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Abgract. The correation between the parameters of
chemically plasticized polar polymers (glass trangtion
temperature, solubility parameter, cohesive energy,
polarizability, modulus of elagticity in shear) with polarity
and van der Waals volume of macromolecule link was
investigated. It was shown that the chemical plasticization of
PVAc and PYME by the akylated polar groups replacement
in weakly polar methyl group is not associated with the
parameters of isolated macromolecule and is mainly
determined by the intermolecular interaction. The chemical
plasticization for the polyacid and polybase occurs via
alkylation carboxyl and hydroxyl groups accordingly. The
methyl ether of poly(acrylic acid) chemical plagticization is
observed at increase of an dkyl radical sze.

Keywords: chemical plasticization, polarizability, van der
Waals volume, glass transition temperature.

1. Introduction

At the chemical (internal) polymer plasticization
the reduction of potential barrier of internal rotation of
units in macrochain and weakening of the attraction
between macromolecules are achieved by changing the
chemical structure of the polymer [1].

The potential barrier of internal rotation depends on
the energy of intramolecular and intermolecular
interactions and is determined by the chemical nature of
the functional groups comprising the units, as well as by
the units structure [2].

The presence of polar functional groups leads to an
increase in the intensity of both types of interactions.
These polar groups can be located in the chain next to
each other and then they create a significant interaction of
short-range order. This increases the rigidity of the chain
macromolecule. Addition of nonpolar fragments into the
link between polar groups weakens this interaction.

The aim of this paper is establishment of the main
factors that cause the effect of the chemical plasticization
in amorphous polymers by changing the composition and
structure of the macromolecules links.

2. Results and Discussion

We compared the glass transition temperature (Tg),
cohesive energy (Econ), modulus of elasticity in shear (G,)
and other parameters of such polymers: polyvinyl acetate
(PVAC), polyvinyl methyl ether (PVME), and
polypropylene (PP). Links of these polymers differ by
positions of methyl group towards the main chain of the
macromolecule. This group is attached to the main
carbochain through polar group —COO- with dipole
moment ug = 0.7 D in PVAc, through less polar group —
O- (ugr = 0.46 D) in PYME and directly linked to the
chain in PP. For carbochain polymers with chains which
contain side groups one possible method is to reduce the
plasticizing chemical polarity units of macromolecules by
changing the polarity of the side groups. For the polymers
mentioned above replacement of polar side groupsin links
by weakly polar —CH3 group with a dipole moment g =
=0.37 D [3] reduces the dipole-dipole interaction between
different parts of the macromolecules and changes the
parameters of macromolecules and polymer in accordance
with the chemical platicization. Chemical formula units
and parameters mentioned polymers with different
chemical composition unitsarelisted in Table 1.

The values of Ty and of the dipole moments of the
functional groups of links x were taken from [4, 5]. Van
der Waals volume of the polymer limited by eectron
clouds of molecules and attributed to the monomer unit
(Vw) Was calculated according to [4] by the formula:

Vv
—— =155 1
v (D

VW
where V — molar volume of the polymer in the glassy

state, attributed to the monomer unit.
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Table 1
Parameter s of polymers
PVAC PVME PP
H H H
Parameters _ﬁ_ﬂ:_ _ﬁ_$_ _E,_ﬂ:_
2 OCO-CH, > O-CH, % CH,
7, K 301 260 253
r-10° kgm® 1.19 112 0.85
Vo 10°, m7/mol 46.6 36.9 311
U, kJ/mol 45 45 115
m 6.9 6.2 8.6
o 22 2.1 24
L, D 0.7 0.45 0.37
Ua, D 0.65 0.42 -
€ 32 30 215
d103, 3*m* 10.6 9.9 71
Eon, kYmol 276 14.4 11.8
P10°, m*kmol 289 19.11 13.91
G,10°, N/'m* 1.0 0.9 0.89
v=M @) (E,V)"* =F (5)

where M — molecular weight of monomer link; p —
polymer density.

The energies of internal rotation (U;;) of groups
around the valence-bond C—C for PP and C-O for PVAcC
and PYME, the number of monomer units in the segment
(m), and chain gtiffness factor (o) are taken from[6, 7].

@ ﬁu/z
&, it'?

fic

S

3

where &), "* — unperturbed coil size in 6-solvent;

&, i'”— size of freely-jointed chain.
Group contributions to molar polarization of
polymer (Py) were taken from L4].
From the ratio Py = E'2 M the relative dielectric
constant of the polymer (&) and from the ratio 6 = 3.3¢
solubility parameter (0) were calculated.
Solubility parameter is related to the energy density

of cohesion e, = (%)”2 by theratiod =e_"?.

The average dipole moment of the polymer unit

(ua) was calculated by the Debye equation
206m =P- R, 4

where P — molar polarization of polymer insulator, R —
molar refraction according to Lorentz and Lorenz.
P and R | were calculated by group contributionsasin[4].

Molar cohesion energy of link of polymer (Econ)
was calculated according to [8] by structural groups
contributions to this energy:

where F —molar attraction constant.

Shear modulus of the polymer in the amorphous
state or its stiffness (G;) were determined from empirical
Van Krevelen and Hoftyzer correlation:

3 o
G, » —g5g10 N/ (6)
1+—
C

Analysis of polymers parameters listed in Table 1
shows that the decrease of Ty, d, Ecn, P, r and G, at the
replacement of alkiled polar groups by weekly polar
methyl group in PVAc and PVME cannot be associated
with the characteristics of isolated macromolecule — Uy,
m and o. Internal rotation in the gauche-conformation of
polypropylene is hampered more than in the above polar
polymers due to larger value of van der Waals radius of
the CH5 group (~ 2.1 A) compared to the van der Waals
radius of oxygen (~ 15 A). That is, in isolated state
macromolecules chains of polar polymers are more
flexible compared to the non-polar polymer chains, which
is not observed in polymers in bulk. In particular, Kuhn
segment for isolated PV Ac macromolecule consists of 6.9
monomer units and has the size of 1.74 nm, and for the
PE, this segment has 8.6 monomer units and the size of
2.17nm[9].

The general conclusion from the analysis of datain
Table 1 isthat the chemical plasticization investigated in a
number of polymers is mainly determined by
intermolecular interactions rather than intramolecular.
Reduction of Ty, d, Exn, P, r and G, in series of PVAC-
PVME-PP according to the data in Table 1 is connected
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with the effect of internal rotation of the intermolecular
interaction. Electrical forces caused by polarizability (¢),
group- and unit- dipole moment cause a significant
decrease in chain flexibility of the studied polar polymers
as well as growth of cohesive, electrical, and mechanical
parameters and density of the polymer. Due to these
forces, which have dipole-dipole nature, polar functional
groups and polar links form stable interchain bonds
between interchain multipolar macromolecules, which
significantly inhibit internal rotation of links. Replacing
the strong electrical forces of attraction by the weak van
der Waals forces (in PP) significantly reduces inhibition
of internal rotation of links belonging to different chains.
This causes reduction in Ty polymer, reducing its density,
solubility parameter, cohesive energy, and elastic modulus
in shear.

Polar substituents form particularly stable
interchain bonds, which prevent internal rotation of links,
when their nature is conditioned by hydrogen bonds.
These polymers are, for example, polyacids and
polybases. For these polymers chemical plasticization is
possible via akylation of acid carboxyl groups and
alkylation of polybases hydroxyl groups. Such alkylation
reduces activity of the lateral groups. Parameters of
polyacrylic acid — PAA, polyvinyl alcohol — PVA, and

esterified compounds — polymethylacrylates (PMA) and
polyvinylmethyl ether (PVME) are givenin Table 2.

The glass transition temperature data are taken from
the works [4, 5], G, or rigidity, d, and V., values for the
amorphous state polymers were calculated according
to [4]. The polymers density was determined according
to[10].

As shown in Table 2, at the formation of polyacid
ester and polyalcohol ether, respectively, the glass
transition temperature of the polymer, its density,
solubility parameter and G, decrease due to increasing of
the the polymer link van der Waals volume. That is,
esterification via subdtitution of hydrogen interchain
bonds by the van der Waas ones reduces spatial
impediments to macromolecule segments shifting and
thereby facilitates the conformational conversion of
macromol ecules with increasing temperature.

Methyl side group causes an increase in the van der
Waals volume of the polymer link, therefore reducing its
density, solubility parameter, and modulus of eadticity in
shear. That is, by changing the nature of the attractive
forces between macromolecules this group serves as a
diluent in the bulk polymer. Therefore, it can be assumed
that increasing the size of alkyl radical increases the effect
of dilution.

Table 2
Parameter s of polyacrylic acid, polyvinyl alcohol and their methyl ester and ether
PAA PMA PVA PVME
H H H H
Parameters —C—C— —C—C— —Cc—C— —Cc—C—
H, | H, | H, | H, |

2 COOH COOCH, 2 OH O-CH,
T, K 379.0 281 343 260
r10° kg/m® 17 1.22 1.26 112
V,,»20°, m¥/mol 27.39 455 226 36.9
d407, 3°m*? 10.1 9.7 114 9.9
G,20°, N/m® 1.16 0.97 1.09 0.9

Table 3
Parameter s of polyacrylic acid eters
PMAA PEAA PPAA PBAA
c—& c—0 c— c—
Parameters H. | H. 1 Ho H.

2 COOCH, 2 COOC,H, 2 COOC,H, 2 COOC,H,
M 86 100 114 128
T, K 281 251 229 221
r0° kg/m® 1.22 112 1.08 10
V4 10°, m7kg 0.82 0.89 0.92 1.0
V,y 10°, m7mol 455 57.6 68.1 82.6
d40?, 3°m*? 9.7 9.2 9.05 8.8
G,10°, N/m?’ 0.97 0.88 0.83 0.81
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Conformational conversions of polymer chain,
which includes links with large in size and weight side
groups require considerable energy and cause significant
inhibition of internal rotation of links [11]. However,
when the dipole side group is not connected directly to the
main carbochain, as in polyacrylates, the orientation of
dipole moments occurs regardless of changes in the
macromolecule conformation, which is caused, for
example, by temperature increase. In such case the
presence of large-sized side groups should weaken the
attraction between macromolecules through steric
obstacles and cause chemical plasticizing effect. Table 3
shows the parameters of several esters of polyacrylic acid:
methyl (PMAA), ethyl (PEAA), propyl (PPAA), and butyl
(PBAA).

Increase of the alkyl radical size, as seen from
Table 3, leads to further reduction of the glass trandtion
temperature, density of polymer, solubility parameter, and
modulus of elasticity in shear. That is, liquefying ability of
alkyl radical increases with increase of its size. Size of
alkyl radical affects the specific volume of the polymer,
the latter increases while passing from methyl to butyl
radical. This shows that the share of the "freg' volume
increases with increasing size of alkyl radica, internal
rotation of links of neighboring macromolecules is
facilitated, leading to decrease in the glass trandtion
temperature.
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Fig. 1. Dependence of T, on van der Waals volume V,,, in
monomer link at chemicd plasticization of polyacrylic acid

From the data of Tables 2 and 3, we can set the
dependence of Ty on the van der Waals polyethers and
polyesters link size. This dependence is shown in Fig. 1.
The figure shows that methylation of polyacrylic acid
dramatically reduces the glass transition temperature of
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the polymer. As noted above, this is due to replacement of
strong electrical forces of attraction by weak van der
Waals forces. Sequential replacement of methyl groups by
the larger ethyl, butyl and propyl ones leads to further
reduction in Tg, although the Ty decrease rate slows down.

This is because the nature of the attractive forces
between macromolecules changes insignificantly with
increasing size of the side group, but the density of
packing of the side groups in the bulk polymer decreases
under the influence of steric factors.

p-1073, kg/m®

1,81
1,6
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1,24 .

1,0 1

T T T T T T

20 30 40 50 60 70 80
Vw108, m3imol

Fig. 2. Dependence of density p on van der Waals volume V,,, in
monomer link with chemical plasticization of polyacrylic acid

The polymer density decreases, thereby increasing
its "free’ volume (Fig. 2). For different polymers share of
free volume at Ty is constant [12]. Since free volume
increases with the size of the alkyl group of polyacrylic
acid eder, reaching of critical free volume, which
corresponds to Tg, for higher homologues will occur at
lower temperatures.

3. Conclusions

It has been shown that chemical plasticization
can occur through reducing the polarity of the side groups
of macromolecules links, and at a constant number of
functional groups of one polarity through reducing the
density of packing of the side groups of macromolecules
links and macromolecules in the bulk polymer. Both
factors lead to weakening of attraction between
macromolecules, which leads to decrease in glass
transition temperature, density, solubility parameter, and
modulus of elaticity in shear of the polymer.
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POJIb BYJJOBU I CKJIALLY JIAHKH
Y MAKPOMOJIEKY.II B XIMIYHIA
IVIIACTU®IKALII ITOJIIMEPIB

Anomayia. Bcmanoenena kopensayis midc Xxapaxmepuc-
MUKAMU — NIACMUDIKOBAHUX — NONAPHUX — AMOPDHUX — nOTIMepIg
(memnepamyporo crnysanns, napamempom po3uurHHOCmi, eHepeicio
KO2e3il, NONAPUIYEMICIO, MOOYIEM RPYJICHOCMI Npu 3CY6i) 3
nonapuicmio ma Ban-oep-Baanvcosum 06’ emMom nanku Makpomo-
nekynu. Tokazano, wo ximiuna niacmuikayis nonisininayementy
ma NONGIHIIMEMULOB020 ecmepy 3AMIHOI0 ANKLIbOBAHUX NOJAPHUX
2pyn na cnabo NoNApHY MemunbHy He No6 A3aHa 3 napamempamu
i3071b606aHOI MAKPOMONEKYU, a BUSHAYAEMbCSA 20JI08HUM YUHOM
MIHCMONEKYIAPHOIO 83aEmMOOicio. /[ nonikuciomu ma noaiocHo8u
Ximiyna — niacmuixayis - 6i00y6acmpcs  uepe3  AIKLIY8AHHS
8ION0BIOHO KAPOOKCUTbHUX mMA  IOPOKCUTbHUX  epyn. XiMiuHa
niacmugiikayis.  Memuiogoeo ecmepy HOMAKPUIOBOI  KUCIOMU
cnocmepieacmuca npu 301IbUEeHHT POIMIPY ANKIIbHO20 PAOUKATY.

Kniouosei cnosa: xiviuna niacmugbikayis, ROIsIpU3yEMic o,
Ban-0ep-Baanvcosuii 00’ em, memnepamypa ckiry8aHHs.



