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Abstract The effect of linear styrene–butadiene polymer

structure on the temperature–viscosity behavior of model

polymer-base oil solutions is investigated using molecular

dynamics simulations. Simulations of alternating, random,

and block styrene–butadiene polymers in a dodecane sol-

vent are used to calculate viscosity at 40 and 100 �C, ref-

erence temperatures for characterizing their function as

viscosity modifiers. Mechanisms underlying this function

are explored by quantifying the radius of gyration and

intramolecular interactions of the polymers at the same

reference temperatures. The block styrene–butadiene con-

figuration exhibits the least change in viscosity with tem-

perature, characteristic of a good viscosity modifier or

viscosity index improver, and the behavior is correlated to

the ability of this structure to form smaller coils with more

intramolecular interactions at lower temperatures and then

expand as temperature is increased. The results indicate

that there is a correlation between styrene–butadiene

polymer structure, additive function, and the mechanisms

underlying that function.

Keywords Viscosity modifiers � Viscosity index

improver � Styrene–butadiene � Radius of gyration �
Intramolecular interactions

1 Introduction

Viscosity, a fluid property that resists flow, is an impor-

tant characteristic of lubricating oils. In machines, fluid

viscosity drives the formation and strength of lubricating

films and ultimately determines the success or failure of a

lubricated component. A significant change in oil vis-

cosity can result in increased friction, heat generation,

and wear. Therefore, it is vital for a lubricant’s viscosity

to change minimally with fluctuating operating conditions.

The temperature–viscosity response of a lubricant can be

controlled by the addition of specific high molecular

weight polymers known as viscosity modifiers (VM)s.

Commonly used VM chemistries are olefin copolymers,

polyalkylmethacrylates, polyisobutylenes, and styrene

block copolymers. Some of these additives increase the

viscosity index of the fluid and so are called viscosity

index improvers (VII). At optimum concentrations, the

polymers can minimize changes in fluid viscosity with

temperature and increase the load bearing capability of

the lubricating oil [1, 2].

Current advancements in VII technology focus on

modifying chemistries [3–5] and molecular architecture

[6–8] to improve the functionality of traditional VII poly-

mers. These variations not only improve the viscosity index

of the lubricant, but in some cases also reduce friction and

boost shear, thermal, and oxidative stability of the lubri-

cating oil [3, 7–11]. Several authors have explored the

influence of molecular structure, architecture, and chemical

features on the temperature–viscosity behavior of fluids

using experimental methods [12–15, 17] and molecular

simulation tools [16–18]. Some of the features investigated

include the effects of isomers [16], chain architecture

(linear, comb, star) [12, 13, 17, 18], variation in moieties

[15], as well as the nature and configuration of double
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bonds [14]. Overall, these studies reveal that diversity at

the molecular level can impact the temperature–viscosity

response of a fluid.

Recent research has also focused on the mechanisms by

which polymers improve the temperature–viscosity

response of fluids. The most commonly studied mechanism

is coil expansion, in which polymers expand with tem-

perature and therefore impede fluid flow, i.e., increase

viscosity more at higher temperatures [19, 20]. This

behavior has been observed experimentally for some, but

not all, VM polymers [17, 19, 21–23]. The coil expansion

mechanism has also recently been studied using molecular

dynamics (MD) simulations [17, 24]. MD is an ideal tool to

characterize such mechanisms since the positions and tra-

jectories of all the atoms in the system are known.

In this study, we investigate the effects of linear styr-

ene–butadiene polymer structure on VII performance using

MD simulation. Styrene–butadiene is chosen for this work

because it was one of the first polymers to be used as a VII

additive and has been extensively studied. Additionally, a

linear architecture is chosen for simplicity. Styrene–buta-

diene polymers with alternating, random, and block struc-

tures in a dodecane base fluid are characterized in terms of

their viscosity–temperature behavior and mechanisms

underlying that behavior. First, viscosity is calculated for

each configuration and performance is characterized in

terms of the rate of change of viscosity as temperature is

increased from 40 to 100 �C. Then, mechanisms are

explored by quantifying the radius of gyration and the

number of intramolecular contact pairs of each polymer

model as functions of temperature. Lastly, the trends in coil

size and intramolecular contact are correlated with the

temperature–viscosity behavior. The results indicate that

structural properties affect the response of the polymer to

temperature and therefore may be used to optimize additive

function, i.e., minimize the decrease in solution viscosity

with temperature.

2 Methods

Linear styrene–butadiene (SB) polymers with three dif-

ferent configurations, alternating (ALT), random (RDM),

and block (BLK), are modeled in this work. Figure 1 shows

a conceptual schematic of the three SB configurations. All

three configurations are 50 repeat units in length, where the

ALT and RDM structures have 25:25 styrene–butadiene

ratios (3958 g/mol), while the BLK structure has 26:24

styrene–butadiene ratio (3994 g/mol). Illustrations of the

styrene and butadiene monomers are shown in Fig. 2a. All

polymers are diluted in a dodecane solvent. Due to the size-

and time-scale limitations of the MD methodology, the

molecular weights of the polymers used in this

investigation are smaller than realistic additive molecules,

which will result in lower solution viscosities. However,

we expect the trends in viscosity, coil expansion, and

intramolecular interactions observed with the small model

polymer solution reported here will be consistent with

those exhibited by solutions with larger polymeric

additives.

Simulation models are created by placing one polymer

in a dodecane solvent using Accelrys Materials Studio and

then implementing dynamics with Large Atomic/Molecu-

lar Massively Parallel Simulation (LAMMPS) software

[25]. The concentration of polymer in each solution is

maintained at 3.3% (w/w). The All Atom Optimized

Fig. 1 Schematic representations of the three configurations mod-

eled, where the pink triangles represent styrene monomers and the

blue triangles represent butadiene monomers (Color figure online)

Fig. 2 a Illustrations of the styrene and butadiene monomers that

comprise all three SB configurations. b Initial structure of the BLK

styrene–butadiene configuration in dodecane solvent used in simula-

tions for calculating viscosity. Each simulation model consists of one

polymer molecule and 684 dodecane molecules to maintain a 3.3%

(w/w) concentration. The dodecane solvent is represented by orange

(carbon) and green (hydrogen) spheres, while the BLK polymer is

represented by pink (carbon) and blue (hydrogen) spheres (Color

figure online)
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Potentials for Liquid Simulations (OPLS-AA) force field

[26] with a global cutoff of 1.2 nm is used to describe bond,

angle, torsion, and non-bonded interactions between all

atoms. A long range solver is not used in this work.

A Nosé-Hoover thermostat and barostat with relaxation

time constants of 100 and 1000 fs, respectively, are used to

control temperature and pressure [27–29]. All simulations

are run with a time step of 1.0 fs and a 1–4 intramolecular

van der Waals scaling factor of 0.0. This scaling factor has

been shown to increase the accuracy of density predictions

for molecules with more than 12 carbon atoms [30]. The

initial configurations are relaxed under NVT conditions

(constant number of atoms, volume, and temperature) at

high temperature (727 �C) for 0.5 ns, before being equili-

brated under NPT conditions (constant number of atoms,

pressure, and temperature) at 1 atm at both 40 and 100�C
for 2–3 ns.

2.1 Viscosity

Viscosity simulations are implemented using a periodic

simulation box with initial dimensions of 5.0 nm � 5.0 nm

� 10.0 nm for the SB in dodecane systems and 3.0 nm �
3.0 nm � 6.0 nm for the pure dodecane system. Figure 2b

depicts the simulation model used to calculate viscosity for

the BLK configuration; models for the other configurations

look similar. After the initial relaxation and equilibration

process, these structures are further equilibrated under

NVT conditions at 40 and 100�C for 0.5 ns.

Viscosity calculations are then implemented using the

reverse non-equilibrium molecular dynamics (RNEMD)

technique [31, 32]. The RNEMD technique exchanges

momenta between two atoms in different regions of the

simulation box. For all cases, momenta is only exchanged

between solvent molecules. The momenta exchange

imposes a momentum flux onto the simulation box and the

system responds by producing a shear velocity profile. The

momentum flux, jzðpxÞ, and the shear rate (slope of the

shear velocity profile), ovx
oz

, are used to estimate shear vis-

cosity, g, where g ¼ �jzðpxÞ= ovx
oz

. RNEMD simulations are

run at 40 and 100 �C at a range of shear rates.

Viscosity simulations are run at various shear rates for a

total of 12 ns, which includes 4 ns of equilibration and 8 ns

of data collection. Reported viscosities are averaged over

the last 1 ns of simulation time. Newtonian viscosity is then

extrapolated from the viscosity vs. shear rate plot using the

following Carreau model [33]

gð _cÞ ¼ g0

1 þ ðk _cÞ2
h ip ð1Þ

where gð _cÞ is shear viscosity, g0 is Newtonian viscosity, k
is relaxation time, _c is shear rate, and p is the power index.

2.2 Radius of Gyration

For all three SB configurations, the radius of gyration of the

polymers is calculated from periodic models with an initial

size of 6.0 nm � 6.0 nm � 6.0 nm. The production phase

begins after the initial relaxation and equilibration process.

During the production phase, the system continues to run

under NPT conditions at 40 and 100�C for 100 ns. During

that time, the polymer’s radius of gyration, Rg, is calculated

and used to quantify the size of the polymer coil. In MD

simulations, Rg is defined as the mass weighted average

distance from the center of mass of the molecule to each

atom in the molecule

Rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M

X
i

miðri � rcmÞ2

s
ð2Þ

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.

During the production simulation, the polymer’s Rg is

calculated every 5 ps. The instantaneous Rg is used to plot

frequency histograms that capture the recurrence of

specific conformations throughout the simulation duration.

Next, a Gaussian function is fit to the frequency histogram

to quantify the mean, l, and skewness of the distribution.

The percent change in coil size with temperature, for all

three configurations, is calculated from the mean of the

distribution using ðl100 �C � l40 �CÞ=l40 �C�100 [24].

2.3 Intramolecular Interactions

Interactions between atoms within each polymer are char-

acterized to provide additional information about the effect

of temperature on polymer structure. A method for quan-

tifying intramolecular interactions is developed that cal-

culates the distance between every two carbon atoms in the

polymer backbone and identifies contact pairs as atoms

whose distance from one another is within a specified

cutoff radius. This approach is based on the concept of

atom contact used for nanoscale junctions between solids

[34]. In this study, the cutoff radius is specified as 4.62 Å,

which is three times the length of a carbon–carbon covalent

bond and is the minimum distance required to capture

contacts that occur due to intramolecular interactions. If the

cutoff distance is any smaller, then the method captures

only contacts that occur between neighboring carbons in

the chain and not intramolecular interactions within the

coil.

The number of contact pairs for a given configuration is

dependent on the cutoff and so is not meaningful by itself.

However, the difference between the number of contact

pairs in the coiled and uncoiled states effectively captures
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the degree of contact due to coiling. Therefore, the contact

pair calculations are first performed on reference cases,

which are models of uncoiled or elongated SB polymers.

For the reference state, a single elongated polymer in a

simulation box is created in Materials Studio and read into

LAMMPS for minimization and NVT equilibration at 40

and 100�C for 5000 fs. The reference contact pair analysis

is performed after initial relaxation (after 700 fs) and

before the polymer coils up (before 1000 fs). Next, the

analysis is performed for the coiled polymers in solution

during the production stage of the radius of gyration sim-

ulations at 40 and 100�C. The difference in the number of

contact pairs for the coiled and the uncoiled reference

polymers is reported.

3 Results and Discussion

Figure 3 shows MD shear viscosity results for the dode-

cane and the dodecane with the three SB configurations at

40 and 100�C. The Carreau equation, Eq. 1, is fit to the MD

shear viscosity data to calculate the Newtonian viscosity,

g0, as illustrated by the dashed lines in Fig. 3. Table 1

summarizes the Newtonian viscosities of the pure dode-

cane and dodecane with each of the three styrene–butadi-

ene configurations. As expected, the viscosities of all fluids

are larger at 40 than 100�C. Also, the viscosities of the SB

systems are larger than or comparable to that of the pure

dodecane system. It should be noted that the simulations

overestimate the viscosity of dodecane; literature reports

the viscosity of dodecane to be 1.06 mPa.s at 40 �C and

0.51 mPa.s at 100 �C [35]. This implies that the simulation

methodology used here may be overestimating the vis-

cosities of the polymer solutions. However, the overesti-

mation is likely to be comparable for all three SB

structures, so the trends observed in comparing the

(a) (b)

(d)(c)

Fig. 3 MD shear viscosity plots for the a dodecane, b ALT, c RDM

and d BLK models at 40 and 100 �C. The shear viscosity plots are fit

to the Carreau equation to calculate Newtonian viscosity. Overlapping

data points are repeat simulations performed under the same

conditions but using different seed numbers to generate unique initial

velocity distributions
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different models to each other should be accurate and

meaningful.

The rate of decrease of a solution’s viscosity with

temperature is often quantified by its viscosity index,

defined per the ASTM D2270 standard. However, our

reported g100 �C viscosities are outside the predictive

capabilities of that standard, so an alternative metric, the

Proportional Viscosity Index (PVI) [36], is used here. This

parameter was developed to address some of the limitations

of the traditional VI and is defined as PVI ¼ 2:611�
ðg100 �CÞ

1:4959 � 100=g40 �C, where g40 �C and g100 �C are

Newtonian viscosities at 40 �C and 100�C, respectively.

The PVI is calculated from simulation data for dodecane

and the three SB configurations. As shown in Table 1, the

PVI of all three SB configurations is greater than that of the

pure dodecane, with the BLK configuration having the

highest PVI.

Fluids with higher PVI values exhibit a smaller decrease

in viscosity with temperature. Therefore, the PVI results

reported in Table 1 indicate that the BLK configuration has

the best temperature–viscosity response of the three con-

figurations studied. The mechanisms underlying the VII

performance of SB configurations are explored by ana-

lyzing changes in the polymers’ radius of gyration and

intramolecular interactions over time at both 40 and 100�C.

Radius of gyration is used to quantify the size of the

polymer. Instantaneous Rg data are collected at 40 and

100�C, and used to plot frequency histograms that are then

fit to a Gaussian distribution. Figure 4a–c shows frequency

histograms for the three SB configurations. The mean

values of the Rg distributions are reported in Fig. 4d and

Table 2. Figure 4d illustrates that the ALT structure has the

largest mean Rg while the BLK structure has the smallest

mean Rg at both temperatures. These results indicate that

the BLK structure is able to form a smaller coil at both

temperatures compared to the ALT and RDM configura-

tions. The uncertainties reported in Table 2 are the standard

deviations of the Gaussian fit. Large standard deviations

indicate that the polymer is able to assume more confor-

mations of different sizes during the simulation.

The percent change in mean Rg with temperature is

reported in Table 2. A positive change indicates that the

polymer expands while a negative change indicates that the

polymer contracts when temperature is increased. There-

fore, the positive percent change observed for the BLK

configuration suggests that it expands with temperature,

while the ALT and RDM configurations either contract or

exhibit negligible change in coil size. Table 2 also reports

the skewness of the distributions at each temperature. The

skewness parameter describes the symmetry of the distri-

bution. A skewness value of zero refers to a distribution

with perfect symmetry, and a positive value means a shift

to the right, i.e., more conformations with coil sizes larger

than the mean value. The BLK configuration shows a

significant positive shift in skewness with temperature,

implying that the number of large conformations increases

with temperature. Overall, the results in Table 2 and

Fig. 4b indicate that the BLK configuration has the

smallest size and expands the most with temperature.

The ability of the polymers to form coils of various sizes

is further analyzed by characterizing their intramolecular

interactions. Intramolecular interactions are quantified by

estimating the number of carbon-carbon contact pairs

present within the polymer backbone at 40 and 100 �C. The

results are reported in Table 3, where the uncertainty is the

standard deviation. At both temperatures, the BLK con-

figuration has the most contact pairs due to coiling, while

ALT SB has the fewest contact pairs. Further analysis

reveals that the contact pairs within the BLK configuration

at either temperature are primarily attributable to contacts

between butadiene monomers. This is consistent with the

fact that butadiene chains are more flexible than styrene

[37]. Therefore, the BLK structure which contains butadi-

ene blocks is the most flexible and so can form the smallest

coils, consistent with the trends in Table 2 where the BLK

configuration has the smallest radius of gyration at either

temperature.

The viscosity, radius of gyration, and intramolecular

interaction investigations reveal that there is a correlation

between styrene–butadiene polymer structure, the poly-

mer’s response to temperature, and the PVI of the solution.

It is observed that the BLK configuration has the best

temperature–viscosity response, and this behavior is aided

by the ability of the polymer to assume a small and tight

coil size at lower temperatures and expand as temperature

is increased. Conversely, the ALT and RDM structures,

which exhibit smaller PVI than the BLK polymer, have

large coil sizes at 40 �C with fewer intramolecular contacts

and are not able to expand as temperature is increased to

100 �C. These findings imply that SB polymers that are

able to form small coils at lower temperatures and then

expand with increased temperature may exhibit smaller

Table 1 Newtonian viscosities for all model systems at 40 and 100�C
and the corresponding PVI values

System g40 �C (mPa.s) g100 �C (mPa.s) PVI

Dodecane 1:32 � 0:03 0:54 � 0:01 77.5

ALT 1:38 � 0:05 0:63 � 0:01 95.6

RDM 1:38 � 0:03 0:59 � 0:01 87.0

BLK 1:31 � 0:04 0:71 � 0:02 120.6
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changes in viscosity with temperature. The BLK structure

exhibits this behavior, due to the flexibility of the butadiene

blocks.

4 Conclusions

The temperature–viscosity behavior of solutions containing

linear styrene–butadiene polymers with alternating, ran-

dom, and block configurations was investigated using MD

simulation. The viscosity–temperature response of these

configurations was characterized, as well as the mecha-

nisms underlying that response. First, viscosity was cal-

culated at a range of shear rates using RNEMD. The

resultant data were fit to the Carreau equation to calculate

the Newtonian viscosity of each model solution. The

temperature–viscosity behavior of each fluid was quantified

by its PVI, which showed that the BLK configuration

exhibits the best performance. To understand this result,

the radius of gyration and the intramolecular interactions of

(a) (b)

(d)(c)

Fig. 4 Frequency histograms for the a ALT, b RMD and c BLK

configurations at 40 and 100 �C. Gaussian functions are fit to these

histograms to quantify the mean of the distribution. d Mean Rg versus

temperature for all three SB configurations, where the lines connect-

ing the symbols are just guides to the eye

Table 2 Mean and skewness of the Rg distribution for the SB con-

figurations as well as the percent change in the coil size (Rg) with

increased temperature

System Mean Skewness

40 �C (Å) 100 �C (Å) % Change 40 �C 100 �C

ALT 22:0 � 4:4 21:5 � 2:9 �2.4 0.6 0.4

RDM 18:8 � 2:8 18:8 � 3:1 �0.3 0.3 0.3

BLK 17:7 � 2:8 18:4 � 3:0 3.7 0.3 0.8

Table 3 Number of contact

pairs present in the polymer due

to coiling at both temperatures

and for all SB configurations

System 40 �C 100 �C

ALT 63 � 10 68 � 13

RDM 96 � 13 97 � 12

BLK 107 � 17 106 � 19
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each polymer model were characterized as functions of

temperature. Small coil size and large number of contact

pairs were correlated with good PVI. Of the three config-

urations studied, the block structure exhibited the least

change in viscosity with temperature. This configuration

was also observed to form small and tight coils with many

intramolecular interactions at low temperatures and then

expand as the temperature was increased. This observation

suggests that structures that can attain very small confor-

mations at the lower temperatures and expand as temper-

ature is increased will function as ideal VII additives.

Overall, the results indicate that temperature–viscosity

behavior is correlated to styrene–butadiene polymer

structure because the structure determines the polymer’s

response to temperature. Further, the method proposed in

this study can be applied to other chemistries to better

understand the structure–property–function relationships

that are key to additive functionality. Successful imple-

mentation may lead to the development of a molecular

tuning tool which could redefine our understanding of fluid

properties and facilitate the design of lubricants with

optimal performance and functionality.
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