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Abstract

Viscosity improvement property of a lubricant additive is commonly attributed to polymer coil
expansion with increasing temperature, although only some polymer chemistries show
conformance to this conceptual mechanism. Herein, we show that the polarity of base oil governs
if this mechanism underlies the action of a viscosity modifier (VM) by combining experimental
and computational studies. Poly(butyl methacrylate) (PBMA) dissolved in diethylene glycol
diethyl ether (DGDE) or a mixture of DGDE (polar solvent) and squalane (SQ, non-polar solvent)
was used as a model lubricant oil system. Specific viscosity of the polymer solutions measured
over a wide range of additive concentration and temperatures revealed that thickening efficiency
of the VM decreased with decreasing base oil polarity. While the VM counteracted temperature-
induced thinning of the low polarity base oil, in the polar solvent, the polymer did not enhance the
solution viscosity at higher temperatures. Aiming to unravel the molecular mechanism underlying
viscosity improvement at elevated temperatures in the different solvent systems, the polymer
conformation and size in the dispersing oil was determined by combining solution viscosity, small
angle X-ray scattering measurements and coarse-grained molecular dynamics simulations.
Collectively, the experimental and simulation results show that the coil swelling model underpins
viscosity improvement of the polymer solution in DGDE, and the viscosity of PBMA in DGDE/SQ

solution increased with temperature due to polymer association in solution. However, the thermo-



responsive behavior of the polymer is more pronounced in the mixed solvent system due to their

higher propensity to aggregate at elevated temperatures.

1. Introduction

One of the ways to reduce viscous drag losses and thereby improve fuel economy is by using low
viscosity engine oils.>®> However, decreasing the base oil viscosity will result in high friction and
wear at higher operating temperatures in automotive engines.* Viscosity modifier (VM) is added
to the base oil to minimize the change in lubricant oil’s viscosity with temperature, that is, to impart
sufficient oil thickness at high temperatures, yet maintain the oil thin enough at low temperatures
to not impede lubricant flow.* Polymers of different chemistries, including polyalkyl methacrylate
(PAMA), polyisobutylene, hydrogenated styrene-diene (HSD) and olefin copolymers (OCP) are
commonly used in engine oil applications. However, each of these chemistries has pros and cons
in terms of meeting the key rheological properties of engine oils.>® For instance, while high
molecular weight linear PAMAS enhance the viscosity of base oil at higher temperatures and
impart good low-temperature rheology, they are prone to shear-induced degradation and therefore

exhibit poor shear stability.

The performance of a VM is characterized by its thickening efficiency, viscosity—temperature
relationship, and shear stability.>® Thickening efficiency refers to the polymer treat rate to achieve
a given kinematic viscosity at 100 °C. Viscosity—temperature relationship is often quantified by
the viscosity index (VI) calculated from kinematic viscosities of the oil measured at reference
temperatures of 40 and 100 °C. VI improvers increase the oils’ viscosity at higher temperatures,
in turn providing sufficient load support under boundary/ mixed lubrication regimes, while not
increasing the viscosity too much at low temperatures, which will otherwise lead to increase in
viscous friction. VMs that increase the oil viscosity to a lesser extent at higher temperatures
function only as oil thickeners. Shear stability refers to the property of VM to resist high shear-
induced configurational changes and/or mechanical degradation, leading to loss of thickening
efficiency. As conventional VM chemistries are not able to provide optimum performance with
respect to the key viscometric properties, two or more polymer chemistries are typically

combined”® in a graft copolymer structure to provide good thickening efficiency, improved VI and



shear stability. Besides, polymers with novel architectures have been explored®!® to deliver

optimum VM performance.

The mechanism underlying VI improvement is often attributed>®%? to polymer coil swelling with
increasing temperature. High molecular weight PAMA with a polar backbone is relatively less
soluble in base oil at low temperatures and exhibits a coiled conformation; the polymer chain
expands as its solubility in the oil increases with temperature. As a result, the VM minimally affects
the oil viscosity at lower temperature and contributes more to viscosity at higher temperatures,
making it suitable for use in multigrade automotive engine oils. However, recent studies have
shown that this conventional mechanism may not necessarily underpin the function of VI
improvers. Savoji et al.” examined the microstructure of polyalkyl methacrylate-grafted
polyolefins in dodecane using a suite of analytical techniques and found that the polymer coil size
— as characterized by radius of gyration (Rg) and hydrodynamic radius (Rn) respectively —
decreased with increasing temperature. To rationalize this observation, the authors proposed that
the polymers associate at low temperatures due to imbalance in solubility of the olefin backbone
and methacrylate side chains. At elevated temperatures, the polymer aggregates dissociate into
single chains due to increase in the solubility of the side chains, causing an overall increase in the
hydrodynamic volume of the polymer. Covitch and Trickett!! measured the variation of polymer
coil size with changing temperature in model oils (squalane, dodecane) using small angle neutron
scattering (SANS) and reported that, between PAMA and OCP VMs, only the PAMA expands
with temperature. Besides, the monomer composition determined the extent to which the polymer
coil expanded with temperature. These results are in line with the conclusions drawn from a
computational study by Ramasamy et al.!® where molecular dynamics (MD) simulations revealed
that only PAMA VM exhibits temperature-induced coil swelling in dodecane. This behavior, in

turn, is determined by the presence of oxygen atoms in the polymer structure.

Recent studies have investigated the role of polymer architecture in enhancing the solution
viscosity at higher temperatures. Bhattacharya et. al.* determined the size of linear and star shaped
PAMASs (consisting of polar backbone), OCP and highly branched polyethylene (consisting of
nonpolar backbone) in hydrocarbon solvents using experimental techniques (dynamic light
scattering (DLS), SANS) and MD simulations. From the polymer coil size in different solvent

environments combined solution viscosity measurements, it was concluded that polarity of the



polymer backbone controlled the polymer—solvent interactions and, in turn, their thermo-
responsive behavior. However, the observed changes in polymer coil size with temperature did not
correlate with VI improvement. Using a combination of DLS, SANS and solution viscosity
measurements, van Ravensteijn et al.'® showed that the viscosity-improving polymer (polystearyl
methacrylate-co-methyl methacrylate) underwent temperature-induced coil expansion, with the
degree of chain swelling dependent on the polymer architecture and type of base oil. The authors
attributed viscosity improvement by the star-shaped polymers to weak attractive interactions
between the functional groups exposed on the polymer topology. However, this proposition was

not substantiated with experimental or simulation data.

In view of the lack of fundamental understanding of polymer—base oil interactions and the
mechanisms underlying temperature-dependent behavior of viscosity improvers, herein, we
investigate the solution behavior of poly(butyl methacrylate) (PBMA), a model for typically
applied polymeric viscosity modifier, as a function of solvent polarity, temperature and polymer
concentration. Diethylene glycol diethyl ether (DGDE) and a mixture of DGDE and squalane
(SQ) were used as high and low polar (model) base oils respectively. We probe the solvent- and
temperature-induced changes in the polymer conformation and size from solution viscosity, DLS
and small angle X-ray scattering (SAXS) measurements, combined with coarse-grained MD
simulations. Based on the experimental and simulation results, we show that the molecular
mechanism responsible for viscosity enhancement at higher temperatures depends on the polarity

of the dispersing oil.

2. Experimental Section

Materials. PBMA of molar mass 180 kDa was purchased from Sigma-Aldrich and used as
model VM. Reagent grade DGDE (>98% purity) and technical grade SQ (>95% purity) were
purchased from Sigma-Aldrich and used as model polar and nonpolar base oils respectively.
Model lubricants were prepared by dissolving appropriate amounts of PBMA in pure DGDE and
DGDE/SQ mixtures at 25 °C.
PAMAs with longer alkyl side chains (> C7) have been used in the literature as typical model
VMs. In contrast, we have chosen PBMA, a polymer with a shorter alkyl side chain (Cs), as the
model VM for two reasons. First, this polymer, with a medium molecular weight and a narrow

polydispersity index (Mw/Mn = 1.78) could be obtained from a commercial supplier. Second,



considering that we aim to model the conformation of the polymer through MD simulations, using
a polymer model with a shorter side chain length can help reduce the associated computational

time.

Viscosity Measurements. Dynamic viscosity of the polymer solutions over a wide range of
polymer concentration was measured using an Anton Paar MCR702 rotational rheometer equipped
with Peltier temperature controller in series with a water bath. A concentric cylinder
Taylor—Couette geometry with a gap of 1 mm was used and operated in the outer cylinder rotation
mode. About 15 ml of the oil sample was loaded in the outer cylinder of the double-gap geometry
and equilibrated for 10 min at the measurement temperature (+ 0.1 °C). Subsequently, the sample
was subjected to steady-state shear rate sweep increasing from 0.1 to 1000 s. For each sample,
the measurements were performed in duplicate. A wide range of shear rates were used for
measurements anticipating that the polymer solutions at higher concentrations would exhibit non-
Newtonian flow behavior. For calculation of the VI as per ASTM D2270 method, zero-shear rate
viscosities were measured using a Stabinger viscometer (Anton Paar SVM 3001), which directly
measures kinematic viscosities (KV) of the polymer solutions at 40 °C and 100 °C. The Stabinger
viscometer works based on a modified Couette measuring principle and comes with an integrated
density measurement cell. The KV is automatically calculated from the dynamic viscosity and

density of the sample.

Small Angle X-ray Scattering (SAXS). SAXS measurements were performed on the Xeuss
2.0 (Xenocs, France) instrument equipped with a Genix 3D copper microfocus X-ray source and
a Pilatus 200k detector (Dectris AG, Switzerland). A few microliters of the polymer solution were
loaded into 1.5 mm quartz capillary (Hampton Research, USA) and sealed with paraffin wax. The
sample was then mounted onto a HFS350X-CAP temperature-controlled stage (Linkam Scientific
Instrument, UK) placed inside the vacuum chamber. The scattered X-ray intensity from the sample
was collected at a sample-to-detector distance of 2510 mm covering a g (momentum transfer)
range of 0.004 — 0.221 AL, For each solvent composition, the measurements were carried out at
temperatures between 25 and 100 °C. Scattering data were acquired for 30 min at each temperature
after thermal equilibration for 5 min. The obtained 2D scattering image was reduced and converted
to 1D data (I(q) versus q) using the Foxtrot software, Xenocs’ data processing and reduction
program. The transmission and background corrected data were then fitted to the polymer excluded



volume model using the Igor Pro package (WaveMetrics, USA) with macro routines developed by
NIST.

Dynamic Light Scattering (DLS). DLS measurements were conducted on a Malvern
Zetasizer (Nano-ZS) equipped with Peltier temperature controller. A default measurement angle
of 173° backscatter was set. The oil solution was filtered through 0.2 um nylon filter to remove
any dust particles. Approximately 1 ml of the sample was loaded into a glass cuvette and
equilibrated for 5 min at each temperature prior to measurement. A total of five measurements
were carried out for each sample, with 10 s duration for each measurement. The refractive index
(R1) of the dispersant (DGDE/SQ mixture) was estimated by multiplying the mole fraction of each
component by the RI of that component at 20 °C (n20 = 1.412 and 1.452 for DGDE and SQ
respectively), and then adding all products. The dispersant viscosity was determined from the
rheometer measurements and specified accordingly. Translational diffusion coefficient of the
polymer was correlated to its hydrodynamic diameter using the Stokes—Einstein equation. The
polymer concentration used in these measurements (5 — 10 g/L) was well below the overlap
concentration determined from viscosity measurements (see section 4.1.), thus ensuring that the
solution is sufficiently dilute. Note that, in the “dilute” concentration regime, the polymers are

known to exist as discrete coils.

3. Molecular Modeling and Simulation
3.1.Viscosity Calculation using Periodic Perturbation Method

MD simulation coupled with periodic perturbation (PP) method'®!’ was used to calculate the
viscosity of both neat base oils and polymer-blended oils. For the neat base oil system comprising
DGDE alone and/or a mixture of DGDE and SQ, a simulation box size of 10 x 10 x 40 nm® was
determined to provide a converged viscosity. The contribution of the polymer additive to the oils’
viscosity was modelled by introducing PBMA with 50 repeat (monomer) units (molar mass ~ 7112
g/mol) into the solvent box. To accommodate for the longer chain length of PBMA (compared to
the solvent molecules), a bigger simulation box of 10 x 10 x 80 nm? containing around 26000
solvent molecules was required. The effect of polymer concentration was modelled by increasing

the number of PBMA chains introduced into the simulation box from 1 to 288 chains.



TraPPE-UA force field was selected to carry out viscosity calculations considering its
computational efficiency over all-atom (AA) force fields. Previous studies have used the TraPPE®8
and united-atom (UA) force fields!®?! to simulate the rheological behavior of polymeric lubricant
systems. Intermolecular electrostatic interactions between charged/polarized atoms present in
PBMA chains (COO-) and PBMA and DGDE (C-0-C) solvent molecules were treated using
smooth particle-mesh Ewald method. MD simulation was run for 16 ns to equilibrate the system
followed by 6 ns non-equilibrium MD for viscosity calculation. Steady-state velocity profiles were
generated by applying a periodic external force to the system during MD simulation. Compared to
the calculation of stress, calculating velocity profile using PP method requires fewer data points to

be collected to obtain statistically meaningful results in relatively shorter simulation time.

3.2. Polymer Conformation using Coarse-Grained Model

Coarse-grained (CG) models are particle models that represent molecules with beads, which
correspond to groups of atoms. In this modeling approach,??2* several interaction sites are merged
so that the degrees of freedom (e.qg., related to dihedral angles, bonded and non-bonded interactions
between individual atoms) can be greatly reduced to enable a much smoother potential energy
surface. Consequently, MD simulations can be accelerated significantly depending on the degree
of coarse graining. Spatially, a molecular system with tens or hundreds of nanometers on each

dimension can be simulated with CG models.

In this study, we aim to elucidate the conformation of PBMA in pure (DGDE) and mixed solvent
(60:40 DGDE/SQ) systems respectively. To this end, a suitable mapping scheme was defined to
represent the VM polymer and solvent molecules. Accordingly, PBMA molecule was modelled
by linear chains of monomers, with each monomer represented by three beads, denoted as B, S
and R, and connected by a single bond (Figure 1). SQ and DGDE molecules were represented by
6 beads and 3 beads respectively. Consequently, 3 bond terms (namely B-B, B-S and S-R) and 3
angle terms (namely B-B-B, B-B-S and B-S-R) were defined to describe the structure of PBMA.
Likewise, bond terms for SQ and DGDE CG models were defined. The multivariate Gaussian
potential®>? was used to calculate all the bonded interactions, with the potential parameters

optimized using the Iterative Boltzmann Inversion (IBI) method?’ to reproduce the multimodal



bonded distributions obtained from atomistic MD simulations (as described in the ensuing
paragraph). The 12-6 Lennard-Jones potential function was used to calculate nonbonded
interactions; the potential parameters were initially tuned to reproduce the experimental densities
of DGDE and SQ. The nonbonded interaction parameters between PBMA and solvent molecules,
and between DGDE and SQ were generated using the Lorentz-Berthelot rules. Note that there is

no electrostatic interaction between the beads as the charge on the beads is zero.

For calculating the bonded interactions using atomistic MD simulations, a model system
containing 4 PBMA chains, each built with 30 monomer units was randomly placed in a cubic box
of 7.6 nm on each dimension and filled with the exact number of solvent molecules according to
the desired PBMA concentration and solvent ratio. The system was subjected to MD simulation
for 1000 ns under constant temperature and constant pressure (NPT) using the TraPPE united atom
force field!®!°, We found that this simulation time was sufficient to sample the polymer diffusion.
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Figure 1. lllustration of CG models of (a) PBMA, (b) SQ and (c) DGDE.

Herein, we have simulated the conformation of VM polymer with two different chain lengths.
First, a longer polymer chain consisting of 1265 monomer units was modelled to match with the
molecular weight of PBMA (180 kDa) used in the experimental studies. To reduce the simulation
time, an implicit solvation model was used in which the polymer—solvent interaction energies were
incorporated into the CG potentials developed. These simulations were performed at a polymer

concentration of 5.5 g/L. 50 polymer chains were placed in a cubic box of length 140 nm and



subjected to MD simulation for 800 ns under constant temperature and constant volume (NVT
ensemble). Dissipative particle dynamics (DPD) thermostat was used to regulate the system
temperature at 40 °C while shortening the time needed to reach equilibrium. We used the radius

of gyration to measure the size of a PBMA chain with an assumed random coil shape, defined as:

R2 — 2im;(r; — com)?
g ey
Xim;

where m; is the mass of a CG bead i, r; is the position of CG bead i, and rcqym IS the position of

the center-of-mass of the PBMA chain. The final Rg value reported is the average of all PBMA
chains in the simulation box obtained from all the trajectory frames generated during the MD

production run.

Second, a shorter PBMA chain built with 30 monomer units was used to simulate the effect of
temperature on the conformation and dynamics of the VM polymer. By using a shorter polymer
chain length, the time needed to reach equilibrium was considerably reduced. Initially, the required
number of PBMA chains and solvent molecules (determined by VM concentration and DGDE/SQ
ratio to be simulated) were randomly placed into the simulation box. After relaxing the system
using energy minimization, MD simulations were carried out with an NPT ensemble initially at P
= 100 bar for 100 ns, and subsequently at P = 1 bar for another 100 ns (using the Berendsen
barostat) to equilibrate the system. The V-rescale thermostat was used to couple the system
temperature to T = 40 °C or T = 80 °C. Next, the third NPT production run was performed for a
longer simulation time (at least 4000 ns) with the temperature and pressure of the simulation
system controlled by using the Nose-Hoover thermostat and Parrinello-Rahman barostat
respectively. The timestep was set to 5 fs in the first NPT run, and 10 fs for the second and third
NPT runs respectively.

All the MD simulations and data analyses were carried out using the GROMACS?® software
package (version 5.1.3). The Visual Molecular Dynamics (VMD) package?® was used to view the

polymer microstructure obtained from the production run.



4. Results and Discussion

4.1. Viscosity—polymer concentration regimes and the effect of base oil polarity. Figure 2
shows specific viscosity (nsp = (n — o) / no ; where n is the dynamic viscosity of polymer blended
oil and mo is the solvent viscosity) of PBMA in DGDE solution as a function of additive
concentration. Three distinct regimes can be identified from the concentration gradients
determined by power law fits to the nsp data. The dilute regime occurs below the overlap
concentration (C* = 16 g/L), wherein the polymer chains are discrete, and the dynamic viscosity
is the sum of individual polymer chain contribution to frictional drag. Above C*, the polymer
chains begin to interact with each other in the semi-dilute unentangled regime, which spanned
approximately between 16 and 60 g/L. The change in slope with further increase in polymer
concentration signifies transition to semi-dilute entangled regime, which is characterized by
polymer association due to intermolecular interactions. The concentration gradients for the dilute
(1.01) and semi-dilute unentangled (1.3) regimes are in good agreement with the scaling theory®
and power laws governing the conformation of polymers in dilute solutions. From this analysis,
we could infer that PBMA behaves like a “neutral polymer in a good solvent” and exhibits a

swollen coil structure in DGDE.
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Figure 2. Concentration dependence of specific viscosity (nsp) of PBMA solution in DGDE at 25

°C. The symbols are experimental data, and the dotted lines are power law fits to the data.



To assess the effect of base oil polarity on viscosity modifying ability of PBMA, we selected the
polymer concentrations to lie in the dilute and semi-dilute unentangled regimes respectively.
Subsequently, the polymer solutions were prepared with varying amounts of SQ (nonpolar oil). As
illustrated in Figure 3a and 3b, viscosity of the polymer solution decreased with increasing SQ
content in both the dilute and semi-dilute unentangled concentration regimes. These trends indicate
that the presence of SQ reduced the thickening efficiency of PBMA. In other words, the solvent
quality decreased with decreasing polarity of the base oil. At each base oil composition, nsp scaled
to C! and C!2 in the dilute and semi-dilute unentangled regimes respectively, suggesting that

PMBA exhibits a swollen coil structure in these solutions.
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Figure 3. Effect of base oil composition on viscosity of PBMA solutions at 25 °C in (a) dilute and
(b) semi-dilute unentangled concentration regimes. The symbols are experimental data, and the
dotted lines are power law fits to the data.

Interestingly, the above trends between specific viscosity and polymer concentration were
predicted in our atomistic MD simulations. As seen in Figure 4a, at polymer concentrations below
100 g/L, viscosity of the mixed solvent system (60:40 DGDE/SQ) at 25 °C is slightly lower than
for PBMA in pure DGDE. At 25 °C (373 K) and 100 °C (373 K), viscosity of the polymer solution
in DGDE scaled to C%° and C? in the dilute and semi-dilute unentangled regimes, with two
crossover points observed at concentrations of ~15 g/L and ~100 g/L respectively (Figure 4b).
These results are in good agreement with both the experimental concentration gradients and

theoretical values derived from scaling theory for polymer solutions® Further, as expected,



viscosity of the polymer solution in DGDE decreased slightly with increase in temperature. While
we observed similar trends between specific viscosity and polymer concentration, the viscosity
values calculated from simulations are an order of magnitude smaller than the experimental values
as we have used shorter polymer chains in the simulation. By using a shorter polymer chain length

and by applying a higher shearing force during MD simulation, the simulation time was reduced
considerably.
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Figure 4. Simulated viscosity of PBMA solutions as a function of concentration: (a) the effect of
base oil composition at 25 °C and (b) the effect of temperature on the viscosity of PBMA solution

in DGDE. The symbols are simulated data points, and the dotted lines are power law fits to the
data.

Figure 5 shows interaction energy between the polymer chains in pure DGDE and 60:40
DGDE/SQ mixture calculated from atomistic MD simulations. In both the solvent systems,
interaction energy between PBMA molecules is almost zero at concentrations less than 10 g/L,
indicating that the polymer is present as discrete molecules. At concentrations between 10 and 60
g/L, the interaction energy is more negative implying stronger interaction between the polymer
molecules. In other words, the polymer chains begin to self-associate with increasing
concentration. At concentrations above 60 g/L, these interactions increased dramatically, possibly
indicating aggregation between the polymer chains. While a similar trend is observed in the case
of PBMA in 60:40 DGDE/SQ mixture, interaction energy between the polymer molecules is
slightly weaker at higher concentrations in the mixed solvent system. We attribute this to the

polymer conformation and clustering behavior in the different solvent systems, which, in turn




influences the polymer—solvent interactions. As revealed from the course-grained MD simulations

(with reference to section 4.3), PBMA exhibits an expanded, aggregated structure in DGDE/SQ

mixture. In this conformation, the alkyl chains of the polymer can interact more favorably with SQ

molecules, thus slightly lowering the interaction energy between the polymer chains. In

comparison, PBMA exhibits a swollen coil structure in DGDE. In this conformation, interaction

energy between the charged atoms in the polymer backbone can be stronger.
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Figure 6. Specific viscosity of PBMA solutions as a function of temperature at certain polymer
concentration in: (a) dilute and (b) semi-dilute unentangled concentration regime. Viscosity of
PBMA solutions depicted in panels (a) and (b) are normalized with respect to the solution viscosity
at 25 °C and shown in (c) and (d). The error bars represent standard error of the mean at each

temperature (3 measurements).

4.2. Combined effects of temperature and base oil polarity on VM performance. Figures
6a and 6b show specific viscosity of polymer solutions as a function of temperature at certain
polymer concentration in the dilute and semi-dilute unentangled concentration regimes
respectively. Between 25 °C and 100 °C, nsp decreases with increasing SQ content in both these
concentration regimes. With increasing SQ content (decreasing base oil polarity), the solvent
quality decreased and therefore the ability of the polymer to enhance the viscosity of the base oil
decreased. The molecular mechanism through which solvent quality affects viscosity of the
polymer solution will be further assessed based on the polymer conformation and clustering
behavior in the different solvent systems in the next section. To visualize temperature-induced
changes in the viscosity more clearly, viscosity of the polymer solutions measured at different
temperatures were normalized with respect to nsp at 25 °C and shown in Figures 6c¢ (dilute regime)
and 6d (semi-dilute unentangled regime). The normalized nsp of PBMA in 60:40 DGDE/SQ
solution increased with rise in temperature and levelled out at 80 °C. On the other hand, the
normalized viscosity of PBMA in pure DGDE and 80:20 DGDE/SQ mixture respectively

increased with temperature until 60 °C and then decreased with further rise in temperature. In



comparison, the normalized nsp of PBMA in 70:30 DGDE/SQ solution did not change significantly
with temperature. From these data, we note that viscosity of the polymer solution in low polarity
oil increases with temperature, whereas viscosity of the polymer solution in polar oil decreases

upon heating.
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Figure 7. Intrinsic viscosity of PBMA solutions at different temperatures and base oil composition.

The intrinsic viscosity ([n]) is a measure of the contributions from individual polymer molecules
to the solution viscosity. It can be determined from the dependence of viscosity on polymer
concentration represented in a Huggins-Kraemer plot.®3! Figure 7 shows [n] of PBMA solutions
determined from the Huggins-Kraemer plots for different temperatures and base oil compositions
(Supporting Information Figure S2). In pure DGDE, [n] of the polymer solution decreased
monotonically with increasing temperature. In contrast, [n] increased with temperature in 60:40
DGDE/SQ solution. In the case of 70:30 DGDE/SQ mixture, [n] increased from 25 °C to 40 °C
and then decreased with further rise in temperature to 60 °C. As intrinsic viscosity is proportional
to the hydrodynamic volume of the polymer chain in solution,®? an increase in [n] with increasing
temperature is generally associated with expansion of the polymer coil. Based on this conception,
we could infer that PBMA coil size increases with temperature in 60:40 DGDE/SQ solution and
decreases with temperature in pure DGDE. However, several studies’1:333% have shown that

temperature-induced increase in the polymer coil size estimated from intrinsic viscosity data does



not always correlate with VI improvement. On the other hand, the variation of [n] with change in

temperature will depend® on the exact mechanism contributing to VI improvement.
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Figure 8. Variation of thickening Q-factor as a function of base oil composition (ranging from
pure DGDE to 50:50 DGDE/SQ mixture) at (a) 5 g/L and (b) 10 g/L PBMA concentration.

For VI calculation as per ASTM D2270, the kinematic viscosity (KV) of the base oil should
typically be more than 2 mm?/s at 100 °C. However, the KV of DGDE is too low (0.54 mm?/s at
100 °C) to calculate the VI of the polymer solution. Alternatively, we used the thickening Q-
factor®>® — defined by the ratio of nsp at 100 °C and 40 °C — to quantify the viscosity—temperature
relationship. The Q-factor can be used to assess if a polymer would function as a thickener or VI
improver, with a Q value between 0 and 1 indicating that thickening power of the polymer is less
significant at higher temperatures. On the other hand, a Q value > 1 indicates that thickening power
of the polymer is more prominent at higher temperatures. Accordingly, PBMA will mainly impart
a thickening effect to both pure DGDE and 80:20 DGDE/SQ dilute solutions (Figure 8a). As the
SQ content in the base oil increased, PBMA will enhance the solution viscosity at elevated
temperatures. Apart from a slight dip in the Q-factor for PBMA in 70:30 DGDE/SQ mixture, a
similar temperature-dependent viscosity modifying behavior is observed in the semi-dilute

unentangled regime (Figure 8b). Based on these results, we propose that, for a given VM



chemistry, viscosity—temperature profile of the lubricant oil can potentially be regulated by

varying the base oil polarity.
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Figure 9. SAXS profiles of PBMA solution in 60:40 DGDE/SQ mixture measured at different
temperatures. The symbols are experimental data and the black lines are polymer excluded volume
model fits to the scattering data in the intermediate g range. The intensity data shown in the graph

are vertically shifted for clarity.

4.3. Insights into VM polymer conformation. Figure 9 shows the SAXS patterns obtained for
dilute solution of PBMA in 60:40 DGDE/SQ mixture (6 g/L) over the temperature range 25 °C to
95 °C. The shape of the scattering curves in the mid q region (between 0.1 and 0.01 A-Y) did not
change significantly with increasing temperature. The scattering intensity traces in this g region fit
well to the polymer excluded volume model, 3" with the Porod exponents ranging between 1.6
and 2. This indicates that the polymer conformation varied from swollen coils in good solvent
conditions to an ideal Gaussian distribution in dilute solution.®® An upturn in the scattering
intensity was observed in the low q region (q < 0.01 A-!) for PBMA in pure DGDE, 60:40 and
70:30 DGDE/SQ mixtures respectively (Figures S3a—c in the Supporting Information).
Additionally, the scattered intensity for 70:30 DGDE/SQ mixture exhibited q-2 dependency. In
contrast, the scattering profiles for PBMA in 80:20 DGDE/SQ mixture evened out at low q (See



Figure S3d in the Supporting Information). These data possibly indicate polymer clustering in the
former solvent systems. Also, in the case of 60:40 DGDE/SQ mixture, the scattered intensity
decreased with increasing temperature in the low q range (0.006-0.02 A1) (Figure 10). This
decrease can be interpreted as a loss in scattering contrast between the polymer and the surrounding
solvent, which can be attributed to enhanced solvation of the polymer chains by SQ. This
observation is consistent with the improvement in intrinsic viscosity of polymer solutions at
elevated temperatures observed for this solvent ratio (Figure 7). However, this trend is less
pronounced in the other mixed solvent systems, indicating that the solvency power did not improve

with rise in temperature at lower SQ content.

q (A7

Figure 10. SAXS profiles of PBMA solutions as a function of temperature in: (A) 60:40
DGDE/SQ, (B) 70:30 DGDE/SQ and (C) 80:20 DGDE/SQ. The intensity data corresponding to
the solvent ratios (A), (B) and (C) are vertically shifted for clarity.

The radius of gyration (Rg) of PBMA in DGDE/SQ solutions calculated from model fits to the
scattering data are shown in Figure 11. In both 80:20 and 60:40 solvent mixtures, the Rq decreased

with rise in temperature from 25 to 40 °C. In 60:40 DGDE/SQ solution, the polymer coil size



levelled off at higher temperatures, whereas in 80:20 DGDE/SQ solution, the coil size increased
slightly with temperature. At 25 °C and 40 °C, the Ry increased with increase in SQ content in the
base oil. However, at higher temperatures, there is no significant difference in the Ry for the

different solvent compositions.

The Rgof PBMA in pure DGDE could not be determined accurately from the SAXS data since
the error associated with model fits to the scattering data was significantly large. This could
possibly be due to the low scattering contrast between PBMA and DGDE as inferred from their
X-ray scattering length densities. In view of this, first, the hydrodynamic radius (Rn) of the polymer
was determined from the polymer coil size measured using DLS (Figure S1 in the Supporting
Information). Ry of PBMA was then calculated using the correlation®® R¢/Rn ~ 0.78 for a spherical
polymer particle. These values are plotted in Figure 11. In this case, Rg of the polymer increased
upon heating the solution above 40 °C. While the polymer coil size in DGDE is smaller compared
to that in DGDE/SQ solution at low temperature, the Ry values are statistically comparable at

higher temperatures.
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Figure 11. Radius of gyration (Rg) of PBMA as a function of temperature in different base oil
compositions. For the data points corresponding to DGDE/SQ mixture, the error bars represent
errors in model fits to the X-ray scattering data; for Rg of PBMA in pure DGDE, the error bars

represent standard deviation for three independent solution viscosity measurements.



We could draw the following inferences by comparing the temperature dependent Ry data (Figure
11) and intrinsic viscosities of PBMA solutions as a function of temperature (Figure 7). Firstly,
while the polymer coil size in pure DGDE increased by ca. 2 nm with the rise in temperature from
25 t0 60 °C, thickening power of the VM reduced by 16% with increasing temperature. Secondly,
while the polymer coil size in 60:40 DGDE/SQ solution decreased by ca. 2.7 nm with increasing
temperature, the solution viscosity is enhanced by 16%. Evidently, these observations contradict
the coil expansion model. To further probe the molecular mechanism responsible for viscosity
enhancement at higher temperatures, we probed the polymer conformation at low and high

temperatures in the different solvent environments using molecular simulations.

Conceptually, the observed variations in Ry of PBMA can be explained based on interactions
between the polymer additive and base oil, which in turn controls the additive’s solubility. The
PBMA molecule comprises a moderately polar methacrylate backbone and a non-polar alkyl side
chain. The methacrylate backbone is likely to interact strongly with DGDE molecules, whereas
the pendant alkyl chains will have favorable interaction with SQ molecules. As a result, the
polymer will most likely exhibit a coiled structure in DGDE with the methacrylate backbone
exposed to the solvent medium and the alkyl-rich domains oriented towards the center, as
illustrated schematically in Figure 12. On the other hand, the additive will exhibit an expanded
coil or a linear structure in the mixed solvent system. Furthermore, in the latter case, the polymer
molecules tend to self-associate due to favorable dispersive (non-polar) interactions. In the polar
solvent (DGDE, 80:20 DGDE/SQ mixture), the polymer coil expands as temperature increases
due to increase in solubility of the alkyl side chains. However, the change in coil size with
temperature may not be significant enough to increase the viscosity of oil at the higher
temperatures. In the less polar solvent (60:40 DGDE/SQ mixture), conformation of the additive
can be influenced by temperature-dependent solubility of both the polymer backbone and side
chain moieties. Thus, one possible scenario is that the polymers come close to each other with
increasing temperature. In turn, the intrinsic viscosity of the oil will increase due to the collective
action of polymer association. That said, the decrease in Rq at higher temperature observed from
SAXS measurements can be attributed to a decrease in hydrodynamic “coil size” of the self-

associated polymers.



Low Temperature High

Figure 12. Schematic illustration of the change in VM polymer conformation as a function of

temperature and base oil polarity.
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Figure 13. Visualization of PBMA conformation in DGDE (a) and 60:40 DGDE/SQ mixture (b)

at 40 °C; The polymer concentration used in these simulations is 5.5 g/L, which corresponded to

50 polymer chains. (c) PBMA-PBMA minimum distance probability in the two solvent systems;
the polymer concentration used in this simulation is 25 g/L, which corresponded to 4 polymer

chains, each with a molecular weight of 28000 g/mol comprising 200 monomer units.

Figure 13 shows the conformation of long-chain PBMA molecule (comprising 1265 monomer
units) in different solvent systems at 40 °C obtained from coarse-grained MD simulation. In pure
DGDE, the polymer existed as discrete, swollen coils with an Rg of 9.4 nm. This value is
comparable with the Rg (9.5 nm) value obtained from the DLS measurements (Figure 11). On the
other hand, in the mixed solvent system, the polymer exhibited a more expanded, aggregated
structure (Figure 13b) with a coil size of 16 nm. The Rg value is somewhat larger than the polymer
coil size determined from the SAXS data (Figure 11). Besides, the PBMA molecules showed a
higher propensity to self-associate in the mixed solvent system compared to pure DGDE, as
evidenced from the measured values of polymer-polymer distance (Figure 13 c). These results
agree well with our proposed hypothesis pertaining to the impact of base oil polarity on VM

conformation and clustering behavior.



Figure 14. Visualization of PBMA conformation in DGDE at 40 °C (a) and 80 °C (b); in 60:40
DGDE/SQ mixture at 40 °C (c) and 80 °C (d).

Next, we evaluated the effect of temperature on the polymer coil size and self-assembling behavior.
To this end, the conformation of short-chain PBMA molecule (comprising 30 monomer units) was
simulated in the two solvent systems (pure DGDE and 60:40 DGDE/SQ mixture) at 40 °C and 80
°C respectively. At 40 °C, PBMA exhibited a coiled structure in DGDE (Figure 14a); in
comparison, the polymer displayed a more linear structure in DGDE/SQ mixture (Figure 14c).
These results are consistent with the conformation of long-chain PBMA molecule observed in the
respective solvents at 40 °C (Figures 13a and 13b). At the higher temperature (80 °C), the polymer
exhibited a slightly expanded structure in DGDE (Figure 14b); whereas in the binary solvent
system, the polymer exhibited a tendency to self-associate (Figure 14d). These temperature-
induced changes in the polymer conformation were quantified by calculating the Rq of the polymer

chain. As shown in Figure 15, Rg of PBMA in pure DGDE increased with increasing temperature,



which is in line with the coil expansion model. In contrast, Rq of the polymer in DGDE/SQ mixture
decreased with rise in temperature. This result is consistent with the reduction in the polymer coil
size with increasing temperature observed from the SAXS measurements (Figure 11). As the
polymers self-associate at higher temperatures, the individual chains slightly contract due to

intermolecular interactions between the chains, leading to a decrease in the coil size.
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Figure 15. Radius of gyration (Rg) of short-chain PBMA in pure DGDE and DGDE/SQ solvent

mixture at 40 °C and 80 °C (corresponding to the conformations shown in Figure 14).

Based on the experimental and simulation data, we infer that, at low temperature, PBMA in coil
conformation enhanced viscosity of the polymer solution in DGDE to a greater extent compared
to the polymer aggregates in DGDE/SQ solution. This observation can be explained on the basis
that the contribution from excluded volume interactions of the swollen polymer coils to intrinsic
viscosity is more significant than that caused by the aggregated, stretched polymer chains. At high
temperature, the extent of polymer swelling in DGDE is not significant to counteract thinning of
the base oil. On the other hand, the higher propensity of the polymer to aggregate at elevated
temperatures in the mixed solvent system caused the intrinsic viscosity of the solution to increase

with increasing temperature.



4. Conclusions

In this work, we have shown the polarity of base oil to impact the functional mechanism of a model
viscosity modifier (VM) system consisting of poly(butyl methacrylate) (PBMA) dissolved in high
(diethylene glycol diethyl ether (DGDE)) and low polar (a mixture of DGDE and squalane (SQ))
model base oils. Specific viscosity of PBMA solutions measured over a range of additive
concentration, base oil composition and temperature revealed two distinct phenomena. First,
thickening power of the VM polymer declined with decreasing base oil polarity. Second, the
polymer enhanced the viscosity of the less polar oil at higher temperatures, while imparting only
a thickening effect to the polar base oil. Specific viscosity of the polymer blended oils calculated
from atomistic MD simulations correlated well with the experimental trends, thus providing a
predictive tool to study the effects of polymer chemistry, additive concentration, and base oil
composition on the VM performance.

By combining coarse-grained MD simulations, solution viscosity, DLS and SAXS measurements,
we provide insights into the polymer conformation and coil size as a function of temperature and
base oil composition. Collectively, the experimental and simulation results elucidate that the
polymer exhibits a coiled conformation in the polar solvent and undergoes swelling upon heating
— in agreement with the coil expansion model. However, the degree of coil expansion with
increasing temperature is not significant enough to increase the intrinsic viscosity of the polymer
solution at higher temperatures. On the other hand, the polymer chain exhibits an expanded,
aggregated structure in the less polar oil. In this case, the thermo-responsive behavior of the
polymer is more pronounced due to their higher propensity to aggregate at elevated temperatures.
As a result, intrinsic viscosity of the polymer solution is enhanced at higher temperatures. These
insights provide a predictive understanding of the VM’s performance in relation to the base oil
polarity and can aid the design of next-generation VM polymers targeting improved fuel
efficiency. Although several studies”'%!31% in the literature have addressed the long-standing
debate concerning structure—property relationships for VI improvers, they have mostly explored
the role of polymer chemistry and architecture in enhancing the viscosity of base oils at elevated
temperatures. In this work, we have highlighted how the interplay between polymer and oil
chemistry impacts the physical mechanism underlying the action of VI improvers.
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