
Synthesis and Characterization of Olefin
Copolymers as Viscosity Modifiers for

Engine Oil

Microstructural properties of olefin copolymers (i.e., copolymer composition,
sequence distribution, and molecular weight and its dispersity) are key factors,
which affect the behaviour of olefin copolymers as viscosity modifiers in engine

oil. In this article, the variation procedure and control methods of these specifications are
described for the synthesis of olefin copolymers using soluble Ziegler-Natta catalyst in a
semibatch reactor. Solution copolymerization of ethylene/propylene was performed using
VOCl3-Al2Et3Cl3 systems. Finally, the synthesized viscosity modifier was characterized
by IR, GPC, 13C NMR, DSC, and XRD techniques and elemental analysis method.
Molecular weight was controlled by continuous feed of hydrogen during the reaction and
its narrow dispersity was maintained by catalyst specifications and initial saturation of sol-
vent by monomers. Although catalyst activity varies with time, 13C NMR and IR results
demonstrated steady copolymer composition. This was achieved by using a catalyst sys-
tem with mostly single active site in a semi-batch polymerization by feeding monomers
continuously. Also, it was found that randomness in the microstructure of the copolymer
was induced at a specific monomer ratio.
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A B S T R A C T

Key Words:

Oil undergoes temporary viscosity
changes under operating conditions
in engines. Therefore, multigrade
automotive lubricants usually con-
tain polymeric additives called vis-
cosity modifiers (VM; previously
known as viscosity index improvers

or VII). These are oil soluble poly-
mers, which enable the oil to provide
adequate hydrodynamic lubrication
at high temperatures and good start-
ing/pumping performance at low
temperatures. The mechanism of VII
operation has been postulated by
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various researchers, i.e., Selby and Muller [1-6]. VM
improves the viscosity index (VI). This function
depends not only on particular polymer chemistry and
constitution but also on shear rate and temperature [7].
ASTM D 2270-Procedure B describes the procedure
for calculating the thickening efficiency and viscosity
index of petroleum products.

As the polymer chains break under the load, VII tol-
erates a permanent viscosity loss beneath the mechani-
cal shear stresses at service conditions. The most com-
mon measure of lubricant degradation in service is kine-
matics viscosity. The reduction in kinematics viscosity,
reported as percent loss of the initial kinematics viscos-
ity, is a measure of shear stability of the polymer con-
taining fluid as given in ASTM D 3945 [1].

Olefin copolymers (OCP) constitute one of the
most important class of polymers used as VII. They are
oil soluble copolymers comprising ethylene and propy-
lene and may contain a third monomer, a nonconjugat-
ed diene. Although, ethylene/propylene copolymers
represent the simplest case of vinyl copolymers, the
structure of these copolymers can be extremely com-
plex. Despite related chemical structures, these copoly-
mers exhibit different properties and they have com-
mercial significance [2-7].

The chemical and associated physical characteris-
tics, which make these copolymers suitable for using as
VIIs, include molecular weight and its distribution,
ethylene-to-propylene ratio, and comonomer sequence
distribution. Therefore, the chemical nature of a given
polymer needs to be understood for designing an effec-
tive multigrade formulation. Not only the appropriate
range of weight average molecular weight (50,000-
200,000 g/mol) but also the low polydispersity index
(PDI) are the most important factors in control of the
shear stability of OCPs. High molecular weight copoly-
mers with broad PDI are able to increase permanent
viscosity loss by concentrating the mechanical stress
for molecular chain scission [6]. Further, the amount of
branching can also be critical to the polymer behaviour.
Nonconjugated dienes are often used in the manufac-
ture of ethylene-propylene copolymers to provide a site
for cross-linking (in non-lubricant applications) or to
reduce the tackiness of the rubber for ease of manufac-
turing and handling. 

Certain dienes promote long-chain branching. A
disadvantage of long-chain branching is that it reduces

the lubricating oil thickening efficiency and shear sta-
bility relative to simple copolymer of similar molecular
weight and copolymer composition [6]. With a fixed
arm length, an OCP having the higher degree of
branching, increases the viscosity index rather than the
one having a lower degree of branching. On the other
hand, the viscosity index increases with increase in the
arm length when the degree of branching is fixed.
Adding OCP also causes a change in the pour point of
the lubricant oil. The pour point decreases with
increase in the degree of branching [8]. 

The specific grade of olefin copolymer is used as
VII, which has low (40-60 mol%) propylene content
[5]. This is a desirable characteristic for VII, because
the propylene unit (with α-hydrogen) is the point of
attack by any oxidative degradation that occurs during
its service in the engine. Consequently, oil undergoes
more rapid and higher degree of permanent viscosity
loss in engines. Hence, the thermo-oxidative degrada-
tion of the macromolecules is also related to the
structural features.

Due to the higher reactivity of ethylene to propy-
lene, the formation of long sequences of ethylene is
favoured rather than propylene sequences. This is sub-
stantiated by 13C NMR spectroscopy technique [6].
Also, higher content of ethylene or propylene blocks in
polymer chain, which in turn increases crystallinity in
the VII, leads to problems at low temperature. For opti-
mum performance, amorphous polymers must contain
less than 10% crystallinity. The longer sequence distri-
bution of any monomer affects both the low and high
temperature properties of the VII [7]. In addition, the
arrangement of monomers must be random along the
copolymer chain [5].

The most common methods for manufacturing
OCP viscosity modifiers are solution process and gas-
phase process which are not appropriate for this pur-
pose [6]. Homogeneous Ziegler-Natta catalysts are sol-
uble in the reaction medium. Therefore, they function
more efficiently because all molecules serve as poten-
tial reaction sites. Usually soluble Ziegler-Natta or met-
allocene catalysts are used for synthesizing random
olefin copolymers in solution process [8-10]. VOCl3-
Al2Et3Cl3 forms a soluble Ziegler-Natta catalyst sys-
tem with mostly a single active site. The number of
active centres is around 15-40% of the initial VOCl3
concentration, which allows easy incorporation of
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propylene by low PDI into random and narrow
comonomer distribution [10-12].

There are many reviews available in the literature
either on ethylene-propylene copolymerization by
Ziegler-Natta catalysts [10-21] or characterization of
OCPs as VII [22-25]. Because of immense commercial
significance, it is necessary to obtain desirable proper-
ties of OCP as VII during synthesis. In this work we
synthesized vanadium catalyzed olefin copolymers
using a semibatch bubble column reactor and deter-
mined the specifications of the resulting polymer
chains as a VM.

EXPERIMENTAL

Chemicals
Ethylene, propylene and hydrogen were purchased
from Electrochem Co. (polymerization grade) with
purity>99.9%. Heptane (>99%), soluble VOC13
(>99.5%) and co-catalyst Al2Et3Cl3 (97%) were
bought from Merck.

Polymerization System
Polymerization unit is shown in Figure 1. The solution
polymerization was carried out in a 300 mL stainless
steel bubble column reactor using n-heptane as the
solvent.

At first, the solvent was saturated with monomers
and hydrogen (gas phase) with specified ratios. Then,
the required amount of the vanadium compound

(VOCl3) and cocatalyst (Al2Et3Cl3) were introduced
into a glass reservoir containing n-heptane (10-15 mL)
at 25oC under positive pressure of nitrogen. The activ-
ity of this catalytic system maximize some minutes
after the introduction of catalyst portions. It is related to
molar ratio of cocatalyst/catalyst (Al/V) and quantity of
comonomer.

Based on the systematic procedure, we have
derived and adjusted the optimum values of reaction
conditions for ethylene-propylene copolymerization by
this catalytic system through many tests. Then, the con-
ditions were adjusted by these optimum values. Under
constant gauge pressure (l ± 0.1 atm) and temperature
(22 ± 1oC), the reaction was initiated with the injection
of the aged catalyst at its highest activity to attain the
low molecular weight with narrow dispersity and ran-
dom microstructure for copolymer as viscosity modifi-
er grade. The gas phase was fed continuously under a
constant rate, while the liquid phase (solvent, catalyst
and co-catalyst) was operated in batch to guarantee a
constant feed composition in reaction medium and to
produce a homogeneous copolymer. A constant pres-
sure was maintained during the reaction and a manual-
ly controlled back pressure regulator vented off excess
monomers. The composition homogeneity was main-
tained due to the initial saturation of solvent and high-
er mass transfer rates of monomers than copolymeriza-
tion rate.

After a specific time, the resulting reaction medi-
um contained ~2 wt% of soluble copolymer which pre-
vented undesired rheological effects on the kinetic of
the reaction. At the end of the reaction, the feed
streams were shut off and isopropanol was added to
quench the reaction for precipitating the soluble poly-
mer. Then the precipitated polymer was separated,
washed with excess isopropanol and vacuum-dried at
40-70oC for 24 h.

The one factor at a time method was applied to
study the effect of process variables on the key proper-
ties of synthesized polymer (i.e., copolymer composi-
tion, sequence distribution, and molecular weight and
its dispersity). Finally, the optimum conditions were
applied to produce OCP as VM and the properties of the
resulting polymer were measured. The optimum condi-
tions are listed in Table 1.

Copolymer Characterization
Polymer films (0.18-0.2 mm) were characterized for
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Figure 1. Schematic view of polymerization system.



ethylene incorporation by infrared spectroscopy (IR)
using a Perkin Elmer 2100 spectrometer. This was
achieved by measuring the ratio of the intensities of the
1155cm-1 methyl band and 720cm-1 methylene band
according to ASTM D 3900.

13C NMR spectormeter Brucker ACP 500 MHz
with CDC13 at 50oC was used to identify more accu-
rately the ethylene content and sequence distribution of
the synthesized copolymer [7, 22-23].

Molecular weight and its distribution were deter-
mined by gel permeation chromatography (Waters
150C ALC/GPC) in THF at 30�C. The data were ana-
lyzed using polystyrene calibration curves.

Thickening efficiency (ASTM D 445), VI (ASTM
D 2270B), and shear stability (ASTM D 3945) were
measured for a 1.5 wt% polymer solutions in oil.

Differential scanning calorimetry (12000 PL-DSC)
at a heating rate of 10�C/min was used to determine the
specific heat capacity (Cp) of the copolymer, enthalpy,
and entropy of copolymerization reaction [24-25].

XRD was used to obtain crystalline content of the
mainly amorphous copolymers.

RESULTS AND DISCUSSION

Microstructure Characteristics
Molecular Weight and its Dispersity

Molecular weight plays the main role in thickening
efficiency and shear stability of OCPs used as VII. As
shown in Figure 2, the initial period in olefin copoly-
merization is often characterized by a gradual increase
in the polymer molecular weight up to some constant
value. This behaviour is typical of olefin polymeriza-
tion carried out at moderate temperatures (<50oC) and
low monomer concentration in the presence of active
catalytic systems [20].

The initial increase of molecular weight is approx-
imately regarded as �quasi-living� chain growth. When

reaction rates of chain initiation and termination reach
equilibrium, molecular weight becomes time independ-
ent  under stationary conditions. If the process is car-
ried out at relatively low temperatures, the molecular
weight growth can be observed even for a few hours. At
high monomer concentrations, the stage of molecular
weight time independence appears at shorter period of
time, which causes narrower molecular polydispersity.
A detailed description of these phenomena is given by
Kissin [20].

Molecular weight control in a suitable range
(50,000-200,000 g/mol) is achieved by intensifying the
chain transfer reaction (i.e., by hydrogen, Al/V
ratio,and co-solvents). In olefin copolymerization, eth-
ylene shows the highest reactivity in the propagation
step and hence it will display propagation behaviour
rather than transferring or termination. Thus, the ethyl-
ene exhibits negligible tendency to chain transfer reac-
tions, compared to propylene [10-11,21].Therefore,
chain transfer reactions to monomer occurs only due to
propylene with little efficiency to control molecular
weight [21].

Hydrogen is known to be the best chain transfer
agent in Ziegler-Natta polymerization but very often its
effect transcends that of a mere chain transfer agent,
since it might affect the polymerization rate and poly-
mer microstructure significantly [14-15]. 

Although, all chain transfer agents (hydrogen,
propylene and alkylaluminium) were present in the sys-
tem, but hydrogen indicates higher transfer ability and
mainly controls the chain growth. The use of hydrogen
as a molecular weight controlling agent is described in
Figure 3. It can be seen that the molecular weight
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Table 1. The values of optimum conditions.

Variables Values Initial conditions Values

[Catalyst] (mol/L)

Al0/VO0

[P]/[E]

TSET (°C)

7.210E-5

28.680

19.048

22

Hs (mol/L)

Es (mol/L)

Ps (mol/L)

PSET(abs) (bar)

0.048

0.021

0.411

2

Figure 2. The variation of copolymer molecular weight vs.

reaction time at the experimental conditions given in Table 1.



approaches a plateau limit for the effect of hydrogen as
chain transfer agent. This behaviour can be attributed
either to the lower magnitude of  the rate constant of the
chain transfer via hydrogen than the average rate con-
stants of propagation or to the limitation of hydrogen
concentration in heptane at the adjusted reaction condi-
tions [11, 21, 26].

Also, alkyl chain transfer effects were taken into
account in copolymerization kinetic when Al/VO ratio
was varied from 2 to 64. It was noticed that, for Al/VO
ratios lower than 2, no significant yield can be
obtained. At least 2 alkylaluminium molecules and 1
vanadium salt molecule are required to form the active
species as reported in literature [21]. As indicated by
experimental results, the alkyl chain transfer�s effect on
molecular weight was intensified by the excess of alkyl
when Al/VO ratio (~28) was used at higher value than
the optimum value (~8). Figure 4 demonstrates the ver-
ified influence of Al/VO ratio on the molecular weight.

In order to increase the shear stability and life time
of synthesized copolymer in lubricating service, it is
necessary to produce monodisperse copolymers. The
nature of this catalyst complex and mostly its single
active site for polymerization allows easy incorporation
of alpha olefins into random ethylene copolymers,
characterized by narrow molecular weight distributions
and narrow co-monomer distributions. Highly active
catalyst system, intensive mixing or higher concentra-
tion of monomers have been used to improve either
monomer conversions, yield and rate of copolymeriza-
tion or PDI of OCP [11, 18, 21, 26]. Since chain trans-
fer by hydrogen and excess of alkyl do not affect the

OCPs molecular weight considerably to control such
conditions, we postulated that chain transfer to co-sol-
vent might manage the molecular weight in solution
polymerization. It was found that the addition of a low
amount of toluene (<5 wt%) could be useful for reduc-
ing the molecular weight. Therefore, it can be conclud-
ed that toluene acts as chain transfer for this copoly-
merization system.

It is accepted that the molecular weight is deter-
mined by the ratio of the rate of propagation reaction to
the rates of chain transfer and termination reactions.
Also, monomer concentrations have important effects
on these steps. It is obvious that monomer concentra-
tions affect this ratio. Consequently, the molecular
weight and its dispersity change undesirably when
unsteady variations occur in the proportion of ethyl-
ene/propylene concentrations. The application of a con-
tinuous system for monomers with high mass transfer
rate and a batch system for catalyst would prevent com-
position drift of monomers in reaction and also homog-
enize the distribution of catalyst activity variations. The
best conditions are initial saturation of solvent by
monomers and injection of the catalyst at its highest
activity in one shot, which stabilize the molecular
weight and give narrow dispersity. These strategies
reduced PDI to 1.8 as is shown in Figure 5.

Copolymer Composition
Cozewith et al. modeled the ethylene-propylene
copolymerization by using a plug flow reactor (PFR)
and observed that the compositional distribution was
not homogeneous due to ethylene-propylene ratio vari-
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Figure 3. Hydrogen’s effect on copolymer molecular weight

(Al/V=8.314, V=7.2E-5 (mol/L), t=5400 (s), [E]= 0.04838

(mol/L), [P]/[E]=10.988, temperature = 22°C.

Figure 4. Alkyl aluminium’s effect on copolymer molecular

weight with reaction time at the experimental conditions given

in Table 1.
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ation (composition drift) in the reactor, as ethylene is
more reactive than propylene [11]. Already, it was
explained that the high ethylene content (i.e., its
blocks) in copolymer composition increases the crys-
tallinity of polymer which in turn leads to problems
when OCPs are used as VM at low temperatures. The
copolymers must contain 30-40 wt% (45-60 mol%) of
ethylene in random distribution and less than 10% crys-
tallinity [5,7].

As is shown in Figure 6, 13C NMR and IR data
imply that the ethylene content of copolymer is con-
stant during polymerization. This composition homo-

geneity is an outcome of constant concentration of the
monomers (due to the initial saturation of solvent with
monomers) and high mass transfer rates of monomers,
which satisfy steady concentration during reaction [11].

Number Average Sequence Lengths

Microstructural parameters, (such as number average
sequence length and sequence number) were obtained
by using the triad sequence distributions [7, 22-23]
revealed by 13C NMR spectroscopy for 18 different
samples of synthesized OCP at various reaction time
intervals. A typical 13C NMR spectrum is shown in
Figure7 and its result is included in Table 2. A very
important feature emerging from the sequence distribu-
tion of these samples is the absence of any longer
sequences of E or P-units, i.e., the concentration of

Figure 5.  GPC Diagram of synthesized olefin copolymer at

the experimental conditions given in Table 1.

Table 2. Assignment of various resonance signals and integral intensity of synthesized OCPs at different reaction time period using

the triad sequence distributions from 13CNMR spectroscopy.

Region Range (ppm) Assignment Integral intensity

A

B

C

D

E

F

G

H

45-48

36-39

33.5

29.1-31.5

28-29.5

27-28

24-25

19-22

αα-CH2(PPP, PPPE, EPPE)

αγ,αδ-CH2(EPEP+PEPE, PPEP+PEPP, EPEE+EPPE, PPEE+EEPP)

-CH(EPE)

-CH (EPP+PPE), γγ, γδ, δδ (EPP+PPE, PEEP, PEEE), (EEE)n

-CH(PPP)

βγ (EPPE+EEPE, PPEE+EEPP)

ββ (PPEPP, PPEPE, EPEPE)

-CH3 (EPE+EPP+PPE+PEP)

0.31-0.51

2.82-3.94

1.85-2.10

1.95-2.09

0

1.86-2.11

0.47-0.51

2.32-2.55

Figure 6. The variation of copolymer ethylene content vs.

reaction time at the experimental conditions given in Table 1.



EEE and PPP triads are zero, which reduces crystalline
content, and increases shear stability of the product. As
indicated in Table 2, the integral intensity shows its
highest values in the regions of B, H, F, D, and C which
are generated by more random microstructures.

VI Behaviours 
It was noticed during the course of this work that all the
synthesized OCPs exhibited adequate thickening effi-
ciency and VI values owing to their moderate molecu-
lar weight and ethylene content. But copolymer chain
scission against applied shear is more than the standard
criterion of the shear stability. Standard shear stability
of VM is less than 12% decay in kinematic viscosity at
100°C. This failure means that copolymer chains need
narrower molecular weight dispersity and more ran-
domness in microstructure.

After many synthesis and characterization of OCP
as VII, the optimum conditions were determined based
on the kinetic data and structure performance relation-
ships, to produce the finished lubricant which conform
to a given specification. Viscosity index and shear sta-
bility were measured for copolymer solutions in oil as
indicated in Table 3. The results from shear stability
tests on fully formulated oils indicate that the copoly-
mer is suitable as VI improvers in engine oils. A narrow

molecular weight distribution was observed for the
synthesized olefin copolymer as shown in Figure 5 and
it was determined by gel permeation chromatography
(PDI ~ 1.8).

Physical and Thermodynamic Properties
Physical properties of OCP synthesized at optimum
conditions (i.e., amount of residual impurities, heat
capacity, and crystalline content) were specified.

Elemental analysis on ash content indicates that
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Figure 7. A 13C NMR spectrum of synthesized olefin copolymer at the experimental conditions given in Table 1.

Table 3. Viscosity index and shear stability of the synthesized

OCP for polymer solutions in oil.

(*) 1.5 wt% of polymer used in the oil formulation.

Test Method Limit Result*

Kin.viscosity at 40°C (cSt)

Kin.viscosity at 100°C (cSt)

Viscosity index

Shear stability

Kin.viscosity at 100°C (cSt)

Before test

After test

Loss (%)

D 445

D 445

D 2270

D 3945

>120

<12

135.59

17.58

123

17.58

15.52

11.7



there are negligible amounts of the residual catalyst
(0.02% vanadium, 0.01% aluminium and 0.05% chlo-
rine) in OCP. The percentage of crystalline content is
estimated by XRD to be less than 9 wt%. The heat
capacity of the product, enthalpy, and entropy of
copolymerization were calculated for this isothermal
reaction by using DSC output, which are given in
Table 4 with monomer reactivity ratios. The reactivity
ratios are estimated by two separate methods and both
of these techniques have given the same values with
negligible difference. In the first method, r1 and r2 were
obtained by the relation between monomer feed com-
position in the reaction medium and copolymer compo-
sition (13C NMR results) as described in literature [22,
23]. In the second method, the kinetic rate constants of
the propagation step have been used to calculate r1 and
r2. They are optimized constants of the proposed
dynamic model based on double moment balance
method on the copolymerization [27].

CONCLUSION

The microstructure of olefin copolymers was studied to
clarify their variation during ethylene-propylene
copolymerization by using vanadium based soluble
Ziegler-Natta catalyst in a semibatch reactor. Based on
these studies, olefin copolymer was synthesized in opti-
mum conditions. It is qualified as a suitable viscosity
modifier because of its random microstructure, low
crystalline content, suitable molecular weight, and nar-
row polydispersity. The final OCP exhibits good vis-
cosity improving effect and shear stability behaviour at
low concentration in motor oil formulation. Also, the
thermodynamic specifications and physical properties

of ultimate OCP of olefin copolymerization are deter-
mined.
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