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Abstract In our work, three kinds of functional monomers
were selected to modify polyacrylamide (PAM) or partially
hydrolyzed polyacrylamide (HPAM) by molecular dynam-
ics simulation so as to achieve the stronger salt-tolerance of
modified HM-HPAM. The radius of gyration (R,), the hy-
drodynamic radius (Ry), the effective length (L.f) and the
intrinsic viscosity ([n]) for modified PAM or HPAM were
studied in aqueous solutions with different ionic strength at
298 K. The results showed that modified HM-HPAM has a
stronger salt tolerance and the salt tolerance increases grad-
ually from HM-HPAM1 to HM-HPAM3 because the mono-
mers with different steric hindrance would reduce the
curliness of molecular chains and, consequently, improve the
salt tolerance. So, introducing the steric hindrance monomer
into polymer will increase the salt tolerance of the polymer
and it is indicated that the simulated results agree with the
experimental results very well. Furthermore, the radial distri-
bution function (RDF) has been used to investigate the effect
of NaCl on the hydration of the -COO™ groups of the HM-
HPAM from microscopic view.
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Introduction

Polyacrylamide (PAM) is a very important water-soluble
polymer, which is used as a thickener or modifier in the
formulations of tertiary oil recovery, drilling fluid, hydraulic
fracturing, drag reduction, wastewater treatment [1], paper-
making, textile printing, metallurgy, soil improvement and
so on because of its structural units with the characteristics
of high polarity, high reactivity and easy hydrogen bond
formation [2—4]. However, some disadvantages such as poor
temperature resistance, pH, salt tolerance and shear capacity
limit the application of non-ionic polyacrylamide (PAM)
and partially hydrolyzed polyacrylamide (HPAM), especial-
ly in petroleum industry [5].

A variety of techniques have been suggested to overcome
the problems mentioned above, a series of modified PAM
were synthesized [6]. Absolutely, hydrophobically modified
polyacrylamide or hydrophobically associating polyacryl-
amide, with a small amount (generally molar ratio less than
2 %) of hydrophobic monomer incorporated into the poly-
mer backbone, has received increasing attention on account
of its unique rheological characteristics and applications,
such as in enhanced oil recovery, drilling fluid, and coating
[7-9]. However, the initial concentration of the reaction
mixture is relatively low because of gel effect during the
course of polymerization, and the water solubility of the
hydrophobically associating polyacrylamide is often poor,
which makes difficult its practical application [9]. To over-
come the limitation, the amphiphilic functional monomers
incorporated into the polymer backbone because they were
able to greatly enhance the emulsification ability, decrease
interfacial tension, and increase the viscosity of the solution
and hence allow greater recovery efficiency [5]. As de-
scribed above, most of the past studies about modified
PAM were focused on the traditional experimental methods.
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However, to be able to control the rheological properties of
such industrially important polymers, it is necessary to under-
stand the aggregation of associating groups at a molecular
level [7]. So, molecular dynamics (MD) simulation allows
investigators to get a deeper understanding of properties ver-
sus different polymer structure. Only a few literature works
[10—13] reported the research of the modified PAM solutions
by MD. Compared with traditional experimental methods,
MD can provide more microscopic information such as the
aggregation behaviors and the structures of polymers, surfac-
tants and their mixtures formed at equilibrium, especially for
their time development [14]. So, molecular dynamic method
is a very useful means for this purpose.

In past research, our research group has studied the differ-
ent kinds of properties of the PAM and HPAM in aqueous
solution from theory (MD simulation) and experimentation
[15, 16]. For example, the radius of gyration, the hydrody-
namic radius and the ratio of the radius gyration and the
hydrodynamic radius, the poor salt tolerance have been stud-
ied However, some disadvantages such as the poor salt toler-
ance need to be further researched at the present stage. The
goal of the present work is to improve the salt tolerance of
PAM and HPAM. In order to improve the salt tolerance from
the theory, we introduce three kinds of monomers into poly-
mer chain (Fig. 1), which are saturated hydrophobic functional
moieties. These monomers all possess a benzene ring in side
chain. Their structural differences lie in the length of side
chain and the number of oxygen atoms in side chain. For
these differences, the polymer chain introduced by these
monomers exhibited different properties such as the hydro-
phobicity, the thickening efficiency, the shear-thinning and the
salt-tolerance. So the effect of NaCl concentration on the
structures of the modified PAM and HPAM were studied by
computational method. A theoretical method of MD simula-
tion has been used. A series of hydrophobically modified
polyacrylamide (HM-PAM) have been constructed by ran-
domly polymerizing the acrylamide and three kinds of mono-
mers shown in Fig. 1. These polymers were denoted by HM-
PAM1/HM-PAM2/HM-PAM3 respectively. With a similar

method, hydrophobically modified partially hydrolytic poly-
acrylamide (HM-HPAM) has been constructed by randomly
polymerizing the acrylamide, hydrolyzed acrylamide and
three types of monomers. These polymers were denoted by
HM-HPAM1/HM-HPAM2/HM-HPAM3 respectively.
Through studying these designed polymers, we hope that the
HM-PAM and the HM-HPAM possess the properties such as
higher thickening efficiency, stronger shear-thinning and bet-
ter salt tolerance than conventional water-soluble polymers.
Suitable polymer molecules could be selected from designed
polymers for further experimental research.

In this work, the dynamic properties of polymer chains
such as the radius of gyration (R,), the hydrodynamic radius
(Ry), the intrinsic viscosity ([n]) of non-ionic HM-PAM and
anionic HM-HPAM in aqueous solutions with different ionic
strengths are calculated. Also, more investigations have been
focused on the variation tendency of these parameters, which
indicate that the influence of the properties of the HM-PAM
and HM-HPAM dilute solutions in different ionic strengths by
introducing different monomers. At the same time, the radial
distribution functions (RDF) between O (—CONH,) of HM-
PAM (or O (—COO -) of HM-HPAM) and H (H,0) in
various NaCl solution models are investigated in hopes of
revealing the inherent structure-performance relationship of
the dilute modified polyacrylamide solutions.

Computational methodologies

Molecular dynamics (MD) simulations is a computer simula-
tion technique that allows one to predict the time evolution of
a system of interacting particles (e.g., atoms, molecules, gran-
ules, etc.) and estimate the relevant physical properties. With
the rapid development of molecular dynamics simulation
techniques, it is now possible to study the structure and
dynamics of biomacromolecular systems in an aqueous envi-
ronment considering explicit water, ion, and solute molecules
[17, 18]. In our work, for all models, construction, minimiza-
tion, molecular dynamics simulation, and conformational

Fig. 1 Three types of monomer

which are used to build CH=CH, CH=CHj CH=CH,
modified HM-PAM/HM-
HPAM chains
s s
HO 9
OH
Monomer-1 Monomer-2 Monomer-3
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analyses are carried out using Materials Studio program (MS,
version 4.2 Accelrys Software Inc., United States). The sim-
ulation procedures were as following.

The construction of HM-PAM and HM-HPAM solution
models

The simulations are performed for amorphous unit cells of
each investigated polymer with degree of polymerization of
100. Previous researchers have reported reasonable results
when they used less monomer for polymer simulation
[19-21]. Firstly, the “3D Sketcher” is used to create the
three types of monomers (Fig. 1), H,O, Na", Cl” and sodium
acrylate (NaAA) monomers. The HM-PAM chain (Fig. 2) is
constructed using the “Build Polymer” module. The poly-
mer chain consists of 100 repeat units with a 96:4 probability
for the occurrence of vinyl-amide unit and various monomers
configurations. The HM-HPAM chain (Fig. 2) which consists
of 100 repeat units with a 72:24:4 probability for the occur-
rence of vinyl-amide unit, sodium acrylate unit monomer
configurations are built. Reasonable energy minimization
was performed for the HM-PAM chain, the HM-HPAM chain,
H,0, Na', and CI” using Smart Minimizer method. Next,
optimized molecules and ions were embedded into the cubic
cells full of 2000 minimized water molecules with 1 g-cm >
density to form all kinds of initial polymer aqueous solution
models with different NaCl concentrations, which is

constructed by “Amorphous Cell” module. During this pro-
cess, the period boundary condition (PBC) [22] was taken and
a cutoff radius of 10 A was applied for both non-bonded
electrostatic and vander Waals interactions. The solution mod-
el is named according to the monomer, for example, the HM-
PAMI1 means that it contains one polymer chain with a
monomer-1 and 2000 H,O (with a series of different ionic
strengths). A part of all models has been shown in Fig. 3.
These solutions were submitted to 5000 steps of the smart
minimization by the “Discovery” module.

Simulation details of MD

A 100 ps MD equilibration runs for all the systems that are
performed in the NPT ensemble (constants number of particles,
pressure, and temperature, P=1.01x10"> Mpa, 7=298 K) to
obtain the equilibrium density. For MD process, the tempera-
ture of the systems was kept through the Andersen [23] method
and the pressure of the systems was kept through the Berendsen
barostat [24]. An additional 1000 ps NVT (constant number of
particles, volume, and temperature 7=298 K) dynamics is
performed on the last frame of the NPT equilibrium stage.
The time step was 1.0 fs and the total dynamics time was
1100 ps. All the motion trajectories and coordinate parameters
were saved and the frames of the trajectory were output every
10 ps for the subsequent analysis. The non-bond cutoff distance
was 10 A. In all simulations, all calculations are performed

APCHZ—CHAI—PCHZ—CHﬁ 4{~CH2—CH——l~CH2—CH—I— 4{~CH2—CHAI—(~CH2—CH—I—
| 96 | 96 4 9 4
C=—

ZzZ—0——

(0] C=0 =0
NH, r!le Ha
o (0]
J g
¢
HM-PAM1 HM-PAMA2 HM-PAMA3
%CH?iTH - CHszf ; gLCH_]; —PCHngj)jCHgf(?—}?(»gz—cH—} —PCHZ—‘CL }72{ HQ—CT }24 { SLcH—L—
c=0 dooNa ¢c=0 COONa (‘;70 Soona
ILHZ NH NH,
J J
OH
HM-HPAM1 HM-HPAM?2 HM-HPAM3

Fig. 2 Structures of a series of designed HM-PAM and HM-HPAM
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HM-PAM1

HM-PAM2

HM-PAM3

HM-HPAM1

HM-HPAM2

HM-HPAM3

(b)

Fig. 3 a HM-PAM-2000 solution models in the pure water. b HM-HPAM-2000 solution models in the pure water

using the PCFF force field. PCFF (polymer consistent force
field) is an ab initio forcefield. Most parameters were derived
based on ab initio data using a least-squares-fit technique
developed by Hagler and co-workers. Many of the nonbond
parameters of PCFF, which include atomic partial charges and
Lennard-Jones 9—6 (LJ-9-6) parameters were taken from the
CFF91 [25-27] force field. The validity of the force field which
was used here has already been testified by previous researchers
[26, 27]. All force field parameters come from the PCFF force
field. So, under a wide range of conditions of temperature and
pressure, this force field can guarantee accurate and simulta-
neous prediction of structural, conformational, vibrational, and
thermophysical properties for a broad range of molecules in
isolation and in condensed phases.

Results and discussion

From all simulations above, the mean conformation of every
polymer in solution models can be gained as Tables 1, 2 and

@ Springer

3 show. Adamczyk et al. has researched that the hydrody-
namic radius (Ry) and the intrinsic viscosity ([n]) for a
polymer can be calculated by the parameters (/ and 1) of
the molecule shape which is determined by the mean con-
formation and the equations in Refs [28, 29], for example,
for bent spheroid,

A=1/2b>1

_ I
R = 2(1Lina—031)

_ 2 3
15 |1n(2)—-05

oo

1] + zn(ul)q.s] +

[ is the extended length and A is the aspect ratio of bare
molecule [27, 28].

The mean conformations of every polymer in our solu-
tion models take on the bent spheroid as Tables 1, 2 and 3
show. The Ry for the HM-PAM or HM-HPAM molecules
and the [7] can be calculated by Eq. 1 and the parameters of
the molecule shape in Tables 1, 2 and 3.
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Table 1 Parameters for HM-HPAM1 and HM-PAMI1 solution models at 298 K

I
Solution Molecule sh Snapshot of mean conformation 171:0 ¥ Ve pNaCl(10'3) Pi20 Pr Ly o+
olecule shape mo al g g :
model P from simulations ¢ e ract (nm’)  (gem %) (gem?) (gem?) (nm
0 0 59.8 0 1 02 35 92
0.03 1 59.8 1.6 1 02 32 84
0.11 4 59.8 6.5 1 02 27 71
HM-HPAM1
Bent spheroid
0.19 7 59.8 11.4 1 02 23 60
0.28 10 59.8 16.3 1 02 23 60
0 0 59.8 0 1 02 21 47
HM-PAM1
Bent spheroid
0.03 1 59.8 1.6 1 02 20 438
0.11 4 59.8 6.5 1 02 20 45
0.19 7 59.8 114 1 02 19 43
0.28 10 59.8 16.5 1 02 19 43
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Table 2 Parameters for HM-HPAM?2 and HM-PAM?2 solution models at 298 K

Solution Molecule shape Snapshot of mean conformation from (nf::/clig) N Ve pNaCl(IO'Z) szo,; Pr i Lo "
model simulations (am’) (gem”) (gem™) (gem”) (nm
0 0 598 0 1 021 4.0 105
2.78x10-2 1 598 1.6 1 021 3.6 89
0.11 4 598 6.5 1 021 32 79
HM-HPAM2
0.19 7 598 114 1 021 28 7.1
0.28 10 59.8 16.5 1 021 27 7.0
0 0 598 0 1 021 24 53
HM-PAM2 0.03 1 598 1.6 1 021 23 52
0.11 4 598 6.5 1 021 22 5.1
0.19 7 598 114 1 021 22 5.1
0.28 10 59.8 16.5 1 021 22 5.1
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Table 3 Parameters for HM-HPAM3 and HM-PAM3 solution models at 298 K

I
Solution Snapshot of mean conformation from ract Vet Praci(107) y23 Ly
Molecule shape (mol/kg) Nyaci 3 3
model simulations (nm’) (gem™) (gem™)(g.cm?) (nm)
0 0 598 0 022 45 11.8
0.03 59.8 1.6 022 4.1 10.7
/. l4
2 el } 0.11 59.8 6.5 022 3.6 942
HM-HPAM3 N
M 2
Bent spheroid
0.19 7 598 11.4 022 33 8.63
0.28 10 59.8 16.5 022 32 837
0 0 598 0 022 2.7 5.63
VES N . S
HM-PAM3 ( \ xS L 003 1 598 16 022 26 545
2ia 'ﬁg ™
Bent spheroid e
0.11 4 598 6.5 022 25 545
0.19 7 598 11.4 022 25 545
0.28 10 59.8 16.5 022 25 545

A*——see part 3 and ref. [28]

Inac— ionic strength of the dilute solution;Ny,c—the number of NaCl molecule;V,.;—the volume for cubic cell;pn.c— the density of NaCl

puzo—the density of H,O;pp—the density of HM- PAMs or HM- HPAMs
Ly — the effective length parameter or 2 //7
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The intrinsic viscosity

In this work, several dynamic properties of the modified poly-
acrylamide in a dilute aqueous solution are investigated as
follows, which can mirror salt concentrations on the structures
of HM-PAM and HM-HPAM. In dilute solution, the intrinsic
viscosity has been used to study the hydrodynamic volume of
polymer chains and the interaction between polymer chains and
solvent or between different polymer chains [30]. As reported

Fig. 4 Radius of gyration for ( a)

HM-PAM (a) and radius of 30~
gyration for HM-HPAM (b) in 1
different ionic strength 2.8
solutions 1
2.6 -

2.4

2.2 1
2.0
1.8

1.6

Rg/nm

1.4
1.2
10+
0.8-
0.6—-

the intrinsic viscosity is greatly dependent on the salt
concentration [31].

The effective length parameter (L.p)

Tables 1, 2 and 3 presents examples of snapshots collected
during simulations. Snapshots of the equilibrated HM-PAM/
HM-HPAM chain configurations are shown in tables. For
sake of convenience we have introduced here the effective

HM-PAM1
HM-PAM2
HM-PAM3
PAM

4 pon

4
4
4

(b)

3.0 4
2.8
2.6 1
2.4
2.2 4
2.0
1.8 4
1.6

Rg/nm

1.4
12
1.0
0.8 -

0.6 -

T T T T T T 1

I
0.15 0.20

I/molekg”

HM-HPAM1
HM-HPAM2
HM-HPAM3
HPAM

dpon
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Fig. 5 hydrodynamic radius (a)
for HM-PAM (a) and hydrody- 1.5 —
namic radius for HM-HPAM |
(b) in different ionic strength 1.4 = HM-PAM1
solutions ] ® HM-PAM2
1.3 - 4 HM-PAM3
: v PAM
1.2 -
1.1 - \
E 1.0 4 ‘\.\. = _
"-.: o - s .
z 019 - ._\—'—_—’.\—-.7,’/—.
084 w—w¥ v v v
0.7 +
0.6
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1.4 5
1 s HM-HPAMA1
134 e HM-HPAM2
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| v HPAM
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£
ndI 1.0 1
0.9 4
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0.00 0.05 0.10 0.15 0.20 0.25 0.30
I(mol/kg)

length parameter L.; which can be a useful measure of
molecule dimensions if it assumes an elongated shape to
take place of 2 //7t. That parameter also facilitates the inter-
pretation of dynamic viscosity measurements in terms of the
hydrodynamic theory. The effective length was calculated as
a value of the distance between the surfaces of two
outermost atoms of the molecule averaged at the fluc-
tuating equilibrium state by the radial distribution func-
tion g(r) [28]. The radial distribution function g(r) can
be used to measure either one or two sets of atoms via
[10, 32, 33].

N N
g(r) =;<;;6(r—rg)>, 2)

rij is the distance between a pair of atoms or centroids. In the
case of a single set, the function is computed for all pairs of
atoms or centroids in the set which are closer than the cutoff
value. With two sets, the function is calculated for all pairs of
atoms or centroids within each isolated set, as well as for all
pairs containing one atom or centroid from each set, ignoring
all pairs separated by distances greater than the cutoff.
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Fig. 6 Radius of gyration 25 25
(a; and a,), hydrodynamic d..)
radius (b; and b,) and intrinsic e % 5 ! £ az
viscosity (c; and ¢,) vs ionic & 20+ 1 & 20+ .
strength (Inac1 ) for HM-PAM1 o 0 4
and HM-HPAM]1 solution 15 18
models at 298 K I ] gl ;
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141+ b 12k b
1 L
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Table 3 for the HM-HPAM3, 25 % ionization degree indi-
cate that the molecule shape assumes an extended, worm-like
shape characterized by the average effective length L.;=4.5 nm
without addition of NaCl (/=0 mol/kg). For increasing ionic
strength the contour is decreased because of the folding of the
molecule, becoming 4.1 nm for /=3 x 10 % mol/kg, 3.6 nm for
1=0.11 mol/kg, 3.3 nm for /=0.19 mol/kg, and 3.2 nm for /=
0.28 mol/kg. HM-HPAM1 and HM-HPAM?2 have the same
tendency. A similar behavior was predicted in the simulations
of Adamczyk [28, 29] who studied conformations poly (allyl-
amine hydrochloride) in electrolyte solutions. However, the
average effective length (L) increases one by one from HM-
HPAM1/HM-PAM1 to HM-HPAM3/HM-PAM3 with the
same ionic strength. The average effective length of HM-
PAM has no significant change with increasing ionic strength
and is lower than the values for HM-HPAM. For lower ionic
strength, the polyelectrolyte chain becomes more extended, but
for the /=0.19 mol/kg and /=0.28 mol/kg, the mean confor-
mations of HM-HPAM have not shrunk any longer and the
average effective lengths (L.s ) of HM-HPAM change very
little, which agreed with the experimental results very well.
Even for the highest ionic strength 0.28 mol/kg, the polyelec-
trolyte chain did not collapse and still keep bent spheroid.

The radius of gyration (R,) and the hydrodynamic radius
(Rr)

The radius of gyration R,(s) represents the molecular size of
the polymer explored in this work, which is defined as the

@ Springer
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root mean square distance of the atoms in the molecule from
their common center of mass, that is [10, 11, 34],

N
> mis;
=5 G)
> m
i=1

s; denotes the distance of atom 7 from the center of mass and N
denotes the total number of atoms in the above expression.
The radius of gyration R, for HM-PAM/HM-HPAM mole-
cules were obtained by MD dynamic as show in Fig. 4. R, for
HM-HPAM decreases gradually with increasing ionic strength
and has no significant change with increasing ionic strength
for HM-PAM, the tendency of R, was consistent with the
effective length (Lc) because the radius of gyration R, (s)
represents the molecular size of the polymer explored in this
work. The theoretical values of Ry for various molecule
shapes can be calculated from Eq. 1. The variation tendency
of'the Ry was in accordance with L.;and Rg as show in Fig. 5.

In addition, the hydrodynamic radius and the radius of
gyration of a polymeric molecule in a solvent used to predict
an approximation of the intrinsic viscosity via [33, 35]

6’/2PR}
= 4
=5 (4)
4R dN,
=253 4077 5
1] M (5)



J Mol Model (2012) 18:4529-4545

4539
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with d the specific gravity of the solute, N5 the Avogadro
number, M, the molecular weight, and @ the value reflect-
ing the solvent quality [36]. According to Eq. 5, it is clear
that the intrinsic viscosity is affected only by Ry and pro-
portional to R};. While for Eq. 4, the intrinsic viscosity is
determined by both R} and &.
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20
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14
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We can investigate Ry for HM-HPAM or HM-PAM the
change trends of which reflect the trends of intrinsic viscos-
ity in the polymer solutions with different ionic strength in
the MD simulations. Simultaneously, R, for HM-HPAM or
HM-PAM can be gained using MD simulations to explore
solvation power of the polymer under different ionic

Fig. 8 Radius of gyration 25
(a; and a,), hydrodynamic | o
radius (b; and b,), and intrinsic -
viscosity (¢, and ¢,) vs ionic £ 20¢ i
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models at 298 K 15F
1.0 -
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£ 12}
T v
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- 7L b
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5 I 1
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(»]

0.0
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strength. In Figs. 6a, b, ¢, 7 a, b, ¢, and 8 a, b, ¢ the Ry, Ry
and [n] for HM-HPAM or HM-PAM vs ionic strength are
shown. It is clear that the trends of the [#] changes with
increasing ionic strength are in good agreement with the R,
and Ry.

So we can use R, and Ry to predict [)] changes for HM-
HPAM or HM-PAM solutions with different ionic strength
as Egs. 4 and 5 shown.

The effect of ionic strength on the intrinsic viscosity

Figure 4 shows the influence of ionic strength on intrinsic
viscosities of the HM-PAM1 and HM-HPAMI solution.
With the ionic strength increasing, the intrinsic viscosity of
the HM-HPAMI1 decreases and the HM-PAM1 has no sig-
nificant change and the same tendency as HM-HPAM?2/
HM-PAM2 and HM-HPAM3/HM-PAM3.

However, compared to PAM (HPAM) [15, 16] which
has been studied by our previous work, HM-PAM (HM-
HPAM) has a high intrinsic viscosity. The reason is inter-
chain associations of the hydrophobe units, which are
dispersed along the polyacrylamide backbone, lead to
solutions of high intrinsic viscosity at low concentrations
and low shear rates [37]. However, the intrinsic viscosity
increases gradually from HM-HPAM1/HM-PAMI1 to HM-
HPAM3/HM-PAM3. A possible reason is that the effect of
steric hindrance is increased gradually from monomer-1 to
monomer-3 which enhances the impact of the interchain
associations.

The HM-HPAM backbone consists of 74 % aminocar-
bonyl groups (—CONH,) and 24 % carboxylate groups
(—COO") and 4 % other comonomers. When the HM-
HPAM is dissolved in deionized water, the HM-HPAM
macromolecule with the carboxylate groups (—COO")
can form electrical double layer and thick hydration film,
which can pack more H,O molecules. Thus the HM-
HPAM backbone will extend and have larger hydrody-
namic volume, and accordingly the viscosity of solution
will be higher than the HM-PAM [37]. The NaCl added
to the HM-HPAM solution can ionize Na'. Because of
very high electric field generated by these closely packed
charges, a significant adsorption of couterions (Na") from
the supporting electrolyte occurred during initial stages of
simulations. This phenomenon often referred to in the
literature as the counterion condensation (Maning-Oosawa
condensation) [28] leads to a significant compensation of
the nominal charge of HM-HPAM, which was reduced to
a small fraction of its initial value. Besides, the effective
length, radius of gyration, hydrodynamic radius, its shape
and the characteristic linear dimensions of the molecule
under various conditions were determined [28, 29]. As a

@ Springer

result, the higher ionic strength of the solution is, the
lower intrinsic viscosity is, but at the last, the intrinsic
viscosity keeps a constant, which is in accordance with
the experiment very well.

For HM-PAM, the intrinsic viscosity has no significant
change with increasing the ionic strength and the intrinsic
viscosity values is lower than the values for HM-HPAM
as seen in Figs. 6, 7 and 8. This lies in absence of ionic
groups in HM-PAM chain and leads to the effective
length, radius of gyration, hydrodynamic radius has no
significant change.

The salt tolerance

To investigate the salt tolerance of HM-HPAM, we
define a parameter D as the declined proportion of the
intrinsic viscosity from /=0 mol/kg to /=0.28 mol/kg,
for example, for HM-HPAMI, the expression about D is
following,

D — [n]l,]:Onzol/kg - [n]l,I:O.ZSmol/kg
| =

x 100%, (6)
&l 1,1=0mol /kg

[7],=0 mol/kg represents the value of the intrinsic vis-
cosity for /=0 mol/kg, [1],=0.28 mol/kg represents the
value of the intrinsic viscosity for /=0.28 mol/kg. D
represents declined proportion of the intrinsic viscosity
from /=0 mol/kg to /=0.28 mol/kg. So, we can calcu-
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Fig. 9 The declined proportion of the intrinsic viscosity for HPAM
and HM-HPAM from /=0 mol/kg to /=0.28 mol/kg. D represents
declined proportion of the intrinsic viscosity from /=0 mol/kg to
1=0.28 mol/kg
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late the Do, D, D,, and D3 through the expression
above as shown in Fig. 9.

It can be seen from Fig. 9, the HM-HPAM has a stronger
salt tolerance compared to HPAM and It can also be conclud-
ed that the salt tolerance increases gradually from HM-
HPAM1 to HM-HPAMS3. So the molecular design of modified
polyacrylamide is good for the stronger salt tolerance. The
monomers with the steric hindrance, which increases gradu-
ally from monomer-1 to monomer-3, would reduce the curl-
iness of molecular chains and, consequently, improve the salt
tolerance and the simulated results agree with the experimen-
tal results very well [6]. Such advantages provide the modified
PAM with great potential in the enhanced oil recovery field.

Fig. 10 a RDF for O (a)
(—CONH,) of HM-PAM2 and

H (H,O) in different ionic

strength solutions. b RDF for

O (-COO") of HM-HPAM?2

and H (H,0) in different ionic

strength solutions

The radial distribution function

g(7) can give the appearance frequency of the atom [14]. the
O™ of the —COO"~ group of the HM-HPAM and H,O radial
distribution function go-y(r) and the O of the -CONH,
group of the HM-PAM and H,O radial distribution function
Zo-wr at different NaCl concentrations have been analyzed
using molecular dynamics simulations. The results are
shown in Figs. 10, 11 and 12. For HM-PAM, the value of
2o.u(7) is zero when 7 is less than 0.25 nm, it means that the
—CONH, group cannot appear around the H,O molecule
when their distance is below 0.25 nm; the peak of RDF
appears when r is about 0.25 nm. And for HM-PAMI, the

o™

0.0

(b)

r/nm

0.0

rinm
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peak heights have no significant change, being 0.851, 0.75,
0.80 and 0.75 respectively. This implies the hydration of the
O of the HM-PAM is very weak and not influenced basically
by increasing ionic strength. HM-HPAM has the same
results, but the peak heights are different; and for HM-
HPAMLI, it is about 2.2 for /=0 mol/kg and 1.2 for /=
0.19 mol/kg, which means that the appearance frequency
of O™ around 0.25 nm of the H,O molecule is higher in /=
0 mol/kg system than that in 7/ =0.19 mol/kg system as seen
in Fig. 10, which reduces the repulsion between —COO~
groups of the HM-HPAM and increases the adsorption
amounts of sodium ions at interface. The HM-HPAM?2 and
the HM-HPAM3 have the same situation as seen in Figs. 11

Fig. 11 a RDF for O (a)
(—CONH,) of HM-PAM2 and

H (H,0) in different ionic

strength solutions. b RDF for

O (-COO") of HM-HPAM2

and H (H,O) in different ionic

strength solutions

and 12. Consequently, g(») can explain a better thickening
ability as well as poor salt tolerance for HM-HPAM com-
pared to HM-PAM and the effect of NaCl on the hydration
of the -COO" groups of the HM-HPAM from microscopic
view.

Conclusions

In this work, the modification of PAM/HPAM in a dilute
aqueous solution by inducing three kinds of functional
monomers was investigated by MD simulation with the
PCFF force field. The characteristics of the HM-PAM/

Bom(®

0.0

(b)

rinm

0.0

@ Springer

r/nm
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Fig. 12 a RDF for O
(—CONH,) of HM-PAM3 and
H (H,O) in different ionic
strength solutions. b RDF for
O (-COO") of HM-HPAM3
and H (H,0) in different ionic
strength solutions

E(U»Hj(r)

(b)

rinm

800 ®

0.0

HM-HPAM (such as the Ry, Ryy and RDF) have been studied
to find the intrinsic relation between the microstructure of the
polymer chain and the intrinsic viscosities. The simulation
results show that the hydrodynamic radius, the radius of
gyration and the intrinsic viscosity of the HM-HPAM chain
decrease with the increasing NaCl concentration, and the
hydrodynamic radius, the radius of gyration, the intrinsic
viscosity of the HM-PAM chain have no significant change.
Furthermore, compared to HPAM, the HM-HPAM has a
stronger salt tolerance and the salt tolerance increases
gradually from HM-HPAM1 to HM-HPAM3 because the
monomers with steric hindrance would reduce the curliness
of molecular chains and, consequently, improve the salt

r/nm

tolerance. So, inducing the steric hindrance monomer into
polymer will increase the salt tolerance of the polymer.

Ultimately, The RDF of the O”, which roots in the -COO~
group of the HM-HPAM with H,O and the O, which roots in
the -CONH, group of the HM-PAM with H,O in a series of
ionic strengths have been investigate by molecular dynamics
simulation; which explains the effect of NaCl on the hydration
of the -COO™ groups of the HM-HPAM from microscopic
view.
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