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Dissipative particle dynamics simulation on the
association properties of fluorocarbon-modified

polyacrylamide copolymers

Tao Ni, Guang-Su Huang, Pin Gao, Yun-tao Xu and Ming-Zhu Yang

The hydrophobic association properties of a modified polyacrylamide (HMPAM) solution are attributed to the composition of
the solution and environmental factors. In this study, the hydrophobic association of fluorocarbon-modified polyacrylamide
aqueous solutions has been investigated on a mesoscopic level by considering the variation of root mean square (RMS)
end-to-end distances using dissipative particle dynamics (DPD) simulations. The hydrophobic association depends on the
hydrophobic behavior of the groups incorporated, the environmental temperature, the addition of salts and the shear.

The embedded fluorocarbon units in the polyacrylamide chains are trifluoroethyl methacrylate, hexafluorobuyl methacrylate
and dodecafluoroheptyl methacrylate, respectively, and the corresponding copolymers are expressed as P(AM-AANa-3F),
P(AM-AANa-6F) and P(AM-AANa-12F). The modeling results show that P(AM-AANa-12F) has the strongest hydrophobic
interactions among the three copolymers. The hydrophobic association of P(AM-AANa-12F) solutions in pure water is lower
than that of corresponding salt-water solutions and shows stronger positive salinity sensitivity. P(AM-AANa-12F) can maintain
its hydrophobic association in aqueous solution at high temperature, and its three-dimensional network can be reformed after
shear. These conclusions are consistent with the experimental and theoretical results.
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INTRODUCTION

Hydrophobically modified water-soluble polymers have been exten-
sively studied over the past two decades in both academic and
industrial laboratories. In particular, hydrophobically modified poly-
acrylamide (HMPAM), obtained by incorporating a relatively small
amount of hydrophobic monomer into the polyacrylamide chain, has
received increasing attention because of its unique association char-
acteristics and wide applications in the fields of enhanced oil recovery,
drilling fluids and drug release.!™> As a result, great efforts have been
made in the preparation and characterization of HMPAM. There are
two synthetic strategies for incorporating hydrophobic moieties into
water-soluble polymer chains: post-polymerization functionalization
and direct copolymerization of hydrophobic and water-soluble mono-
mers. The structure of HMPAM prepared by post-modification®~”
cannot be well controlled and possesses a statistical distribution of
the hydrophobic groups along the chain and homogeneous composi-
tion. Micellar®1% and inverse-phase!! copolymerization can obtain
inhomogeneous and amphiphilic block copolymers. With respect to
characterization, 'H and '3C!? are commonly used to characterize

composition and chain construction in detail; static light scattering!?
and automatic mixing technologies'* can be used to determine
some structural factors of polymer samples. Moreover, fluorescence!”
analysis can be used to confirm whether a hydrophobic block is
sustainable.

Although much progress has been made on the preparation and
characterization of HMPAM, this research is still in its infancy and the
corresponding knowledge produced is scarce. The influence of chain
architecture and composition on the morphology of HMPAM is very
important and must be explored within a wide parameter space,
requiring a tremendous amount of experimental effort. However,
changing experimental parameters in a systematic manner may also
be hindered by technical difficulties. Furthermore, it is difficult to
detect the nature of hydrophobic association or visualize the evolution
of the association directly by experiment. However, molecular simula-
tion is a powerful tool that can complement experimental work not
only because it operates within a wider parameter space but also
because it is less costly yet more effective. Molecular simulations
before experimental investigations can provide a preview of the
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answers to questions that can guide future experimental research and
lead to valuable molecular-level information. The simulations can
provide useful information that may contribute to future rational
design and the synthesis of novel anti-salt and anti-temperature
polyacrylamide.

At present, hydrocarbon groups are introduced into polyacrylamide
as hydrophobic groups, but fluorocarbon groups may be better in this
respect, because they possess stronger hydrophobic properties!®!7 and
lower cohesion density and surface energy compared with hydro-
carbon groups of the same carbon-chain length. Thus, this article
presents a study of fluorocarbon-modified polyacrylamide by mole-
cular simulation.

EXPERIMENTAL PROCEDURE

Simulation theory and method

Molecular simulation is a new computational chemistry developed by the
combination of computer science and theoretical chemistry. According to the
dimension of the modeling system, molecular simulations include molecular-
scale simulation and mesoscale simulation. The simulation methods used to
study molecular-scale interactions include quantum mechanics, molecular
mechanics, molecular dynamics (MD) and Monte Carlo methods. Among these
methods, MD simulation is the most widely applied method in the fields of
chemistry, biology and materials science. The programs used for MD simulation
are numerous and include softwares such as NAMD, AMBER, CHARM,
TINKER, LAMPS and GROMACS. Among these, AMBER, CHARM and
GROMACS are focused on modeling biological systems, and their force fields
are mainly dictated by a limited number of atoms. Thus, they are greatly limited
in application to non-biological systems. The other programs used for MD
simulation can be used in both biological and non-biological systems, but the
large size and slow dynamics of mesoscale structures make them prohibitively
expensive; even complex fluids cannot be modeled over certain length and
timescales using these programs. The molecular simulation methods used to
model mesoscopic scale systems are currently at the forefront of computational
chemistry. The comparatively mature simulation methods are mainly meso-
scopic dynamics (meso dynamics) and dissipation particle dynamics (DPD). It
is a coarse-grained simulation technique originally developed by Hooger—
brugger and Koelman.!®1° This technique allows for the simulation of hydro-
dynamic behavior in much larger and more complex systems than the classic
molecular dynamics and Monte Carlo simulations, which can be captured up to
the microsecond range. Recently, this method has been successfully used to
study the microstructure and properties of polymers in their bulk state and in
solution.?*=23 In solution, the systems treated by DPD modeling are typically
mixtures of several components that exhibit self-organization on the nanometer
scale, such as dilute or semi-dilute polymer solutions, suspensions of colloidal
particles, vesicles and cells and microemulsions. Thus, DPD is a very promising
simulation tool for modeling polymer solutions that can focus directly on the
length and timescales that are difficult to probe experimentally and cannot be
easily addressed by conventional simulation tools. With the aim of achieving a
better understanding of hydrophobic association, the DPD technique has been
used in this work to study the self-assembly of acrylamide—fluorocarbonacrylate
copolymers.

In the DPD method, a series of soft particles is assumed to interact
with each other, and each particle represents a small volume of fluid containing
a few atoms. In addition, the forces acting on a particle include conser-
vative forces, dissipative forces and random forces, each of which is pairwise
additive:

=3 (F§+F,.1]?+F};) (1)

J#

where the sum runs over all beads within the cutoff radius (rc); rc is set to unity
(DPD unit). The conservative force is a soft-repulsion central force and is given by

o Jai(t=rDw (|r|<1) o
i 0 i >1
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where a;; is the maximum repulsion between particles i and j, 7; is the position
vector of particle i, 7 =7 — 7}, and #; = 7j/|Fj|. The dissipative force is
given by

F = —pa® (ry) (7577 (3)

and the random force is given by

F,.]R = o (ry) &y (4)

where #; is velocity of particle i, v = ¥ — ¥},  (r;) is the weight function, ¢ is
the noise amplitude and &;; is a randomly fluctuating variable with Gaussian
statistics.

The dissipative and random force can been considered thermal baths, which
function as a thermostat and conserve angular momentum.

To determine the conservative force (F°), the repulsion parameter a;; has
to be known. Groot et al?® proposed the relationship between a;; and the
Flory—Huggins parameter x as follows:

(DPD unit)

=3
' (DPD unit) (%)

p=>5
where p is the density, a;; is the repulsion parameter between particles of the
same type and its value is derived from the compressibility of the pure
component (Supplementary Information).

L a,‘,‘+3.27x,‘j
4ij = a,-,-+1‘45x,-j

aj; = 75kBT/p (6)
In the DPD method, the timer unit t is given by

©=re/m/ksT (7)

where m is the unit of mass and kg T is the thermal energy as well as the unit of
energy. Therefore, the timescale can be established by

f= ; (8)
/mr?[kgT
where ¢ is time in DPD units. Alternatively, the timescale could also be
determined by comparing the diffusion of the bead to the known self-diffusion
coefficient of the molecule that it represents.

To characterize the chemical properties, input parameters, including the
number of beads in each chain and interactions between beads, must be
obtained. There are several methods suggested in the literature for evaluating
the interaction parameters in DPD simulations. The quantitative structure—
property relationship (QSPR) method is based on the solubility parameter,
which is not appropriate for the present system because of the presence of
partially charged molecules. Although blends can also be used to calculate
the interaction parameter of a charged polymer chain solution by
all-atom simulation, it cannot reflect changes in the system temperature.
Molecular mechanics and dynamics methods are usually more accurate,
allowing for consideration of the temperature, salt strength and charged
polymer chain. Therefore, the interaction parameters for DPD simulation
have been calculated by both MM and MD. First, the energy of mixing is
obtained using:

AEni = @;(

Econ Econ Econ
;; )i+q)j( ‘c; )j = ‘c; )mix ©)

where ¢; and ¢@; represent the volume fraction of component i and j,
respectively, and (E/V) is the cohesive energy density of each component.
All of these parameters can be calculated by analyzing the MD simulation
results.

Further, the Flory—Huggins parameter is calculated by

% = (AEmix/RT) Vinon
where Vi, is the molar volume of one monomer, calculated using the
arithmetic average molar volume of the pair, R is the gas constant and T is
the absolute temperature.

Finally, the Flory—-Huggins parameter is put into one equation of the
formula (5), and the interaction in the DPD simulation is obtained.

(10)
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Figure 1 Structures of fluorocarbon acrylates: (a) trifluoroethyl methacrylate; (b) hexafluorobutyl methacrylate; and (c) dodecafluoroheptyl methacrylate.

The number of beads in each mesoscopic molecule is determined
by the polymerization (D,) and the characterization ratio (C,) of the polymer,
and the expression for DPD chain length (Nppp) is as follows:

Dn

C, (11)
The Vinon and G, cannot be calculated by MD, but they can be obtained by the
quantitative structure—property relationship method, such as that available in
the Synthia module.

In this study, fluorocarbon-modified polyacrylamide was composed of
partially hydrolyzing polyacrylamide (HPAM) and polyfluorine-carbon
acrylate. The fluorocarbon acrylates involved in this study were mainly
trifluoroethyl methacrylate (3F), hexafluorobuyl methacrylate (6F) and dode-
cafluoroheptyl methacrylate (12F), as shown in Figure 1.

In DPD simulations, HPAM and polyfluorine-carbon acrylate are treated as
hydrophilic (A) and hydrophobic particles (B), respectively; ‘A" particles have
partial charge. ‘A’ copolymer solution contains water and salt solutions; the salt
solution contains a monovalent salt, namely, sodium chloride. Both water
solution and salt solution are denoted as W. Detailed information regarding
these solutions is given in Figure 2.

To calculate the average pair-interaction energy Ej; the pure HPAM system,
the pure polyfluorine-carbon acrylate system and a mixed system of HPAM,
polyfluorine-carbon acrylate and solvent are constructed by using Amorphous
Cell under the COMPASS force field, which is the most up-to-date and
accurate force field for the calculation of molecular interactions in aqueous
systems. MM and MD simulations of the obtained systems were performed.
These generate values for the cohesive energy density and volume fraction of
each system. Further, the molar volume and monomer characteristic ratio of
the species were calculated by the Synthia module, and the interaction
parameters a;; of each pair of these (that is, A-B, A-Wand B-W) were calculated
using Equations (5), (9) and (10). The calculated a;; parameters are dependent
on the temperature and solvent properties, and the involved a;; parameters are
given in Tables 1-3, respectively (Supplementary Information). To avoid
intramolecular aggregation, the structure of the copolymers was designed as
A500B6A300. The dissipative parameter 7y was set to a value of 4.5 kgT. In all
simulations, reduced units were used. The only length scale in the system was
the cutoff radius rc, which was the length unit in the simulation. The particle
density of all of the systems was set to p=3. The step size for integration of the
Newton equation was At=0.04. The box size for the simulation was set to
(15%15x15) in units. All DPD particles belonging to the same molecule were
connected by a loosely bound spring with a spring force constant K=4. This
spring constant controls the stiffness of the molecule but is not very sensitive to
the simulation results. For each system, 20000 steps per simulation were
performed. All calculations were performed by Materials Studio (Accelrys
Company, San Diego, CA, USA).

Nppp =

RESULTS AND DISCUSSION

Effects of hydrophobic group on association properties

of fluorocarbon-modified polyacrylamide

The root mean square (RMS) end-to-end distance (h?)!/? is a para-
meter of polymer chain dimension, which describes the degree of
curliness of a polymer chain. In this article, (h%)'/? is regarded as a
parameter of the conformation and dimension for a fluorine carbon-
modified single polyacrylamide chain in solution. In dilute solution,
each of the polyacrylamide chains modified by fluorine carbon are

W

Figure 2 Schematic representation of acrylamide, fluorocarbon acrylate and
water beads in the dissipative particle dynamics (DPD) simulation.

treated as isolated entities, and the intermolecular interaction can
be ignored, which results in a stretched conformation and a greater
(h)'2 value for the macromolecular chain. When the concentration
increases to the critical association concentration (C*), intermolecular
aggregations of the fluorocarbon-modified polyacrylamide are formed
by hydrophobic groups, and the space of the hydrophobic domain is
relatively concentrated, which does not allow macromolecule chains to
sufficiently stretch so that the value (42)'/? of the chains reduces in
solution. Above the C*, the association network volume and associa-
tion network number increase with the extent of intermolecular
association, resulting in a greater degree of curliness in the macro-
molecular chain. On the basis of this analysis, the greater the associa-
tion, the smaller the value of (h2)'/2 for the macromolecular chain.
As shown in Figure 3, an increase in RMS end-to-end distance
occurs with increasing concentration and then declines for three
copolymers: P(AM-AANa-3F), P(AM-AANa-6F) and P(AM-AANa-
12F). The increase results from the stretched conformation of the
macromolecular chain in the dilute solution. With an increase in
concentration, the number of ionic groups increases, the solvent
molecules form hydrolysis layers and the structure also becomes
stronger. On the other hand, with the increase in concentration, the
density of the hydrophobic group increases, the hydrogen bonds of
water molecules are interrupted and the ordering of water molecules
increases. Because of these effects, the solvent prevents macromole-
cules from moving in the water solution, and the number of possible
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Table 1 Interaction parameters a;; between the different beads used
in water solution at 298 K for the simulations

w A B(3F) B(6F) B(12F)
w 25.00 11.99 107.34 137.29 196.12
A 11.99 25.00 281.04 353.54 484.62
B(3F) 107.34 281.04 25.00 / /
B(6F) 137.29 353.54 / 25.00 /
B(12F) 196.12 484.62 / / 25.00

Table 2 Interaction parameters a;; of beads for P(AM-AANa-12F) in
salt solution at 298 K for the simulations

w A B(12F)
w 25.00 —23.53 249.09
A —23.53 25.00 484.62
B(12F) 249.09 484.62 25.00

Table 3 Interaction parameters a;; of beads for P(AM-AANa-12F) in
salt solution at 333 K for the simulations

w A B(12F)
w 25.00 —33.54 182.55
A —33.54 25.00 407.69
B(12F) 182.55 407.69 25.00

configurations decreases, which increases the rigidity of the polymer
chain, and the (h*)'? of the polymer is shown to increase in the
aqueous solution. When the concentration of the solution reaches C*,
intermolecular aggregations form and (h2)!/2 of the chains is reduced.
The interaction between the macromolecules includes the repulsion
interactions of the ionic groups and the association interactions of the
hydrophobic groups. The former leads to a stretched conformation of
the macromolecule chain, and the latter leads to a curled conforma-
tion of the macromolecule chain. Between these two factors, the
latter is predominant at C*. When the concentration exceeds C* and
as the space available for each polymer molecular decreases, the
hydrophobic groups have a greater chance to aggregate and form a
network structure, which leads to a further reduction in (h2)2 for the
polymer chain.

From Figure 3, it can also be observed that the RMS end-to-end
distance increases in the polymers in the following order: P(AM-
AANa-3F), P(AM-AANa-6F) and P(AM-AANa-12F) at a certain con-
centration (<0.05mol mol™?). This trend can be explained from two
perspectives. One is the hydrophobic effect of the fluorocarbon
acrylate units in the polyacrylamide chains. The fluorocarbon acrylate
fragments are weakly solvated in water because of the great differences
in polarity, which leads to the ordering of water molecules and an
increase in the rigidity of the polymer chain. The hydrophobicity
of 12F is the greatest among the above three fluorocarbon acrylates,
as is its RMS end-to-end distance in the water solution. The spatial
retarding effect is also the other reason for the trend observed. Beyond
0.05 mol mol~!, the order of increasing RMS end-to-end distance for
the copolymers is contrary to that observed at lower concentration.
The reason for this is that the association behaviors of the macro-
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Figure 3 Root mean square end-to-end distance of P(AM-AANa-3F), P(AM-
AANa-6F) and P(AM-AANa-12F) solution at different concentrations.
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Figure 4 RMS end-to-end distance of P(AM-AANa-12F) salt solution at
different concentrations.

molecules increase with the increase in hydrophobicity of fluorocar-
bon acrylate.

Effects of salt on the association properties of fluorocarbon-
modified polyacrylamide

Because the hydrophobic association behavior of P(AM-AANa-12F) is
more pronounced than that of the other two copolymers, only the
effects of salt on the association properties of P(AM-AANa-12F) were
studied in order to avoid repetitive discussions.

It can be observed in Figure 4 that the RMS end-to-end distance of
P(AM-AANa-12F) first increases in the salt water solution, and then
decreases with an increase in concentration. This trend is the same as
that in the water solution, and the reason for this is also similar.
However, the RMS end-to-end distance of the polymer chain in the
salt-water solution is shorter than that in the water solution. Because
of the screening of ions in the macromolecule by the addition of salt
and the decrease in the repulsion interactions between these same
ions, the macromolecule chain curls. Inorganic salts are generally
considered to have a weak effect on the non-ionic fragments. However,



O
o

>
e
@

1 ~ - s e

Figure 5 Mesomorphology of P (AM-AANa-12F) at 5%: (a) water solution
and (b) salt solution.

Figure 6 Mesomorphology of P (AM-AANa-12F) at 10%: (a) water solution
and (b) salt solution.

a large amount of inorganic salts would influence the solution
properties by affecting the properties of water. When salts are
introduced, dehydration of the group would be induced because the
ions dissociated from the salts are strongly hydrated and break the
hydrogen bonding between groups and water molecules, causing
the salts to increase the repulsion parameter between that of the
hydrophobic fragments and solvent molecules. Thus, the hydrophobic
groups have a greater chance to associate; that is, they experience the
so-called salting-out effect. The aforementioned reasons result in
the curling of the polymer chains in the salt-water solution such
that the RMS end-to-end distance is reduced. At low concentration,
ion repulsion interactions determine the RMS end-to-end distance,
whereas at high concentration, strong hydrophobic association is the
predominant factor in determining the RMS end-to-end distance.

The mesomorphology of P (AM-AANa-12F) in water and salt
solution is illustrated as follows in Figures 5 and 6. In the figures,
red beads represent hydrophobic groups, green beads represent
hydrophilic groups and water molecules are removed. From the
figures, it also can be seen that when the concentration is 5%, a single
molecule exists in a cell, and the molecule contracts in the salt-water
solution with respect to its conformation in aqueous solution. In
addition, when the concentration is 9%, the macromolecule chain
shows more pronounced association in the salt solution than in the
water solution.

Effects of temperature on the association properties of
fluorocarbon-modified polyacrylamide in salt solution

On the basis of the same reason that was discussed in the previous
section, only the effects of temperature on the association properties
of P(AM-AANa-12F) in salt solution were studied.

Dissipative particle dynamics simulation
T Ni et al

30
28 | " .
26 .
24 | / \. ’
22 .

20 |
18 | b

16 | .
14 L
12 k
10 F

1 1 1 i 1 1 i 1 1 i

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
Concentration (mol/mol)

RMS end-to-end distance
[ ]
L ]
[ ]

Figure 7 Temperature effects on the RMS end-to-end distance of
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Figure 8 Mesomorphology of P (AM-AANa-12F) in salt solution at 333 K:
(@) 5 and (b) 9%.

From Figure 7, we can conclude that the RMS end-to-end distance
of P(AM-AANa-12F) in salt-water solution first decreases and then
increases with an increase in the concentration at 333 K. At higher
temperature, the thermal motion of the hydrophobic groups of the
macromolecule chain is enhanced, which weakens the ice structure of
the water molecules around them and leads to the shrinking of the
macromolecule thread. With the increase in concentration, the aggre-
gation begins to form a physical network, and the network expands at
higher temperature, as causes an increase in the RMS end-to-end
distance. As the concentration continues to increase, the association
behavior achieves relative balance, and the RMS end-to-end distance
remains constant. In comparing Figure 6 with Figure 8, it can also be
observed that, when the concentration is 5%, the single molecule in
the cell shrinks at 333K, compared with conformation at 298 K.
Moreover, when the concentration is 10%, the association of the
mesomolecules is stronger at higher temperatures.

Effects of shear on association properties of fluorocarbon-modified
polyacrylamide

From Figure 9, it can be seen that the associating polymer solution is a
uniform system of three-dimensional network structures before being
sheared. When high-speed shear is applied to the solution, most of the
associating parts of the polymer structure will be broken. When the
shear force is removed, the ripped molecules associate to form a
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Figure 9 Mesomorphology of P (AM-AANa-12F) in salt solution:(a) before
shear (b) during shear and (c) after shear.
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Figure 10 Association properties of fluorocarbon-modified polyacrylamide
solution is affected by temperature, salt and shear.

continuous mesh structure. Because of its unique associative char-
acteristics, the associating structure can reversibly change with the
shear rate, contrary to the irreversibility of shearing a conventional
high-viscosity polymer solution.

Conclusion

A hydrophobic fluorocarbonacrylate unit was incorporated into a
polyacrylamide chain in a microblock manner, the aggregation of
select copolymers was studied, and important findings were obtained.
The hydrophobic association properties of acrylamide—fluorocarbo-
nacrylate copolymers are affected by the type of hydrophobic group,
salt, temperature and shear applied. The units with stronger hydro-
phobic properties within the chains produce the greatest association in
the macromolecule in solution.

Polymer Journal

In addition, the copolymer solutions of fluorocarbon-modified
polyacrylamide were shown to have strong positive salt and tempera-
ture sensitivity; that is, they thickened with increasing salt concentra-
tion and temperature. In addition, the three-dimensional network
association structures can be restored after shear. Figure 10 clearly
shows that environmental factors such as temperature, salt and
shear have effects on the association of fluorocarbon-modified
polyacrylamide. On the basis of the above results, it can be concluded
that fluorine-carbon-modified polyacrylamide copolymers are
materials that can potentially be used as enhanced oil recovery
polymers for use in high-temperature and high-salt-concentration
reservoirs.
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