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Abstract

Viscometric measurements were performed for a low molecular weight polyethylene (LMWPE) and the LMWPE
grafted vinyl acetate (E-g-VA) copolymer in a series of binary solvent mixtures, consisting of a polar and a non-polar
solvents. The degree of grafting (DG) or VA content dependence of the intrinsic viscosity [1], Huggins constant 4y, and
the critical association concentration Ca, of the polymers are investigated in the 1,2-dichloroethane (DCE)/cyclohexane
(CYH) solvent mixtures, especially in @, = 0.3 and ®. = 0.9 (P, is the volume fraction of CYH in solvent mixtures).
The opposite variations of [#], kg and C, with the increasing of DG of the polymers studied at 30°C were observed in
different solvent mixtures of &, = 0.3 and &. = 0.9 respectively. Moreover, the inversion variation of [n] of E-g-VA
graft copolymer and its parent polymer (LMWPE) occurred with the change of the composition of the solvent mixtures.
A large difference of the viscous flow energy of the E-g-VA graft copolymers from two different kinds of solvent
mixtures of @, = 0.3 and &, = 0.9 respectively was also found. These phenomena can be accounted for by the con-
formational inversion of the E-g-VA graft copolymer in the selective solvents. © 2001 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

It has been known that functionalization of poly-
olefins for use in blending or other applications and for
its good qualities such as the light, UV and radiation
resistance, weatherability, thermal stability, permeation
of gases, permeability toward organic solutes, adhesive
bond strength, impact resistance and the morphology of
the polymer films etc. can be achieved by the grafting of
vinyl monomers [1-16]. The studies of solution property
of PE grafting copolymer were few in literatures al-
though the solution properties of other kinds of graft
copolymers were investigated extensively using light
scatter and fluorescence mostly, also using DSC, UV,
NMR and viscometry [17-24] etc.
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We have even studied pour point depression and
viscosity reduction of crude oil doped some graft co-
polymers [25]. And also, an E-g-VA grafting copolymer
was prepared and worked for pour point depression of
wax solutions [26]. In present work, the shape and its
changing of the E-g-VA graft copolymer in solvent
mixture of selective solvents of 1,2-dichloroethane
(DCE) and cyclohexane (CYH) are investigated by
viscometry.

2. Experimental

The low molecular weight polyethylene (LMWPE)
was provided by Jinshan Petrochemical Company in
Shanghai and purified with benzene (good solvent) and
methanol (non-solvent) at room temperature. The E-g-
VA graft copolymers used in this work were prepared
with the purified LMWPE (5 g) in xylene (20 ml) at 70°C
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with stirring and refluxing by dropping addition of vinyl
acetate monomer (5 ml) with BPO (0.5 g) for 20 h in N,
ambiance [26]. The mixture of the graft copolymer and
homopolymer was isolated using non-solvent, methanol
and n-hexane respectively. The structure and vinyl ace-
tate content or degree grafting (DG) of the polymers
were confirmed and calculated by IR spectra of Nicolet-
5Dx (FTIR) and a method [27] using the infrared ab-
sorbance ratio of characteristic absorption peaks of
C=0 and CHz, i.e., DG = VA (Wt.o/o) = 6.80(A174o/
Ai470). Thus the DG of E-g-VA graft copolymer A and
B are 19.8% and 8.87% respectively. The number aver-
age molecular weights of the E-g-VA graft copolymer A,
B and their parent LMWPE are 1120, 970 and 820
respectively characterized using a Knauer VPO instru-
ment. Viscosity measurement of the solutions was con-
ducted in an Ubbelohde viscometer at designed
temperature with deviation of +0.02°C. The reproduc-
ibility of efflux-time was +0.05 s.

3. Results and discussion
3.1. Huggins constant ky and intrinsic viscosity [n]

Figs. 1 and 2 show the variation of reduced viscosity
Np/c as a function of the concentration ¢ of the E-g-VA
graft copolymer A (GA), graft copolymer B (GB) and
their parent LMWPE in solvent mixtures of &. = 0.3
and @, = 0.9 respectively. It is clearly seen that each
curve of these polymer/solvent systems exists crossover
phenomenon, i.e., a concentration at which the polymer
chains start contact, this concentration, which was in-
dicated by the vertical arrow in Figs. 1 and 2, was called
second critical concentration ¢** [28] or critical associa-
tion concentration Ca [29], and displaying two approx-
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Fig. 1. Plot of the reduced viscosity of the graft copolymer GA,
GB and their parent LMWPE vs the concentration in solvent
mixture of @, = 0.3, (©) GA, (J) GB and (A) LMWPE.
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Fig. 2. Plot of the reduced viscosity of the graft copolymer GA,
GB and their parent LMWPE vs the concentration in solvent
mixture of @, = 0.9, (©) GA, () GB and (A) LMWPE.

imately straight lines with different slopes. Thus, two
extrapolation to ¢ = 0 are possible which give two dif-
ferent intrinsic viscosity [n#] and Huggins constants
kw:[n]*, Ky using the plot obtained above Cy and []™, &y
using the plot obtained below Ch.

The DG dependence of &, &j; and [y], [#]"* of the
GA, GB and LMWPE in both solvents of @, = 0.3 and
&, = 0.9 are presented in Figs. 3 and 4, respectively. In
Fig. 3, we observed that each system has a ky value
larger than 0.423 (the ky of LMWPE in @, =09 is
0.423), it means that each system is an association sys-
tem. The ky values, however, decreases and increases
with the increasing of DG in solvent mixture of @, = 0.3
and @, = 0.9 respectively, i.e., the larger DG, the lower
ky value in @, = 0.3; and vice versa in @, = 0.9. That is
to say, the aggregation occurred in solvent mixture of
®. = 0.3 does not come from VA segments, in other
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Fig. 3. Plot of Huggins constant &j; (circle) and 4" (triangle) vs
DG of the polymers in solvent mixtures of @, = 0.3 (hollow)
and @. = 0.9 (solid).
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Fig. 4. Plot of intrinsic viscosity []* (circle) and [#]** (triangle)
vs DG of the polymers in solvent mixtures of @, = 0.3 (hollow)
and @, = 0.9 (solid).

words, the aggregation in @, = 0.3 comes from ethylene
segment in E-g-VA graft copolymer molecule. Accord-
ingly, the aggregation of the E-g-VA graft copolymer
molecule in . =0.3 and &, =09 are two different
kinds of aggregations, one (in @, = 0.3) consist of ethy-
lene segments, which was called ethylene segment
aggregation; the other (in @, = 0.9) consist of VA seg-
ments aggregation which was called VA segment ag-
gregation. Obviously, the reason for this is that DCE is a
selective solvent that is a good solvent for VA segments
and poor solvent for ethylene segments and CYH is also
a selective solvent, but it is a good solvent for ethylene
segments and poor solvent for VA segments.

Fig. 4 gives the variation of [5] ([]* and [#]**) with
DG in solvent mixtures of &, =0.3 and &. = 0.9, re-
spectively. Clearly, the [n] values go up with increasing
of DG in @, = 0.3 due to the expending of more VA side
chains and the increasing of the MW, both are caused by
the increasing of DG in the E-g-VA graft copolymer
molecule. It is interested that the [] values go down with
increasing of DG in &, = 0.9. We consider that the coil
shrinkage caused by more VA segment aggregation and
further the ethylene segment aggregation is greater than
the coil expansion caused by the increasing of MW. In
Figs. 3 and 4, we can also observe that the variation of
the [#]" and kj; are larger than those of [5]" and &;; with
the increasing of DG. This could be more pronounced
variation of the chain conformation in the case of lower
solution concentration [30].

3.2. Critical association concentration C 4
Fig. 5 shows the relation between C, and DG of the

E-g-VA graft copolymer in both solvent mixtures of
@, = 0.3 and &, = 0.9. The variation of C, values with
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Fig. 5. Plot of critical association concentration Cy vs DG of
the polymers in solvent mixtures of @. = 0.3 and &, = 0.9.

DG is same as that of [5] values with DG in Fig. 4. The
Ca values increase with increasing of DG in @, = 0.3
and vice versa in @, = 0.9. As mentioned above, the
aggregation of the graft copolymer in @. = 0.3 mainly
comes from ethylene segment aggregation, then the ag-
gregation of ethylene segment is getting harder due to
the increasing DG or VA content in the E-g-VA mole-
cules unless increasing the concentration of the E-g-VA
graft copolymer. Thus, Cy rises. In opposition to &, =
0.3, the Ca in @, = 0.9 goes down with the increasing of
the DG due to VA segment aggregation. It should be
noted that the C, values in solvent mixture of @, = 0.9
are much larger than those in solvent mixture of
®. = 0.3 for the graft copolymer with the same DG.
Prerri et al. [31] have pointed out that C, value would be
affected by the shape of macromolecular chain and the
elongated chain has lower Ca value compared to the
chains presenting coil conformation. Therefore, we can
suppose that the E-g-VA molecule in solvent mixture of
&, = 0.3 affords a conformation (I) of ethylene segment
aggregation in core with the elongated VA side chain,
and the E-g-VA molecule in solvent mixture &, = 0.9
renders a conformation (II) of VA segment aggregation
in core with the coiled backbone chain.

Fig. 6 gives the influence of the composition of sol-
vent mixture on the [n]* of E-g-VA graft copolymer A
(0), B (O) and their parent polymer LMWPE (A) at
30°C. The ranges of composition of the solvent mixture
are chosen from @, = 0.3 to &. = 0.9 in which the E-g-
VA graft copolymer and their parent LMWPE are all
dissolved. It shows that the slopes of the [5]* ~ @, lines
for these three samples depress from positive to negative
with the increasing of &.. Thus, the [;] values of these
three samples in @, = 0.3 increase with increasing of DG
of the samples and vice versa in &, = 0.9. Two cross-
overs are displayed by LMWPE line with GA and GB
lines respectively. We believe that they are the inversion
points from conformation (I) to conformation (II) when
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Fig. 6. Plot of [5]* vs the composition of solvent mixtures @, for
the polymers with different DG, (O) GA, () GB and (/)
LMWPE.

the composition of solvent mixtures changes from @, =
0.3 to @, = 0.9 based on the different aggregated states
of the E-g-VA molecule in the solvent mixtures of
@, = 0.3 and &, = 0.9. Further, the conformational in-
version point of sample GA with increasing of DG is
located in the solvent mixture with less @. value com-
pared to that of sample GB with increasing of DG. This
is probably due to that more VA segments of E-g-VA
graft copolymer need less non-solvent CYH in solvent
mixture for the VA segment aggregation.

3.3. Viscous flow energy E,

Fig. 7 shows the variation of In# as a function of the
temperature (1/7) obtained from the E-g-VA graft co-
polymer in solvent mixture of @, = 0.3 (hollow symbol)
and @, = 0.9 (solid symbol), respectively. In each sol-
vent mixture three straight lines of the graft copolymer
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Fig. 7. Plot of In#n vs 1/T for GA sample in solvent mixtures of
®. = 0.3 (hollow) and @. = 0.9 (solid) with different concen-
trations.

A with different concentrations are revealed, i.e., two of
them are for the solutions, the other one is for the pure
solvent mixture of &, = 0.3 or &, =0.9. The viscous
flow energies E, at different solution concentrations
could be calculated from the slope of each straight line.
Provided that E, represents pure viscous flow energy of
the graft copolymer sample A, i.e., deducting the effect
of solvent mixture of &. = 0.3 or &, = 0.9, thus,

E,=E, —E,

where E, and E,_ are the viscous flow energies for pure
solvent mixture and for the solution of the E-g-VA graft
copolymer A with the concentration.

Fig. 8 shows the concentration dependence of E, of
the E-g-VA graft copolymer A from the solvent mixture
of @, = 0.3 and @, = 0.9, respectively. If we consider the
points from solvent mixtures of @, = 0.3 and &. = 0.9
as lines roughly, the increments of £, from the slopes of
the lines are E, , = 29.4 kJ/mol and E, , = 20.7 kJ/mol
for the solvent mixtures of ¢, = 0.3 and &. = 0.9, re-
spectively. It is interested that why the E, , is larger than
E,,, although the solvent effect is deducted. According
to the viscous flow energies of PVA and PE with 67 and
25 kJ/mol respectively [32], this result is also a good
evidence for two kinds of conformations of the E-g-VA
graft copolymer in solvent mixture of @, = 0.3 and
@, = 0.9 respectively. In solvent mixtures of @, = 0.3,
the coil of E-g-VA molecule looks like PVA molecule,
1.e., the core and shell of the coil are ethylene and VA
segments respectively. In solvent mixtures of &, = 0.9,
the coil of E-g-VA molecule looks like PE molecule, i.e.,
the core and shell of the coil are VA and ethylene seg-
ments, respectively. Accordingly, VA segments out of
the coil in solvent mixture of @, = 0.3 displays stronger
interaction between VA segment, VA segment and DCE
molecule similar to the action in the mixture of ethylene—
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Fig. 8. Plot of E, vs C for GA sample in solvent mixture of
@&, =0.3and &, =0.9.
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vinyl acetate copolymer with poly(vinyl chloride) [33]
and resulting in higher E, value. On the contrary, ethy-
lene segments out of the coil in solvent mixture of
®. =0.9 render weaker interaction between ethylene
segment, ethylene segment and CYH molecule, and re-
sulting in lower E, value.

The E-g-VA graft copolymer studied in this present
investigation reduces the pour point of the waxy systems
that is very much dependent on the nature of solvent as
in the case of the pour point depressant of the ethylene—
vinyl acetate (EVA) copolymer [34]. The aggregation of
the EVA copolymer formed in solvent mixture of DCE/
CYH with lower @, values may cause a higher degree of
pour point depression of waxy solutions.

4. Conclusions

The changes of the intrinsic viscosity, Huggins con-
stant and critical concentration of the E-g-VA graft
copolymers with the increasing of degree of grafting are
opposite in selective solvent mixtures of &, = 0.3 and
&, = 0.9 respectively; the ratios of d[y]/d®,. of the E-g-
VA graft copolymers are from positive (DG = 0 or 8.87)
to negative (DG = 19.8) gradually when the composi-
tion of the solvent mixtures change from @&.=0.3
(strong polar) to @, = 0.9 (weak polar); the viscous flow
energy of the E-g-VA graft copolymer A is larger in
¢, =03 (E,, =294 kJ/mol) than that in ¢.=0.9
(Ey,, = 20.7 kJ/mol). From these results we consider
that two different aggregated states of the E-g-VA graft
copolymer in selective solvent mixtures of &, = 0.3 and
@, = 0.9 exist, i.e.,, (I) ethylene segment aggregated in
core with the shell of VA segments and (II) VA segment
aggregation in core with the shell of ethylene segments,
respectively. And the conformation inversion of the E-g-
VA graft copolymer is dependent on the quality of the
solvent mixtures.
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