
UC Merced
UC Merced Previously Published Works

Title
Effect of Molecular-Scale Features on the Polymer Coil Size of Model Viscosity Index 
Improvers

Permalink
https://escholarship.org/uc/item/8db3q6jh

Journal
Tribology Letters, 62(2)

ISSN
1023-8883

Authors
Ramasamy, Uma Shantini
Lichter, Seth
Martini, Ashlie

Publication Date
2016-05-01

DOI
10.1007/s11249-016-0672-0

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, available at 
https://creativecommons.org/licenses/by-nc-nd/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8db3q6jh
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/


Ramasamy US, Lichter S and Martini A (2016) "Effect of Molecular-Scale 
Features on the Polymer Coil Size of Model Viscosity Index Improvers", 

Tribology Letters, 62, 23. DOI: 10.1007/s11249-016-0672-0.

Effect of Molecular-Scale Features on the Polymer
Coil Size of Model Viscosity Index Improvers

Uma Shantini Ramasamy ·
Seth Lichter · Ashlie Martini

Received: date / Accepted: date

Abstract Temperature-induced changes in coil size have been proposed as
the mechanism underlying the functionality of viscosity index improving poly-
mers. Here, molecular dynamics simulations are used to characterize the effect
of temperature on the coil size of model additive polymers. The simulations
reproduce experimental observations, where only some polymers increase in
size with increasing temperature. The results also reveal that the presence of
oxygen atoms in the polymer structure is a key factor in determining whether
the polymer expands or contracts. This new simulation approach provides a
general methodology for investigating temperature-induced coil size changes
in polymeric lubricant additives.

Keywords VI improvers · Polymers · Coil size · Temperature effects

1 Introduction

Viscosity index (VI) improvers are an important class of additives that de-
crease the change of fluid viscosity with temperature [1,2], enabling optimum
lubricant performance over a wider range of operating temperatures. These
additives are typically high molecular weight polymers [3–5], such as olefin
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copolymer, polyalkylmethacrylates, polyisobutylenes, styrene block copoly-
mer, and ethylene alpha olefin copolymers [1,4,6]. Over the years, advance-
ments in VI technology have been focused on either modifying chemistries [7–9]
or manipulating the structure and architecture [10–12] of traditional VI poly-
mers. These variations not only improve viscosity index performance, but in
some cases also boost shear, thermal, and oxidative stability of the lubricating
oil [7,11–13].

The mechanism behind the functionality of VI additives is still poorly
understood. The most commonly accepted theory is the coil expansion mech-
anism, which was first introduced in 1958 by Selby [14]. Based on this theory,
it is proposed that at lower temperatures, the polymer is poorly soluble in the
lubricating oil and tends to stay in a coiled conformation. In this state, the
polymer does not contribute much to fluid viscosity. At elevated temperatures,
the solubility of the polymer in the lubricating oil improves. The polymer ex-
pands and induces a thickening effect on the solution, therefore reducing the
decline of fluid viscosity with temperature. While this idea is widely accepted
in the literature [1,3–5,10,15,16], there is little direct evidence to support it.

Several studies have been performed to evaluate the proposed coil expan-
sion theory [17–20]. In these studies, changes in the size of a polymer coil
in solution can be determined using direct or indirect measurement methods.
In the direct approach, experimental techniques, such as small angle neutron
scattering, static laser light scattering, dynamic laser light scattering, or size
exclusion chromatography, are used to measure coil size [17,18]. The indirect
methods infer polymer coil size from measured viscosity data, sometimes using
empirical correlations, such as Einstein’s equation or the Flory-Fox equation
[18–21]. These studies have shown that not all VI polymers exhibit coil expan-
sion with increased temperatures [17–20]. In fact, the coil size of some VI poly-
mers, such as olefin copolymers, hydrogenated diene copolymers, and styrene
butadiene copolymers, remain constant or decrease with increasing tempera-
ture. So far, only VI additives derived from polyalkylmethacrylate chemistry
appear to comply with the classical theory, where the coil size of the polymer
increases with increasing temperature [17–20]. However, although coil expan-
sion may not be necessary for VI improvement, it has been suggested that
polymers that expand are likely to have higher VI contributions than those
that do not [17]. Therefore, understanding which polymers expand with tem-
perature and why is important to VI improver technology.

In this work we explore trends in polymer coil size using molecular dy-
namics (MD) simulation. We use MD simulations to observe and characterize
temperature-induced changes in the radius of gyration for several model VI
polymers. MD predicted trends are compared to experimental data available in
literature to partially validate the proposed method. Additionally, the simula-
tions are also used to explore the effects of polymer chemistry on temperature-
induced coil size behaviors. Our findings indicate that polymer size at a given
temperature depends on specific atomic-scale features and suggests avenues
for further exploration of these dependencies.
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2 Methods

(a)

(b)

(c) (d)

Fig. 1 Atomic structures of the model (a) random ethylene-propylene copolymer, (b) poly-
dodecylmethacrylate polymer, and (c) dodecane. (d) Initial configuration of the polydode-
cylmethacrylate molecule in dodecane solvent, where the dotted black lines indicate the
periodic boundary. For all figures, colored spheres represent individual atoms: grey/black-
carbon, white/pink-hydrogen, and red-oxygen

Two model VI additives, random ethylene-propylene copolymer (OCP) and
polydodecylmethacrylate (PMA), illustrated in Fig. 1(a) and (b), are used in
this work. To compromise between computational efficiency and realism, we
chose 50 repeat units as the polymer length. At these lengths, OCP has a
molecular mass of 1755.39 g/mol and PMA has a molecular mass of 12722.7
g/mol. The OCP model is constructed with 50/50 mole ratio of ethylene to
propylene monomers. Each model VI polymer is placed in a dodecane solvent,
as illustrated in Fig. 1(c). The initial configurations of all models are con-
structed with Accelrys Materials Studio c©; a representative image of PMA in
dodecane is shown in Fig. 1(d). Subsequent simulations are implemented using
Large Atomic/Molecular Massively Parallel Simulation (LAMMPS) software
[22]. The simulation systems have periodic boundary conditions with initial
dimensions of 6.0 nm × 6.0 nm × 6.0 nm. The All Atom Optimized Potentials
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for Liquid Simulations (OPLS-AA) force field [23] with a global cutoff of 1.2
nm is used to describe bond, angle, torsion, and non-bonded interactions (van
der Waals and coulombic) between all atoms. A Nośe-Hoover thermostat and
barostat are used to control temperature and pressure. All simulations are run
with a time step of 1.0 fs and a 1-4 intramolecular (van der Waals and coulom-
bic) scaling factor of 0.0. The scaling factor allows us to modify the pairwise
energy contributions between pairs of atoms that are covalently bonded to
each other. The van der Waals and coulombic interactions between 1-4 atom
pairs, which are those separated by three bonds, are turned off by setting the
1-4 intramolecular scaling factor to zero. Turning off the 1-4 intramolecular
interactions increases the prediction accuracy of liquid state properties for
molecules with 12 carbons or more [24].

The simulations have three stages, relaxation, equilibration and produc-
tion, as shown in Table 1. First, the simulation is run under NVT conditions
(constant number of atoms, volume, and temperature) at a high temperature
to rapidly relax the system. Next the simulations are equilibrated under NPT
conditions (constant number of atoms, pressure, and temperature) at 40◦C
and 100◦C, but no data is collected. Lastly, during the production stage, the
simulation continues to run under NPT conditions, but data is collected for
further analysis.

Table 1 Outline of the various stages of the simulations

Process Ensemble Pressure (atm) Temperature (◦C) Time (ns)

Relaxation NVT - 727 0.5

Equilibration NPT 1.0 40 or 100 3.0

Production NPT 1.0 40 or 100 100.0

The polymer size, which is calculated throughout the production simula-
tion, is quantified by its radius of gyration, Rg, from the following formula.

Rg =

√
1

M

∑
i

mi(ri − rcm)2, (1)

where M is the total mass of the molecule, mi is the mass of atom i, ri is the
position of atom i, and rcm is the center of mass of the molecule. The Rg varies
over time as the polymer moves and changes its conformation, as presented
in Fig. 2(a). Therefore, the raw data is used to plot frequency histograms,
Fig. 2(b), that capture the recurrence of specific conformations. A Gaussian
function is then fit to the histograms to quantify the mean, µ, and standard
deviation of the distributions. While the Gaussian function may not be the
best fit for all histograms, it provides a reasonable means to quantitatively
compare the differences between different models and temperatures. Lastly,
the percent change in the polymer coil size with temperature is estimated
from the mean of the distribution using (µ100◦C-µ40◦C)/µ400C × 100.
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(a) (b)

Fig. 2 (a) Changes in Rg over time as the polymers moves and changes conformations (b)
Frequency histogram plotted from raw Rg data. The dotted line represents a Gaussian fit
to the histogram data.

3 Results and Discussion

(a) (b)

Fig. 3 Frequency histograms of (a) PMA and (b) OCP at 40◦C and 100◦C. Gaussian func-
tions are fit to these histograms to obtain information on the mean and standard deviation
of the distribution

Fig. 3 shows the frequency histograms for PMA and OCP at 40◦C and
100◦C. The mean and standard deviation of the Gaussian fit to the distribu-
tions are reported in Table 2. The mean Rg of PMA clearly increases when
temperature is increased, which means that this polymer is experiencing an
increase in coil size with temperature. The standard deviation of PMA is also
larger at 100◦C compared to 40◦C (3.0 vs. 0.7), implying that PMA is able
to assume more conformations at the higher temperature. The mean Rg of
OCP, on the other hand, has a similar value at both low and high tempera-
tures, indicating that the coil size of OCP does not change significantly with
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temperature. The standard deviation of the OCP Rg is also similar at both
temperatures (3.6 vs. 3.7), indicating that this polymer has similar number of
available conformations at high and low temperatures.

Table 2 Mean and standard deviation of the Rg distribution for PMA and OCP as well as
the percent change in the coil size with increased temperature. The figures are representative
snapshots of the PMA and OCP simulations at 40◦C and 100◦C

Temperature (◦C) PMA (Å) OCP (Å)

40 17.1 ± 0.7 16.5 ± 3.6

100 22.5 ± 3.0 16.1 ± 3.7

Change (%) 31.5 -2.2

Table 2 also reports the percent change in polymer coil size with temper-
ature. PMA has a positive percent change while OCP has a negative percent
change when temperature is increased from 40◦C to 100◦C. This trend re-
flects coil size expansion for PMA and slight coil size contraction for OCP. It
should be noted that the observed coil size changes for PMA and OCP are
specific to the range of temperatures and ambient pressure in our simulations.
It is possible that these polymers may exhibit different behaviors under other
conditions.

Changes in the coil size of PMA and OCP in a dodecane solvent have
been recently studied using small angle neutron scattering [17]. The study
reported that the size of PMA increased with temperature (by 6.2 or 11.6%,
depending on the type of alkylmethacrylate monomer used), while the size of
OCP decreased with temperature (-10.5%). These trends are comparable to
our MD predicted results, in which PMA showed a positive percent change
and OCP showed a negative percent change. The difference in the magnitude
of the change between simulation and experiment may be due to variations in
the size and structure of the VI polymers used in our work and in Ref.[17].
Similar trends were also observed in other studies for multiple variations of
PMA and OCP chemistries [17–20].
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The two most significant differences between PMA and OCP are the pres-
ence of long side chains and oxygen atoms on PMA. To study the effects of
these structural and chemical properties, several model test polymers were
constructed. These models may not represent feasible VI polymers, however
they provide insight into the contribution of specific molecular features and
chemistries on the functionality of VI polymers. For uniformity, all molecules
are 50 repeat units long, placed in a dodecane solvent, and treated according
to the process described in the Methods section.

(a)

(b)

Fig. 4 Molecular structures of (a) polymethylmethacrylate (PMMA) and (b) a test polymer
that is structurally similar to PMMA but without oxygen atoms (OFP). For both figures,
colored spheres represent individual atoms: grey-carbon, red-oxygen, and white-hydrogen.
The scale bar applies to all figures

One of the major differences between PMA and OCP is the presence of
long side chains in PMA. For acrylate chemistry, long side chains improve
the solubility of the polymer in the lubricating oil [4]. However, there is a
possibility that these side chains also influence the overall change in polymer
coil size with temperature. To understand the impact of side chain length on
polymer coil size, we create a model polymethylmethacrylate (PMMA) which,
as shown in Fig. 4(a) (molecular mass 5007.87 g/mol), has much shorter side
chains than PMA. The mean and standard deviation of the radius of gyration
distribution of PMMA along with the percent change in the polymer coil size
are reported in Table 3. We observe that the mean Rg of PMMA is smaller
than PMA at both temperatures, but the changes in size with temperature
are comparable (31.5% for PMA and 33.4% for PMMA). This suggests that
the length of the side chains affects the size, but does not affect the change in
size with temperature for acrylate-based VI polymers.

Table 3 Mean and standard deviation of PMMA and OFP at 40◦C and 100◦C, along with
percent change with temperature

Temperature (◦C) PMMA (Å) OFP (Å)

40 11.2 ± 0.5 18.5 ± 1.9

100 15.0 ± 3.7 16.9 ± 2.6

Change (%) 33.4 -8.7
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Another critical difference between PMA and OCP is the presence of oxy-
gen atoms in the chemistry of the molecule, i.e. acrylate-based VI polymers
contain oxygen atoms while olefin copolymers do not. We studied the influence
of oxygen atoms on polymer coil size by comparing PMMA, a molecule with
oxygen atoms, to a model polymer that is structurally similar to PMMA, but
without oxygen atoms. The oxygen atoms in the carbonyl and ester groups in
PMMA are replaced by –CH2– groups to create an oxygen free polymer (OFP),
Fig. 4(b) (molecular mass 4210.12 g/mol). Again, the mean and standard devi-
ation of the distribution along with the percent change in the polymer coil size
are reported in Table 3. The mean Rg of the distribution of OFP is larger than
PMMA at both temperatures. However, OFP has a negative percent change
in size when temperature is increased, implying that this polymer contracts
with temperature, a behavior which was observed for OCP. This suggests that,
for linear chains of similar size and structure, the presence of oxygen atoms
in the molecule will significantly influence the response of the polymer coil to
temperature.

The role of oxygen in altering the conformations of long-chain polymers
has been an object of inquiry since at least 1974 [25]. Here, our results point
to oxygen as providing a dominant factor in determining whether the polymer
expands or contracts on increase in temperature. PMMA is a polymer that
contains oxygen. In contrast, in OFP, the oxygens are removed and replaced
by carbon atoms. The changes in length of the oxygen-free polymer, OFP, are
qualitatively different from those of the oxygen-containing polymers: on heat-
ing, OFP decreases in length, while PMMA increases in length. This indicates
that, for the polymers studied here, oxygen may affect a polymer’s behavior
through its influence on the interaction strength, described in the simulations
by Lennard-Jones potential parameters (van der Waals and coulombic interac-
tions), and flexibility, described in the simulations by bond angle and torsion
potentials, which leads to polymer expansion on heating. Isolating these effects
is part of an ongoing work on this topic.

4 Conclusions

This paper presents a method to estimate changes in polymer coil size of VI
polymers using MD simulations. The simulations predict that PMA will in-
crease in size with temperature while OCP will not, observations that are
consistent with trends reported in the literature, which were obtained using
both direct and indirect measurement methods. To understand the difference
in coil size trends of PMA and OCP, we analyzed the structural and chemi-
cal disparities between these two molecules using simulations of test polymers
to isolate the effects of specific differences. These simulations reveal that the
presence of oxygen in PMA is critical to the observed temperature-induced
increase in coil size. Overall, the molecular dynamics simulation method pre-
sented in this study holds significant promise in understanding a polymer’s
response to temperature change, an area that is particularly relevant for VI
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additives. The ability to anticipate the effect of molecular structure and chem-
istry on coil size may enable molecular-scale design and optimization of novel
VI polymers.
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