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ABSTRACT: In an effort to find correlations between size changes
with temperature of lipophilic polymers in solution and viscosity index
trends, the determination of the size of thermoresponsive polymers of
various architectures (linear, comb-like, star, and hyperbranched)
using two experimental techniques under infinite dilution conditions
(0.5% w/w) — dynamic light scattering and small angle neutron
scattering, and predictive molecular dynamics simulations is described
herein. Viscosity index is an important parameter for lubricants and
other rheological applications. The aim of this work was to predict
polymer behavior as viscosity index improvers (VIIs) using tools
which require minimal amounts of material, as opposed to measuring
kinematic viscosities, which require multigram quantities. There were
no significant correlations between changes in polymer size with
temperature and viscosity index (VI). The polymers with the highest
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VI (polyalkyl methacrylate - PAMA and Star PAMA) had polar backbones in contrast to the nonpolar backbones of the linear
and hyperbranched (OCP and HBPE, respectively), so the disparity in solubility of the backbone and solvent medium appears to
correlate with the observed VIs. It was concluded that none of the aforementioned techniques can entirely predict the polymer
behavior as VIIs, at least in the temperature range studied (40—100 °C).

1. INTRODUCTION

Viscosity modifiers (VMs) or viscosity index improvers (VIIs)
are additives used in lubricating oils and greases to mitigate the
natural fluids’ loss of viscosity with temperature. The higher the
viscosity index (VI), the smaller the change in viscosity with
temperature is observed. In other words, the VI is an arbitrary
measure for the change of viscosity of fluids with variations in
temperature and therefore a measure of the additive’s efficiency
at resisting thinning with temperature.

These additives are mainly polymers of various chemical
compositions and architectures. Among the several polymeric
VMs previously explored,' ™ two widespread examples include
the following: 1) olefin copolymers (OCP) which are fully
saturated, lipophilic, nonpolar, carbon based polymers that
thicken oils and 2) poly(alkyl methacrylate)s (PAMA) which
include fatty pendants and polar esters within the polymer
chain, with lipophilic side chains but somewhat polar
backbone.”” The differing chemical compositions and
architectures of these VMs translate into unique viscosity
performance properties which have been exploited for certain
lubricant applications. In particular, PAMAs tend to be better
VIIs in part due to a lower lubricant thickening effect at lower
temperatures and potentially a greater solvation difference at
hot versus cold temperatures.
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The widely accepted mechanism of VII's thermoresponsive
nature revolves around the notion of polymer coil expansion at
high temperatures and promotion of a globular conformation at
low temperature;g’9 however, the mechanism of the VIIs size
change with temperature has only been empirically understood
and directly investigated once before.” The intrinsic viscosity of
a polymer, which relates to its radius of gyration (Rg), is
temperature dependent.'’”'* Techniques to elucidate the
functional mechanisms for the change in polymer size of
thermoresponsive polymers have traditionally included dynam-
ic light scattering (DLS)"*'* and small angle neutron scattering
(SANS).*'>'® DLS and SANS are perhaps two of the most
complementary methods to measure temperature induced
structural changes of polymers in solution. While DLS provides
the hydrodynamic size (R;) of the polymers in a solution,
SANS gives information on the specific polymer coil transitions
and is considered to be a direct measure of polymer
dimensions, i.e. radius of gyration (R,). Covitch and Trickett
recently showed, using SANS measurements, that PAMA based
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VIIs undergo a transition from Gaussian coil to a coil
experiencing excluded volume interactions with increasing
temperatures in d-dodecane.”

The work herein probes the theorized connection between
VI values and molecular expansion with temperature for various
polymer architectures, including linear, comb, star, and
hyperbranched. We attempted to identify qualitatively, a
predictive tool for VII performance of oil soluble polymers
with unique architectures and chemical compositions. To this
end, we explored physical techniques, SANS and DLS, and a
predictive model, molecular dynamics (MD) simulation, to
identify trends between dimensional changes and VII perform-
ance. Viscosity measurements for VI determination typically
require multigram quantities of a given polymer which can be
quite expensive to synthesize. The present methodologies only
require milligram quantities (5 mg) for screening and therefore
would provide a much faster result. So, in addition to
challenging the conventional wisdom, finding a trend would
offer a great benefit to researchers in the field of polymeric
lubricant additives.

2. EXPERIMENTAL SECTION

2.1. Materials and VI Determination. The VII polymers
highly branched poly(ethylene)s (HBPE)'" and star poly-
(dodecyl methacrylate) (Star)'® were prepared as previously
described in the literature, whereas OCP and PAMA are
proprietary materials obtained from industrial collaborators.
These polymers were separately dissolved into Yubase4 (4Y)
base oil at various concentrations (Table 1). The dynamic

Table 1. Kinematic Viscosities and Viscosity Index Values at
Different Concentrations

parameters” 4Y OCP  HBPE Star PAMA
concentration (wt %) na 2 2 2 2
KV40 (cSt) 188 1008 405 304 333
KV100 (cSt) 42 172 82 7.0 82
VI 127.0 187.8 185.6 20S5.0 239.0
concentration (wt %) na 0.8 2.0 2.8 2.0
KV40 when KV100 = 18.8 42.1 40.2 35.6 339

8.3 cSt

KV100 (cST) 42 8.4 8.4 8.3 8.4
VI at matched KV100 127.0 181.0 190.0 221.0 238.0

“Errors in concentration and VI values are within +5%.

viscosities of these solutions were measured by a Brookfield
spindle viscometer at 40 and 100 °C. Kinematic viscosities were
determined by dividing dynamic viscosity by the density of the
solution (0.83 g/mL). The densities were determined on an
analytical balance with 10 mL volumetric flasks at room
temperature. VI values were calculated via a widely accepted
ASTM D2270, a standard practice for calculating VI from
measured KV40 and KV100 values. The concentrations of the
solutions for VI calculation were adjusted accordingly until
KV100s were equivalent.

2.2. Dynamic Light Scattering (DLS). DLS measurements
were performed in a Brookhaven ZetaPALS 90 Plus particle
size analyzer equipped with a temperature controller and a 35
mW red diode laser with a nominal 640 nm wavelength. All
measurements were collected at 90° scattering angle. Polymers
were dissolved in hexadecane at 0.5 wt % (infinite dilution) and
then centrifuged at 13,000 rpm for 20 min to remove large
aggregates (26000 nm diameter) to improve the autocorrela-

tion function (ACF). The polymer solutions were loaded into
square quartz cells with Teflon tops and sealed with Parafilm
tape to prevent any solvent evaporation. Temperature ramping
was carried out from 25 to 95 °C in steps of 10 °C. The
samples were equilibrated for 30 min before taking measure-
ments at each temperature. The average diameters were
determined with temperature corrected solvent viscosities."”
Errors in the measurements were calculated based on the
standard error of the mean between 3 to S runs.

2.3. Small Angle Neutron Scattering (SANS). For SANS
experiments, polymer samples were dissolved in d-hexadecane
at mass fraction of 0.5 (wt %), same concentration as DLS
measurements, and run at 25, 40, 70, and 100 °C. SANS
measurements were performed on the NG7 30 m SANS
instrument at the NIST Center for Neutron Research (NCNR)
in Gaithersburg, Maryland.20 The neutron wavelength, 4, was 6
A, with a wavelength spread, A4/4, of 0.15. Scattered neutrons
were detected with a 64 X 64 cm’ two-dimensional, position-
sensitive detector with 128 X 128 pixels at a resolution of 0.5
cm/pixel. Data reduction was accomplished using Igor Pro
software (WaveMetrics, Lake Oswego, OR) with SANS data
reduction macros developed at the NCNR.”' Raw counts were
normalized to a common monitor count and then corrected for
empty cell counts, ambient room background counts, and
nonuniform detector response. Data were placed on an
absolute scale by normalizing the scattering intensity to the
incident beam flux for each individual pixel. Finally, the data
were radially averaged to produce the scattering intensity I(q)
versus q curves, where q = 4zsin(6)/4 and 20 is the scattering
angle measured from the axis of the incoming neutron beam.
Sample-to-detector distances of 13.0, 4.0, and 1.0 m were used
in order to cover the range of 0.004 < g < 0.55 Al The I(q)
versus ¢ scattering data obtained at the two instrument
configurations were merged using the NCNR SANS reduction
software.”'

SANS data were fit to the Polymer Excluded Volume
function*** using Igor Pro (WaveMetrics, Lake Oswego, OR)
with SANS data analysis macros developed at the NCNR*' in
order to determine the Ry and the Porod exponent, n, that
describes the overall size and morphology of the polymer. In
cases where the Polymer Excluded Volume function did not fit
the data at low g values (meaning that the overall R, was too
large to be measured with SANS), the data were also fit using
the Correlation Length function, which is an empirical formula
that enables the determination of a correlation length, L, that
essentially describes the interactions of the polymer chains with
the solvent and the determination of a Porod exponent.”*

Certain commercial equipment, instruments, or materials are
identified in this paper to foster understanding. Such
identification does not imply recommendation or endorsement
by the National Institute of Standards and Technology, nor
does it imply that the materials or equipment identified are
necessarily the best available for the purpose.

2.4. Molecular Dynamics (MD) Simulations. The
simulation systems created had periodic boundaries in all
three directions, and the size of the simulation box was either 6
X 6 X 6 nm®> (PAMA, OCP, and HBPE) or 7 X 7 X 7 nm®
(Star). As illustrated in Figure S2 (a) for HBPE, each respective
polymer was placed in the virtual dodecane solvent. Initial
simulation structures were constructed with Accelrys Materials
Studio and subsequent simulations performed using Large
Atomic/Molecular Massively Parallel Simulation (LAMMPS)
software.”” The All Atom Optimized Potential for Liquid
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Scheme 1. Schematic Representation of the Four Analogs Investigated, Where the Red Line Represents the Polar Backbone
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Figure 1. DLS plots as a function of temperature for (a) OCP, (b) PAMA, (c) HBPE, and (d) Star polymers. The scales of the y-axes have been
adjusted to better visualize the changes in Ry. Error bars (standard error of the mean over 3 to S sample runs) are smaller than the data points and

are not shown for clarity.

Simulations (OPLS-AA) force field*® with a global cutoff of 1.2
nm was used to describe bond, angle, torsion, and nonbonded
interactions between all atoms. A NoSe-Hoover thermostat and
barostat maintained the temperature and pressure of the
system. All simulations were run with a time step of 1 fs and a 1
to 4 intramolecular scaling factor of 0.0. Setting the scaling
factor to zero turns off the van der Waals and Coulombic
interactions between 1 and 4 atom pairs, which are those
separated by three bonds, and has been shown to increase the
prediction accuracy of liquid-state properties for molecules with
12 carbons or more.”’

The simulations were divided into three phases: relaxation,
equilibration, and production. During the relaxation stage,
simulations were run at high temperatures under NVT
conditions (constant number of atoms, volume, and temper-
ature) to rapidly relax the system. The system was then
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equilibrated under NPT conditions (constant number of atoms,
pressure, and temperature) at 40 and 100 °C, respectively,
without data collection. Finally, during the production phase,
the system continued to run under NPT conditions, while
information on the polymer’s coil size was collected for analysis.
Details on the simulation stages can be found in ref 28.
Radius of gyration, R,, is frequently used to quantify a
polymer’s coil size. In MD simulations, R, is defined as the mass
weighted average distance from the center of mass of the
molecule to each atom in the molecule. Here, R, was calculated
at every S ps interval during the production stage, and the data
then was used to plot frequency histograms. The frequency
histograms essentially map the recurrence of specific con-
formations throughout the simulation time. A Gaussian
function was fit to the frequency histogram to quantify the
mean, y, of the distribution. This is illustrated for HBPE in
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Figure S2 (b). Lastly, the percent change in coil size with
temperature was calculated from the mean of the coil size
distribution at 40 and 100 °C using (k00 °c — Hao °c)/Hao °c X
100.

3. RESULTS

3.1. Viscosity Index of Polymers. Four VIIs were selected
for this study to include variations in architecture and chemical
composition (Scheme 1). OCPs are hydrocarbon based linear
polymers that are soluble in Group III oils and nonpolar
solvents. They generally have short alkyl side-chains extending
from the polymer backbone. HBPEs have a similar chemical
composition to OCPs but differ in architecture. HBPEs have a
random branch-on-branch configuration that limits conforma-
tional mobility.'"” PAMAs are generally comb-like polymers
with a relatively polar backbone (i.e., ester) and lipophilic side
chains, which vary in polarity, length, and branching. Viscosity
performance and therefore coil expansion with PAMAs are
typically accredited to the oil immiscible repeating units which,
presumably, repel hydrocarbons at low temperatures but allow
diffusion at elevated temperatures. Star, like PAMAs, contains a
lipophilic pendant group (i, Cj,) extending from a polar
backbone but has three arms connected to a center moiety that
inherently limits conformational freedom. It is important to
note that all four analogs have different molecular weights and
therefore unique hydrodynamic volumes. For this reason, we
tried to identify a relationship between VI performance and the
percent change in the dimensions of these polymers.

The VI values of the four analogs were determined from
kinematic viscosities (KV) of their oil solutions (Yubase-4, 4Y)
at 40 and 100 °C. Initially, a 2% by weight (w/w) concentration
was screened, and then the concentrations were adjusted so
that the kinematic viscosities of all solutions were the same at
100 °C (KV100). The KV values of the adjusted concentrations
at 40 and 100 °C were utilized to calculate the respective VIs
via an online calculator (Uniteasy Calculation of Viscosity
Index www.uniteasy.com/en/unitsCon/ calvihtm). The calcu-
lator has a built in algorithm which generates VIs based on the
KV values input. All measurements were repeated to ensure
accuracy. The corresponding VI values are reported in Table 1.

3.2. DLS Measurements of Temperature-Responsive-
ness of Polymers. The hydrodynamic radii (R;,) of the
polymers in hexadecane (0.5 wt % polymers in solution) were
measured stepwise between 25 and 95 °C. Hexadecane was
chosen as the solvent due to a desirable boiling point (286.8
°C) and heat capacity (499.72 JK™ mol™") as well as chemical
similarity to petroleum base oils (i.e., saturated alkane). The
results are shown in Figure 1 (a)-(d) and summarized in Table
2. The Ry values were mean sizes obtained by cumulant
analysis. All polymers, except for OCP, had an average Ry
between 10 and 35 nm at 25 °C. It is possible a few large

Table 2. Summary of DLS Measurements for All Polymers at
45 and 95 °C

parameters” ocCp HBPE Star PAMA
VI at matched KV100 181 190 221 238
Rh_45 °C (nm) 15.82 1233 13.53 37.44
R, 95 °C (nm) 19.50 15613 1692 3879

ARy = [Ruos—Ryss)/Ruqs (%) 42326  +2662  +2505  +3.61

“Errors in VI values are within +5%. Errors (standard error of the
mean over 3—5 sample runs) in Ry, are within +0.04 nm.

aggregates remained in the OCP solution despite extensive
filtering, resulting in one outlier point of R, & 60 nm at 25 °C.

OCP showed a continuous decrease in Ry, with temperature,
with a plateau between 65 and 85 °C and an increase in Ry at
95 °C. PAMA showed a moderate decrease in size until about
75 °C and a slight increase at the highest T (95 °C). Like OCP,
both HBPE and Star polymers show an increase in size from 65
to 95 °C. These trends can be seen clearly from the percent
change in size of the polymers between T = 45 and 95 °C
(Table 2). A negative percent change indicates a decrease in
polymer size, whereas a positive percent supports an increase in
polymer size with rising temperatures. The percent increase in
size of the HBPE and Star polymers are similar, although they
behave somewhat differently as VIIs within the temperature
window of study. It is notable that the chemical composition
and molecular weights of PAMAs may significantly vary,
depending on the source; therefore, the magnitude of the trend
in polymer size may differ as well. The polymer dimensions in
solution will depend on the interactions between the like and
unlike components of the solvent and the polymer segments,
which in turn determine whether the polymer intrasegmental
interactions are more preferred over interactions with solvent
molecules. Hence, better the solvent (ie., good solvents),
greater is the swelling in the polymer. In good solvents, as
temperature increases, the polymer—solvent interaction in-
creases while the polymer—polymer (intra- and intermolecular)
interaction decreases thereby resulting in coil expansion.”’
When the concentration of the polymer solution is infinitely
dilute, intermolecular polymer—polymer interactions are
negligible. Therefore, any change in the intrinsic viscosity of
the solution at such low concentrations may be attributed to
the polymer—solvent interaction. An independence of the
polymer size on temperature may indicate that either the
solvent behaves as a good solvent throughout the temperature
range in this study or that the polymer coil does not expand
while increasing temperature. A decrease in polymer size,
however, indicates polymer coil contraction and suggests the
polymer—solvent interaction is less favorable at elevated
temperatures. The temperature range of these experiments
may not be all inclusive toward studying polymer coil expansion
or the more elusive globule-to-coil polymer transition state but
does provide a qualitative understanding of the relationship
between changes in polymer size and VI behavior. Overall,
there appears to be no correlation between AR; and VI values
based on DLS measurements.

3.3. SANS Results of Temperature-Responsive Poly-
mers in d-Hexadecane. While DLS provides information on
the global topology of the polymers and their solvent
interactions, SANS provides a direct measure of polymer
dimensions and internal structure. Our experiments were
conducted with polymer samples dissolved in d-hexadecane at
0.5 wt % at 25, 40, 70, and 100 °C. d-Hexadecane is considered
a good base oil mimic.” Figure 2 shows the SANS profiles for
the four polymer solutions measured at 40 and 100 °C. The
scattering from the solvent has been subtracted. The overall
scattering decreased as a function of temperature for all four
polymers. Differences in the shape of the scattering curves as a
function of temperature were more subtle and were deduced
through model fitting. The high-Q region, or the Porod region,
contains information on the local structure of the polymers.
The I(g) values at mid and low Q regions nearly overlapped for
all polymers at both temperatures, as expected at infinite dilute
conditions. The plots representing I(q) data in Figure 2 hence
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Figure 2. SANS profiles of (a) OCP, (b) PAMA, (c) HBPE, and (d) Star polymers in d-hexadecane. Solid red and blue lines show model fits to the
SANS data. The data for OCP and PAMA polymers have been fitted to the polymer excluded volume model, whereas data for HBPE and Star
polymers have been fitted to the correlation length model. The I(Q) values at 100 °C data and their corresponding fits in each plot have been
multiplied by 2 for clarity. Error bars (standard error of the mean for the number of detector pixels used in the data averaging) at low Q are smaller

than the data points, and error bars at high Q are

not shown for clarity.

Table 3. Summary of SANS Results for All Polymers at 40 and 100 °C

sample (T °C) model fit Porod exponent,” n R, (nm) AR, [Ry100—Ry0]/Ryso (%)
OCP (40 °C) polymer excluded volume 1.85 + 0.01 13.6 + 0.1
OCP (100 °C) polymer excluded volume 1.85 + 0.01 13.0 £ 0.1 —44 + 1.0
PAMA (40 °C) polymer excluded volume 1.87 + 0.01 27.8 + 0.1
PAMA (100 °C) polymer excluded volume 1.78 + 0.01 243 + 0.1 —12.6 + 1.8
sample (T °C) model fit Porod exponent, n correlation length” L. (nm) AL, [Leyoo)=Leso—/Leso (%)
HBPE (40 °C) correlation length 1.90 + 0.01 104 + 0.1
HBPE (100 °C) correlation length 1.90 + 0.01 10.5 + 0.1 +0.96 + 1.37
Star (40 °C) correlation length 2.10 + 0 0.01 82 + 0.1
Star (100 °C) correlation length 2.10 + 0.01 8.0 + 0.1 —2.43 + 320

“Errors in Ry, L, and the Porod exponent are the statistical errors determined from the fits to the data.

have been multiplied by a factor of 2 for clarity. OCP and
PAMA polymers fit well to the polymer excluded volume
interactions model with Porod exponents () close to 5/3. This
indicates the polymer coils are swollen and in good solvent
conditions. However, both HBPE and Star polymers had Porod
exponents closer to 2, validating their compact conformation by
design and indicating Gaussian chain structures. Furthermore,
they did not fit well with the polymer excluded volume
interactions model nor the Gaussian coil or Debye models.
Hence, an empirical model with Porod and Lorentzian-like
terms was used, to get the correlation lengths (L) and Porod
exponents to fit the scattering curves for these polymers. The
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comparisons between the polymer excluded volume inter-
actions model and the correlation length model fits are shown
in the Supporting Information (Figure S3) for HBPE and the
Star polymers. Using the correlation length model, no
reduction in n or change in R; with increasing temperature
was observed for the Star and HBPE polymers, implying that
their internal flexibility is low. Even though HBPE and Star
polymers fit poorly to the polymer excluded volume model, the
Porod values computed were similar to those from the
correlation length model, and showed the same trends as
the correlation length (Table S1). On the other hand, a very
minor reduction in # from 1.87 (40 °C) to 1.78 (100 °C) was

DOI: 10.1021/acs.iecr.6b03812
Ind. Eng. Chem. Res. 2016, 55, 12983—12990


http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.6b03812/suppl_file/ie6b03812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.6b03812/suppl_file/ie6b03812_si_001.pdf
http://dx.doi.org/10.1021/acs.iecr.6b03812
http://pubs.acs.org/action/showImage?doi=10.1021/acs.iecr.6b03812&iName=master.img-003.jpg&w=415&h=335

Industrial & Engineering Chemistry Research

observed for PAMA suggesting a coil experiencing excluded
volume interactions with increasing temperature. This change is
also accompanied by a slight decrease in R,. The results of the
fits are shown in Table 3.

The R, and L values determined by SANS are smaller than
the Ry values determined by DLS. The DLS method probes the
diffusion behavior of the polymer, while the SANS method
detects inhomogeneities in the neutron density of a sample.
The hydrodynamic radius determined by DLS will include
associated solvent that is not visible to SANS. The SANS
method, therefore, will tend to measure the polymer size and
will show a significant change in polymer dimensions only if
there is a structural change in the polymer with changing
temperature, while DLS measures the size of the polymer plus
associated solvent.”’

3.4. MD Predictions of Temperature-Dependent Size
Change of Polymers in Dodecane. The third method used
to characterize polymer change in size with temperature was
MD simulations of each model polymer in dodecane (Figure
S1). For each polymer, a maximum of SO repeat units was
chosen as the polymer length as a compromise between
computational efficiency and realism. With this length basis, the
model PAMA has a molecular mass of 12722.7 g/mol, OCP has
a mass of 1755.39 g/mol, and HBPE has a mass of 3831.39 g/
mol. The model Star polymer has 16 repeat units in each arm
(a total of 48 repeat units in all three arms) and a mass of
12584.4 g/mol. The evolution of the polymer’s coil size,
determined by the radius of gyration, Ry, was observed
throughout the simulation duration.

Table 4 summarizes mean R, values calculated from MD
simulations at 40 and 100 °C and the percent change in coil

Table 4. Mean Values of the R; Distribution for All Polymers
at 40 and 100 °C along with the Percent Change in Coil Size
with Temperature”

temp (°C OCP* (nm HBPE (nm Star (nm PAMA* (nm
p

40 1.65 1.72 2.18 1.71
100 1.61 1.73 2.10 225

% change —24 0.18 -23 315

“Data for PAMA and OCP are from ref 31.

size with temperature for all four molecules described above.
Like the DLS and SANS results, a positive percent change
indicates coil size expansion, while a negative percent change
implies coil size contraction with temperature. From Table 4,

we observe that PAMA is the only molecule that is predicted to
expand significantly with temperature. OCP, HBPE, and Star,
on the other hand, exhibit similar mean R, values at both
temperatures, suggesting that these polymers undergo negli-
gible changes in coil size with temperature.

4. DISCUSSION

A summary of the results from DLS, SANS, and MD is shown
in Figure 3. Comparing the simulation calculations to the SANS
experimental measurements, we observed an opposite trend,
with the exception of PAMA, where a decrease in size was
observed in SANS measurements. However, through our DLS
measurements, we observed a significant increase in size with
temperature for the OCP, HBPE, and Star polymers and a
modest increase in size of PAMA with temperature. Simulations
entirely disagree with DLS, where a significant increase in size
with temperature is observed for all analogs, except for PAMA.
However, considering that PAMA has the highest VI, followed
by the Star, then HBPE and OCP simulations, do predict
realistically PAMA’s behavior.

The DLS data shows that OCP, HBPE, and Star clearly
expand with temperature, while SANS shows the opposite
effect. As mentioned earlier, DLS can detect the solvent shell
associated with the polymer, while SANS cannot. Changes in
Ry, measured by DLS, therefore, may correspond to changes in
solvent interactions, while changes in R, measured by SANS
may correspond to change in the polymer structure itself. The
increase in Ry, with temperature, therefore, may correspond to
an increase in solvent—polymer chain interactions. An increase
in solvation is also suggested by a leveling off of the scattering
intensity with temperature in the DLS measurements (Figure
S4). Scattering intensity typically increases with Ry, unless there
is a change in the refractive index of the polymer. The leveling
off of scattering intensity corresponding to an increase in Ry
shown in Figure S4 suggests a decrease in the refractive index of
the polymer due to solvent swelling.”> However, PAMA and
Star have similar polarities and backbones, and the dissimilar
behavior is surprising. One would expect that polymers with
higher polarity than the solvent (baseoil, in this case
hexadecane) will respond in an equivalent manner to heat
and have similar VIs. The VI values of the PAMA and Star are
in the ballpark, but the observed DLS and SANS behavior is
not.

It is important to note that we did not observe a Porod
exponent of 3, characteristic of a collapsed polymer coil, for any
polymer at all temperature conditions studied. Our temperature
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35 ] DLS_95
200 Bl SANS_40
30 @ sANs_100]
25 H wmD_40
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Figure 3. Comparison between DLS, SANS, and MD simulations results of polymers, along with the VI values. Here R represents R;, values from
DLS, R, values from MD simulations, R; values for OCP and PAMA, and L, values for HBPE and Star polymers from SANS measurements.
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dependent viscosity measurements suggest that there is a
significant improvement in the VI of 4Y oil, from 127, on
adding all the above polymers as VIIs (Table 1). Interestingly,
the PAMA polymer shows the greatest improvement in VI
(238) despite showing a modest increase in R, with
temperature through DLS measurements and a decrease in
with temperature through SANS measurements. On the other
hand, the HBPE and OCP polymers underwent a similar
increase in Ry with increasing temperature and demonstrated
comparable VI performance (OCP — 181, HBPE — 190), even
though a decrease in size with increasing temperature in SANS
measurements was observed for OCP. Moreover, the Star
polymer which showed a large increase in size through DLS but
negligible change in size in SANS measurements had a VI of
221 slightly lower than that of the PAMA polymer, 238. These
conflicting dimensional-performance behaviors can be observed
clearly in Figure 3. Overall, the physical data obtained from
DLS and SANS when qualitatively compared to empirically
calculated VI values suggests that the current polymer globule-
to-coil transition or coil expansion VI structure-performance
relationship explanation is not all-telling, at least between 40
and 100 °C.

If polymer size changes do not correlate with VIs, other
factors must be important in controlling the VIs of polymeric
additives. The authors are well aware that molecular weight
correlates well with thickening efficiency and generally with VIs,
but this discussion is outside the scope of this study. HBPE and
Star were prepared and analyzed in-house; however, OCP and
PAMA were acquired through industrial partnerships, and their
respective molecular weights are proprietary information. As
described earlier, the VIIs investigated in this study have unique
chemical compositions and architectures compared to one
another. In particular, OCP and HBPE have different
topologies but are roughly the same chemically, which
translates to comparable KVs and subsequent VIs. The Star
and PAMA additives have the highest VIs even though their
architectures are very different from one another. Both of these
additives have similar chemical compositions involving a polar
ester backbone with lipophilic alkyl side chains. The polar
backbone appears to have a role in increasing the VI by
affecting polymer stiffness or solvent interactions.

5. CONCLUSIONS

Comparing the results from our two experimental techniques
and MD simulations, it is clear that, while these techniques are
excellent probes for polymer—solvent interactions, polymer
size, and structure, they might not be able to predict the
behavior of the polymers as VIIs in oil. The interactions of VIIs
with oil include a complex mix of inter- and intramolecular
interactions such as polar/nonpolar interactions that are long-
range and not accounted for by the above techniques. The
molecular weight, architecture, and chemical composition of
the polymers have a huge influence on the solution viscosity
and thermoresponsiveness.”>** Moreover, the topology and
architecture of the VIIs have nonuniformities in them. We
observed that polymers which significantly improve the VI
(PAMA) do not show considerable change in size in the
observation window between 40 and 100 °C. In conclusion,
changes in polymer size do not significantly affect VI values as
described by the traditional model suggesting that other factors
are important in controlling and optimizing VI
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