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ABSTRACT: The viscosity increase of carbon dioxide by copolymers is
predicted using dissipative particle dynamics simulations, as a function of
polymer concentration. Three types of direct viscosifying polymers are
simulated: a fluorinated acrylate polymerized with styrene and two
nonfluorinated copolymers. The latter are the hydrocarbon-based poly(1-
decene), which is branched, and the linear poly(vinyl ethyl ether). These
polymers associate differently in CO2 because of their different molecular and
chemical characteristics. The effect of different association mechanisms in
increasing the viscosity of CO2 is investigated in detail. It is found that
intermolecular interactions and branched structure contribute to CO2
thickening. In the fluorinated copolymer, intermolecular π-stacking
interactions significantly affect CO2 viscosification. These are the first
simulations of the viscosity of CO2 thickeners; our simulations agree with
recent experimental data, providing insights into the thickening mechanisms at play of each molecule. This work sets the stage
for the molecular engineering of new CO2 viscosifiers.

■ INTRODUCTION

There are important features that make carbon dioxide (CO2)
an attractive solvent, such as high diffusivity and relatively low
cost, among others. However, some challenges limit wider use,
including the low solubility of many large molecules, such as
large alkanes in CO2.

1,21,2 In enhanced oil recovery and as a
clean fracturing fluid, CO2 has desirable properties, but due to
low viscosity, widespread use is limited. Under typical
conditions found in oil reservoirs, CO2 density is liquid-like,
while its viscosity is gas-like.3 The idea of thickening CO2 with
direct viscosifiers was pioneered by Heller et al. in 1985;4 none
of the polymers they examined thickened CO2 by more than
10%. Heller et al.4 found that polymers with high molecular
weight showed low solubility to be useful as CO2 thickeners,
while polymers with low molecular weight led to minor
viscosification. One may increase the viscosity of CO2
substantially by adding high-molecular-weight fluorinated
copolymers that are highly soluble in CO2.

5,6 The relative
increase in viscosity at a low shear rate can be over 200 times
for a copolymer concentration of about 5 wt %, with respect to
the viscosity of neat CO2.

7 There are two serious shortcomings
with this approach: the fluorinated copolymers are environ-
mentally harmful and very expensive.8 They are known to
adsorb on rocks also, which reduces their efficiency.9,10 It has
been reported11 that molecules with aromatic rings (such as
polyfluoroacrylate-based copolymers) have higher adsorption
on solid surfaces than molecules without the rings. Wang et

al.11 argue that the adsorption mechanism is driven by the
“flatness” of the aromatic rings, which tends to reduce the free
energy of the adsorbed molecules. To avoid these limitations,
hydrocarbon-based copolymers without aromatic rings have
been suggested as direct CO2 viscosifiers.12,13 The relative
viscosity gain in CO2 with these nontoxic copolymers is a
factor less than 3 at a concentration of 5 wt %,7 but their
benign environmental characteristics and low cost make them
attractive alternatives. The use of low-molecular-weight poly(1-
decene) (P1D) and poly(vinyl ethyl ether) (PVEE) as CO2
thickeners remains controversial because Zhang and co-
workers reported CO2 viscosification increases of about 15
times with P1D and PVEE at concentrations less than 1 wt %
and a pressure of 20 MPa.12 Heller et al.4 and Lee et al.14 also
used P1D and PVEE in CO2 at similar concentration and
pressure, finding low to no increase in its viscosity. Al Hinai
and co-workers13 also measured the CO2 viscosification effect
of P1D and PVEE, at higher concentration (up to 5 wt %) and
pressure (up to 55 MPa), finding viscosity increments up to
2.8 times for P1D (5 wt %, 55 MPa) and up to 2.1 times for
PVEE (2 wt %, 55 MPa). For CO2, we have not found reports
in the literature on viscosification by relatively low molecular
weight (Mw) polymers, such as P1D and PVEE.12,13 However,
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for aqueous solutions, the hydrophobically modified ethoxy-
lated urethanes (HEUR) are low Mw, linear polymers that can
thicken fluids at low concentrations.15,16 Barmar et al.15 have
shown that HEUR polymers with a molecular weight of only
6410, comparable to PVEE’s, can increase the viscosity of
water at least 3 orders of magnitude at concentrations of
around 4 wt % and less. The thickening mechanism has been
attributed to the formation of networks, starting at the critical
association concentration.15 There are reports17−19 where
polymers with relatively low Mw are shown to notably thicken
solvents at concentrations as low as 5 wt %.
In a recent work,20 we investigated the structure of the

hydrocarbon-based direct viscosifiers, poly(1-decene), or P1D,
and poly(vinyl ethyl ether), PVEE, at low concentration in
CO2. Our investigation also covered a very effective fluorinated
copolymer, polyheptadecafluorodecyl acrylate polymerized
with styrene (HFDA).7 It was concluded that the high
solubility in CO2 from fluorocarbon branches of HFDA and π-
stacking interactions between styrene rings are key features in
the intermolecular association. P1D disperses in CO2 because
it is a branched copolymer, which makes it soluble in CO2 at
concentrations similar to HFDA but at substantially higher
pressure. Because P1D lacks aromatic rings, it does not form
stable intermolecular associations. The linear PVEE copolymer
forms weakly bound networks, and its solubility in CO2 is
lower than P1D.4,13 Given the different association mecha-
nisms displayed by these three molecules, the main objective of
this work is to predict the viscosity of these functional
molecules in CO2 at low concentrations and develop a
molecular understanding of their viscosification of CO2.
Comparing experimental reports, one finds that it is not only
their associating mechanisms that make HFDA different from
P1D and PVEE. It is also the fact that the HFDA polymer used
in experiments7 has Mw that can be 2 orders of magnitude
higher than that of P1D and PVEE.21 There is no report in the
literature on CO2 viscosification by molecular simulations, to
the best of our knowledge. In this work, we report dissipative
particle dynamics (DPD)22−24 simulations of P1D, PVEE, and
HFDA in CO2 under stationary flow to calculate the shear
viscosity as a function of concentration at high pressure. The
simulations are compared with the experimental data. Figure 1
shows the coarse-grained structure of the three copolymers,
with the atoms grouped into each DPD bead listed below each
structure.20 Figure 1a shows the P1D molecule, with a
molecular weight of Mw = 910 g/mol. Each of its nine carbon
branches is grouped into three DPD beads. In Figure 1b, one
finds the structure of PVEE, withMw = 3822 g/mol, as is found

in experiments.13 The structure of HFDA is displayed in Figure
1c; its molecular weight is Mw = 3970 g/mol, which compares
with the value used by Sun et al.,25 Mw = 3941 g/mol, for the
same molecule. Huang and co-workers7 do not report the
molecular weight of the HFDA molecule used in their viscosity
experiments; other groups that use the same molecule report
molecular weights ranging from 146 000 to 540 000 g/
mol.2,21,26 Modeling molecules with such a large molecular
weight at concentrations comparable with those of the
experiments7 is not practical because of the very long time
required by the simulations with current computational
resources. Yet, as we shall show here, much can be learned
with the basic HFDA molecule shown in Figure 1c.
The DPD model is widely used,27 and for brevity, only the

pertinent information is presented with full details in the
Supporting Information. The interaction data between the
various DPD beads that make up the molecules are taken from
our recent publication,20 where they were obtained from their
solubility parameter using the Groot−Warren methodology.24

The temperature and pressure dependencies of solubility
parameters were taken into account, and several tests were
carried out to confirm the accuracy of our model.20 The
density of CO2, the water−CO2 interfacial tension, and the
P1D−CO2 and PVEE−CO2 interfacial tensions were predicted
using those DPD interactions, and an excellent agreement with
experimental reports was achieved.20

■ RESULTS AND DISCUSSION
In the simulation of shear viscosity, we use the setup illustrated
in Figure 2a, where two featureless parallel walls bound the
fluid perpendicularly to the z-axis. The two fixed walls with
separation distance D are modeled as short-ranged, linearly
decaying forces acting along the z-axis given by the simple
force law Fw(z) = aw[1 − z/zC], for z ≤ zC = 0.4rC and zero
otherwise.28 Here, aw is the wall force amplitude, zC is the
maximum range of the wall force, and rC is the DPD cutoff
length.28 The wall force amplitude aw is chosen such that the
simulated slope of the velocity profile coincides with the
expected constant velocity gradient, dvx/dz = 2vx0/D. A
constant velocity along the x-direction, vx0, is applied only to
those CO2 beads closest to the wall, and a velocity equal in
magnitude but opposite in direction is applied to the CO2
beads closest to the opposite wall. This procedure minimizes
the slip length and avoids artificial adsorption of the
copolymers. The CO2 beads that are within a distance z ≤
0.15rC of each wall are assigned zero velocity along the z-
direction, to avoid slip.29−31 Such setup gives rise to a linear
velocity gradient along the z-direction, once the stationary
state is reached, as shown in Figure 2b. Periodic boundary
conditions are applied in the x- and y-directions, but not along
the z-axis, since the walls are placed perpendicularly to that
direction. The velocity profile presented in Figure 2b, a typical
example from our simulations, is characteristic of linear flow,
known as the Couette flow.32 The setup shown in Figure 2a
with the effective wall forces alleviates the need to resort to
higher density walls of frozen particles because the DPD beads
do not penetrate the walls.33,34

Known artifacts introduced in the velocity profiles when
using the Lees−Edwards (LE) periodic boundary conditions35
are also avoided. Some of the issues that arise when using the
LE method were partially circumvented36 by setting to zero the
dissipative and random DPD forces of the particles that cross
the boundaries. However, those forces contribute crucially to

Figure 1. DPD models of the copolymers simulated in this work. (a)
Poly-1-decene (P1D), [CH2CH[(CH2)7CH3]]n, with n = 6,Mw = 910
g/mol. (b) Poly(vinyl ethyl ether) (PVEE), [CH2CH(OC2H5)]n,
with n = 53, Mw = 3822 g/mol. (c) Polyheptadecafluorodecyl acrylate
polymerized with styrene C25H40O2(C8F17)x(C6H5)y (HFDA), with x
= 7, y = 3, Mw = 3970 g/mol.
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the viscosity,35 and neglecting them yields underestimated
values of the viscosity even at low shear rates. Alternative
methods such as the Green−Kubo calculations of the viscosity
tend to be noisy and are computationally demanding even for
the DPD model.30,37,38 The implicit walls used here have the
additional advantage of having a controllable range, through
the zC parameter (vide supra), which helps reduce the slip
length.38 In particular, Figure S3 in the Supporting Information
shows that even though the particle concentration profile
displays structuring near the walls, as is always the case with
molecules near surfaces, the velocity profile remains linear. The
slip length is negligible, as is also the depletion layer31 near the
walls. One needs to keep the slip velocity and depletion layer
small, since they tend to artificially reduce the viscosity;31 the
method we use achieves both. Additional details are provided
in the Supporting Information.
The measurements of shear viscosity have been conducted

using the falling cylinder viscometer7 and the high-pressure−
high-temperature capillary viscometer.13 In the former, a small
aluminum cylinder falls through the polymer-thickened CO2
under fixed temperature and pressure and its terminal velocity
(vt) is measured; then, the viscosity of the fluid is obtained
from the relation7 η = K(ρs − ρf)/vt. Here, K is the viscometer
calibration constant, and ρs and ρf are the densities of the
cylinder and the fluid, respectively. The capillary viscometer

measures the pressure drop in a long capillary tube where the
fluid flows at a known constant rate, and the viscosity is
determined from the Hagen−Poiseuille equation.13 Both
methods can be modeled as stationary flow.
In this work, the viscosity, η, is obtained from the stress

tensor along the x-direction, Px, averaged over the entire width,
D, divided by the shear rate γ̇32

η
γ

=
⟨ ⟩
⟨ ⟩̇
Px

(1)

The x-component of the stress tensor in eq 1 is calculated from
⟨Px⟩ = ⟨Fx⟩/A, where Fx is the force acting on the beads along
the x-direction averaged over all of the particles and over time,
and A is the transversal area of the walls. The shear rate is
given by the gradient of the x-component of the velocity of the
fluid along the z-direction, γ̇ = ∇vx. If the flow is linear, the
gradient is constant, and for the setup illustrated in Figure 2a, γ̇
= 2vx0/D. Equation 1 is ideally suited for the calculation of the
viscosity by molecular simulations because both quantities that
define it, the shear stress and the shear rate, are obtained
directly from the simulations as molecular averages. We first
calculate the viscosity of pure CO2 at two thermodynamic
conditions (20 MPa/329 K and 53 MPa/377 K) and compare
it with the experimental data. The viscosity of pure P1D liquid
is also predicted and compared with the data. The results,
presented in Table 1, show an agreement with experiments and
verify the simulation setup presented in Figure 2 for the
calculation of the shear viscosity.

To further examine the robustness of the method to simulate
the shear viscosity, we carried out simulations of PVEE in CO2
under various cell sizes, testing for finite size effects. PVEE is
the largest molecule modeled in this work, and it may be more
susceptible to finite size effects than P1D or HFDA. The
results are presented in Table 2.

The last column in Table 2 lists our predictions for the
viscosity of the fluid mixture of CO2 with 1.5 wt % PVEE as a
function of the cell’s size; there is an agreement with the
experimental value η = 0.104 ± 0.001 cP.13 The results indicate
no appreciable finite size effect. This conclusion confirms
previous reports for both equilibrium40 and shear viscosity
calculations41 and is a consequence of the short-ranged nature
of the DPD forces23,24 and the stability of the thermostat.42

Figure 3 shows the snapshots from our simulations under
the Couette flow. Figure 3a,b corresponds to the hydrocarbon-

Figure 2. (a) Setup of stationary flow. Orange colored dots represent
CO2 beads under flow; yellow, pink, and cyan beads belong to P1D
copolymers. The walls (in blue) perpendicular to the z-axis are
separated by a constant distance, D, and are always at rest. A thin CO2
layer is formed by the particles closest to the surfaces, shown as
orange spheres. To avoid slippage, their z-component velocity is set to
zero, vz(z = 0) = 0, vz(z = D) = 0. An additional constant velocity
along the x-axis, vx0 = 0.05rC/δt, imparts a velocity gradient to the fluid
bound by the surfaces, as indicated by the arrows. (b) Velocity profile
(red line) from the simulations for a system of nine PVEE molecules
in CO2 (P = 53 MPa, T = 358 K, 44 046 CO2 molecules). The best
linear fit is shown as the blue line. The cutoff radius is rC = 6.4 Å, and
the time step is δt = 3 ps.

Table 1. Viscosity of CO2 and P1D

fluid
T
(K)

P
(MPa)

measured viscosity
(cP)

predicted viscosity
(cP)

CO2 329 20 0.06312 0.059 ± 0.005
CO2 377 53 0.07613 0.075 ± 0.004
P1D 313 0.1 42.039 42.3 ± 0.5

Table 2. Finite Size Effect in the Viscosity of CO2 with
PVEE at 1.5 wt %, 53 MPa/358 K

cell dimensions (nm3) simulation time (ns) predicted viscosity (cP)

20.1 × 20.1 × 3.9 500 0.099 ± 0.003
32.8 × 32.8 × 3.9 200 0.092 ± 0.002
23.2 × 23.2 × 7.8 100 0.096 ± 0.003
16.4 × 16.4 × 15.6 100 0.093 ± 0.005
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based copolymers P1D and PVEE, respectively, while Figure
3c shows the structure of the fluorinated copolymer HFDA.
P1D displays a markedly different behavior from PVEE: while
the latter forms entangled networks, the former disperses in the
fluid, forming no molecular associations. The P1D molecule13

has six branches; see Figure 1a. Figure 3a reveals that the
branches extend into the CO2 medium. The radial distribution
functions of those branches at the atomistic and mesoscopic
scales show20 that the “spreading” formation of those branches
is a consequence of the solubility of P1D in CO2. The number
of CO2 molecules surrounding PVEE is found to be lower than
in P1D,20 which is consistent with the experimental data that
the solubility of PVEE is lower than that of P1D in CO2 at the
same conditions.13 Figure 3b shows that PVEE forms
entangled associations with other molecules of its kind,
although they tend to form and break up intermittently. The
behavior of the fluorinated HFDA, in Figure 3c, is more
complex. Its branches are composed of fluorocarbon beads,
which are known to be highly soluble in CO2.

2 The highest
CO2 viscosification is obtained when the HFDA molecule
contains 30% of styrene and 70% of fluorocarbon units.7 We
have selected this composition for the molecule in our
simulations. The styrene beads, shown in red in Figure 3c,
are the key ingredient that keeps the HFDA agglomerates
stable over time, through π-stacking interactions.26 We have
found20 that in the HFDA composition we have modeled, the
intermolecular π-stacking interaction is predominant over the
intramolecular π-stackings, leading to aggregation. These
contrasting structuring mechanisms under flow are in agree-
ment with the results from equilibrium DPD simulations20 and
reveal the origin of the viscosification differences, as seen in
Figure 4.
The comparison between the simulated viscosity vs

concentration for the nonfluorinated P1D and PVEE, and
the data,13 is shown in Figure 4a. The comparison with data7

for HFDA is shown in Figure 4b. Our simulations are in
agreement with the experimental data and follow the same
trends. These simulations show contrasting behavior between
the fluorinated and nonfluorinated copolymers; HFDA
increases the CO2 viscosity at least 2 orders of magnitude
more than P1D and PVEE. The trends are also very different:
while the viscosity increase with copolymer concentration is
approximately linear for P1D and PVEE, in Figure 4a, it is

exponential for HFDA; see Figure 4b. If the solubility is
plotted as a function of copolymer concentration, the same
behavior is found, namely, linearly growing for P1D/PVEE,
exponential like for HFDA.20 Figures 3 and 4 reveal the reason
P1D is a more effective thickener than PVEE because the
branched structure increases the solubility, which, in turn,
helps disperse P1D in CO2. The uniform dispersion leads P1D
molecules to change momentum from collisions under flow,
which increases the viscosity; see eq 1. The fluorinated HFDA
yields high viscosification because of two key aspects inherent
to that molecule: its high solubility in CO2 and intermolecular
aggregation driven by π-stacking interactions. The latter forms
locally dense structures whose momentum change under flow
is large, while the former leads to the uniform dispersion of the
aggregates in CO2. These aggregates increase the intermo-
lecular interactions among the polymers, which is a mechanism
that has been used successfully in the design of aqueous
viscosifiers43 for some time. The process is based on the
permanence over time of the aggregates. This is more clearly
seen when comparing with the associations of PVEE chains,
where networks are also formed and then broken, yielding
relatively modest viscosity gains.

Figure 3. Typical snapshots of the xy-plane of the structure of
copolymers in CO2 under shear flow. (a) Fifteen P1D molecules in
44 640 CO2 beads at 53 MPa/358 K and concentration 0.8 wt %; the
volume of the simulation box is 23 × 23 × 8 nm3. (b) Five PVEE
molecules and 44 470 CO2 beads, also at 53 MPa/358 K and
concentration 1.2 wt %. The simulation box volume is 23 × 23 × 8
nm3. (c) Twelve molecules of HFDA in 51 924 CO2 beads at 34
MPa/298 K and at a concentration of 2.0 wt % in a box of dimensions
27.1 × 27.1 × 6.5 nm3. The shear is applied along the x-axis. The CO2
beads are omitted for clarity.

Figure 4. Comparison of the simulated relative viscosity of CO2 with
direct thickeners and measured data for (a) nonfluorous copolymers
(at P = 53 MPa, T = 358 K) and (b) fluorocarbon-based HFDA (at P
= 34 MPa, T = 298 K). Experimental data are from (a) Al Hinai et
al.13 and (b) Huang et al.7
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P1D has relatively high solubility in CO2 due to its branched
structure, but lacks an intermolecular coupling mechanism;
therefore, the viscosity enhancement arises only from its
volume fraction (ϕ) in the fluid. P1D molecules act as soft
spheres dispersed in the medium; see Figure 3a. That explains
why the dependence of P1D relative viscosity (ηrel) on
concentration follows a linear trend, as expected from
Einstein′s model,32 ηrel = (1 + 2.5ϕ). A high polymer
concentration would be required to achieve a relative viscosity
increase of about an order of magnitude. The operative
thickening mechanism in PVEE is given by the formation of
networks of polymer chains, which create resistance to flow
(viscosity) at low shear, while the networks persist. However,
these associations are broken by collisions between the
monomers and the fluid, yielding low viscosity when averaged
over time. To increase the viscosity of CO2 with PVEE, high
concentrations are required, as in P1D. PVEE is a relatively
large molecule, which limits its solubility in the fluid,44 as seen
by the lower concentrations in Figure 4a. A synergistic effect in
the viscosity is not expected if one adds a mixture of P1D/
PVEE to CO2 because the intermolecular interactions between
their monomers are very weak to yield stable networks. The
thickening characteristics of HFDA for CO2 stem from two
aspects: high solubility in CO2, due to its branched structure
and to the fluorocarbon units along its branches (see Figure
1c), and its intermolecular coupling mechanism. The latter is
provided by the styrene rings, which yield intermolecular, π-
stacking associations that are stable over time14 and under
flow; see Figure 3c. The diffusion of these aggregates in the
solvent is reduced because they become heavier; hence, the
viscosity increases. It has been shown20 that for the specific
HFDA composition used in this work, and shown in
experiments7 to be the most effective, intermolecular π-
stacking interactions dominate over intramolecular π-stackings.
This makes the HFDA aggregates very stable over time,
thickening CO2 through a mechanism similar to the one that is
operative in aqueous associative thickeners,45 i.e., forming
associations of aggregates. The viscosity of these aggregates no
longer follows a linearly increasing function of polymer
concentration, but it is represented by a power law function,46

as seen in Figure 4b. Since the true molecular weight of the
HFDA copolymer used in experiments may be some 2 orders
of magnitude higher21 than the one modeled here, the results
for HFDA shown in Figure 4b indicate that the associative
mechanism is mainly responsible for the thickening power.
This helps explain why experiments with HFDA polymers
without styrene rings,7 responsible for the intermolecular
association, give much lower thickening than those with them.
Huang and co-workers7 measured the relative viscosity gains of
about 25 times only when HFDA does not contain styrene, at a
polymer concentration of 8 wt %. Hence, the molecular weight
appears to be of secondary importance, as it has been found to
be the case for some aqueous thickeners.15

Despite the lower thickening capability of the nonfluorinated
P1D when compared with that of HFDA, this polymer is a
promising candidate that can serve as a template in the search
for more efficient thickeners due to its solubility in CO2. This
is to be contrasted with large linear hydrocarbons that are
essentially insoluble in CO2 under conditions of interest.

44 As
for HFDA, not only does it have environmental and economic
issues but it may also adsorb onto rocks,9,10 making it an
untenable candidate for viscosification for improved oil
recovery.

■ CONCLUDING REMARKS

We report the first work on molecular dynamics simulations, to
the best of our knowledge, of the viscosity enhancement in
CO2 by three types of direct viscosifying copolymers. One
effective copolymer (HFDA) has branches of fluorinated
carbon units with styrene rings along its backbone. The other
two are hydrocarbon-based copolymers, one having branches
(P1D) and the other is linear (PVEE). The viscosifying
mechanisms for the three have remained unclear. In this work,
we investigate in detail their behavior in CO2 under flow by
nonequilibrium, stationary flow DPD simulations. Our results
show that three different viscosifying mechanisms emerge in
these copolymers. The branched hydrocarbon molecules
disperse singly in CO2, forming soft sphere-like units that
increase the viscosity linearly. Increasing the volume fraction of
this branched molecule leads to a linear increase in the
viscosity of CO2, as predicted by Einstein’s model. The linear
molecule is a relatively long polymer whose solubility in CO2 is
lower than that of the molecule with branches. Its thickening
mechanism consists of the formation of entanglements
between the copolymer molecules, which form networks that
resist flow, thereby increasing the viscosity. Those networks are
short-lived because their intermolecular entanglements are
weak. The fluorinated molecule produces a much higher
viscosity in CO2 than the hydrocarbon-based copolymers. Our
simulations show that its viscosification mechanism is a
synergistic combination of two factors. The fluorocarbon
units along its branches are highly soluble in CO2, yielding
extended branches into the fluid. The styrene rings create
intermolecular π-stacking couplings that are strong enough to
produce agglomerates that are stable under flow, leading to a
substantial viscosity increase. The viscosity increase is not
linear, as it is for the hydrocarbon copolymers, but it resembles
a power law function with increasing concentration. This
viscosifying mechanism is similar to that found in rheology
modifiers of aqueous solutions, where molecules are tailored to
form associations of agglomerates.
In the simulations of the viscosity, we have introduced an

optimized calculation method. The stationary Couette flow is
produced by bounding the fluid with implicit, linearly
decreasing and short-ranged walls. These walls have two
controllable parameters that help reduce artifacts typically
found in simulations of the shear viscosity. One of those is the
maximum range (zC) of the wall force, which reduces the
structuring of the fluid near the surface, as well as the slip
length and the depletion layer. Those are factors that tend to
artificially reduce the predicted value of the viscosity. The
second controllable parameter of our wall model is its
maximum amplitude (aw), which is adjusted after extensive
tests of the predicted velocity profile of the pure CO2 fluid.
The value of aw is chosen to provide a linear velocity profile,
which, in turn, predicts the correct shear viscosity of CO2. The
one-molecule thick layer of CO2 molecules closest to the wall
is imparted with a fixed velocity along the direction of flow
(opposite to that of the other wall), and a linear velocity profile
is obtained. The method is computationally inexpensive, and
the viscosity predicted is in agreement with the data from the
literature. Our work sets the stage to engineer new CO2
viscosifiers. HFDA is known to be harmful to the environment,
and very expensive and alternative CO2 thickening molecules
will be in high demand.
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■ METHODS
DPD simulations are performed in the NVT ensemble. One
CO2 molecule is coarse-grained in one DPD bead. To form
polymers, DPD beads are joined by freely rotating harmonic
springs whose parameters k0 and r0 have been successfully
tested before.22 The simulations are performed in reduced
units so that temperature, mass, and cutoff radius are T = m =
rc = 1, respectively. The time step used is δt = 0.03, and the
global numerical density is always kept equal to 3 to ensure
that the DPD equation of state remains invariant with respect
to changes of interaction parameters. To dimensionalize
energy, viscosity, length, and time, we use the thermal energy
at room temperature, kBT, rc = 6.48 Å, δt = 3 ps, as is
appropriate for a coarse-graining degree equal to three water
molecules per DPD bead. The simulations are run for at least
100 ns and up to 0.5 μs, with the first half used for reaching the
steady state and the rest for the production phase.
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(27) Español, P.; Warren, P. Perspective: Dissipative Particle
Dynamics. J. Chem. Phys. 2017, 146, No. 150901.
(28) Gama Goicochea, A. Adsorption and Disjoining Pressure
Isotherms of Confined Polymers Using Dissipative Particle Dynamics.
Langmuir 2007, 23, 11656−11663.
(29) Pivkin, I. V.; Karniadakis, G. E. A New Method to Impose No-
Slip Boundary Conditions in Dissipative Particle Dynamics. J. Comput.
Phys. 2005, 207, 114−128.
(30) Pastorino, C.; Binder, K.; Kreer, T.; Müller, M. Static and
Dynamic Properties of the Interface Between a Polymer Brush and a
Melt of Identical Chains. J. Chem. Phys. 2006, 124, No. 064902.
(31) Palmer, T. L.; Espås, T. A.; Skartlien, R. Effects of Polymer
Adsorption on the Effective Viscosity in Microchannel Flows:
Phenomenological Slip Layer Model from Molecular Simulations. J.
Dispersion Sci. Technol. 2019, 40, 264−275.
(32) Batchelor, G. K. An Introduction to Fluid Dynamics; Cambridge
University Press: New York, 2000.
(33) Xu, S.; Wang, Q. J.; Wang, J. A New Wall Model for Slip
Boundary Conditions in Dissipative Particle Dynamics. Int. J. Numer.
Methods Fluids 2019, 90, 442−455.
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