
Iranian Polymer Journal

17 (8), 2008, 625-633

ionomer;

acrylic acid;

chlorinated polyvinyl chloride;

mechanical property;

swelling property.

(*) To whom correspondence to be addressed.

E-mail: jiruozhao@qust.edu.cn

A B S T R A C T

Key Words:

Synthesis and Properties of Two Kinds of CPVC

Carboxylated Ionic Copolymers

Baoxing Wang1, Li Zhang1, Jiruo Zhao1*, Ying Feng1, and Jinghua Yin2

(1) Key Laboratory of Rubber-Plastics, Ministry of Education, Qingdao University of

Science and Technology, Qingdao-266042, P.R. China

(2) State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of

Applied Chemistry, Chinese Academy of Science, Changchun-130022, P.R. China

Received 8 May 2008; accepted 9 July 2008

I
n the present work, two kinds of CPVC carboxylated ionic copolymers were pre-

pared by a new method. First, a graft copolymer (CPVC-cg-AA) comprising of poly-

acrylic acid (PAA) as branched chains and chlorinated polyvinyl chloride (CPVC) as

backbone was synthesized by in-situ chlorinating graft copolymerization (ISCGC).

Second, the acid groups of the graft copolymer were neutralized by sodium hydroxide

and aluminium hydroxide, respectively in order to prepare carboxylated ionic copoly-

mers. The carboxylated ionic copolymers have been studied by FTIR, 1H NMR, DSC,

and DMA techniques and also their mechanical and swelling properties were deter-

mined. The results have confirmed the existence of the ionic copolymers by the char-

acteristic peak at 1620 cm-1 in FTIR spectra and changes in chemical shift in 1H NMR.

Compared with Al ionic copolymer, Na ionic copolymer has higher glass transition tem-

perature (Tg) through DSC, DMA tests and it has shown better mechanical properties.

Na ionic copolymer can be solved in tetrahydrofuran (THF) while Al ionic copolymer

only swells in THF.

INTRODUCTION

As poly(vinyl chloride) (PVC) is

used as the backbone of graft

copolymers, a graft reaction may

be initiated by different ways such

as cationic[1], radical[2], radia-

tion[3] and recently atom transfer

radical polymerization (ATRP) [4].

If the graft copolymer contained

acid groups, an ionomer could be

formed via the acid groups neutral-

ized with a cation to improve the

properties of the copolymer.

Ionomers contain a small number

of ionic groups, up to 15 mol%,

attached to non-ionic backbone

chains [5]. The number, type, and

locations of these charged groups

on ionomer are based on the mono-
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mer composition and polymerization process which

are used to produce the copolymer. To form an

ionomer from a polymer containing acid groups, part

or all of the polymer’s acid groups are neutralized

with cations. These species-forming ion pairs will

then lead to phase separation of nanometer-size aggre-

gates. These aggregates impart remarkable properties

to ionomers including exceptional clarity and tough-

ness. To characterize the structure of ionic aggregates,

beside extensive small-angle X-ray scattering and

NMR, etc., a technique, e.g., extended X-ray absorp-

tion fine structure (EXAFS) which is sensitive to the

local environment in the aggregates [6~8] may be

used.

Preparation of a series of carboxylated ionomers

have been reported, for example, copolymers of eth-

ylene (Et) and methacrylic acid (MA) where the MA

units are partially neutralized with metal cations such

as Na or Zn that are known under the trade name of

Surlyn of E. I. du Pont as an ionomer. In a bulk sam-

ple of the ionomer, the ionic groups tend to gather and

form ion aggregates on neutralization. The aggregates

act as physical cross-linking sites and mechanical

properties of the ionomer are enhanced by aggrega-

tion. The molecular level structure of the ion aggre-

gate has been studied by employing various experi-

mental methods. At low ion concentration below 

5-6 mol%, aggregation of a few ionic units called a

multiplet is formed. A multiplet consists of only ionic

groups and has no hydrocarbon chains. When the ion

concentration becomes sufficiently high above 

5-6 mol%, association of the multiplets occurs and

forms a cluster where the constituents are separated

from each other by a non-ionic matrix [9-12].

Herein, we report a new route of synthesizing the

carboxylated ionic copolymers of CPVC. A novel

method, in-situ chlorinating graft copolymerization

(ISCGC) was employed to synthesize carboxylated

graft copolymer of CPVC (CPVC-cg-AA) in order to

prepare the carboxylated ionic copolymer of CPVC.

Compared with other graft processes, the products of

ISCGC have their own special structure: more branch

points, relatively shorter branched chains, no cross-

linking, etc. [13]. The carboxylated graft copolymer

prepared by ISCGC has many lateral chains with car-

bonation, thus, the graft copolymers are easy to be

neutralized in forming ionomer, which greatly

improves the mechanical properties of the target poly-

mers. The process is convenient and effective to pre-

pare ionic copolymers and it has not been reported so

far. The work reported in this paper aims at exploring

an effective, simple, and feasible method for the

preparing of CPVC carboxylated ionomer and charac-

terize its physico-mechanical properties. For conven-

ience, the ionic copolymer is named after ionomer.

EXPERIMENTAL

Materials

PVC, chlorine gas, and dioctyl phthalate (DOP) were

industrial grades, purchased from Qingdao Haijing

Chemistry Factory, China. Silicon dioxide of industri-

al grade was purchased from Rhodia, Qingdao, China.

Acrylic acid (AA), tetrahydrofuran (THF), methanol,

etc. were chemical pure grades, purchased from

Qingdao Chemical Reagent Co., China.

Synthesis of Carboxylated Ionomer

The ISCGC reaction process has been reported in a

published paper of the same research group [13] and

the following is the reaction process of AA and PVC

leading to CPVC-cg-AA:

The graft copolymers were neutralized with sodi-

um hydroxide and aluminium hydroxide to synthesize

the carboxylated ionomers (as Na-ionomer and Al-

ionomer, respectively). Degrees of neutralization

(ND) were estimated by measuring the remaining acid

content in the polymer via a titration method by the

following relationship:

where, N (mol/L) is the concentration of

KOH/CH3OH, V (L) is the consumption of

KOH/CH3OH solution for the copolymer, and M

(mol) is the amount of acrylic acid that was added in

the graft reactive system.

The procedure of synthesizing Na-ionomer is illus-

trated as follows. At First, a known quantity of sodi-

um hydroxide was put into a beaker, followed by

addition of 2 mL DOP and then stirred using glass bar.

In the second step, the CPVC-cg-AA was put into the

same beaker to mix with sodium hydroxide solution
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and DOP and the mixture was stirred continuously for

about five min. At the end, the above products were

kneaded with a mixing roller at about 145ºC, then

compression moulded at 170ºC under the pressure of

10 MPa for 10 min and cooled to ambient temperature

under the pressure of 10 MPa. The synthetic process

of Al-ionomer was the same as that of Na-ionomer.

Measurements

The samples above were shaped into the dumb-bell

shape specimens for testing of mechanical properties

and the dynamic mechanical analysis (DMA). Testing

of mechanical properties were performed with the

Gotech AI-7000M Universal mechanical testing

machine. Sample size was 25×4×2 mm, tensile speed

was 10 mm/min and test temperature was 25±2. DMA

of various samples were examined by a dynamic

mechanical analyzer DMA-GABO EPLEXOR 500).

The temperature dependence of the dynamic modulus

was measured in a range of -50ºC to 150ºC at a con-

stant frequency of 3.3 Hz and a heating rate of

3ºC/min. The Fourier-transform infrared absorption

spectra (FTIR) were obtained with the Bruker Vertex

70 spectrometer, using a KBr disc. 1H NMR spectra

were recorded at 120ºC in 1,2-dichlorobenzene-d by

AV400 (TMS), Bruker, Switzerland. The differential

scanning calorimetry (DSC) measurement was carried

out with the Netzsh DSC 204 F1 calorimeter. The

samples (9~12 mg) were measured under a nitrogen

atmosphere from 30ºC to 250ºC at a heating rate of

10ºC/min. The samples for FTIR, 1H NMR, and DSC

tests were purified by reprecipitation with methanol

from THF solution and dried at 50ºC in vaccuo for 24 h.

Graft Degrees

The graft degrees (GD) of CPVC-cg-AA were meas-

ured by non-aqueous titration analysis after the sam-

ples were purified thrice by dissolving in THF and

precipitating with methanol. The formula for GD is as

follows:

where, the N (mol/L) is the concentration of

KOH/CH3OH, V (L) and V0 (L) are the consumption

of KOH/CH3OH solution for the copolymer and

blank samples, respectively, and W is the molecular

weight of acrylic acid.
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Scheme I. Procedure of CPVC-cg-AA by ISCGC.



RESULTS AND DISCUSSION

FTIR Analysis

In this paper, the procedure for preparation of car-

boxylated ionomer differs from the other preparation

way of ionomer. The difference depends on the syn-

thetic method of CPVC graft copolymer.

Figure 1 shows the FTIR spectra of the CPVC-cg-

AA, Na-ionomer, and Al-ionomer, respectively. As

seen in the spectra of ionomers, they have not only

two absorption peaks which were attributed to car-

bonyl group stretching vibration of carboxylic acid

[14,15], but also new absorption peaks attributed to

the ionic cluster [16] for Na-ionomer at 1622.51 cm-1

and for Al-ionomer at 1620.51 cm-1. The carbonyl

absorption peaks for CPVC-cg-AA are at 

1771.61 cm-1 and 1723.92 cm-1 and the two peaks

have nearly the same intensity. The carbonyl absorp-

tion peaks for Na-ionomer, however, are at

1786.15 cm-1 and 1746.89 cm-1 whereas the high fre-

quency peak is slightly stronger than the low frequen-

cy peak. The carbonyl absorption peaks for Al-

ionomer are at 1771.22 cm-1 and 1722.40 cm-1 and

the high frequency peak is much stronger than the

low frequency peak.

The carbonyl absorption peaks of Na-ionomer

being moved to higher frequency is due to strong

inter-ionic interaction of sodium hydroxide, and

higher number of ions compared to Al-ionomer with

Figure1. FTIR Spectra of (a) CPVC-cg-AA, (b) Na-ionomer,

and (c) Al-ionomer.

the same degree of neutralization. All the above find-

ings are indications of two conclusive results: (1) the

ionic type has not only any effects on the shapes of

the absorption peak of carbonyl group stretching

vibration but also, on their own absorption peaks at a

specific frequency, and (2) the strong alkali ion has

stronger absorption peak and make some absorption

peaks shift to higher wavenumbers.

1H NMR Analysis

The 1H NMR spectra of Na-ionomer and Al-ionomer

are shown in Figure 2. The chemical shifts of H with

the backbone of CPVC are observed at about 

1.3-5.2 ppm in all cases. Using group contribution to

chemical shift, the shifts at about 7.0-7.4 ppm are

assigned to 1,2-dichlorobenzene-d. The chemical

shift of –CH2– is at 1.75-2.58 ppm and the chemical

shift of –CHCl– is at 4.21-4.68 ppm due to substitu-

Figure 2. 1H NMR Spectra of (a) Na-ionomer and (b) Al-

ionomer.
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tion of H for Cl. New chemical shift is not emerged in

the spectra of the ionomers, but the introduction of

ions has shown some influences on the peaks at δ 2.0-

2.38 and δ 4.2-4.78. Compared with the Al-ionomer

spectrum, the peaks of Na-ionomer at δ 2.0-2.38 have

nearly the same height, and middle peak at δ 4.2-4.78

is much higher than the neighbouring peaks. These

phenomena have demonstrated that the introduction

of different ions can affect the H environment and Na

ions have made strong inter-ionic interactions, com-

plementary to the FTIR analysis.

DSC Analysis

The DSC thermograph of Na-ionomer and Al-

ionomer are shown in the Figure 3. As shown on the

curves, the glass transition temperature of Na-

ionomer and Al-ionomer are 101.35ºC and 100.92ºC,

respectively. The Tg value of Na-ionomer is higher

than that of Al-ionomer, which is attributed to the dif-

ferent metallic bonds in ionomers. It has been report-

ed that there are endothermic and exothermic peaks in

the ionomer curves [17,18]. We have also discovered

the same phenomenon. There are two transition peaks

in the DSC curve of Na-ionomer. One endothermic

peak is due to the ordered assemblies of ionic groups

(ionic crystallites) with the ionic clusters and shows

an order-disorder transition of first order near 88ºC.

One exothermic peak, which may be attributed to the

organization of the cations into ionic clusters, lies

near 233ºC. In Al-ionomer DSC curve there is only

Figure 3. DSC Thermographs of (a) Na-ionomer and (b) 

Al-ionomer.

one transition peak near 101.2ºC attributed to ordered

assemblies of ionic groups (ionic crystallites) with the

ionic clusters which show an order-disorder transition

of first order. The temperature of order-disorder tran-

sition of Al-Al ion is higher than that of Na-Na ion

since Al ion has three ionic bands and therefore the

Al-Al ionic order-disorder transition needs more

energy.

DMA Analysis

The temperature dependency of Young’s modulus (E)

and the loss tangent (tan δ) for Na-ionomer (A) and

Al-ionomer (B) are shown in Figures 4a and 4b.

Figure 4. The DMA curves of Na-ionomer (A) and 

Al-ionomer (B).
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The Young’s modulus relies on the stiffness of mate-

rials [19,20]. It can be seen that the Na-ionomer’s

modulus is higher than that of Al-ionomer which indi-

cates that the Na-ionomer shows greater stiffness. As

the temperature is increased, the modulus of the two

ionomers declines sharply and the material enters into

the glass transition region.

As can be seen in Figure 4b, the temperatures corre

sponding to the maximum value of the tan δ peaks are

94.8ºC for Na-ionomer and 93.1ºC for Al-ionomer.

These temperature values may be regarded as the

transition temperature (Tg). The Tg value of the Na-

ionomer is 1.5ºC higher than that of Al-ionomer. The

Tg value based on DMA curves are lower than Tg

measured by DSC because of the incomplete purifica-

tion of samples by THF. The results shown by DMA

are consistent with DSC.

Mechanical Properties

Mechanical Properties of Na-ionomer and Al-
ionomer
The stress-strain curves of Na-ionomer and Al-

ionomer (with neutralization degree of 100%) are

shown in Figure 5. It can be seen that the tensile

behaviours of the two kinds of ionomers are nearly the

same. At the beginning of the curves, both stresses

versus strain are in a linear increasing relationship. In

the linear elastic region, the stiffness or elastic modu-

lus is the amount of stress (σ) required to produce a

Figure 5. Stress-strain curves of (a) Na-ionomer and (b) Al-

ionomer.

given amount of strain (ε). For a tensile test, stiffness

is described by Young’s modulus (E) which is given

by:

The greater the value of the stiffness, the more diffi-

cult is to produce elastic deformation. It can be obvi-

ously observed that the Young’s modulus value and

tensile strength of Na-ionomer are larger than those of

Al-ionomer accordingly. All samples of ionomers

break up when the strain is below 5%.

On the graft copolymer synthesized by ISCGC,

branch chains with acrylic acids have been neutral-

ized effectively by sodium hydroxide and aluminium

hydroxide, respectively. The ionic pairs (ionic cluster)

augment the interaction of the molecular chains as

physical cross-linking points, which may be attributed

to the excellent tensile strength as shown in Figure 5.

The tensile strength-at-break of CPVC-cg-AA has

shown to be only 24.2 MPa, and elongation-at-break

is 87.3%.

Influence of AA Contents on Mechanical Properties
The influence of AA contents (AA addition content in

synthesizing of CPVC-cg-AA) on mechanical proper-

ties are shown in Figure 6 with 100% neutralization

degree. In the Na-ionomer curve, it is shown that the

tensile strength first increases and then decreases with

the increase of Na ion content. When the content of

acrylic acid is taken as15 parts, the Na-ionomer shows

the greatest tensile strength of 57.71 MPa. The elon-

gation-at-break shows little variation according to the

ion contents. It is also found that, in the Al-ionomer

curve, the tensile strength increases and then decreas-

es with the increase of Al ion content, while, the con-

tent of acrylic acid is being 5 parts, the Al-ionomer

shows the maximum tensile strength of 54.21 MPa,

and its elongation-at-break demonstrates greater vari-

ations than that of Na-ionomer with the increase of

ion content. By adding 5 parts of acrylic acid, the Al-

ionomer shows the greatest elongation-at-break of

62.32%.

The Na-ionomer and Al-ionomer have shown dif-

ferent mechanical properties, and Na-Na ionic bond is

stronger than the Al-Al ionic bond because sodium

hydroxide being a stronger alkali. This could be the

reasons why Na-ionomer has greater tensile strength
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Figure 6. Influence of ion contents on mechanical 

properties (The neutralization degrees of the two ionomers

were 100%).

and smaller elongation-at-break compared to Al-

ionomer.

Influence of Neutralization Degrees on Mechanical
Properties
The influence of neutralization degrees on mechanical

properties are shown in Figure 7 containing 20 parts

of AA. From the two curves of the ionomers, it is gen-

erally found the tensile strength of the ionomer

increases and elongation-at-break decreases with the

increase of neutralization degree.

With the neutralization degree increases, the

Figure 7. Influence of neutralization degrees on mechanical

properties (The AA content was 20 parts).

tensile strength and elongation-at-break of Na-

ionomer have shown dramatic variations compared

with the Al-ionomer. When the neutralization has

increased from 0 to 100%, the tensile strength of Na-

ionomer has increased above 30 MPa, and that of Al-

ionomer to about 10 MPa. With the same neutraliza-

tion levels, the elongation-at-break of Al-ionomer is

higher than that of Na-ionomer.

These phenomena are attributed to the formation

of ionic bonds, as with the increase of the neutraliza-

tion level, the intermolecular hydrogen bonds are

replaced by ionic bonds, and more and more ions are

being introduced to the materials. The ionic pairs
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(ionic cluster) have augmented the interaction of the

molecular chains as physical cross-linking points, and

the tensile strength has increased and the elongation-

at-break has decreased. The Na-Na ionic bonds are

stronger than the Al-Al bonds, which have resulted in

Na-ionomer’s tensile strength to be better than that of

Al-ionomer.

Swelling Properties of Al-ionomer
After the samples were being purified with THF, it has

been discovered that all the samples of Na-ionomer

are soluble, but only part of the samples of Al-

ionomer are dissolvable. The swelling properties of

the Al-ionomer are investigated as shown in Figure 8.

Figure 8. Swelling properties of the Al-ionomer (The 

neutralization degree was 100%).

In Figure 8, curve (b) is the enlarged form of curve (a)

from 0 to 8 h that shows the Al-ionomer with differ-

ent ionic contents has different solubility as with the

increase of ion content the solvation capacity of Al-

ionomer is decreased. From the two groups of curves,

it can be seen that when AA content is less than 5

parts, the Al-ionomer does not show any swelling

properties, with the ionic content being increased it

has needed more time to attain the highest swelling

degree. When the AA contents are higher than 20

parts, the Al-ionomer is not soluble and it only pres-

ents its swelling properties. All samples have been

dried at 50ºC in vacuo for 24 h, the remaining percent-

ages for samples 1, 2, and 3 have been all less than

5%, and the remaining percentage for sample 4 is

more than 85%. The Al3+ has three ionic bonds, serv-

ing as physical cross-linking point attributed to the

swelling properties.

CONCLUSION

The feasibility of producing ionomers via neutralizing

the CPVC-cg-AA which were synthesized by in-situ

chlorinating graft copolymerization with sodium

hydroxide and aluminium hydroxide have been  con-

firmed. The two ionomers both show an order-disor-

der transitions and Na-ionomer has higher Tg value

than Al-ionomer. With AA contents changing, the two

ionomers show nearly the same mechanical property,

and Na-ionomer possesses higher Young’s modulus,

greater tensile strength, and smaller elongation-at-

break than Al-ionomer. These two kinds of ionomers

show obviously different swelling properties with the

variations of ion contents.
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