar pitch, PM- EV 5% 

of coal tar pitch) were mixed with a filler in an amount up to 40% of coal 
tar pitch. All operations were carried out in a high speed blending mixer.

Next, the resulting homogeneous mixture was charged into the reactor, 
which was preheated to desired temperature of experiment (t=140–180°C) 
and covered with a lid. After a certain period of time (depending on the 
temperature of experiment), when the mixture was sufficiently melted, 
the stirrer was engaged and experiment took place during required timed 
(τ=20–60 min). At the end of appropriate time the stirres was turned off 
and resulting pitch composite was unloaded. Next, by hot pressing using 
molds and hydraulic laboratory press to turn out batch of samples for test-
ing them on heat resistance and mechanical strength.

Heat resistance refers to ability of sample to maintain its shape when a 
certain temperature and/or not exceed the predetermined threshold distor-
tion while temperature test.

Determination of thermal stability of polymers by Vicka softening 
temperature (standard ISO 306) is that the sample is exposed to a pre-
determined load (A50 load 10N) and heated at a certain rate (500°C/h). 
During the test the temperature is determined, expressed in C, at which the 
indenter head is immersed in the sample to a depth of 1mm.

Multisamples for mechanical testing were prepared in accordance 
with standard ISO 3167. This approach provides a sample with a similar 
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internal structure (orientation, residual stresses) and allows to compare 
results from different types of tests.

Compression testing and static bending were carried out on a universal 
testing machine M500 -CT (Testometric, UK). Mechanical tests were car-
ried out in full compliance with current standards.

Flexural deformation – the most common types of polymer compos-
ites loading. Bending strength – the maximum effort that a sample can 
withstand when tested on a bend, determined according to ISO 178 (three-
point method). Test procedure for compression sets by standard ISO 604.

25.3  RESULTS AND DISCUSSION

Behavior of pitch composite materials (PCM) at high temperatures is of 
particular interest in terms of their practical application.

Dependencies the softening point by Vicka (SPV) on conditions of 
pitch composite obtaining (mixing time and temperature) and the amount 
of filler are shown in Figures 25.1–25.2. As it seen from figures heat resis-
tance of PCM increases with increasing the amount of filler (Figure 25.1), 
temperature and time of mixing (Figure 25.2).

As shown in Figure 25.1, when filling with chrysotile the significant 
increase of PCM heat resistance is achieved. While filler introduction in 
amount of up to 40% the SPV of pitch composite increases by 20–50°C 

FIGURE 25.1  Influence of the amount of filler (s) on softening point by Vicka (tv) at: 
t=140°С, τ=20 min (1); t=140°С, τ=60 min (2); t=180°С, τ=20 min (3); t=180°С, τ=60 min (4).
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depending on the temperature-time conditions of its production. This 
explained by the fact that surface of filler adsorb segments of pitch polymer 
macromolecules. This forms a bond pitch polymer-filler and significantly 
reduces the segmental mobility, which increases the SPV.

With an increase of filler content the viscosity of pitch composites 
increases. Adhesive interaction between filler and matrix inhibits the flu-
idity of matrix, and therefore reduces the creep flow or deformation for 
time application.

According to modern concepts, the nature of heat resistance change is 
caused due to complexity of relaxation processes in the surface layers of 
polymers, adjacent to the solid surface.

Resistance deformability is directly caused by molecular motion while 
high temperatures. Rapid Vicka temperature rise on 50°C at high process-
ing temperatures (180°C, Figure 25.2, line 4) compared with an increase 
of 20°C (processing temperature 140°C, Figure 25.2, line 2) at a degree of 
chrysotile filling 40% indicates the reduction of chain flexibility as a result 
of additional bonds formation with surface or the reduce conformation 
set of macromolecules near the filler surface. Increasing the temperature 
to 180°C and a contact time of 60 min (Figures 25.1 and 25.2) when fill-
ing the pitch composite with chrysotile creates conditions for increasing 
the total number of effective bonds and reduce the number of conforma-
tion segments of macromolecules due to reducing the volume in which 
segmental motion took place. This leads to a significant increase in heat 
resistance of PCM.

FIGURE 25.2  Influence of the time of experiment (τ) on softening point by Vicka (tv) at: 
t=140°С, s=20% (1); t=140°С, s=40% (2); t=180°С, s=20% (3); t=180°С, s=40% (4).
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The maximum temperature of pitch composite by Vicka of 112°C is 
achieved at the mixing temperature of 180°C, contact time of 60 minutes 
and content of chrysotile 40%.

During pitch composite obtaining chemical and physical transfor- 
mations in pitch polymer matrix take place. Besides, in formation of pitch 
composite properties intensity of interfacial interaction plays an important 
role. Volume of pitch polymer matrix immediately adjacent to the interface 
pitch polymer – filler has a structure and properties different from those 
in volume. The interface defines the intensity of interaction between pitch 
polymer and filler by two structural parameters: direct adhesive interac-
tion of contacting phases and modification of structure of matrix pitch 
polymer in the contact area.

The first step of pitch composite production is pitch melting. Due to 
the low viscosity coal tar pitch wets chrysotile, which has a rough surface 
covered with hydroxyl groups, which improve adhesion interaction pro-
cess (wetting).

In second step, the active polymer additives are melted, interdiffusion 
occurs and interaction with coal tar pitch, which is distributed on the 
surface of chrysotile fibers. The total contact area is increased in several 
times, which leads to intensification of coal tar pitch modification process. 
This process is accompanied by adsorption and a change in permolecular 
structure of adjacent layer.

Chemical reactions between pitch composite components having 
reactive functional groups strengthen interfacial interaction.

The dependence of pitch composite flexural strength on temperature 
experiment, the contact time and filler content is shown in Figures 25.3–25.5. 
Analysis of results showed that the temperature does not affect on flex-
ural strength of pitch composite at 20 minutes of stirring (lines 1 and 2 in 
Figure 25.3). However, increasing the contact time to 60 minutes as the 
temperature rises to 180°C impairs the flexural strength of material (lines 
3 and 4 in Figure 25.3).

The greatest influence on maximum bending stress has time and amount 
of chrysotile. With mixing time increasing the flexural strength decreases 
(Figure 25.4), and the greater with amount of filler increasing (lines 2 and 4).

Flexural strength of pitch composite increases with increasing the 
content of chrysotile (40%) at a contact time of 20 minutes, regardless of 
the temperature (curves 1 and 3 in Figure 25.5).
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FIGURE 25.4  Influence of the time of experiment (τ) on maximum bending stress (σB) 
at: t=140°С, s=20% (1); t=140°С, s=40% (2); t=180°С, s=20% (3); t=180°С, s=40% (4).

FIGURE 25.5  Influence of the amount of filler (s) on maximum bending stress (σB) at: 
t=140°С, τ=20 min (1); t=140°С, τ=60 min (2); t=180°С, τ=20 min (3); t=180°С, τ=60 min (4).

FIGURE 25.3  Influence of temperature (t) of experiment on maximum bending stress (σB) 
at: τ=20 min, s=20% (1); τ=20 min, s=40% (2); τ=60 min, s=20% (3); τ=60 min, s=40% (4).
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If the contact time increases to 60 minutes, the bending strength at first 
increases with increasing filler content to 20%, and then decreases during 
the filling with chrysotile to 40% (lines 2 and 4 in Figure 25.5). Flexural 
strength of pitch composite filled with chrysotile at 180°C (curve  4 
Figure 25.5), is less than filled at 140 C (curve 2 in Figure 25.5).

Increase the contact time to 60 minutes leads to unwanted degradation 
processes and polycondensation of pitch polymer matrix, which causes 
strong structuring of system. This leads to disappearance of ability of pitch 
polymeric matrix to highly elastic deformation. Pitch polymeric matrix 
becomes brittle. Changes in the structure and properties of pitch polymer in 
volume of IFS changes adhesive interaction at the interface. Deterioration 
of adhesive interaction is particularly noticeable when chrysotile content 
increases over 20%, when there is a decrease in flexural strength.

Maximum flexural strength of pitch composite is 42 MPa achieved at 
180°C, 40% filler content, and a contact time of 20 minutes.

The dependence of maximum compressive stress on the content of 
filler and the time-temperature conditions of pitch composite obtaining 
shown in Figures 25.6 and 25.7.

The influence of temperature is observed at a high filling degree (40%) 
increase in temperature to 180°C reduces the compressive strength (lines 
2 and 4 in Figure 25.6). With a low content of filler (20%), the temperature 
has little effect on compressive strength of pitch composite (lines 1 and 3 
of Figure 25.6).

FIGURE 25.6  Influence of the time of experiment (τ) on maximum compressive stress (σС) 
at: t=140°С, s=20% (1); t=140°С, s=40% (2); t=180°С, s=20% (3); t=180°С, s=40% (4).
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Increase the contact time reduces the compressive strength indepen-
dently of degree of filling and temperature (Figure 25.6).

Compressive strength is determined by the adhesion between filler 
and matrix and the cohesive strength of the weakest part of composition. 
Increase of contact time intensifies processes leading to a change of prop-
erties and deterioration of pitch polymeric matrix and adhesive interac-
tions with filler. Moreover, the rigid links which formed while matrix 
structuring lead to the fact that pitch polymeric matrix loses its ability to 
redistribute stresses and starts to lose strength. All this leads to a deteriora-
tion of mechanical strength of pitch composite.

The greatest influence on the maximum compressive stress has the 
content of filler, the greater the amount of chrysotile, the higher the com-
pressive strength of pitch composite – Figure 25.7. Moreover, the greatest 
increase in compressive strength to 43 MPa is achieved with a minimum 
contact time of 20 minutes at 140°C.

Therefore, the mechanical properties and heat resistance of pitch 
composite depends on time-temperature factor and filler content.

Increasing the temperature, contact time and chrysotile content leads to 
higher heat resistance.

However, increasing the temperature and time of mixing adversely 
affects on mechanical properties of pitch composite. Moreover, this effect 
is most pronounced with a high degree of filling. This suggests that in the 
presence of chrysotile thermo-chemical and structural transformations of 
coal tar pitch under the influence of an active polymer additives occur 

FIGURE 25.7  Influence of the amount of filler (s) on maximum compressive stress (σС) at: 
t=140°С, τ=20 min (1); t=140°С, τ=60 min (2); t=180°С, τ=20 min (3); t=180°С, τ=60 min (4).
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intensively. The direction of thermochemical transformations of coal tar 
pitch shifted toward the formation of the most condensed α-faction due to 
a more valuable component of coal tar pitch, which is responsible for its 
polymer properties, β-fraction. Pitch polymeric matrix loses fluidity and 
ability of stresses redistribution, which adversely affects on mechanical 
properties of pitch composite.

25.4  CONCLUSIONS

The influence of the temperature- time conditions of a composite material 
production on its properties are very important because of thermochemical 
transformations and structural changes in system: coal tar pitch – active 
additives – filler. This factor should be taken into account when creating 
of pitch polymeric structural materials. Executed studies have shown that 
entirely new pitch composite materials based on coal tar pitch by its modi-
fication and incorporation of the filler can be created.

Pitch composite unlike many polymeric materials characterized by 
high heat endurance. Selection of the optimal time-temperature conditions 
of mixing of pitch composite components will receive a material with high 
mechanical properties.

Pitch composite filled with chrysotile belongs to the hard-burning 
materials [5], what gives it a cogent advantage comparably to thermo-
plastic polymers.

The results of studies presented in this article served as the basis for 
the construction of a pilot plant for production of new pitch-polymeric 
composite material.
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ABSTRACT

Cost-efficient and environmental friendly energy harvest and storage 
materials can change the way energy is generated, stored and distributed 
for decades to come. Despite the billions of dollars companies invest, 
the discovery and optimization of new promising materials is too slow 
to answer modern needs. First principle physics modeling of materials 
on supercomputers is a new trend in material science to accelerate the 
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discovery and commercialization of new materials. Equations of motion 
(EOM) that carry out simultaneous dynamics of nuclei and electrons are 
derived and implemented in a computer program. This approximation to 
the time-dependent Schrödinger equation is obtained using the Dirac-
Frenkel time-dependent variational principle with Kohn-Sham (KS) elec-
tronic Hamiltonian. The total molecular wave function is defined similar to 
a Born-Huang series, but with Gaussian wave-packets for the nuclei and a 
single complex spin unrestricted determinant for the electrons in Thouless 
parameterization, build from time-dependent KS orbitals. Another major 
difference is the use of derivatives of one, the reference electronic wave 
function, instead of all electronic Eigen states, as is the case of an origi-
nal Born-Huang series. This approach has been applied to atom-molecule 
reactive collisions of a hydrogen atom with the hydrogen molecule at lab-
oratory energy of 30 eV and the simulation of fundamental vibrations of 
the water molecule.

26.1  INTRODUCTION

Novel, cost-efficient and environmental friendly energy harvest and stor-
age materials and devices have the potential to enhance the quality of 
human life over the next decades.

Materials development is a long-lasting and resource-costly process. 
Despite the large number of companies investing in designing novel 
materials, the success stories are few and infrequent. On average, it takes 
15 to 20 years to commercialize a promising new material, and as a rule 
the technical progress only slows down this process because of tighter 
requirements.

Today, the process of engineering materials into novel and predefined 
forms is on the verge of a revolution. Enormous, century-long progress 
in first-principles physics, combined with a supercomputer’s power, has 
made it possible. The idea is to computationally design in silico new mate-
rials which have given properties such as electronic and ionic conduc-
tivity, hardness, density, shininess, etc., that are determined by quantum 
mechanical behavior of the consisting atoms.

Usually, one computationally screens a set of compounds – contain-
ing tens of thousands of existing and hypothetical, mostly inorganic, 
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materials – to find the one with the best given property or function, be it a 
new photovoltaic compound, metal alloy or battery electrode. This seems 
ambitious, but it is now well understood that almost all properties of mate-
rials can be predicted by solving the corresponding Schrödinger equation 
(SE). The most successful and practical approach to solving the SE is the 
Density Functional Theory (DFT), for which its authors were awarded the 
1998 Nobel Prize in Chemistry [1]. So DFT is the main tool for such high-
throughput calculations of materials.

The promise is big and based on the assumption of a direct correla-
tion between the material’s properties or functions and its fundamental 
descriptors. The only real obstacles seem to be the computational time and 
available funding.

To justify the feasibility of the previous statement, we do not need to 
go too far: chemists have already made considerable progress in develop-
ing multi-scale modeling of chemical reactions recognized by 2013 Nobel 
Prize in chemistry [2], such as the photosynthesis in green leaves. The main 
leitmotif of their success can be understood and explained by two state-
ments made by two famous physicists: Paul Dirac and Richard Feynman. 
Dirac stated that “the underlying physical laws necessary for the mathemati-
cal theory of a large part of physics and the whole of chemistry are thus 
completely known, and the difficulty is only that the exact application of 
these laws leads to equations that are much too complicated to be soluble. It 
therefore becomes desirable that approximate practical methods of applying 
quantum mechanics should be developed, which can lead to explanation of 
the main features of complex atomic systems without too much computation 
[3].” Feynman later added that “…everything that living things do can be 
understood in terms of the jiggling’s and wiggling’s of atoms [4].”

However, unveiling nature’s secrets to energy efficiency is not an easy, 
nor an intuitive task. It needs a tool that discovers nature’s “designs” in 
situ at an atomic level and preferably in action.

Quantum effects are very important to our understanding: for example, 
it was recently discovered that the solar light-harvesting macromolecules, 
chromophores, capture solar energy very efficiently only because of quan-
tum effects [5]. The efficient coherent exchange of a single quantum energy 
only happens when chromophores’ electronic and vibrational degrees 
of freedom are collectively, although temporarily, in a superposition 
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of quantum states, a feature that can never be predicted with classical 
mechanics.

In this account, we present a tool which has the features to unlock 
nature’s secrets to “design” efficient materials and devices, visualize 
underlying processes and report the results in a manner that is intuitive to 
the broad audience of material scientists.

The tool by design incorporates quite sophisticated methods, includ-
ing non-adiabatic electronic terms and quantum effects, for light nuclei 
(hydrogen for instance) to be truly predictive. In this way, new materials 
search will be accelerated through its use, as scanning multiple promising 
materials at the same time is enabled.

26.2  THEORETICAL PART: MULTI-SCALE HYBRID METHOD

According to new trends described in the introduction, we developed a 
multi-scale hybrid method of simultaneous quantum dynamics of elec-
trons and nuclei based on time dependent DFT for electrons and quasi-
classical coherent state (CS) theory for nuclei (Figure 26.1). The method 
is founded on mathematically rigorous separation of length scales and 
physically meaningful interface between quantum (finite as well as peri-
odic) and classical regions. Rather than being relayed on the predefined 
potential energy surface (PES) from electrons, our method calculates the 

FIGURE 26.1  Cartoon of multi-scale hybrid method.
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DFT energy of simultaneously moving electrons “on the fly” in atomic, or 
plane-wave, basis sets. These two basis sets enable the realistic treatment 
of molecular systems attached to a surface.

On the other hand, nuclei are treated classically using frozen Gaussian 
wave packet approximation [6], or quantum-mechanically using Gaussian 
wave packet approximation with evolving width. The latter is capable of 
accounting for quantum effects for light atoms, such as hydrogen.

The following accomplishments made feasible multi-scale modeling 
of advanced materials based on the simultaneous quantum dynamics elec-
trons and nuclei:

•	 Development of an adaptive radial quadrature grid for efficient and 
accurate integration of time evaluation electron density in the outer 
regions of the molecular systems that has been implemented into the 
code [7].

•	 The program tool has been implemented on hybrid parallel architec-
tures with Central Processing Unit (CPU) and Graphical Processing 
Unit (GPU). Due to the block matrix forms of derived equation of 
motion (EOM) formulas and NVIDIA CUDA technology [8], we 
have achieved an excellent convergence and overall speedup of a fac-
tor of 5 over conventional codes, which will allow us to scan promis-
ing materials for energy harvest and storage on the NVIDIA CUDA 
enabled personal supercomputers in a regular manner.

26.2.1  EQUATION OF MOTION (EOM)

EOM of system of interest can be obtained from time-dependent SE by 
means of time-dependent variational principle as well as least quantum 
action and in a block matrix notation has the following form [9]:
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In  Eq. (1) { } { } { } { } { } { }* *( ) , ( ) , ( ) , ( ) , ( ) , ( )k k ph ph k kt t z t z t t t= = = = = =R R P P z z u u v v  
{ } { } { } { } { } { }* *( ) , ( ) , ( ) , ( ) , ( ) , ( )k k ph ph k kt t z t z t t t= = = = = =R R P P z z u u v v  all are dynamical variables and I is an identity matrix. R stands 

for nuclear degrees of freedom and P stands for nuclear momentum.
Besides, u and v are nuclear wave packet parameters according to the 

following formula:
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whereas z and z* stand for Thouless [10] parameters and its complex con-
jugate for electronic wave function given in terms of basis field (fermion 
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And finally, C, CR, CP, CRR, CPP are all kinds of non-adiabatic, elec-
tron-nuclear, and nuclear-nuclear coupling matrices respectively, which 
arise because of total wave function approximation by the Born-Huang 
[11] like formula as:
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The total energy is given by the following formula:
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And the central quantity, electron charge density following classical/quan-
tum trajectories is given by the following formula:
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where 
†
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 stands for one-density matrix and has the following 

form:
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z z z
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Detailed derivation of Karn-Sham energy terms and its derivatives w.r.t. 
dynamical variables for EOM is given elsewhere [12].

26.3  RESULTS AND DISCUSSION

By using our tool, it is possible to perform several phases of materials 
design in silico. Suppose scientists are looking for a better thermoelectric 

FIGURE 26.2  Simulation of Water vibration: Asymmetric stretch B2 symmetry time 
evolution of potential (a) and total (b) energies and interatomic distances (c).
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material than lead telluride, which is toxic and expensive. The perfor-
mance of a thermo electric material depends on its Seebeck coefficient, 
electronic and thermal conductivity, which are controlled by the dynamics 
of phonons and charge carriers. From quantum dynamics simulations, one 
can derive and study these very properties, gaining critical insights into 
the relationship between the geometric and electronic structures of lead 
telluride and carrier transport mechanisms. This information will provide 
guidance to material scientists for controlling carrier/phonon interactions 
and their transport in other, heaper and benign classes of bulk or nano-
structured materials by playing with changes in dimensionality and opti-
mizing the thermo electric performance.

In this regard, it is very important to ensure correct concurrent dynam-
ics of all particles. It can be validated by comparison of experimental and 
fundamental vibrational frequencies extracted from the simple simulations 
of water vibrations by fitting periodic exponentials to the position and 
momentum coordinates (Prony’s method) (see Table 26.1). As Table 26.1 
shows, our simultaneous quantum dynamics of nuclei and electrons repro-
duces experimental vibrational frequencies so that the same is expected for 
energy exchange between electronic and vibrational degrees of freedom.

On the other hand, it is also very important to correctly reproduce and 
visualize an electron excitation, when it occurs during the time evolution of 
the system. From chemistry textbooks, we know that bond breaking occurs 
when an electron moves from the bonding molecular orbital to the anti-
bonding or non-bonding orbitals, and these orbitals are less compact and 
occupy much more space around the nuclei than bonding ones. Now we can 

TABLE 26.1  Vibrational Frequencies (cm–1) of Water Derived From Quantum Dynamics 
Simulations of Water Vibrations* 

DFT-BLYP-6–31**

Our 
tool

SCF harmonic

(NIST database [13])

Experiment

(NIST database [13])

Asymmetric stretch B2 3750 3755 3756
Symmetric stretch A1 3640 3644 3656

Bend A1 1620 1639 1595

*Initial geometries are the equilibrium ones with 10% distorted normal modes corresponding to each 
vibration.

© 2016 by Apple Academic Press, Inc.

  



Tools For Modeling Advanced Materials	 285

check if the time evolution of electron charge density following the classi-
cal nuclei, which moves according to EOM of Eq. (1), can capture electron 
excitation when it occurs. For this, we simulated Hydrogen atom colli-
sion to Hydrogen molecule at Elab=30eV. This energy is more than enough 
to break covalent bond between the two Hydrogen atoms, when an atom 
strikes the middle point of the bond. And indeed, we see that after colli-
sion, all the interatomic distances are steadily increasing (Figure 26.3c). 
Collision starts at 7.5 fs with overleaping electron charge densities, and 
all the sudden, at 11.25 fs, we see a big red cloud of electrons – electron 
charge density covering the entire space around the nuclei. At the same 
time, as we can imagine, electron excitation happens and bond breaking 
occurs (see Figure 26.4). Such kind of visualization of electron excitations 
in light-harvesting macromolecules can help to understand the detailed 

FIGURE 26.3  H + H2 collision at Elab=30 eV time step=0.12 fs: Mulliken populations 
[14] (a), integrated number of electrons (b) and interatomic distances (c) (DFT functional: 
BLYP, Basis set: 6–31**).
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mechanism of efficient energy transfer and optimize structures of promis-
ing materials.

26.4  CONCLUSIONS

The multi-scale, “on the fly,” non-adiabatic quantum dynamics approach 
in combination with hybrid CPU/GPU CUDA enabled personal super-
computers, which represents a new trend in an atomistic modeling, can 
play an important role in developing and optimizing new materials for 
renewable energy harvesting and storage.

FIGURE 26.4  H + H2 collision at Elab=30 eV time step=0.12 fs: snapshots of electron 
charge density following classical trajectories at 2.5, 7.5, 11.25 and 15 femtoseconds. (DFT 
functional: BLYP, Basis set: 6–31**).
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ABSTRACT

The mechanism of activation (opening) of the ion channels conjugated 
with the neuroreceptors in nerve impulse transmission was studied in this 
work in macroscopic approach.

It is assumed that the physical mechanism of functioning of the axonal, 
synaptic and sensory neuroreceptors is based on their intramolecular 
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interaction between the mechanical elasticity and electrical polarizability. 
It is shown that the activation (opening) of the ion channels at the trans-
mission of nerve impulse is the result of the action of the mutual repulsive 
force between α-helical subunits deforming the protein component of ion 
channel conjugated with neuroreceptor. This force has an electromagnetic 
nature and arises when the polarization process take place. It acts as a 
mechanical force, which causes the opening of ion channel.

27.1  INTRODUCTION

Many scientists had interested in the device and functioning of the nervous 
system since ancient times and this interest continues to this day. Modern 
scientists have linked the beginning of the nervous system study with 
names that have become common nouns, like Hippocrates (460–356 BC), 
Aristotle (384–322 BC), Galen (Claudius Galenus, 130–210 BC), Luigi 
Galvani (Luigi Aloisio Galvani, 1737–1798), René Descartes (Renatus 
Cartesius, 1596–1650) and many others. But the present study of neural 
processes started after the discovery (and especially after improvement) of 
microscope: Rudolf Virchow (Rudolph Carl Virchow, 1821–1902), Ranvier 
(Louis-Antoine Ranvier, 1835–1922), Camillo Golgi (Bartolomeo Camillo 
Emilio Golgi, 1843–1926), Santiago Ramón y Cajal (1852–1930), Walther 
Hermann Nernst (1864–1941), William Waldeyer (1836–1921), Vladimir 
Bekhterev (1857–1927), Natalia Bekhtereva (1924–2008), Alan Lloyd 
Hodgkin (1914–1998), Andrew Fielding Huxly (1917–2012), Bernard 
Katz (1911–2003), Robert J. Lefkowitz (1943), Clay M. Armstrong 
(1934), Francisco Bezanilla.

But despite the vast number of studies, both experimental and theoreti-
cal, nevertheless there are still many unsolved problems, and especially the 
question of what mechanisms underlie of the functioning of CNS [1, 2].

Resolving these issues can be useful both in developing methods for 
the treatment of pathologies of the nervous system, as well as in the field 
of controlled analogues of the nervous system, in organization of which is 
possible to use such mechanisms.

The structural elements of neurons – neuroreceptors, via discrete 
sequence of which the nerve impulses are transmitted, provide the neces-
sary communication between the space-separated parts of the brain that 
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determines the concerted functioning of CNS – is a necessary condition for 
the process of thinking, the most important function of consciousness [3, 4].

The CNS neuron net is located in the glia – the system of specialized 
cells (Rudolph Carl Virchow), namely oligodendral cells, astrocytes and 
Schwann cells. Wrapping the axon they form a myelination shell, which 
among other functions plays a role of an electrical insulator layer with 
interruptions in the nodes of Ranvier (Louis-Antoine Ranvier).

27.2  RESULTS AND DISCUSSION

Let consider the functioning of the acetylcholine nicotinic neuroreceptor, 
for which many of the parameters obtained on the basis of various studies 
are known, due to X-ray analysis, electron microscopy data and results of 
biochemical experiments [5, 6].

The acetylcholine nicotinic neuroreceptor is a glycoprotein complex, 
whose protein component with its helical structure penetrates the cyto-
plazmic membrane. Therefore, the length of α-helical protein subunits 
of neuroreceptors approximately is equal to the thickness of cytoplasmic 
membrane. At rest the cytoplasm and exoplasm of neuron are character-
ized by the difference of ionic composition that causes a transmembrane 
potential difference described by the known Nernst–Goldman equation [7]:
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∑
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where R is the universal gas constant; T – absolute temperature; F – the 
Faraday’s number; ck

in( ) and ck
out( ) are the concentrations of k-type ions inside 

and outside the cell, correspondingly; Pk is the cell membrane permeabil-
ity for k-type ions from outside to inside and vice versa, correspondingly.

The localization of neuroreceptor is such, that the end groups are 
immersed correspondingly in cytoplasm and exoplasm, which as known 
are characterized by the different ion composition, and according to Eq. (1), 
by the potential difference. In the stationary state the transmembrane 
potential (the resting potential) of neurons of human CNS φo ∼ 70–90 mV. 
In the depth of the cytoplasmic membrane, this potential difference creates 
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an electric field E0∼106 V/m. Thus the receptor macromolecule possesses 
the initial dipole moment:

	

   

D kE E E
l

= = −∇ ≈ϕ
ϕ

	
(2)

where k – polarizability, 


E – electric field intensity, 


D – electric dipole 
moment, φ – transmembrane potential, l – length of α-helical subunit of 
neuroreceptor.

According to Eq. (1) any variation of the ionic composition of the medium 
near the receptor’s mouth changes the potential difference  between its 
ends. This, in turn, is associated with the dipole moment of the receptor (2) 
and the short-term polarization process – gating current. From Eqs. (1) 
and (2):

	
� �� � �

�J D J t k t= = − ∇( ) ( )ϕ 	 (3)

where 


D – electric dipole moment of neuroreceptor, which changes with 
transmembrane potential change. Since the mediator output the ionic com-
position in the synapse varies in a time interval (τ) and the polarization 
current is changed, as is seen from relation (3).

The appearance of gating current, which occurs before spike and caus-
ing the phase transition of the protein component of the receptor was pre-
dicted by Hodgkin, Huxley, and Katz in 1952 [8, 9]. The main difficulty 
in the registration of gating currents is the screening effect of ion currents. 
To eliminate this interference the blockers of ion currents were used. First 
the gating currents were experimentally recorded in the giant axon of the 
squid by Armstrong and Bezanilla [10].

Important works in this area were carried out by Skulachev [11], Rubin 
[12], Shaitan [13]. In recent years the view that gating currents occur due 
to changes of the dipole moments was reinforced. When the output of the 
mediator (acetylcholine) with its charged ammonium groups – N+(CH3)3 
from the presynaptic zone in synapse take place, the transmembrane poten-
tial changes (first increases and then decreases) in the local area around the 
mouth of the channel and short polarization process in the receptor’s mac-
romolecule which accompanies the gating current 



J t( ) occurs [10, 11].
According to works [10, 11], for α-subunits of neuroreceptors along 

with such known electrical characteristics (C, R, J…) let introduce [14, 15] 
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one more parameter depending on the spatial α-helical configuration of 
subunits of neuroreceptor: L – the self-inductance [15]:

	
L N S

l
=

µ µ
π
0

2

4 	
(4)

where N – the number of coils; S – the cross section; l – the length of the 
helical segment of the receptor; µ0 – the magnetic constant; µ – magnetic 
permeability of the environment (µ≈1) (in SI system).

The particular features of the receptor’s structure, namely – the exis-
tence of helical sections, that creates favorable conditions for the emer-
gence of an axial compressing force [14, 15]. This force is applied along 
the major axis, and it can be defined according to [16–18]:

	
F t

N S
l t

J t( )
( )

( )=
µ µ 0

2
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2

	
(5)

where µ0 is the magnetic constant; µ – magnetic permeability, N – the 
number of coils; S – the cross section; l(t) – the length of the helical seg-
ment; J(t) – the gating current.

The force F(t) is equivalent to an external mechanical force capable to 
deform the helical sections [14, 15].

The ratio of Eq. (5) shows that force F(t) is actuated only if there are 
moving charges 



J t( ) in the system, and its motion ceases with the atten-
uation of currents. Taking into account the relatively large sizes of the 
neuroreceptor subunit (l∼104Α, N∼104) and its deformability [5,6], it can 
be considered in the classical approximation, i.e., as an elastic filament 
for which elasticity equation is valid. Since the force F(t) (5) depends on 
J2(t), it arises only if 

�
J t( ) ≠ 0, i.e., when the potential in the local area is 

changing and in this case it means the release of the acetylcholine with its 
charged ammonium groups into the synaptic zone.

The ratio (5) describes the internal interrelation between electric polar-
ization and mechanical deformation processes, and the energy is trans-
ferred alternately between the polarization and deformation. It is caused 
by the features of neuroreceptors, because the force F(t) (5), which causes 
the mechanical deformation of an electromagnetic nature, and is valid 
only when there is the polarization process – the gating current. As soon 
as the current ceases (J=0), the force F(t) immediately disappears. This 
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force is created by an electromagnetic process, but it acts as a mechanical 
compressive force causing the deformation of the α-helical subunits of 
protein component of neuroreceptor [14, 19].

The transmembrane potential causes the polarization current only 
when it is being changed in short-time. And if the transmembrane potential 
is not changing the polarization current arises. Therefore, we can conclude 
that the source of energy that makes neuroreceptors function is not just 
transmembrane potential φ(t) but its change in time. This condition can 
be by changing the ion composition in the exoplasm or cytoplasm. In the 
case of the chemical synapse – when the mediator quantum release (e.g., 
of acetylcholine) with its charged groups NH3

+ in synaptic zone near the 
receptor’s mouth localized in postsynaptic membrane.

The polarization process is short and corresponds to an appearance 
of the gating current, which lasts for ~10–12 sec and precedes the open-
ing of an ion channel [20, 21]. The time of open state of ion channel is 
about ~10–4 sec. The release of the mediator in synaptic zone changes the 
transmembrane potential difference between internal and external surfaces 
of cytoplazmic membrane that in turn is accompanied by polarization of 
α-helical subunits of protein component of neuroreceptor, accompanied 
by deformation of α-helical subunit – a structural component of the ion 
channel, and promotes the opening the ion channel permeable ion current. 
When the gating current occurs between the α-helical subunits of neuro-
receptors, forming the ion channel, arises the mutual repulsive force of an 
electromagnetic nature, the action of which is causes the opening of the 
channel [22]:

	

  

F J J
Rij i j
ij

≈
µ µ

π
λ0

2
( )

	
(6)

where 


Fij  – the mutual repulsive force between the subunits of neurore-
ceptor, µ0, µ – accordingly, magnetic constant and magnetic permeability, 
Rij – the distance between the α-helical subunits of ion channel, 

 

J Ji j,  – 
the gating current in α-helical subunits, λ – full length of the interacting 
fragments.
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If we accept µ µ
π
0 7

2
2 10= × −  Hn/m, the mass of the α-helical subunit 

m∼10–27 kg, the time of the open state of the ion channel τ∼10–4 sec, the qual-
ity estimate to increase of the diameter of the ion channel ∆R∼2.5×10–10 m 
can be obtained, that indicates a sufficient value for the transmission of 
hydrated ions Na+ [23].

Applying the program HyperChem to simulate molecular processes 
[24], the model scheme of influence of acetylcholine molecule on the 
triad of active center of acetylcholine nicotinic neuroreceptor was con-
sidered. A clear picture, that shows the influence of acetylcholine on 
the triad of active center (tripeptide His, Ser, Glu) was received [25]. 
The analysis shows that the acetylcholine causes the redistribution of the 
electron density on the atoms of triad, that is, polarization, and the spa-
tial configuration change of the triad, which corresponds to deformation 
processes of active center. Based on this analysis, it can be concluded 
that this system has an internal interrelation between polarization and 
deformation processes, which confirms the correctness of the considered 
model (Figure 27.1).

FIGURE 27.1  Continued
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FIGURE 27.1  Continued
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27.3  CONCLUSION

On the basis of application of the macroscopic method can be con-
cluded that due to the intrinsic connection between polarization and 
deformation processes in neuroreceptors at short transmembrane poten-
tial change occurs “pack” of the short rapidly decaying interconnected 
modulated oscillations (l – deformations and J – gating current) prior 
to the opening of the channel, the specifics of which depends on the 
structural parameters of neuroreceptors. Based on the analysis, it can be 
concluded that the system has an internal interrelation between polar-
ization and deformation processes, which confirms the correctness of 
the considered model

The opening of the ion channel may be a result of the mutual repulsion 
appearing between he α-helical subunits of the ion channel in the case of 
the gating currents. It is the electromagnetic force, an important feature 

FIGURE 27.1  The comparison of (a) and (b) shows the effect of the polarization of the 
α-helical fragment of triad of active center of acetylcholine nicotinic neuroreceptor (Hys-
Ser-Glu) under influence of acetylcholine: (a) shows a model (by using the HyperChem 
program) of the spatial configuration of the triad of active center in free state; (b) shows 
the effect of acetylcholine on triad of active center of acetylcholine nicotinic neuroreceptor. 
The redistribution of electron density on the atoms (polarization) and spatial configuration 
change of the active center (deformation) is noticeable.
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of which is that it is generated by local currents and acts as a mechanical 
force, which disappears with the attenuation of the currents.

Since each type of neuroreceptors characterized by inherent unique set 
of parameters, we can conclude that each type of receptor correspond its 
inherent “marker” of nerve impulse in the form of a well-defined modu-
lated signal – the “key” that opens the ion channel.
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•• electromechanical properties of neuroreceptor

•• mechanism of opening (activation) of ion channels of neurore-
ceptors
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ABSTRACT

The mutual solubility of the components was investigated and the phase 
diagrams in a wide range of temperatures and compositions in the systems 
EVA (EVAMA) – glycidoxyalkoxysilane were constructed. The effect of 
structural heterogeneity of silanol modified EVA (EVAMA), associated 
with the chemical interaction of the components, on the properties of the 
compositions was identified.

28.1  INTRODUCTION

Introduction into the polymer of the reactive additives, chemically interacting 
with macromolecules, not only changes the chemical nature of the material, 
but also naturally affects the complex of its properties [1–4]. Graft struc-
tures formed in the matrix, increase molecular weight of the polymer, thereby 
affecting the process of the melt flow and solutions of the compositions.

Previously, it has been found [5] that the introduction into the copoly-
mers of ethylene with vinyl acetate (EVA) of small amounts (up to 3%) 
of ethyl silicate (ETS) leads to increase in intrinsic viscosity of EVA. 
Herewith further increase in the concentration of ETS did not affect the 
process of solutions flow. Dependence of melt flow index of modified EVA 
on the concentration of the modifier has an extreme character with a mini-
mum. On the amount of the minimum significantly affects the proportion 
of vinyl acetate in the copolymer.

The aim of this work was to study the effect of the phase structure of 
the modified EVA (EVAMA) on their properties. To achieve the aim the 
solubility of the components was studied and the phase diagrams in a wide 
range of temperatures and compositions for the systems EVA (EVAMA) – 
glycidoxyalkoxysilane were constructed.

28.2  SUBJECTS AND METHODS

Copolymers of ethylene with vinyl acetate Evatane2020 (EVA20) and 
Evatane2805 (EVA27) with a vinyl acetate content of 20 and 27 wt%, respec-
tively; copolymers of ethylene with vinyl acetate and maleic anhydride 
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brand Orevac9307 (EVAMA13) and Orevac9305 (EVAMA26) with a vinyl 
acetate content of 13 and 26% by weight were used as the objects of the 
study. Main characteristics of the copolymers are given in Table 28.1.

As the modifier was used silane, containing glycidoxy group – 
(3-glycidoxypropyl)trimethoxysilane (GS). It is clear, colorless liquid with 
a molecular weight of 236. Density is 1070 kg/m3, refractive index nD

20 = 
1.4367, content of glycidoxy groups 31%. Melting point is –70°C, flashpoint 
135°C, boiling point 264°C. Production of Dow Corning Corporation, USA.

Modification of the copolymers was carried out in the melt on labora-
tory micro-rollers during 10 minutes in the temperature range from 100 to 
120°C (the rotational speed of the rolls is 12.5 m/min, friction is 1:1.2).

The melt flow rate (MFR) was measured in accordance with GOST 
11645–73 at 190°C and under a load of 2.16 kg.

Viscosity was measured by viscosimetric method by dissolving the 
compositions in carbon tetrachloride.

Determination of the composition of coexisting phases and the inter-
diffusion coefficients was carried out by a processing of series of inter-
ferograms obtained by microinterference method. Measurements were 
performed at a range of temperatures from 50 to 150°C. To construct pro-
files of concentrations by interference patterns the temperature dependen-
cies of the refractive index of the components are required [6]. Refractive 
index measurements were carried out by an Abbe refractometer IRF-454 
BM at a range of temperatures from 20 to 150°C.

TABLE 28.1  Characteristics of the Copolymers of Ethylene

Polymer Symbol VA 
content, 
%

MA 
content, 
%

Melting 
temperature, 
°С

МV MFR, 
g/10min 
125°С

Evatane 
2020

EVA20 20 - 80 44,000 2.23

Evatane 
2805

EVA27 27 - 72 57,000 0.74

Orevac 
9305

EVAMA26 26 1.5 47 20,000 11.13

Orevac 
9307 EVAMA13 13 1.5 92 73,000 1.1
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The structure of the modified copolymers was investigated by transmission 
electron microscopy. Identification of the phase structure of the samples was 
carried out by etching of the surface in high-oxygen plasma discharge with 
the subsequent preparation of single-stage carbon-platinum replicas. View 
of samples was performed on PEM EM-301 (“Philips,” Holland).

28.3  RESULTS AND DISCUSSION

The temperature dependencies of the solubility of (3-glycidoxypropyl)tri-
methoxysilane (GS) in the initial double and triple copolymers of ethylene 
were identified in diffusion experiments by direct bringing into a contact 
of EVA (EVAMA) and GS.

Studies of mutual solubility of the components are shown in 
Figures 28.1 and 28.2.

There are two binodal curves on all phase diagrams: the right branch of 
the binodal corresponds to the solubility of the copolymer in the modifier and 
is located in the area of infinitely dilute solutions. The second binodal curve 
represents the solubility of the modifier in the copolymers and is located in a 
fairly wide concentration area. The solubility of the modifier in the copolymer 

FIGURE 28.1  Phase diagrams of the systems copolymer of ethylene with vinyl acetate – 
GS: 1 – EVA20; 2 – EVA27: I, II – the areas of true solutions, heterogeneous condition; 
III – the area of preparation of the compositions; IV – the area of study of the structure and 
physical properties
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is increased as the temperature rises. In the systems EVA – GS the solubility of 
modifier in the system reduces with the increase of VA content. However, for 
the systems EVAMA – GS this is not observed. In these systems the solubility 
of GS in the copolymer increases with the increase of VA content.

It was found that the rate of a chemical reaction is greater than or com-
parable to the diffusion rate, and the movement of the modifier occurs in 
a chemically modified matrix, so the appearance of the “hourglass” on the 
diagram, we do not see [5]. The resulting matrix is soluble in the copo-
lymer, and therefore we do not observe the phase decomposition during 
reheating [7].

Thus, it can be argued that these mixtures are characterized by dia-
grams with upper critical point of solubility (UCPS). This is also evi-
denced by the temperature dependencies of the pair interaction parameters 
(Figure 28.3), calculated according to the equation, assuming that the right 
branch of the binodal is located on the axis φ2 = 1:

	 	

FIGURE 28.2  Phase diagrams of the systems copolymer of ethylene with vinyl 
acetate – GS: 1 – EVAMA13; 2 – EVAMA26: I, II – the areas of true solutions, 
heterogeneous condition; III – the area of preparation of the compositions; IV – the area of 
study of the structure and physical properties.
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where χ – pair interaction parameter; φ1 and φ2 – concentration of EVA and 
GS respectively; r1, r2 – their degrees of polymerization.

In all phase diagrams (see Figures 28.1 and 28.2) there are the areas 
corresponding to temperature-concentration areas of the components mix-
ing (area III), and the areas corresponding to the structure of the com-
pounds and their physical properties (area IV). The diagrams show that 
the preparation of the mixtures takes place in the single-phase area (area 
I in the diagrams) and the study of the part of the system takes place in a 
heterogeneous area (area II in the diagram).

After etching of the cooled samples in plasma of high-oxygen dis-
charge appearing some particles, protruding above the surface, which have 
a lower etching rate compared with the dispersion medium. Earlier it has 
been shown that the lowest etching rate among carbo- and heterochain 
polymers have polysiloxanes. Thus, it can be concluded that the dispersed 
phase is enriched by siloxanes (Figure 28.4).

Since the reaction mixing was accompanied by intense shear impacts 
in the presence of oxygen and air moisture, the obtained composite 
material is the result of the processes of diffusion mixing and chemical 

FIGURE 28.3  Temperature dependence of the pair interaction parameter of the systems: 
a – 1 – EVA20 – GS; 2 – EVA27 – GS; b – 1 – EVAMA13 – GS; 2 – EVAMA26 – GS. 
Arrows show UCPS.
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interactions between the components. This may explain the presence of 
the dispersed phase, although based on the phase diagrams it should not 
be here [8].

Formation of grafted siloxane units affects viscosity and rheologi-
cal characteristics of the compositions. With the introduction of glyci-
doxysilanes, there is a decrease of the melt flow (see Figure 28.5) of the 

FIGURE 28.5  The dependence of the intrinsic viscosity and MFR from the modifier 
content: EVAMA26 – GS (viscosity at 40°C, MFR 125°C – 2.16kg).

FIGURE 28.4  Microphotograph of EVAMA26 – GS (10%).
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modified polymers (by 30%) and an increase in the intrinsic viscosity 
(in 1.3–1.5 times), indicating that the preferential formation of branching 
and intermolecular bridges, increasing the length of the macromolecule, 
takes place.

Isolation of siloxane into a separate phase leads to an enrichment by 
them of the surface of the composition, and, consequently, to an increase 
of the adhesion characteristics [9].

Glycidoxypropyltrimethoxysilane is used as an additive for polyesters, 
polyacrylates, polysulfides, urethanes, epoxy and acrylic resins to improve 
their adhesion to glass, aluminum, steel and other substrates. Aqueous and 
alcoholic solutions of glycidoxysilane are used to improve an adhesion of 
epoxy resin to aluminum plates.

Thus, the system EVAMA26 − GS has a good adhesion to PET. For 
this system at the moment of the substrate rupture an adhesion strength 
at the content of GS of 1.5 wt.% increased in 3.4 times (see Figure 28.6). 
In this case the rapture has a cohesion nature and accompanied by the rap-
ture of the substrate [10].

FIGURE 28.6  Adhesion strength of the polymer – PET: EVAMA26 – GS. Condition of 
the formation at 160°C for 10 minutes.
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28.4  CONCLUSION

Thus, the data of these phase diagrams can be used in the study of the 
compositions, as well as selecting regimes for their preparation. From 
the diagram we can define the aggregate state, the amount and chemical 
composition of the phases, as well as structural-phase state of the compo-
sitions according to the temperature and concentration of its constituent 
components.

The triple copolymer, modified by glycidoxysilane, can be used in the 
production of laminated multilayer films as it is simultaneously has a good 
flowability and a high value of the adhesion strength.
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ABSTRACT

The solubility of components has been studied in a wide range of 
temperatures and compositions in the systems copolymers of ethylene – 
aminoalkoxysilane. Phase diagrams have been constructed. Temperature 
and concentration areas of changes in solubility have been identified and 
structure of the modified copolymers has been studied.

29.1  INTRODUCTION

Copolymers of ethylene are widely used for obtaining materials and prod-
ucts for various purposes including coatings and adhesives. In this con-
nection there is a need for continuous improvement in the properties of 
existing materials, because the synthesis of new polymers is difficult. 
Thus, to extend the scope of industrial-produced copolymers of ethylene 
is possible by their modification. One of the effective ways of modifica-
tion is the introduction of organosilicon compounds. Introduction of such 
additives allows to achieve various changes in polymer properties [1–3], 
including adhesive characteristics [4, 5].

So γ-aminopropyltriethoxysilane (AGM-9) is used in fiberglass and 
paint industries to improve the adhesion of different polymers and coat-
ings (acrylates, alkyds, polyesters, polyurethanes) to inorganic substrates 
(glass, aluminum, steel, and others) and to increase water resistance and 
corrosion stability of paint materials. AGM-9 is also used as pigment-
ing additives (enhance the interaction of the pigment with the polymeric 
matrix of composite material or paint material).

In order to optimize the composition of the polymer compounds and 
conditions of the structure formation of their mixtures the information about 
the phase organization of these systems is of considerable interest [5].

Despite the fact that there are papers devoted to improving adhesion 
to various substrates when modifying copolymers of ethylene by aminosi-
lanes [6, 7], the information about the influence of monoaminofunctional 
silane on phase balance and phase structure of the polyolefin compositions 
in the scientific literature is not available.

The aim of this work was to study the formation of the phase structure of 
silanol-modified ethylene copolymers with vinyl acetate and vinyl acetate 
and maleic anhydride in a wide range of temperatures and compositions.
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29.2  SUBJECTS AND METHODS

As the objects of study were used copolymers of ethylene with vinyl 
acetate Evatane 2020 (EVA20) and Evatane 2805 (EVA27) with vinyl ace-
tate content of 20 and 27 wt%, respectively; copolymers of ethylene with 
vinyl acetate and maleic anhydride brand Orevac 9307 (EVAMA13) and 
Orevac 9305 (EVAMA26) with vinyl acetate content of 13 and 26 wt%. 
Main characteristics of the copolymers are given in Table 29.1.

As the modifier was used silane, containing an amino group – 
γ-aminopropyltriethoxysilane (AGM-9). Transparent, colorless liquid 
with a molecular weight 221. Density is 962 kg/m3. Refractive index 
nd

20 = 1.4178, the content of amine groups is 7–7.5%. The melting tem-
perature is -70°C.

Determination of the composition of coexisting phases and the 
interdiffusion coefficients was carried out by a processing of series of inter-
ferograms obtained by microinterference method. Interferometer ODA-3 
was used for the measurements. Measurements were performed at a range 
of temperatures from 50 to 150°C. To construct profiles of concentrations 
by interference patterns the temperature dependencies of the refractive 
index of the components are required [6–8]. Refractive index measure-
ments were carried out by an Abbe refractometer IRF-454 BM at a range 
of temperatures from 20 to 150°C.

The structure of the modified copolymers was investigated by 
transmission electron microscopy. Identification of the phase structure 
of the samples was carried out by etching of the surface in high-oxygen 
plasma discharge with the subsequent preparation of single-stage carbon-
platinum replicas. View of samples was performed on PEM EM-301 
(“Philips,” Holland).

29.3  RESULTS AND DISCUSSION

29.3.1  KINETICS OF MIXING THE COMPONENTS

Typical interferograms of interdiffusion zones of the systems EVA 
(EVAMA) – modifier are shown in Figure 29.1.

Preliminary studies have shown that at high temperatures, the inter-
diffusion process is completely reversible, that is, the phase structures, 
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TABLE 29.1  Characteristics of the Copolymers of Ethylene

Polymer Symbol VA content, % MA content, % Melting temperature, °С МV MFR, g/10min 
125°С

Density, 
g/cm3

Evatane 2020 EVA20 20 - 80 44,000 2.23 0.936
Evatane 2805 EVA27 27 - 72 57,000 0.74 0.945
Orevac 9305 EVAMA26 26 1,5 47 20,000 11.13 0.951
Orevac 9307 EVAMA13 13 1,5 92 73,000 1.1 0.939
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occurred when the temperature is lowered, dissolved again when the tem-
perature rises. This means that the net of the diffusion experiment is not 
formed or it is formed but broken during the diffusion of the modifier, 
which is unlikely.

It is known that during the interaction of polymers with a modifier tran-
sitional zones appear, within which the structure, composition and proper-
ties vary continuously at the transition from one phase to another.

FIGURE 29.1  The interferograms of interdiffusion zones of the systems: a – EVAMA26–
AGM-9 (100°C); b – EVAMA26–AGM-9 (60°C – cooling); c – EVA20–AGM-9 (120°C); 
d – EVA20–AGM-9 (90°C – cooling), e – EVAMA26–AGM-9 (140°C).
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For all systems the general picture is characteristic for partially 
compatible systems with a primary dissolution of alkoxysilanes in the melt 
of copolymers.

Phase boundary (III), a region of diffusion dissolution of modifiers in 
the melt of copolymers (IV) and phases of a pure copolymer (I) and the 
modifier (II) are clearly expressed on interferograms. Situation in the sys-
tems changes with temperature decreasing: near the interface there is a 
region of opacity with separation of the dispersed phase in the melt of 
the copolymer (V) and in the modifier. However, when the temperature 
rises again, the region of opacity disappears, indicating the reversibility of 
phase transformations occurring in the systems.

However, there were registered also the compatible systems and the 
temperatures corresponding to this dissolution. AGM-9 is compatible in the 
systems EVA27 – AGM-9, EVAMA26 – AGM-9 (see Figure 29.1e) at a 
temperature above 100°C, in the system EVA20 – AGM-9 (at a temperature 
above 120°C) and EVAMA13 – AGM-9 (at a temperature above 150°C).

Typical profiles of the concentration distribution in these systems are 
shown in Figure 29.2.

The size of the diffusion zone is influenced by several factors: the tem-
perature and the time of observation.

FIGURE 29.2  Profiles of the concentration distribution in the system EVAMA13 – 
AGM-9 at 135°C. Diffusion time: 1 – 11min, 2 – 7 min. I – diffusion zone of AGM-9 in 
EVAMA13, II – diffusion zone of EVAMA13 in AGM-9, III – phase boundary.

© 2016 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-32&iName=master.img-001.jpg&w=234&h=158


Phase Equilibrium and Diffusion in the Systems of Ethylene	 317

It can be seen that the sizes of the diffusion zones on both sides of 
the phase boundary increases in time, whereas the values of concentra-
tions near the interphase boundary in isothermal process conditions do not 
change their values.

The influence of temperature has a number of characteristic features. 
The higher the temperature, the greater the distance the molecules of the 
modifier diffuse for equal periods of time and the larger the diffusion 
zone. This distribution of the concentration profiles when the temperature 
changes indicate that the system belongs to a class of systems with upper 
critical point of mixing [8].

Figure 29.3 shows the kinetic curves of isoconcentration planes moving 
at different temperatures for the systems studied.

Despite the fact that the kinetics of movement of the modifier front 
in the matrix of the copolymer has a linear dependence, IR-spectroscopy 
showed that all of the systems chemically react [9]. We can assume that 
the method of interferometry was unable to fix a chemical reaction under 
the given observation time. The chemical reaction rate is comparable or 
slightly higher than the rate of diffusion, and the movement of the modi-
fier already occurs into a chemically modified matrix, which is the reason 
for the lack of bending motion of the modifier front into the copolymer. 

FIGURE 29.3  The time dependence of the size of the diffusion zone EVAMA26 – 
AGM-9 at various temperatures: 1 – 140°C, 2 – 120°C, 3 – 100°C.
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The resulting matrix is soluble in the copolymer, so we do not observe the 
phase decomposition by reheating.

As the temperature increases, the nature of the concentration distribu-
tion in the zone of diffusion mixing of the components is maintained. 
Only the velocity of the isoconcentration planes movement changes. The 
angle of inclination of these relationships varies with temperature: the 
higher the temperature, the greater the angle of inclination of the line in 
the coordinates X – t1/2. The slope of the kinetic lines is proportional to the 
coefficient of the modifier diffusion into the matrix. Therefore, the greater 
the angle of inclination, the higher the numerical value of the diffusion 
coefficient.

29.3.2  PHASE EQUILIBRIA

Consideration of diffusion zones of interacting copolymers and modifiers 
allows us to obtain not only the concentration profiles, but also the phase 
diagrams of the studied systems by quantitative analysis of interferograms 
obtained at different temperatures.

There are two binodal curves on all phase diagrams: the right branch of 
the binodal corresponds to the solubility of the copolymer in the modifier 
and is located in the area of infinitely dilute solutions. The second binodal 
curve represents the solubility of the modifier in the copolymers and is 
located in a fairly wide concentration area. The solubility of the modifier 
in the copolymer is increased as the temperature rises.

In all phase diagrams (see Figures 29.4 and 29.5) there are the areas 
corresponding to temperature-concentration areas of the components mix-
ing (area III), and the areas corresponding to the structure of the com-
pounds and their physical properties (area IV). The diagrams show that 
the preparation of the mixtures takes place in the single-phase area (area I 
in the diagrams). As the temperature decreases the figurative point of the 
systems crosses the binodal curve and the system goes into a heterogeneous 
area (area II in the diagrams). The phase decomposition takes place and it is 
uniquely fixed in electron microscopic images (see Figures 29.6 and 29.7). 
Judging from the microphotographs, in the mixtures with EVAMA13, pre-
cipitated phases have a size of from 0.1 to 1 micron, whereas for EVAMA26 
the dispersed particles have a size of from 50 to 100 micron.
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FIGURE 29.4  Phase diagrams of the systems a copolymer of ethylene with vinyl 
acetate – AGM-9: 1 – EVA20; 2 – EVA27: I, II – the areas of true solutions, heterogeneous 
condition; III – the area of preparation of the compositions; IV – the area of study of the 
structure and physical properties.

FIGURE 29.5  Phase diagrams of the systems a copolymer of ethylene with vinyl acetate 
and maleic anhydride – AGM-9: 1 – EVAMA13; 2 – EVAMA26: I, II – the areas of true 
solutions, heterogeneous condition; III – the area of preparation of the compositions; IV – 
the area of study of the structure and physical properties.

© 2016 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-32&iName=master.img-003.jpg&w=216&h=182
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-32&iName=master.img-004.jpg&w=217&h=168


320	 High-Performance Polymers for Engineering-Based Composites

FIGURE 29.6  Microphotograph of EVAMA13 – AGM-9 (10%).

FIGURE 29.7  Microphotograph of EVAMA26 – AGM-9 (10%).

Particles, protruding from the surface, etched in plasma of high-oxygen 
discharge, have smaller etching rate compared with the dispersion 
medium. It has been shown previously [10] that the lowest etching rate 
among carbo- and heterochain polymers have polysiloxanes. Thus, it can 
be concluded, that the dispersed phase is enriched by siloxanes.

With the increase of the content of vinyl acetate groups both in 
EVA and in EVAMA solubility of AGM-9 increases. In this case, the 
tendency in the change of solubility is the same for high and low tem-
perature areas.
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29.4  CONCLUSION

Thus, comprehensive studies of diffusion, phase and structural-morpho-
logical characteristics of the compositions allow us to identify the contri-
bution of chemical reactions into the change of phase equilibrium and into 
the phase structure formation.
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ABSTRACT

The Chitosan (CS) based nanofibers web is a biocompatible, biodegrad-
able, antimicrobial and non-toxic structure, which has both physical and 
chemical properties to effectively capture and neutralize toxic pollutants 
from air and liquid media. The purpose of this study is to characterize 
CS-based nanofibers web for filtration. Antibacterial experiments were 

© 2016 by Apple Academic Press, Inc.



324	 High-Performance Polymers for Engineering-Based Composites

performed to examine the amount of bacteria reduction. Nanofibers 
analyzed with FTIR and DSC instruments. In antibacterial test, Turbid 
metric method was more suitable than agar diffusion method and the web 
with 60/40 weight ratio was demonstrated most bacteria reduction. FTIR 
analysis demonstrated that there were strong intermolecular hydrogen 
bonds between CS and PVA molecular. In DSC analysis, it was known 
that filters made of CS/PVA nanofibers are not suitable and applicable 
for high temperatures.

30.1  INTRODUCTION

Recently, membrane filtration in water treatment and air cleaning has been 
used worldwide [1]. Filters have been widely used in both households 
and industry for removing substances from air or liquid. Filters for envi-
ronment protection are used to remove pollutants from air or water. In 
military, they are used in uniform garments and isolating bags to decon-
taminate aerosol dusts, bacteria and even virus, while maintaining perme-
ability to moisture vapor for comfort. Respirator is another example that 
requires an efficient filtration function. Similar function is also needed for 
some fabrics used in the medical area [2]. Central to this application is also 
the ability of the various membrane filtration processes to remove patho-
genic microorganisms such as protozoa, bacteria and viruses [3]. Among 
the membrane processes, nanofiltration is the most recent technology, hav-
ing many applications, especially for drinking water and wastewater treat-
ment and air filtration [4]. Fibrous media in the form of non-wovens have 
been widely used for filtration applications. Non-woven filters are made 
of randomly laid micron-sized fibers, which provide a physical, sized-
based separation mechanism for the filtration of air and water borne con-
taminants [5]. Non-woven nanofibrous filter media (nanofiber is defined 
as having diameter < 0.5 µm by non-wovens industry [6]) would offer 
a unique advantage as they have high specific surface area, good inter-
connectivity of pores, and ease of incorporation of specific functionality 
on the surface effectively filtering out contaminants by both physical and 
chemical mechanisms [6]. Nonwoven nanofibrous media have low basis 
weight, high permeability, and small pore size that make them appropri-
ate for a wide range of filtration applications. In addition, nanofibers web 
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offers unique properties like high specific surface area (ranging from 1 to 
35 m2/g depending on the diameter of fibers) and the potential to incorpo-
rate active chemistry or functionality on nanoscale [7].

30.1.1  CHITOSAN

Over the recent years, interest in the application of naturally occurring 
polymers such as polysaccharides and proteins, owing to their abun-
dance in the environment, has grown considerably [8, 9]. CS is a modi-
fied natural amino polysaccharide derived from chitin, known as one of 
the most abundant organic materials in nature. Chitin is the major struc-
tural component in the exoskeleton of arthropod sand cell walls of fungi 
and yeast [10]. Commercial chitin is mainly prepared from crab, lob-
ster and shrimp shells, which are the massive waste products of seafood 
industries [11]. Applications for chitin are very limited because of its poor 
solubility in common solvents resulting mainly from its highly extended 
hydrogen-bonded semi-crystalline structure [12]. Chitin, the second most 
polysaccharide found on earth next to cellulose, is a major component of 
the shells of crustaceans such as crab, shrimp and crawfish. The structural 
characteristics of chitin are similar to those of glycosaminoglycans. When 
chitin is deacetylated over about 60% it becomes soluble in dilute acidic 
solutions and is referred to CS or poly(N-acetyl-D-glucosamine). CS and 
its derivatives have attracted much research because of their unique bio-
logical properties such as antibacterial activity, low toxicity, and biode-
gradability [8, 9]. Thus, chitin is often converted to its more deacetylated 
derivative called CS. Chitin is very similar to cellulose, except for the 
hydroxyl group at C2 position that is replaced by the acetylamino group. 
Depending on the chitin source and the methods of hydrolysis, CS varies 
greatly in its molecular weight (MW) and degree of deacetylation (DDA). 
The MW of CS can vary from 30 kDa to well above 1000 kDa and its 
typical DDA is over 70%, making it soluble in acidic aqueous solutions. 
At a pH of about 6–7, the biopolymer is a polycation and at a pH of 4.5 
and below, it is completely protonated. The fraction of repeat units, which 
are positively charged is a function of the degree of deacetylation and 
solution pH. A higher degree of deacetylation would lead to a larger num-
ber of positively charged groups on the CS backbone [13]. As mentioned 
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above, CS has several unique properties such as the ability to chelate ions 
from solution and to inhibit the growth of a wide variety of fungi, yeasts 
and bacteria. Although the exact mechanism with which CS exerts these 
properties is currently unknown, it has been suggested that the polyca-
tionic nature of this biopolymer that forms from acidic solutions below 
pH 6.5 is a crucial factor. Thus, it has been proposed that the positively 
charged amino groups of the glucosamine units interact with negatively 
charged components in microbial cell membranes altering their barrier 
properties, thereby preventing the entry of nutrients or causing the leak-
age of intracellular contents. Another reported mechanism involves the 
penetration of low MW CS in the cell, the binding to DNA, and the sub-
sequent inhibition of RNA and protein synthesis. CS has been shown also 
to activate several defense processes in plant tissues, and it inhibits the 
production of toxins and microbial growth because of its ability to chelate 
metal ions [14, 15]. To date, the most successful method of producing 
nanofibers is electrospinning.

30.1.2  ELECTROSPINNING OF CS

CS is insoluble in water, alkali, and most mineral acidic systems. However, 
though its solubility in inorganic acids is quite limited, CS is in fact soluble 
in organic acids, such as dilute aqueous acetic, formic, and lactic acids. 
CS also has free amino groups, which makes it a positively charged poly-
electrolyte. This property makes CS solutions highly viscous and com-
plicates its electrospinning [16]. Furthermore, the formation of strong 
hydrogen bonds in a 3-D network prevents the movement of polymeric 
chains exposed to the electrical field [17]. Different strategies were used 
for bringing CS in nanofiber form. The three top most abundant techniques 
include blending of favorite polymers for electrospinning process with CS 
matrix [18, 19] alkali treatment of CS backbone to improve electrospin-
nability through reducing viscosity [20] and employment of concentrated 
organic acid solution to produce nanofibers by decreasing of surface ten-
sion [21]. Electrospinning of polyethyleneoxide (PEO)/CS [18] and polyvi-
nyl alcohol (PVA)/CS [19] blended nanofiber are two recent studies based 
on first strategy. In the second protocol, the MW of CS decreases through 
alkali treatment. Solutions of the treated CS in aqueous 70–90% acetic acid 
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produce nanofibers with appropriate quality and processing stability [20]. 
Using concentrated organic acids such as acetic acid [21] and triflouroace-
tic acid (TFA) with and without dichloromethane (DCM) [22] has been 
reported exclusively for producing neat CS nanofibers. They similarly 
reported the decreasing of surface tension and at the same time enhance-
ment of charge density of CS solution without significant effect on vis-
cosity. This new method suggests significant influence of the concentrated 
acid solution on the reducing of the applied field required for electrospin-
ning. The electrospinning process uses high voltage to create an electric 
field between a droplet of polymer solution at the tip of a needle and a 
collector plate. When the electrostatic force overcomes the surface tension 
of the drop, a charged, continuous jet of polymer solution is ejected. As the 
solution moves away from the needle and toward the collector, the solvent 
evaporates and jet rapidly thins and dries. On the surface of the collector, 
a nonwoven web of randomly oriented solid nanofibers is deposited [7].

30.2  EXPERIMENTAL PART

30.2.1  MATERIALS

CS (degree of deacetylation 0.85) and medium molecular weight was sup-
plied by SIGMA-ALDRICH. PVA (degree of hydrolysis, 98%) and acetic 
acid (AA) purchased from MERK. Nutrient Broth and Nutrient Agar was 
supplied from LIOFILCHEM COMPANY. Staphylococcus aureus bacte-
ria used for this research.

30.2.2  PREPARATION OF CS/PVA SOLUTIONS

CS/PVA solution was prepared by blending of CS and PVA solution with 
concentration 20 wt% and 3 wt%, respectively. PVA solution was pre-
pared by dissolving PVA polymer in warm water (80°C) with magnetic 
stirring apparatus until a clear solution be made. Also, CS solutions were 
prepared by dissolving CS in aqueous 2%v/v acetic acid under magnetic 
stirring overnight at room temperature to obtain homogeneous solutions. 
The weight ratios of CS to PVA were selected as ranging from 10/90 to 
70/30, respectively. These blends were stirred for 6 hours.
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30.2.3  ELECTROSPINNING

After the preparation of spinning solution, it was imported in a 2 mL 
syringe with a stainless steel needle (Inner diameter 0.4 mm) and then 
the syringe was placed in a metering pump from WORLDPRECISION 
INSTRUMENTS (Florida, USA). The electrospinning instrument is shown 
in Figure 30.1. The needle was connected with a high voltage power sup-
ply, which could generate positive DC voltages. A piece of aluminum foil 
was selected as a collector. The electrospun webs were obtained at 10 kV 
voltage, 10 cm tip to collector distance and 0.1 mL/hour feed rate.

30.2.4  SCANNING ELECTRON MICROSCOPY (SEM)

The morphology of the electrospun fibers of CS/PVA was observed under 
a LEO1455VP scanning electron microscope after gold coating.100 fibers 
randomly selected in SEM micrographs and their diameter measured by 
IMAGE J software. Finally, the average fiber diameter and diameter dis-
tribution were reported.

FIGURE 30.1  Electrospinning setup.
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30.2.5  FOURIER-TRANSFORM INFRARED SPECTROSCOPY 
(FTIR)

A sample of electrospun fibers was prepared by electrospinning of CS/PVA 
solutions at 10 kV, 10cm collection distance. FT-IR measurements were per-
formed in a FT-IR Spectrometer IR 560 (Nickolet Magan) to obtain functional 
groups and the formed chemical bonds between PVA and CS in the fiber.

30.2.6  DIFFERENTIAL SCANNING CALORIMETRY (DSC)

To investigate the melting point and the shift of endothermic peaks of 
electrospun web, it was placed in a BAHR Thermo Analyze DSC 302 at 
10°C/min heating rate from room temperature to 250°C. The sample was 
stored in a desiccators prior to analysis.

30.2.7 Antibacterial Assessment

30.2.6.7.1  Nutrient Broth (NB) Solution Preparation

NB solution was prepared by adding NB powder to distilled water and 
agitating this mixture to reach a clear solution. Then, the solution was 
sterilized in a steam autoclave under these conditions, steam at a pressure 
of about 15 pounds per square inch (121°C) in about 15 minutes.

30.2.6.7.2  Nutrient Agar (NA) Preparation

Preparation of NA solution was performed in the same way as described 
for NB. To make homogeneous solution, NA added to heated distilled 
water and then sterilized. Then, it was pour into a plate to cool the solution 
and to achieve a solid Agar medium.

30.2.6.8  Antimicrobial Activity

To evaluate antibacterial activity, CS/PVA webs with different weight 
ratio were tested. Before bacterial testing, the NA and NB solutions were 
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sterilized under UV laminar flow and autoclave apparatus. At this research, 
Staphylococcus aureus bacteria isused. Two method used for antimi-
crobial test: Agar plate and Turbidimetric method. In Agar plate, First, 
CS/PVA webs were cut in 1×1 cm. Then, the bacteria suspension was filled 
in Agar plate and the samples placed on the agar medium. Finally, the Agar 
plate was tacked into incubator with 37°C for 4 hours.

For Turbidimetric method, bacteria culture was performed into liq-
uid medium. In this method, 5ml solution which it had included NB and 
Staphylococcus aureus of bacteria and salt solution was prepared for each 
electrospun web. Then, the webs imported into this solution and then 
absorbance of solution was read by spectrophotometric UV-visible at 
wavelength of 600 nm after 3 hours.

30.3  RESULTS AND DISCUSSIONS

30.3.1  EFFECT OF BLEND WEIGHT RATIO

Table 30.1 shows SEM images of CS/PVA webs with different weight 
ratio of CS to PVA and its fiber diameter distribution. In this study, we 
prepared the electrospun web of CS/PVA using acetic acid-water solution 
as a spinning solvent. As we know, CS is a cationic polysaccharide with 
amino groups at the C2 position, which are ionizable under acidic or neu-
tral pH conditions. Therefore, the morphology and diameter of electrospun 
fibers will be seriously influenced by the weight ratio of CS/PVA. As seen 
at Table 30.1, the fiber diameter gradually decreased with increasing CS 
content in the blend. When CS content was more than 60%, an electrospun 
web was created with a lot of beads. These behaviors can be explained 
as the following. CS is ionic polyelectrolytes, therefore a higher charge 
density on the surface of ejected jet forms during electrospinning. This 
aggregation of charge causes a higher elongation force imposed to the jet 
under the electrical field and the diameter of final fibers becomes smaller.

For filtration application, we needed a nanofiber web that it have smaller 
diameter, uniform and beadles fibers. Thus, the nanofiber web of CS/PVA 
with weight ratio 40/60,50/50 and 60/40 selected, because, these weight 
ratios have smaller diameters in comparison with others. The average fiber 
diameter of these webs was 97.70, 129.53 and 176.79 nm, respectively. 
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TABLE 30.1  SEM Photographs of Nanofiber Web in Different Weight Ratios of CS to PVA

Weight ratio 
(CS /PVA)

SEM image Average Diameter(nm) Distribution of nanofibers diameter

70/30 54.13± 14

60/40 97.70 ±35
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Weight ratio 
(CS /PVA)

SEM image Average Diameter(nm) Distribution of nanofibers diameter

50/50 129.53 ± 24

40/60 176.79 ± 28

TABLE 30.1  Continued

© 2016 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-33&iName=master.img-005.jpg&w=122&h=130
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-33&iName=master.img-006.jpg&w=123&h=119
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-33&iName=master.img-007.jpg&w=122&h=124
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-33&iName=master.img-008.jpg&w=123&h=113


C
haracterization of C

S-B
ased N

anofibrous W
eb	

333

Weight ratio 
(CS /PVA)

SEM image Average Diameter(nm) Distribution of nanofibers diameter

30/70 181.01± 35

20/80 299.37±100

TABLE 30.1  Continued
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TABLE 30.1  Continued

Weight ratio 
(CS /PVA)

SEM image Average Diameter(nm) Distribution of nanofibers diameter

10/90 395.11±75
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Finally after evaluation of antibacterial activity, the best weight ratio of 
nanofiber web can determine for filter application.

30.3.2  ANTIBACTERIAL ACTIVITY

In antibacterial assessment, 3 wt% CS/20 wt% PVA electrospun fibers 
with different weight ratio prepared from electrospinning process 
at 10 kV applied electrical potential, 10 cm collection distance and 
0.1 mL/hr Feed rate. These electrospun fibers exposed to Staphylococcus 
aureus (S. aureus) bacteria. Before exposing, all samples had been 
sterilized with Ultraviolet (UV) because the electrospun fibers can be 
deformed by alcohol or autoclave. There are many methods to determine 
the antibacterial activity Such as Agar plate diffusion, Agar tube diffusion 
assay for Agar medium, and Turbidimetric, pH change and broth dilution 
assay for broth medium. In this research, the antimicrobial activity of 
CS in CS/PVA fibers was tested by an Agar plate diffusion method and 
Turbidimetric method. Antibacterial activities determine with inhibition 
zone around the samples in Agar plate diffusion. Figure 30.2 shows that 
there is no inhibition zone around electrospun fiber with different weight 
ratio but bacteria is grew on sample 10/90 (when amount of CS was 
minimum) completely. It is possible that CS in the electrospun web dis-
solves in bacteria suspension or has no diffusion. In Agar plate diffusion 
need a chemical active material to be able to diffuse out of the matrix 
into the plate in order to prohibit microorganism growth. This experi-
ment indicates that the Agar plate diffusion method was not suitable for 
testing antibacterial assessment for CS/PVA fiber system because, it is 
able to show antibacterial activity and is not a quantitative method and 
do not exhibit inhibition zone easily.

Therefore, turbidimetric method was used for antibacterial assay. In 
this method, the absorbency of solution which it is included of bacteria, 
brine and webs measured by spectrophotometer UV-visible. Figure 30.3 
shows the relationship of bacteria absorbance and CS content at 600 nm 
wavelength. This diagram presents that solution absorbency decreased 
by increasing of CS content to 60/40 weight ratio. In other words, maxi-
mum reduction of bacteria was occurred at 60/40 weight ratio, because, 
bacteria can prevent of light transmission from the cell. Thus, the 
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FIGURE 30.2  Agar plate diffusion method for CS /PVA electrospun web at different 
weight ratio A: 50/50, B: 40/60, C: 30/70, D: 20/80, E: 10/90.

FIGURE 30.3  The relationship of bacteria absorbance and CS content at 600 nm 
wavelength.

percent of bacteria reduction increases by increasing of CS content and 
electrospun web of CS/PVA with 60/40 weight ratio has better bacteria 
reduction.
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30.3.3  CHARACTERIZATION OF ELECTROSPUN FIBERS

To confirm the existence of PVA and CS in electospun fibers, an electrospun 
web was prepared from spinning solution 20wt% PVA/3wt% CS and eval-
uated by FTIR and DSC experiments.

30.3.4  FTIR ANALYSIS

The FTIR test of composites was carried out in order to characterize the 
participated functional groups in formation of CS/PVA nanofibers web. 
Figure 30.4 presents the FTIR spectra of electospun web CS/PVA with 
weight ratio 60/40 in comparison with pure PVA and CS.

The FTIR spectra of PVA reveals peak sat 1430 cm–1 (CH2 bending) and 
3354cm–1 (-OH stretching). It represents the characteristic broad band at 
2900–3000 cm–1 for CH2 group and CH3 group, respectively. The CS exhib-
ited characteristic broadband of OH group at 3400–3500 cm–1[23]. The 
bands of NH2 group (1560–1640) and O-C-NH2 (1600–1640) group can be 
observed at 1634 cm–1. The broad bands of CH3 group and CH3-O group can 
be observed at 1000–1200 cm–1 [24]. It can be found the peaks over the wave 

FIGURE 30.4  FTIR spectra of nanofiber CS/PVA: 60/40, PVA and CS powder.
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number range of 3345–3356 cm–1 that represent to OH stretching and -NH 
stretching. FTIR Spectroscopic Measurement exhibited the existence of rel-
evant functional groups of both PVA and CS in CS/PVA nanofibers web.

30.3.5  DSC ANALYSIS

DSC thermograms of the electrospun fibers CS/PVA, pure PVA and CS are 
shown in Figure 30.5. The pure PVA showed a relatively large and sharp 
endothermic curve with a peak at 200°C. More polysaccharides do not 
melt but they, because of associations through hydrogen bonding, degrade 
under heating above a certain temperature. Below degradation tempera-
ture of polymer, its thermogram shows a very broad endothermic peak that 
is associated with the water evaporation. In CS thermogram, a broad peak 
at approximately 100°C was seen that it was corresponding to the water 
evaporation process. However, for CS/PVA blend nanofibers, endothermic 
curve became broad and obtuse, and the peak shifted toward the low tem-
perature. This indicated that the crystalline microstructure of electrospun 
fibers did not develop well. The reason of this phenomenon is that the 

FIGURE 30.5  DSC curves of PVA, CS and PVA/CS electrospun nanofibers
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majority of chains are in non-crystalline state due to the rapid solidification 
process of stretched chains during electrospinning. This demonstrated that 
CS content in the blend caused to decreasing thermal stability of PVA/CS 
in comparison with pure PVA. Thus, the filters made of CS/PVA nanofi-
bers are not suitable and applicable for high temperatures.

30.4  CONCLUSIONS

The electrospun nanofibrous web of PVA/CS blends was fabricated. The 
effects of the blend weight ratio on structure and morphology of the fibers 
were investigated. The result indicated that the average diameter of the 
fiber gradually decreased with increasing CS content from 10% to 60%. 
Above 60% CS, the nanofibers had a lot of beads. In antibacterial test, 
turbidimetric method was more suitable than agar diffusion method and 
the web with 60/40 weight ratio was demonstrated most bacteria reduction. 
FTIR and DSC analysis demonstrated that there were strong intermolecular 
hydrogen bonds between CS and PVA molecular. It was known the filter 
made nanofibers CS/PVA can be able to inhibit bacteria growth so can use 
as antibacterial filter. In DSC analysis, it was known that filters made of 
CS/PVA nanofibers are not suitable and applicable for high temperatures.
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ABSTRACT

This paper illustrates the benefit of kinetics to optimize a thermal cur-
ing formulation. The differential scanning calorimetry (DSC) was used 
to study the curing behavior of a system based epoxy (Epolam 5015). 
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Two thermal curing methods have been developed, non-isothermal and 
isothermal curing. Non-isothermal curing at five different heating rates 
and isothermal curing at five different temperatures, for various formu-
lation of Epolam 5015 system was conducted. Kinetic parameters such 
as activation energy (Ea), rate constant (k) and enthalpy of reaction were 
studied. Results obtained showed that the optimum system of Epolam 
5015 resin and hardener was 100/30 wt/wt%, where its Ea value is the 
lowest among other formulations. In addition, autocatalytic and second 
order kinetic model have proven to give the closest estimation to the non-
isothermal and isothermal curing, respectively.

31.1  INTRODUCTION

Epoxy resins are widely used in diverse applications including fiber-
reinforced composites, surface coatings, printed circuit boards, rigid 
foams and adhesives [1]. In all of these applications, a curing process is 
involved in which the monomeric or oligomeric polyfunctional epoxide is 
transformed into a cross-linked macromolecular structure. An understand-
ing of the curing reaction and its kinetics, together with the availability of 
reliable methods of monitoring them, is important in order to obtain con-
sistent products with the optimal desired physical and mechanical proper-
ties. The control of the curing process is especially important in the case of 
structural materials that require a critical design specification [2].

There are three curing methods that have been developed till today. 
They are thermal, electron beam (e-beam), and UV curing [1]. Thermal 
curing is the oldest among all these methods. It has been around for many 
years. The understanding of the thermal-curing process is now mature 
enough where applications such as large and complex structures are being 
manufactured and repaired. One of the newer trends in the composites 
industry is using radiation-curable resin systems with the radiation sources 
being ultraviolet (UV) or electron beam (EB). These methods of cure use 
radiation to physically or chemically change organic materials, forming 
cross-linked polymer networks. However, to date, thermal-curing systems 
is still proven to dominate the market place.

This chapter aims to investigate the thermal curing behavior of Epolam 
5015 epoxy resin and hardener system. It shows the interest through 
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kinetics to determine the optimum formulation of Epolam 5015 resin and 
hardener system thanks to the determination of kinetic parameters (i.e., 
activation energy and pre-exponential factor of the epoxy system) and the 
determination of best-fitted curing model, which corresponds to each ther-
mal curing behavior.

31.1.1  THERMAL CURING

Epoxy resins are unique among thermosetting resins because broadly used 
in coatings (45%), electronics/electrical insulation (28%), composites 
(14%), construction (7%), and adhesives (6%) applications [3].

In order to obtain epoxy system for high performance applications, 
numerous curing processes have been done in the last decade. Thermal 
curing utilizes the application of heat to produce strong cross-linked net-
work. In thermal curing, epoxy resins will react with a large number of 
chemical species called curatives or hardeners. Sometimes, it is incorrectly 
called catalysts. The hardeners are used in the amount that is sufficient to 
react with each epoxide group, while this reaction can be accelerated by 
using catalysts [4].

Curing reaction of epoxy and amine is a type of step-growth polym-
erization or condensation polymerization. This polymerization involves 
monomers that have at least two functional groups, so that the polymer 
can grow at either end of chain [5]. It can be monitored using differential 
scanning calorimetry (DSC). Dynamic DSC measures the heat flow to the 
sample as a function of time or temperature.

Figure 31.1 displays a typical DSC thermogram of an initially uncured 
sample submitted to a non-isothermal curing. The first heating corre-
sponds to curing process. It is recorded from 30 to 250°C. The exothermic 
reaction starts near 40°C (Tonset) and ends at about 220°C (Tend) for 22 min 
(Tcure). The theoretical overall conversion attained at this point is one. The 
area underneath the exothermic peak is measured as the total heat of a 
complete reaction, ΔHtot. The second heating is used to identify whether 
the system is fully cured. A fully cured system is attained when there is no 
exotherm peak observed in the second curve. In addition, the shift in the 
second heating curve around 40°C represents the glass transition tempera-
ture of the fully-cured system, Tg.
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The kinetic study of an exothermal reaction requires the following fun-
damental data: degree of cure, conversion rate, and glass transition tem-
perature. All of these data can be determined using experimental results 
(as explained in Figure 31.1). The following is thorough explanation of 
each fundamental data.

31.1.1.1  Conversion Rate (dα/dt) and Degree of Curing (α)

Thermal curing method continuously observes the conversion rate and 
degree of cure (conversion) over the entire course of reaction. This method 
assumes that the measured heat flow (dH/dt) is proportional to the conver-
sion rate (dα/dt). The relation can be expressed by the following equation 
(conversion rate, [7–9]:

	
d dt dH dt

Htot

α / /
=

∆
	 (1)

The degree of curing was evaluated as fractional conversion (αt). It 
is defined as the ratio of the heat recorded up to time t (ΔHt) to the total 

FIGURE 31.1  Typical DSC thermogram of non-isothermal curing.
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heat of the complete reaction (ΔHtot). The fractional conversion (degree of 
curing [7–9]) was quantitatively calculated as follows:

	 αt
t

tot

H
H

=
∆
∆ 	 (2)

31.1.1.2  Total Heat of Reaction

The overall reaction enthalpy is an important parameter in Eqs. (1) and (2). 
For too low heating rates, some initial and final reactions may remain 
unrecorded because of insufficient instrument sensitivity. As for too high 
heating rates, the later stages of curing may interfere with thermal decom-
position processes [10]. In this study, the total heating rate, ΔHtot was taken 
by scanning the sample from 0 to 250°C at heating rate of 10°C/min.

31.1.1.3  Baseline of DSC Thermal Curing

The calculation of conversion and conversion rate requires the numerical 
integration of the partial areas of exothermic reaction peaks and therefore the 
need to draw a baseline. As it is observed in Figure 31.1, the heat flow (dH/dt) 
in Eq (1), was taken as the height of exothermic curve from the baseline.

In thermal curing, a linear baseline is drawn between the Tonset and Tend 
as illustrated in Figure 31.1 [11] where Tonset and Tend represent the starting 
and ending point of curing mechanism, respectively.

31.1.1.4  Glass Transition Temperature

Glass transition temperature or Tg is an essential data in the curing mecha-
nism. As the curing progresses, Tg increases with the increasing molecular 
mass and/or crosslink density [12]. It usually increases from a value below 
room temperature for a fresh mixture to a value far beyond room tempera-
ture for the cured system [13].

It is important to know the glass transition temperature of the fully 
cured system, especially in the case of isothermal curing. While curing 

© 2016 by Apple Academic Press, Inc.

  



348	 High-Performance Polymers for Engineering-Based Composites

isothermally, Tg will often rise up to material gradually transforms from a 
liquid or rubbery state to a glassy state. This process is called vitrification. 
The reaction under vitrification situation proceeds in mobility-restricted 
conditions, which greatly reduces the reaction rate before the completion 
of curing. Consequently, the experimental conversion and conversion rate 
are much lower than those predicted by the kinetic equation [14].

31.1.2  KINETIC ANALYSIS

All mathematical approaches to describe the curing kinetics of thermo-
sets are based on the following fundamental rate law (rate law equation) 
[15–17]:

	
d
dt

kfα
α= ( )

	
(3)

where α is the degree of curing, f(α) is a function that depends on the reac-
tion mechanism, and k is the temperature dependent rate constant given by 
Arrhenius equation [15–17]:

	
k A Ea

RT
=

−





exp 	 (4)

where A is the pre-exponential factor or Arrhenius frequency factor (s−1), 
Ea is the activation energy (J.mol−1), R is the gas constant (8.314 J.mol−1.
K−1), and T is the absolute temperature (K) of the sample.

To take into account the temperature dependence of rate constant, the 
rate formula in Eq. (3) is combined with the Arrhenius equation in Eq. (4). 
As a result, the kinetics of curing reaction (modified kinetic equation) can 
be described as follows:

	

d
dt

A Ea
RT

fα
α=

−





 ( )exp 	 (5)

We have use two thermal curing methods; they are non-isothermal and 
isothermal curing. Figure 31.2 shows the mechanism of kinetic analysis of 
the two thermal curing used in this study.
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31.1.2.1  Non-Isothermal Method

Non-isothermal curing is one of thermal curing method where temperature 
of material is gradually increased to a temperature just below decomposi-
tion temperature of the material. Non-isothermal methods that can be used 
include single heating rate (single HR) and multiple heating rate (Multiple 
HR) method.

31.1.2.1.1  Single HR Method

The single HR method measures the curing process based on only a sin-
gle constant heating rate cycle. This method use Freeman and Carroll 
mathematical model and analyze according to the assumption of nth-order 
kinetic, from which the kinetic parameters (Ea and n) are then determined 
[18]. This fact that it is based on the assumption of nth order kinetic prob-
ably limits the reliability of the system as many systems are in fact not 
of the nth-order type. However, it can give us the advantages to provide 
extensive information from only a single dynamic scan.

FIGURE 31.2  Mechanism of kinetic analysis.
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The following is the Freeman and Carroll equation [19] on single HR 
of non-isothermal curing with the assumption of nth order kinetic:

	

dln d
dt

dln
Ea
R

d
T

dln
n

α

α α









−( )
= −



























+
1

1

(1- )
	 (6)

The activation energy (Ea) and reaction order (n) can be obtained from 
the slope and y-interception of linear plotting of [dln(dα/dt)/dln(1–α)] and 
[d(1/T)/dln(1–α)].

However, this equation showed a large error in the estimation of the 
reaction order, and therefore the amended value of n are calculated using 
the following equation (modified reaction order equation of Freeman and 
Carroll method [20]):

	
n Ea

R a T
=

−









1 αmax

'max max
2 	 (7)

31.1.2.1.2  Multiple HR method

Multiple-heating-rate methods are isoconversion methods. It assumes 
that the activation energy (Ea) is temperature-independent but it is con-
version dependent [18, 21]. This assumption makes it equally effective 
for both the nth-order and the autocatalytic kinetic models. This method 
requires several thermograms, but demands little work as far as calcula-
tions are concerned. Two mathematical approaches that have been shown 
to be effective in multiple heating rate methods are proposed by Kissinger 
and Ozawa.

Kissinger mathematical approach
Kissinger uses differentiation approach to determine its kinetic param-
eters. The Kissinger equation is based on the assumption that the value 
of conversion at the peak of exothermic curing reaction is constant and is 
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independent of heating rate [22–24]. The Kissinger equation at the peak 
of exothermic reaction for each heating rate can be expressed as follows:

	

dln
T

d
T

Ea
R

peak

peak

β
2





















= −
1

	 (8)

The above mentioned equation allows a linear plotting of ln(β/Tpeak
2) and 

1/Tpeak to obtain Ea from its slope.
However, the Kissinger equation needs to be modified, where Tpeak is 

substituted with Ti (isoconversion temperature: temperature at every con-
version measured) to obtain ln A. The equation is described as follows 
(Kissinger isoconversion equation [22–24]):

	
ln
T

ln AR
g Ea

Ea
RTi i

β
α2









 =









 −

( )
	 (9)

where, g(α) is the integration function of conversion [22–23], defined as:

	
g d

f
( )

( )
α

α
α

α
= ∫0 	 (10)

Consequently, the value of ln A can be obtained from the y-interception of 
linear plotting of ln(β/Ti

2) and 1/Ti.

Ozawa mathematical approach
Ozawa uses integration approach to determine its kinetic parameters. 
Ozawa equation [22–25] provides a simple relationship between the acti-
vation energy, heating rate and isoconversion temperature. Its equation 
can be expressed as follows:

	
ln ln AEa

g R
Ea
RT

β
α

= − − 





( )

. .5 330 0521 	 (11)

According to Eq. (11), Ea and ln A can be obtained from the slope and 
y-interception of the linear plotting of lnβ and 1/T. The advantage of this 
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approach is that the activation energy can be measured over the entire 
course of the curing reaction.

31.1.2.2  Isothermal Method

Isothermal curing is a curing process where the material is set to cure at a 
constant temperature. Isothermal method does not use any mathematical 
approach to determine its kinetic parameters; instead it only uses the fun-
damental rate law and the application of the two kinetic models [22, 26].

Isothermal method uses an exponential logarithmic plot of Arrhenius 
equation [22, 26]:

	
ln k Ea

R T
ln A( ) ( )=

− 





 +
1 	 (12)

The linear plotting of ln k and 1/T gives us the value of Ea and ln A 
from the slope and y-interception, respectively.

31.1.2.3  Kinetic Models

The modeling equations for the cure kinetics of thermosetting materials 
generally fall under two general categories: nth-order and autocatalytic.

31.1.2.3.1  nth-Order Kinetic Model

For thermoset materials that follow nth-order reactions [23–24] suggest 
that the rate of conversion is proportional to the concentration of unreacted 
material, such that f(α)=(1–α)n and therefore:

	
d
dt

kα
α= (1- )n 	 (13)

where n is the reaction order.
The above equation indicates that the maximum conversion rate occurs 

at around t=0. Also, the reaction rate (dα/dt) is dependent only on the 
amount of unreacted material and assumes that the reaction products do 
not become involved in the reaction.
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In this study, the three nth-order kinetic models will be used. They are 
first, second and third order kinetic models.

31.1.2.3.2  Autocatalytic Kinetic Model

Autocatalyzed curing reactions on the contrary assumes that at least one of the 
reaction products is also a reactant [27–28], and thus are characterized by an 
accelerating conversion rate, which typically reaches its maximum between 
30 and 40% conversion. The kinetics of autocatalyzed reaction is described 
by the following equation (conversion rate of autocatalytic reaction [27–28]):

	
d
dt

k n mα
α α= −( )1 	 (14)

where m and n are the reaction orders and f(α) correspond to αn(1–α)m.
According to the autocatalytic model, the reaction rate is zero or very 

small initially and attains a maximum value at some intermediate conver-
sion. The initial rate of autocatalytic reactions may not be necessarily zero, 
as there is a possibility that reactants can be converted into products via 
alternative paths. However, we will only focus on zero initial rates.

31.1.2.3.3  List of All Kinetic Model

In this study, the kinetic analysis will use nth-order kinetic and autocata-
lytic model to simulate the curing behavior of epoxy system. Following is 
the list of kinetic models with their f(α) and g(α), respectively.

TABLE 31.1  Different Types of Curing Kinetic Model

Model f(α) g(α)

nth order kinetic
•  n = 1 (1–α) –ln(1–α)
•  n = 2 (1–α)2 –1 + (1–α)–1

•  n = 3 (1–α)3 2–1[–1+(1–α)–2]
Autocatalytic
•  n + m = 2; n = 1.5 α05 (1–α)1.5 [(1–α)α–1]–0.5 (0.5)–1
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31.2  EXPERIMENTAL PART

31.2.1  MATERIALS

A type of epoxy resin and hardener was used in this study. It was Epolam 
5015 resin and hardener. The materials were used as received from Axson. 
Table 31.2 shows the chemical structure of epoxy resin and hardener we 
have used.

31.2.2  SAMPLE PREPARATION

Three formulations were prepared. All of them use the same resin and 
hardener. However, the composition of each resin and hardener is different 
for each formulation as shows in Table 31.3.

Because most amines are reactive at room temperature, therefore, the 
formulations were mixed just prior to application.

TABLE 31.2  Chemical Structure of Epolam 5015 Resin and Hardener

Product Name Chemical Structure

Epolam 5015 Resin

Epolam 5015 
Hardener

TABLE 31.3  Composition of Various Formulations

Formulation Epolam 5015 Resin  
(% by weight)

Epolam 5015 Hardener  
(% by weight)

1 100 30
2 100 20
3 100 10
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31.2.3  EXPERIMENTAL PROCEDURE

Thermal curing of Epolam 5015 system was done using both non-
isothermal and isothermal curing method and monitored by DSC. The 
following were the experimental procedure for both curing method used 
in this study.

1.	 Sample was prepared with aluminum hermetic pan and clamped. 
The amount of sample was in the range of 5 to 7 mg.

2.	 Non-isothermal curing was performed at the heating rate of 5, 7.5, 
10, 15 and 20°C/min. Isothermal curing was performed at tem-
perature of 120, 125, 130, 135 and 140°C.

3.	 Curing peak of resulting curing peak was integrated using inte-
grated peak linear function in TA Analysis to obtain the fundamen-
tal data of exothermic reaction.

31.3  RESULTS AND DISCUSSION

31.3.1  NON-ISOTHERMAL CURING

The non-isothermal curing reaction of Epolam 5015 system was investi-
gated by DSC at five different heating rates as mentioned above for three 
different formulations.

31.3.1.1  Formulation #1 (100/30 Ratio)

The first formulation is a mixture of 100 wt% and 30 wt% of Epolam 5015 
resin and hardener respectively.

In Figure 31.3, the heat flow is plotted as a function of the temperature 
for five different heating rates. It is seen that all exothermic reactions are 
recorded from 30 to 250°C, and the curing peak shifts towards the higher 
temperature with higher heating rates.

The detailed result of curing experiment can be seen in the Table 31.4.
The curing data in Table 31.4 shows that the increase in heating rate 

leads to decrease of the curing time. In addition, glass transition tem-
perature (Tg) and total heat flow (ΔHtot) remains relatively constant while 
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subjected to different heating rates. The average total heat released for 
non-isothermal curing was 393.70 ± 14.80 J/g.

The result of curing experiment for formulation #2 and #3 gave the 
same trend as results for formulation #1.

31.3.1.1.1  Comparison of the Three Formulations

The composition of resin and hardener in each formulation shows a 
great influence on the curing process. As the ratio of hardener in the 

TABLE 31.4  Kinetic Data of Non-Isothermal Curing (Formulation #1)

β (°C/min) Tonset (°C) Tpeak (°C) Tend (°C) Tg (°C) ΔHtot (J/g) tcure (min)

5 57.08 100.32 249.13 95.49 408.1 ± 20.41 41.50
7.5 63.05 106.33 249.2 95.41 405.9 ± 20.30 27.40
10 66.22 113.45 248.44 96.10 395.3 ± 19.77 20.75
15 73.82 122.61 247.77 97.33 387.3 ± 19.37 13.30
20 87.43 134.54 247.25 96.02 371.9 ± 18.60 9.25

FIGURE 31.3  DSC plot of non-isothermal curing (formulation #1) at different heating rates.
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formulation decreases, the average total heat released and glass transi-
tion temperature of the system also decreases. These relations can be 
seen in Table 31.5 below.

Figure 31.4 shows that single exothermal signal is observed in for-
mulation #1 and two exothermal peaks appear in formulation #2 and #3. 
Additionally, the second peak can clearly be observed in formulation #3 
where the ratio of hardener is the least. However, the nature of these two 
peaks still remains unclear as the appearance of two peaks usually occurred 

TABLE 31.5  Experimental Data of Non-Isothermal Curing At Three Different 
Formulations

Formulation Ratio of resin and 
hardener

Tg (°C) ΔHtot (J/g)

#1 100/30 96.07 ± 0.77 393.70  ± 14.80
#2 100/20 44.22 ± 0.62 317.70  ± 5.97
#3 100/10  –4.22 ± 1.06 164.98  ± 3.63

FIGURE 31.4  Comparison of non-isothermal curing at HR = 10°C/min.
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when accelerator or catalyst was used, with the second peak corresponds 
to the decomposition of accelerator used [4].

31.3.1.1.2  Kinetic Models

Determination of kinetic model is essential to determine which method is 
used to analyze non-isothermal curing.

Figure 31.5 shows the values of conversion correspond to the first 
exothermic peak of all formulations, which is located at conversion of 
30–40%. This information suggested that the curing process undergo auto-
catalytic reaction. Consequently, single heating rate method will not be 
used since it is based on the assumption of nth-order kinetic. Instead, mul-
tiple heating rate method using Kissinger and Ozawa approached will be 
performed to find kinetic parameters (i.e., Ea and ln A).

The second exothermic peak will be simulated using nth-order kinetic 
as shown in Figure 31.6. At conversion higher than 60%, the conversion 
rate decreases with increases degree of conversion. This behavior fits the 
nth-order reaction where its conversion rate at the start of reaction is the 
maximum.

FIGURE 31.5  Conversion profile at peak of non-isothermal curing.
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31.3.1.1.3  Kinetic Analysis

The non-isothermal kinetics of Epolam 5015 system is investigated by 
Multiple HR method using Kissinger and Ozawa approaches for all for-
mulations. As previously stated, the first and second peak for all formu-
lations will be based on the assumption of autocatalytic and nth-order 
reaction, respectively.

(a) Kissinger method
Kissinger assumed that the value of conversion at the peak of exothermic 
curing reaction is constant and is independent of heating rate. Figure 31.6 
shows that the conversion values at the first peak were around 30–40% at 
five different heating rates for three different formulations. In addition, the 
second peaks were found to be around 60% for formulation #2 and #3. These 
evidences confirm that the assumption made was valid for the system tested.

(i) First exothermic peak (Formulation #1)
This section only explains the first exothermic peak for formulation #1, as 
the kinetic parameters for formulation #2 and #3 can be found using the 
same method.

FIGURE 31.6  Plot of conversion rate and conversion at HR = 10°C/min for 
formulation #3.
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On the basis of Kissinger equation in Eq. (8), the plot of ln(β/Tpeak
2) 

and 1/Tpeak obtained from multiple HR data should be a straight line whose 
slope allow the evaluation of Ea.

According to the linear plot in Figure 31.7, activation energy was cal-
culated, yielding a value of 44.32 ± 0.54 kJ/mol.

Moreover, the value of ln A is obtained using the combination of auto-
catalytic model and kinetic value of ln(g(α)/A) from y-interception of the 
isoconversion plot of ln(β/Ti

2) and 1/Ti shown in Figure 31.8 and Table 31.6.
The isoconversion value of Ea and ln A can be seen in the Table 31.6.

FIGURE 31.7  Kissinger plot at the peak of non-isothermal curing.

FIGURE 31.8  Kissinger isoconversion plot.

© 2016 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-34&iName=master.img-008.jpg&w=263&h=141
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19869-34&iName=master.img-009.jpg&w=287&h=147


Thermal Curing of Composites Based Epoxy	 361

The average value of Ea calculated using isoconversion Kissinger 
method was 39.00 ± 3.56 kJ/mol. This value was close to the value mea-
sured from the peak of exotherm reaction. The average value of ln A was 
7.27 ± 1.34.

(ii) Second exothermic peak (Formulation #2 and #3)
The kinetic parameters of second exothermic peak can be obtained using 
the same Kissinger method for the first peak, where the second peak for 
each heating rates used were around 60% conversion. In addition, the iso-
conversion data was taken between 65–95% conversion.

The kinetic parameters (Ea and ln A) for both first and second exother-
mic peak for formulation #2 and #3 can be found in Table 31.7.

As it is observed in Table 31.7, the values of second Ea (Ea of second 
peak) are lower compare to the values of first Ea (Ea of first peak).

(b) Ozawa method
According to Ozawa equation in Eq. (11), the activation energy can be 
measured over the entire course of the curing reaction. This relation makes 
Ozawa method is one of isoconversion method where finding the value of 
Ea for any conversion is required.

TABLE 31.6  Kissinger Isoconversion Data

α Ea (kJ/mol) ln(g(α)/A) ln A R2

0.1 42.8 –9.24 8.83 0.9447

0.2 41.83 –8.41 8.41 0.9556

0.3 41.42 –7.94 8.21 0.9598

0.4 40.86 –7.47 7.96 0.9603

0.5 40.02 –6.91 7.6 0.9606

0.6 38.87 –6.24 7.14 0.9629

0.7 37.67 –5.53 6.65 0.9683

0.8 36.21 –4.71 6.09 0.9738

0.9 31.3 –2.75 4.54 0.9677
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(i) First exothermic peak (Formulation #1)
This section only explains the first exothermic peak for formulation #1. 
The kinetic parameters for formulation #2 and #3 can be found using the 
same method.

Figure 31.9 shows that the plot of ln β against 1/Ti enables the calcula-
tion of the activation energy at any conversion by the Ozawa method.

The value of ln A is obtained using similar method as in Kissinger method. 
The isoconversion result of Ea and ln A were shown in the Table 31.8.

The regression coefficient shown in Table 31.8 proved that the linear 
relationship between ln(β) and 1/T are in a good term. The average value 
of Ea and ln A calculated using isoconversion Ozawa method is 42.47 ± 
3.74 kJ/mol and 9.32 ± 1.26, respectively.

The value of Ea obtained in this method is in an agreement with the 
value obtained using Kissinger method.

(ii) Second exothermic peak (Formulation #2 and #3)
The kinetic parameters of second exothermic peak can be obtained using 
the same Ozawa method for the first peak, where the data can be taken 
from conversion above 60%. The kinetic parameters (Ea and ln A) for both 
first and second exothermic peak for formulation #2 and #3 can be found 
in Table 31.9.

TABLE 31.7  Kissinger’s Kinetic Parameters (Formulation #2 and #3)

Model Ea (kJ/mol) ln A

Formulation 
#2

Formulation 
#3

Formulation 
#2

Formulation 
#3

First peak

Autocatalytic 50.74 ± 0.46 54.74 ± 0.49 9.92 ± 0.76 11.94 ± 1.01

Second peak

First order kinetic

44.09 ± 0.42 52.32 ± 0.52

8.00 ± 0.59 9.98 ± 0.29

Second order 
kinetic

9.04 ± 0.15 10.94 ± 0.29

Third order 
kinetic 10.30 ± 0.46 12.12 ± 0.86
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Table 31.9 shows that the values of second Ea are similar to the value 
first Ea. In addition, the kinetic parameters obtained using this method is 
relatively higher than the result in Kissinger method.

31.3.1.1.4  Simulation of Non-Isothermal Curing

Kissinger and Ozawa method have provided the result of kinetic param-
eters for non-isothermal curing for all different formulations as shown in 
Table 31.10.

FIGURE 31.9  Ozawa isoconversion plot.

TABLE 31.8  Ozawa Isoconversion Data

α Ea (kJ/mol) ln(g(α)/A) ln A R2

0.1 46.44 –11.19 10.78 0.9576
0.2 45.69 –10.47 10.47 0.9666
0.3 45.43 –10.05 10.32 0.9701
0.4 45.02 –9.64 10.13 0.9707
0.5 44.19 –9.07 9.77 0.9839
0.6 41.97 –8.17 9.07 0.9818
0.7 38.79 –6.96 8.07 0.9788
0.8 38.17 –6.45 7.84 0.9780
0.9 36.53 –5.62 7.41 0.9675
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Table 31.10 only shows the kinetic parameters of the best-fitted model 
for non-isothermal curing.

As previously stated, the first and second exothermic peak is simulated 
using autocatalytic and nth-order kinetic model. In addition, the curing data 
of second exothermic peak are found to fit the first order kinetic model. The 
simulation of these two models can be found in the following figures.

Figures 31.10 and 31.11 displays the simulation of non-isothermal cur-
ing using Kissinger and Ozawa kinetic parameters represented by differ-
ent heating rate of each formulation for the purpose to see it clearly. The 
autocatalytic model using both methods shows an accurate reading for for-
mulation #1 and #2. However, the simulation using Ozawa method for for-
mulation #3 shows a much higher estimation than the curing experimental 
data. This phenomenon could be due to a higher value of Ea estimated by 
Ozawa method as shown in Table 31.9.

The simulation for second exothermic peak using first order kinetic 
model have been proven to give the same trend as shown in the experimental 
curing data. However, this model have not yet given an accurate reading of 
curing behavior, as the error can clearly be seen in Figures 31.10 and 31.11.

Overall, Kissinger gives a better simulation for non-isothermal cur-
ing compare to Ozawa method, as their estimation is much closer to the 
experimental values for all formulations used. The detailed simulation for 
formulation #1 can be found in Appendix A1–3.

TABLE 31.9  Kinetic Parameters For Formulation #2 and #3 Using Ozawa Method

Model Ea (kJ/mol) ln A

Formulation 
#2

Formulation 
#3

Formulation 
#2

Formulation 
#3

First peak

Autocatalytic 50.99 ± 1.20 57.60 ± 1.07 11.85 ± 0.59 13.65 ± 0.83

Second peak

First order 
kinetic

49.49 ± 1.47 56.48 ± 0.34

10.15 ± 0.47 11.87 ± 0.22

Second order 
kinetic

11.18 ± 0.04 12.83 ± 0.34

Third order 
kinetic 12.44 ± 0.58 14.01 ± 0.92
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TABLE 31.10  Kinetic Parameters of Non-Isothermal Curing

Model Ea (kJ/mol) ln A

First peak 
(Autocatalytic)

Second peak 
(1st order)

First peak 
(Autocatalytic)

Second peak 
(1st order)

Formulation 
#1

Kissinger 44.32 ± 0.54 - 7.27 ± 1.34 -

Ozawa 42.47 ± 3.74 - 9.32 ± 1.26 -

Formulation 
#2

Kissinger 50.74 ± 0.46 44.09 ± 0.42 9.92 ± 0.76 8.00 ± 0.59

Ozawa 50.99 ± 1.20 49.49 ± 1.47 11.85 ± 0.59 10.15 ± 0.47

Formulation 
#3

Kissinger 54.74 ± 0.49 52.32 ± 0.52 11.94 ± 1.01 9.98 ± 0.29

Ozawa 57.60 ± 1.07 56.48 ± 0.34 13.65 ± 0.83 11.87 ± 0.22

FIGURE 31.10  Simulation of non-isothermal curing using Kissinger kinetic parameters.
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31.3.2  ISOTHERMAL CURING

The isothermal curing reaction of Epolam 5015 system was investigated 
by DSC at five different temperatures and for three different formulations. 
At higher temperatures, the curing time was so fast that the heat released 
was unrecorded by the calorimeter. Therefore, no experiments were con-
ducted isothermally at higher temperature than those indicated above. This 
type of difficulty associated with isothermal DSC and not encountered 
with dynamic DSC tests.

31.3.2.1  Formulation #1

Figure 31.12 shows that single exothermic peak is observed for this for-
mulation. The DSC plot of heat flow against curing time is limited to 
5 minutes time to get a better view on the trend of curing behavior. In the 
end of 5 minutes, the curing has not completed yet as the signals is not 
leveled off to the baseline.

FIGURE 31.11  Simulation of non-isothermal curing using Ozawa kinetic parameters.
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The detailed result of curing experiment can be seen in the Table 31.11.
Table 31.11 shows that the total heat flow (ΔHtot) remains relatively 

constant while subjected to different curing temperatures. The aver-
age total heat released for isothermal curing is 383.96 ± 13.81 J/g. This 
value is comparable to the value obtained using non-isothermal curing. 

FIGURE 31.12  DSC plot of isothermal curing (formulation #1) at different temperatures.

TABLE 31.11  Kinetics Data of Isothermal Curing (Formulation #1)

Tcure (°C) Tg (°C) ΔHtot (J/g) tα=0.9 (min)

120 85.33 374.81 ± 18.74 35.50
125 86.69 390.18 ± 19.51 11.53
130 88.12 395.95 ± 19.80 17.17
135 90.28 394.53 ± 19.73 26.65
140 93.45 364.35 ± 18.22 23.76
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In addition, the glass transition temperature (Tg) shows increasing behav-
ior as the curing temperature increased.

However, it can be seen that the value of Tg for each isothermal curing 
is below the curing temperature, which means vitrification process was 
avoided during the curing process.

The isothermal curing results for formulation #2 and #3 can be seen in 
appendix A2–1, as they gave the same trend as the results in formulation #1.

31.3.2.1.1  Kinetic Models

The experimental result in Figure 31.12 shows that the peak maxima are 
detected at the early curing time, which is the expected behavior of nth-
order reaction.

Figure 31.13 shows that the peaks of exotherms are located within 
0–12.5% at five different temperatures for three different formulations. 
Unfortunately, nth-order kinetic model assumed that the maximum reac-
tion rate occurs when t=0, which means, in this case, the simulation will 
only be applicable from conversion around 10% onwards. In addition, 
three models of nth-order kinetics will be used, they are first, second and 
third order.

FIGURE 31.13  Conversion profile at peak of isothermal curing.
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31.3.2.1.2  Kinetic Analysis

The kinetic analysis of isothermal curing will be performed using funda-
mental rate law and nth-order kinetic model. In the end of each analysis, 
kinetic parameters (Ea, ln A and n) will be obtained and used to simulate 
the curing process.

We present the best-fitted model of formulation #1, which is the sec-
ond order kinetic model. The same method was used to the others kinetic 
models

(a) Second Order Kinetic Model
Arrhenius equation in Eq. (4) proposed kinetic parameters can be obtained 
using the linear plotting of ln k vs. 1/T. Firstly, the value of k can be 
obtained from the slope of the linear relation between conversion rate and 
f(α) as stated in fundamental rate law shown in Figure 31.14.

Table 31.12 shows the value of k for every isothermal temperature 
obtained from Figure 31.16. It can be seen that the linear relation of 
the conversion rate and f(α) is in a good term as specified in fundamental 
rate law, which is indicated by its regression coefficient for more than 98% 
for all cases. The results also clearly show that the rate constant increases 
as isothermal temperature increases.

FIGURE 31.14  Second order kinetic plot of conversion rate and f(α).
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Figure 31.15 below display a linear plotting of ln k and 1/T using the 
data in Table 31.12. The slope and y-interception of this plot allow us to 
determine the value of Ea and ln, respectively.

The value of Ea and ln A obtained from isothermal method using sec-
ond order kinetic model is 47.16 ± 0.40 kJ/mol and 9.52 ± 0.98. These val-
ues are in a good agreement with the value obtained from non-isothermal 
curing using both Kissinger and Ozawa method.

(b) Simulation of Isothermal Curing
nth-order kinetic model have provided the result of kinetic parameters for 
isothermal curing for all different formulations as shown in Tables 31.13 
and 31.14.

As it can be seen in Tables 31.13 and 31.14, the kinetic parameters of 
each formulation obtained using nth-order kinetic model are comparable 
to those results in non-isothermal curing.

FIGURE 31.15  Second order kinetic plot of ln k and 1/T.

TABLE 31.12  Rate Constant Value At Five Different Isothermal Temperatures

T(°C) k (s–1) R2

120 0.0077 0.9878
125 0.0085 0.9903
130 0.0103 0.9910
135 0.0127 0.9848
140 0.0151 0.9846
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TABLE 31.13  Ea of Isothermal Curing Using nth-Order Kinetic Model

Model Ea (kJ/mol)

Formulation #1 Formulation #2 Formulation #3

First order kinetic 47.50 ± 0.27 51.69 ± 0.80 53.68 ± 0.40
Second order kinetic 47.16 ± 0.40 56.19 ± 1.05 54.04 ± 0.40
Third order kinetic 46.87 ± 0.52 57.97 ± 1.15 54.30 ± 0.43

TABLE 31.14  ln A of Isothermal Curing Using nth-Order Kinetic Model

Model ln A

Formulation #1 Formulation #2 Formulation #3

First order kinetic 9.61 ± 0.67 10.73 ± 1.98 11.24 ± 1.00
Second order kinetic 9.52 ± 0.98 12.06 ± 2.61 11.37 ± 1.00
Third order kinetic 9.52 ± 1.28 12.67 ± 2.85 11.54 ± 1.06

FIGURE 31.16  Simulation of isothermal curing at 130°C using nth-order kinetic model.

The simulation of formulation #1 with Tcure = 130°C using all three nth-
order kinetic model can be seen in Figure 31.16. The Figure 31.16 shows 
that the first order kinetic model failed to simulate isothermal curing as it 
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gives a linear relation. On the other hand, second and third order provides 
non-linear correlation, however, the second order proves to give the best 
fitted model for isothermal curing as it offers much closer estimation to the 
experimental result.

The simulation of each formulation using second order kinetic model 
can be seen in the Figure 31.17.

FIGURE 31.17  Simulation of isothermal curing for all formulations.

31.4  CONCLUSION

The cure kinetics of Epolam 5015 system using three different formula-
tions of resin and hardener was examined by DSC technique using non-
isothermal and isothermal method. The kinetic parameters obtained using 
both methods are in a good agreement for all three formulations.

It was established that formulation #1, which have the least amount of 
hardener, is proven to be the optimum epoxy system of Epolam 5015 with 
the lowest Ea value of 45–47 kJ/mol. In addition, autocatalytic and second 
order kinetic model is the most suitable model for non-isothermal and iso-
thermal curing, respectively for all three formulations.
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161, 162, 197
hydrogel, 42

Thermooxidative degradation, 103, 110
Thermoplastics production, 60

polyethylene, 60
polypropylene, 60

Thermosensitivities, 43
Thermostat, 16, 31, 50, 261, 268, 352, 

373
Thiophenol, 14, 16, 19, 20, 24–26
Thouless parameterization, 278
Three-membered cycle, 13, 17, 19, 20, 

24, 26
Three-point method, 269
Toluene, 5, 6, 62–64, 71, 182, 183
Trans-cis isomerization, 180, 181, 188
Transmembrane potential, 291, 292, 

294, 297
Transmission electron microscopy, 304, 

313
Triethoxysilane, 80, 88

pendant groups, 87
Triethyl amine, 62
Triethylene-glycol-dimethacrylate, 211
Triflouroacetic acid, 327
Triple-charged ions, 130
Turbidimetric method, 330, 335
Types of curing kinetic model, 353
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U
UHV arrangement, 123
Ultrasound waves, 194, 196–198, 200
Ultraviolet, 51, 335, 344

UV light, 180, 183
UV/Vis absorption spectra, 187, 188

azopolypolymers, 187
UV-spectroscopy, 197
UV-visible spectrophotometer, 235, 
236, 335

Uniaxial graded oriented stretching 
method, 143

Upper critical point of solubility, 305
UV curing, 344

V
Vibrational spectra of FTIR, 246
Vinyl acetate, 302, 303, 312, 313, 320
Vinyl aromatic compounds, 98
Vinyl aromatic monomers, 99
Vinyl group, 19, 23
Vinylcyclopropane, 13–15, 26
Vinylpyridine, 111, 113, 114, 116
Vinyltriethoxysilane, 87
Viscosity, 4, 5, 11, 36, 60, 71, 98, 267, 

270, 271, 302, 307–309, 326, 327

Viscous additives, 98
Viscous index, 98
Vogel-Tamman-Fulcher, 78, 80
Voltamograms, 78, 83, 85, 89

W
Weak acid, 116

X
Xenon lamp reflection, 50
Xhantogenates, 61
X-ray diffraction analysis, 195, 197, 

200, 242–244, 246–248, 291
X-ray diffraction device, 243

Siemens D500 Diffractometer model, 
243

Y
Yellow azodye precipitate, 182
Ytterbium ion, 51

Z
Zeolite, 30–37, 62, 251–259, 261–263

zeolite skeleton, 252, 262
Ziegler-Natta catalysts, 61
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