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HIGHLIGHTS

® Shear flow is generated using a non-
equilibrium molecular dynamics.

e System consists of chains with
hydrophobic sites, immersed in
solvent particles.

® Position of hydrophobic sites (HS)
in molecule defines the viscoelastic
behavior.

e HS at the end of the chain generate a
highly elastic and viscous system.

e HS along the chain generate a
topological restriction for associative
interactions.
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In this work, non-equilibrium molecular dynamics (NEMD) is used to simulate simple shear flow of
associative polymer solutions of the telechelic and multi-sticker types. The objective of the work is the
analysis of the effect of the hydrophobic groups of these polymers on the rheological behavior of the
system. To generate the flow, the equations of motion are coupled to boundary conditions of Lees and
Edward [A.W. Lees, S.F. Edward, J. Phys. C 5 (1972) 1921], where simulations are performed at constant
temperature under a coarse-grain simulation scale. Three concentration regimes are identified: dilute,
semi-dilute unentangled and semi-dilute entangled. In the dilute regime, the multi-sticker polymers
exhibit a Newtonian constant-viscosity region, while in telechelic polymers a shear-thickening region
is observed. In this regime, the molecules are isolated, so that the majority of hydrophobic interac-
tions occur between sites of the same chain. Coordination number reveals the presence of a transient
first-layer of hydrophobic neighbors, associated with the viscosity of the polymer. In the semi-dilute
unentangled regime, both types exhibit a Newtonian region at low shear-rates followed by shear thinning.
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For telechelic polymers, the Newtonian viscosity increases with concentration with a slope of 4.4,
attributed to the formation of non-isotropic aggregates with viscoelasticity levels of two orders of mag-
nitude larger than those of the non-modified polymers. Static structure-factor suggests an increasing
alignment of the multi-sticker polymer along the x-direction, revealing larger molecular mobility and
lower viscosity than in the telechelic polymers. Finally, these results reveal that when the hydrophobic
groups are located at the extremes of the polymer chain (telechelic type), the rheological behavior is
strongly affected in the dilute regime by the formation of inter-connected aggregates. On the other hand,
when the hydrophobic groups are located in the interior of the chain (multi-sticker type) hydrophobic
associations are inhibited by topological restrictions, and in this case the viscoelastic response is only
observed in the semi-dilute regime.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

This analysis comprises the third part of an investigation related
to the rheological characterization of associative polymer solu-
tions, namely telechelic and multi-sticker molecules embedded in a
Newtonian fluid (the solvent). Non-equilibrium molecular dynam-
ics simulations within a coarse-grain scale are used to simulate a
rectilinear simple shear flow. Most of this work analyzes the depen-
dency of the zero-shear viscosity (7)) on solution concentration (c)
and the viscoelastic behavior of the solutions at each concentration
regime.

The rheological behavior of associative polymers has been
given ample attention, in part because of the application of these
polymers in important industries such as the coating, paint, water-
treatment ones, and in operations for enhanced oil-recovery.
Essentially, these polymers consist of a long hydrophilic macro-
molecular backbone, to which small hydrophobic groups are
incorporated. In aqueous solution, upon increasing concentration
above the critical aggregation concentration (Cg), the number of
aggregates is increased, while maintaining their size and shape.
Numerous studies have established that the attractive and repul-
sive interactions among the components in the system control
and define their physical behavior. For associative polymers, inter-
actions between hydrophobic sites define aggregates formation,
and consequently, the system’s behavior. If the energy of inter-
action among the hydrophobic groups is 10 times the thermal
energy ~KkgT, associations are strong enough to affect the rheo-
logical response of the solution, otherwise the behavior would be
that of an unmodified polymer. It is important to note that the
aggregates are not permanent; they undergo in a constant pro-
cess of breaking-reformation caused by the thermal motion and
flow [1]. When intermolecular hydrophobic-interactions are strong
enough, the system behaves like a gel. Experimental techniques
like fluorescence, static light scattering, dynamic calorimetric, elec-
tron paramagnetic resonance and nuclear magnetic resonance have
been used to study the process of aggregation [2,3].

The dynamic response of associative polymers, as revealed
by rheological measurements, is that of a viscoelastic liquid and
depends on two types of interactions: those due to entangle-
ments and those caused by the topology of the hydrophobic
associations. For telechelic polymers, Tanaka and Toga [4] men-
tioned that the interactions between the hydrophobic sites can
lead up to six concentration-dependent conformations including
open-isolated chains, isolated closed-loops, clusters of closed-
loops forming micellar flowers, bridging-chains between flowers,
dangling-chains and dangling-loops in clusters. Winnik et al. [5],
Tripathi et al. [6] and Pellens et al. 7] describe these conformations
in detail. These results motivated the implementation of a config-
urational analysis to verify the formation of these microstructures
and their response under flow. Chassenieux et al. [8] pointed out
that at high concentrations, a network of micellar flowers inter-

connected by bridges is present, such that the viscosity of the
system depends on the lifetime of the bridges [9-11]. The Maxwell
model describes the rheological response of these polymers, which
generally exhibit a single relaxation time [12,13], and in special
cases, two relaxation times are found [14]. The relaxation mech-
anism is related to the dissociation of hydrophobic sites [5,11,15].
Under simple-shear flow, the telechelic polymers exhibit three flow
regions: Newtonian, shear-thickening and shear-thinning [11-13].
It is noteworthy that the shear-thickening region is not necessarily
present in the multi-sticker associative polymers [16], and in the
telechelic ones, it is associated with the stretching experienced by
the bridges between the micellar flowers [17-19].

For multi-sticker polymers, Jiménez-Regalado et al. [20] describe
conformations resulting from the intra-molecular and inter-
molecular hydrophobic-sites interactions. Depending on solution
concentration, a chain can be isolated as their hydrophobic sites
do not interact with each other, or free, when only one of the
hydrophobic sites has been associated. A chain can also form an
intra-chain bound conformations (knot type) when the hydropho-
bic sites of the same chain interact. Finally, upon increasing
concentration, the inter-molecular and intra-molecular interac-
tions generate a cross-linked system [8,20-23]. The rheological
characterization of such polymers [9,24] reveals the presence of
three concentration regimes: (i) dilute, wherein the viscosity is con-
trolled by intra-molecular interactions, (ii) semi-dilute unentan-
gled, characterized by inter-molecular hydrophobic-associations
without entanglements, and (iii) semi-dilute entangled, wherein
the dynamic response of the system depends on the elasticity of
the hydrophobic associations and entanglement-density. Recently,
Caputo et al. [25] found that in the third regime, the elasticity of the
multi-sticker polymers depends strongly on the hydrophobic asso-
ciations. In particular, the rheological response of these associative
polymers has shown that the relaxation process is quite complex
[26], involving a distribution of relaxation times [27-29].

Molecular simulations have been used to analyze the structural
and equilibrium properties of associative polymers. Aggregate-
formation predictions have been shown to be consistent with
experimental observations in associative polymers [30] and worm-
like micelles [31-33]. The strength of interactions between
the hydrophobic sites, modulated with temperature, define the
aggregate-type process in telechelic associative polymers [34-37],
as in multi-sticker polymer solutions [38]. Using Monte-Carlo sim-
ulations, the distribution of hydrophobic sites and the strength of
interactions along the chain have been shown to be important fac-
tors in the aggregation process [39,40].

Molecular dynamics simulations have shown the effect of the
flow on the formation of aggregates in wormlike micelles [31,41,33]
and associative polymers [42]. Under shear flow conditions, the
average size of the linear micelles diminishes with shear rate
[31,41]. Also, the micelles maintain their molecular conformations
at low strains rate, but it is observed alignments of wormlike
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micelles in flow direction and shear-banding flow at higher strains
[33]. For associative polymers, molecular dynamics simulations by
Khalatur et al. [42] revealed that the most chains adopt the form
of a closed-loop or a stretched-conformation, but under the shear
forces, the fraction of loop-like chains decreases while the frac-
tion of bridged-chains between aggregates increases. Manassero
and Castellano [43] predicted that in equilibrium, a reversible-
aggregated network interconnected by bridges is present, which is
broken under shear-strain. Subsequent studies demonstrated that
the topology of bridges between aggregates is an important factor
related to the onset of shear-thinning or shear-thickening behav-
ior [44,45]. Using Brownian dynamics, Cass et al. [46] predicted the
aggregate-formation and viscosity variation in an ample concen-
tration range, which is consistent with experimental observations.

In general, the viscoelastic response of telechelic and multi-
sticker associative polymers differ, since they have different
relaxation and thickening mechanisms. In this work, non-
equilibrium molecular dynamics within a coarse-grain scale is
used to simulate a simple shear flow of associative polymer solu-
tions. The hydrophobic modifications of the associative polymer
molecule include the telechelic type, with the hydrophobic groups
positioned at the extremes of the chain, and the multi-sticker type,
with hydrophobic groups located along the chain. In this regard, the
objective of this study is the analysis of the rheological response of
associative polymers, on the basis of the conformations that the
molecule and microstructure adopt along the characteristic con-
centration regimes. The relevant results of this work include a
qualitative, and in some cases quantitative agreement with exper-
iments. This analysis aims to improve the understanding of the
structure and molecular conformation that defines the viscoelastic
behavior of these complex fluids.

2. Theory and simulation method
2.1. Systems under study

In this paper, three types of polymer solutions are studied:
(1) unmodified, (2) telechelic and (3) multi-sticker, at a reduced
temperature and number density of 1.5 and 1.0, respectively. The
reduced density (p) is defined as the ratio of the total number of
sites and the volume of the simulation. Density is fixed on the basis
that the system is in the liquid state (measured in terms of the radial
distribution function). This density value has already been fixed in
previous studies of molecular dynamics for polymer solutions and
melts [47,48].

Each system under study consists of M linear molecules and S
solvent particles, where each molecule is made up of twenty inter-
linked sites. The total number of sites (N) is given by 20M +S and
in all simulations N=8000. Simulations were developed consider-
ing an interval of concentration per site (c) of 0.02-0.85, where c is
defined as the ratio of the number of sites of chain molecules and
the number of total sites. In Fig. 1 a schematic representation of
each solution of linear molecules is shown (including the unmodi-
fied polymer), such that in the telechelic polymer the hydrophobic
groups are positioned at the beginning and end of the chain, and in
the multi-sticker polymer they are placed in sites 7 and 14.

2.2. Functional form of intermolecular potential.

In molecular dynamics simulations, particles in the system
interact according to the laws of classical mechanics. The total
energy of the configuration is given mainly by the sum of the ener-
gies between pairs of particles:

U rN :ZiZj,-U(r,-j) (1)

Solution of unmodified polymer

Hydrophofi .
site <— Closed loop
I/ -
o AN

Telechelic Multisticker 2!
molecule molecule

Fig. 1. Schematic representation of unmodified and associative polymer solutions.

where U(rM) is the energy configuration and U(ry) is the energy
resulting from the interaction between two pairs of particles i and
J, which are separated by a distance r;;. The force acting on a particle
is obtained from the gradient of the potential function:

Fi=-VU 1y (2)

In this work, the 8000 sites in each system interact via the Lennard-
Jones potential, which is truncated and smoothed at a cutting radius
of rc = 2.50, according to:

Uur Uy (r r)\dULJ "y \ Uy 1 | (3)
i =Uy rj —(r=r)l—g—1 —IUy | _
dryj r=r¢ r=te
with
o 12 o ©
Uy rj =4¢ — - — (4)
T Ti ri

where ¢(=1) is the potential-energy parameter and o is the size of
each site. Both chains and solvent have the same size in all sites.
Notice that the molecular model used here is similar to those used
in previous studies of associative polymers [35,38].

To maintain connectivity between the adjacent sites of a chain,
the Lennard-Jones potential is used in conjunction with the FENE
attractive potential:

U 2 rj ?
FENE Tjj = —0.5kyRgln 1 — Ro (5)

where k, (= 100) is the spring constant and Ry = (1.50) is the max-
imum length of the bond. It is known that the FENE potential
adequately reproduces the behavior of polymeric solutions [49]. In
polymer solutions, associative or unmodified, molecular sites along
the chain and solvent molecules interact via attraction-repulsion
modes according to the modified Lennard-Jones potential (Egs.
(3)-(4)).The FENE potential (Eq. (5))accounts for the chemical bond
between adjacent sites along the chain. In addition to these poten-
tials, hydrophobic sites (HS) interact through an attractive potential
to reproduce the association between them:

i
UA rij =—— 1- i (6)

where ¢.(=5.4) is the potential-energy parameter, r. is the cut-
ting radius of the potential and r;; is the scalar distance between
hydrophobic sites. The attractive potential given by Eq. (6) is a
short-ranged potential so it only applied for rj <rc, considering
that r¢ is equal to 2.50. Note that the association force among
the hydrophobic sites depends on the energy-parameter &c. In this
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Table 1
Quantities expressed in Lennard-Jones reduced units.

Physical quantity LJ unit As a reference SI unit for CH;
Length o 3.93x10°1m

Mass m 14 kg/kmol

Energy & 6.489 x 10722]

Number density 1.0/03 16.47 nm—3

Temperature elkg 47K

Time (mo?[e)l2 235x 107125

Stress elo? 10.69 MPa

Viscosity (me)'2|a? 2.51x 107> kg/ms

Shear rate (g/mo?)12 4.25x 10" s!

work, it will be shown the crowding among the hydrophobic sites
due to associations occurring for . =5.4.

2.3. Equations of motion

In the system, the position r?’ and velocity v?’ vectors of the
particles evolve at constant volume and temperature, in which
a Nose-Hoover thermostat is used [50]. The equations of motion
under simple shear flow are [51]:

dir . .

= .V

o = vHir-vy (7)
div i . .

E:EF—HLVV—VEW (8)
dav; 1

cve_ 1 12

i =0 m? — LT (9)

i

where Vv is the velocity gradient, r; and v; are the position and
peculiar velocity vectors of particle i; m; and F; are mass and force
associated with particle i, whereas the force on particle i stems
from the interactions expressed in Eqgs. (2)-(6) among the system
elements. Under simple shear, the flow-direction is x and the gra-
dient and vorticity directions are z- and y, respectively. For steady
shear flow, vy = yxz, vy = v; = 0, such that, Vu = yik, where, y is
the shear rate. In the Egs. (8) and (9), Q is the mass associated to the
thermostat and V¢ its velocity coordinate. The mass of the thermo-
statis givenby Q = LT/a)g [52], where wy, is the frequency at which
the thermostat fluctuates and L(=3N) is the number of degrees of
freedom coupled to the thermostat. In this work, 1/w, is equal to
0.01054; similar value used in previous shear flow simulations of
polymer melts [53]. To keep the flow homogeneous, the solution
of the equations of motion (7)-(9) is coupled to the Lees-Edwards
periodic boundary conditions [54].

3. Details of the simulations
3.1. System units

All variables and system parameters are expressed in dimen-
sionless (or reduced) units, normalized with respect to the
characteristic Lennard-Jones parameters (energy &, site-diameter
o) and the mass of each site m;, with assigned values of ¢ =0 =
m; = 1.0. The dimensionless variables follow the corresponding-
state principle. Table 1 shows the main normalized-variables of the
simulations with conversion factors to obtain the real units (taking
as a reference-site the CH, molecule) [47]. Note that as the molec-
ular chain is represented according to the Kremer and Grest model
[55] within the coarse-grain simulation scale, the reference site in
the model is larger than the CH, site.

3.2. Conditions of simulations

The systems under study are composed of linear molecules in
solution, wherein each molecule has 20 interlinked sites. The size
of the system involves 8000 sites (sites of molecules and solvents)
of o size with a number density and reduced temperature of 1.0
and 1.5, respectively. The particles are contained in a cubic simu-
lation region (side length equal to 200) whose origin is located in
the middle of the flow domain. The concepts of periodic boundary
condition and minimum image are applied in the three directions
of the coordinate system.

The initial configuration used for flow condition is generated
from equilibrium molecular-dynamics simulations, considering
that the velocity gradient is zero. Once this configuration is
obtained, a velocity gradient is applied in a range of shear-rates,
i.e.,, 0.00005 < y < 0.2. For shear-rates of the order of 0.001 and
smaller, the duration of the simulations covers seven million inte-
gration steps, with At=0.001, otherwise, the duration amounts to
three million integration steps.

3.3. Calculation of the material properties

3.3.1. Material functions

Given a rectilinear Couette flow, the only non-zero component
of the velocity vector is vx(z), with stress component . For a
simple shear flow, the viscosity 7 is given by:

. (Ozx)
= — (10)
nw) >
where (o) is the average of the total shear stress:
1
O = —V“Zimzivzivxi) + X %jizijFyil (11)

In Eq. (11), vy; and v, are the peculiar velocities of particle i along
flow and gradient directions, respectively, and V is the system-
volume. Upon increasing the strain-rate, the polymer structure
becomes anisotropic due to molecular alignment along the flow
direction, which causes differences in the normal-stress compo-
nents, inducing restoring elastic forces. These are:

< N{ >=0xx — 0z, (12)

<N2 >:UZZ—Uyy (13)

3.3.2. Structure factor S(k)

The structural and conformational analysis of the solu-
tions includes the calculation of structure factor S(k), defined
as the autocorrelation function S(k)=1/N(pxpo_k), where p, =

N

exp —ik -r; is the Fourier transform of microscopic density

j=1
and r; is the position vector of the particle j. For a cubic region of
length L and total site number N, vector k is given by 2L, and so,
its scalar components are restricted to multiples of 2L, as periodic
boundary conditions are used. If k only has the components x and
y, then:
ZT” i+ny 2T” J (14)
where ny and ny are integer numbers.

The structure factor can be measured experimentally using
static light-scattering (SLS), which determines density fluctuations
caused by light at wavelengths of 2k [56]. Some of the properties
that can be estimated from SLS experiments are the radius of gyra-
tion Rg, the average molecular weight My, and the second virial
coefficient B,. The structure factor reveals the molecular confor-
mation of associative polymers and their aggregates. Only position
vectors of the chains are considered in the calculations.

I = kyi + kyj = nx
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3.4. Coordination number (n.)

Aggregate formation is related to the density of hydrophobic
associations and their topology. The degree of interactions among
the different elements of the system is a function of the coor-
dination number (n.), which can be calculated from the radial
distribution function of the hydrophobic groups gys(r). The knowl-
edge of n. provides information on the first solvation-shell of a
segment at a given distance rp, which corresponds to the first
minimum in gys(r) appearing between the first and second peaks.
Considering that the number of hydrophobic sites in the region
of simulation is a continuous variable, the coordination number is
given by:

'm

_ Nus 4 gus (r)r2dr (15)

ne v

0

where Nys is the number of hydrophobic sites in the system volume

W.
4. Results and discussion
4.1. Flow curves

Simple shear flow for telechelic, multi-sticker associative poly-
mers and unmodified polymer solutions are performed at same
conditions of density and reduced temperature, to elucidate the
effect of the hydrophobic modification on the rheology of the sys-
tem.

Viscosityn (y) of the unmodified-polymer solutions for differ-
ent concentrations is shown in Fig. 2a. The concentrations per
site of 0.0 and 1.0 (not included in the analysis) correspond to
pure-solvent and pure-polymer (melt) conditions, respectively. The
shear-viscosity (n) increases with solution concentration (c). At
concentrations below 0.15, the system is Newtonian, with a plateau
region of constant viscosity. At higher concentrations (0.15), the
solution exhibits a Newtonian region followed by shear-thinning,
starting at shear-rates of 0.005 with a slope of —0.31 at high con-
centrations (c=0.85). Viscosity calculations for shear-rates of y <
0.0005 exhibit a considerable error, so results at very low shear-
strains are not included. The error is estimated by the method
of Flyvbjerg et al. [57]. The interplay between molecular interac-
tions and molecular structure largely determines the rheological
behavior of chain molecules. Since the region of shear- thinning is
associated with alignment of polymer molecules in the flow direc-
tion, the density distribution of chain segments is increased in the
direction of flow and decreases along the other two directions [58].

Comparison with the unmodified polymer solutions is shown in
the flow curves of 1 (y) including the multi-sticker polymers (see
Fig. 2b). A Newtonian behavior at low concentrations (c¢=0.04) is
observed. With increasing concentration, the systems exhibit two
flow regions: a Newtonian followed by shear-thinning region with
a slope of —0.5 for c=0.85. This slope is larger than that of the
unmodified polymer at the same concentration. With increasing
concentration, shear-thinning appears at low shear-rates and with-
out the presence of a thickening region. At c=0.85, viscosity in the
Newtonian region is approximately 10 times larger than its unmod-
ified counterpart; however, both polymers have the same viscosity
at high strains.

The variation of shear n as a function of shear rate y for
telechelic polymers is shown in Fig. 2c and d within the concen-
tration ranges of 0.02 <c<0.10 and 0.15 < ¢ <0.85, respectively.
At very low concentrations (c=0.02 y 0.04), the solutions show
a Newtonian behavior followed by a shear-thickening region. For
concentrations of 0.08 and 0.10, a shear-thinning region appears

following shear-thickening. Koga et al. [ 18] explain that the thick-
ening is caused by the stretch experienced by bridge chains under
shear-flow, and shear-thinning is caused by a break in the network
aggregates. Both phenomena are analyzed in detail later.

When the solution has a concentration of 0.15 and 0.25, shear-
thickening tends to disappear and the shear-thinning region sets
in, exhibiting two slopes. For example, for c=0.05, shear thinning
has slopes of —0.54 and —0.15 at shear-rates of 0.0002 < ¢ < 0.005
and 0.005 < y < 0.2, respectively. Sprakel et al. [10] report shear-
thinning with two slopes in a solution of telechelic polymers in the
semi-dilute entangled regime. Larger slopes are associated with
non-homogeneous flows and vice versa. The two slopes in the
shear-thinning region tend to disappear with increasing concen-
tration, such that a single slope with a value of —0.66 at c=0.85 is
predicted, which contrasts with values of —0.50 and —0.31 in the
case of their multi-stickers and unmodified counterparts, respec-
tively.

4.2. Viscosity

In Fig. 2, flow curves n (y) are illustrated considering the three
types of polymer solutions. Traditionally, viscosity 7 is obtained
by extrapolation to zero shear-rate viscosity in the first Newtonian
region. However, in the case of associative polymer solutions, few
statistically-reliable measurements were obtained. It is considered
that 7 is equivalent, as a first approximation, to the viscosity cor-
responding to the lower y reached in the simulations. The curves
of ng versus concentration are shown in Fig. 3.

The unmodified polymer solution comprised four concentration
regimes [20,59]. (i) Dilute regime (c<c’) . In this regime the solution
viscosity (ng) is similar to that of the solvent. Since the viscosity of
the solvent is 6.7 (obtained from molecular-dynamics simulations
under simple shear flow), the first regime extends to a concentra-
tion of 0.08, wherein the viscosity of the solution is 7.3. Therefore,
the concentration per site of 0.08 is considered as the overlap
concentration (c"). (ii) Semi-dilute unentangled regime (¢’ <c<ce).
This regime extends up to the concentration of elastically-effective
entanglements (ce ). The concentration c, is obtained from that cor-
responding to the crossing of the extrapolated lines of dilute regime
and semidilute entangled regime (rendering a value of ce =0.20).
In this regime, the viscoelasticity of the solution is predicted by
Rouse dynamics and the viscosity increases moderately; the power
exponent is 0.25. (iii) Semi-dilute entangled regime (cc<c<c ).
Jiménez-Regalado et al. [59] suggest that this regime extends up to
the critical concentration ¢, where viscoelasticity of the solution
evolves according to the Reptation model. Concentrationc™ defines
the beginning of the concentrated regime in which the volume frac-
tion of the polymer is between 0.2 and 0.3 [60]. (iv) Concentrated
regime (c>c""). This is located above the critical concentration (c™)
and the Reptation model predicts the solution behavior. The critical
concentration of the onset for the concentrated regime is not pre-
dicted here. Since the solutions are formed by chains of 20 sites (or
segments), the dynamics is governed by the Rouse model. In this
regard, the entanglement concentration ce identifies the onset for
chain-motion restrictions due to excluded volume effects, rather
than topological entanglements.

In the case of the associative polymers, dilute and semi-dilute
unentangled concentration regimes extend up to the concen-
trations ¢; and cr, respectively [22,59]. The concentration c;
corresponds to the viscosity of the associative polymer that exceeds
the viscosity of the unmodified polymer and cr is obtained by
curve-extrapolation of the semi-dilute unentangled and entangled
regimes.

As shown in Fig. 3, the viscosity of the telechelic polymers
exceeds that of the unmodified at a concentration of 0.08, such
that ¢, =0.08. Here, ¢, of this associative polymer is similar to
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Fig. 2. Variation of shear viscosity () as a function of shear rate () for polymer solutions: (a) unmodified, (b) multi-sticker associative, and (c)-(d) telechelic associative.
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Fig. 3. Variation of shear viscosity at zero shear-rate (7o) as a function of the concentration per site (c) for unmodified and associative polymer solutions.

¢’, inasmuch as the dilute regime (c<cy) holds in the same range
of concentrations for both polymers. In the case of associative
multi-sticker polymer, ¢; cannot be determined, since throughout
the concentration range 7q is higher than that of the unmodi-
fied polymer. For telechelic polymer solutions ¢y =0.19, such that
cr ~Ce and the semidilute unentangled regime lies in a similar
concentration range of the unmodified polymer (c; <c<cr). In the
latter regime, the telechelic polymer viscosity increases steeply,
with a power exponent of 4.4; while in the multi-sticker poly-

mer, viscosity increases moderately with a slope alike to that of the
unmodified polymer. Rubinstein et al. [9] predict an exponent of 5.9
for associative polymers in the second regime, considering a renor-
malization of the lifetime bonds between hydrophobic sites (HS),
without which the exponent of the power would be 4.2. Accord-
ing to these authors, the slope exhibited by the telechelic polymers
in the second regime indicates that two separated HS can always
find another association with a third HS. In the semi-dilute entan-
gledregime (cr <c<c""), the solution-viscosity increases moderately
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Fig. 4. Variation of coordination number (n.) as a function of the concentration per
site (c) for associative polymer solutions. In the inset, the radial distribution function
(gus(r)) for a telechelic polymer (c=0.55) is included.

with a slope (about 1.0) similar to that of the unmodified poly-
mer. The value of the slope is consistent with that predicted by
Rubinstein et al. for solutions that behave according to the Rouse
model.

Numerous studies have reported that strong viscoelasticity of
the associative polymers is evident from the semi-dilute unen-
tangled regime and above the critical aggregation concentration
[10,22]. However, in multi-sticker associative polymers the viscos-
ity is slightly higher than its unmodified counterpart in this regime.
The thickening effect of the hydrophobic groups in multi-sticker
polymers, which deviate from the behavior of the unmodified
polymers, is manifested above cr, with a power exponent close
to 3. A similar behavior has been observed in aqueous solutions
of hydrophobically-modified polyacrylamides [22,59]. Cram et al.
[22] indicate that the slope in the semi-dilute unentangled regime
depends on the content and length of the hydrophobic groups.

4.3. Structural analysis

Once the concentration regimes of the solutions of unmodified
and associative polymers are defined, the structural analysis allows
determining the molecular origins of the solution-viscoelasticity
within each concentration regime. The structure of the solutions is
discussed in terms of the coordination number (n¢) and structure
factor (S(k)). In addition, an analysis of the resulting configurations
of the systems under study is included.

4.3.1. Coordination number (n.) and radial distribution function
(8hs(r))-

The coordination number n. as a function of concentration
is shown in Fig. 4. In the inset, the radial distribution-function
of the hydrophobic sites gys(r) from which n. is obtained, is
shown. Radial distribution function gys(r) of the telechelic polymer
at c=0.55 (within the concentrate regime) displays the structural
arrangement exhibited by the hydrophobic sites in the domain of
simulation. Function g(r) of a simple liquid exhibits peaks at dis-
tances of 10, 20, 30, etc., where the peaks indicate the presence
of first, second and third neighbors. In the case of telechelic poly-
mers, gus(r) exhibits a peak at a concentration of 0.02, two peaks in
the range 0.04 <c <0.25, and three peaks at c¢>0.25. Unlike sim-
ple liquids, gys(r) exhibits three shells of first neighbors but at
smaller separation distances (10, 1.70, 2.50), indicating a clumping
of hydrophobic sites.

Radial distribution function gys(r) of solutions of telechelic poly-
mers in the dilute regime (not shown) reveals associations between

hydrophobic sites presumably corresponding to isolated chains,
and for contents larger than c=0.04, the two peaks indicate associ-
ations between hydrophobic sites of isolated chains and formation
of micellar aggregates in the first three concentration-regimes. The
existence of the third peak at a concentration of 0.35 suggests an
increase in the number of hydrophobic sites that form the core of
the micellar aggregates. In solutions of multi-sticker polymers, gus(1)
exhibits a peak in the dilute regime and formation of aggregates
(due to the presence of two peaks) in the semi-dilute unentangled
regime. These polymers do not exhibit three peaks, suggesting that
the aggregate-cores contain smaller number of hydrophobic sites
than the aggregate-cores in telechelic polymers. It is noteworthy
that in both associative polymers, the first peak of gys(r) decreases
as c increases, suggesting a larger number of associations among
hydrophobic sites in aggregate-cores and between hydrophobic
sites of different aggregates.

Fig. 4 shows the coordination numbers (n.) of both associa-
tive polymers in the whole concentration range. Since they do
not exhibit the same number of peaks of the function gys(r), n¢
was obtained from the first peak (r, = 1.50) corresponding to first
hydrophobic-neighbors. In multi-sticker polymers, the behavior of
n. indicates the transition between concentration regimes. Since
nc < 1.0in the dilute regime, a layer of first hydrophobic-neighbors is
present, with transient associations between hydrophobic sites. In
the semi-dilute unentangled regime, n. > 1.0 indicates the existence
of a permanent shell of first hydrophobic-neighbors, presumably
due to the formation of aggregates with a core with reduced
number of hydrophobic sites. The number of first hydrophobic-
neighbors tends to remain constant with a value close to 5.0.

In telechelic polymers, n.=0.12 at a concentration of 0.02 (see
Fig. 4), indicating absence of interactions between hydrophobic
sites (HS); hence at this concentration these polymers exhibit the
lower Newtonian viscosity (see Fig. 3). Upon increasing concentra-
tion, a permanent shell of first hydrophobic-neighbors larger than
that of the multi-sticker polymers (n. > 0.2) reveals stronger inter-
actions among HS than its counterpart in the whole concentration
range. The telechelic polymer topology allows larger HS interac-
tions with larger zero shear-rate viscosity. In the transition from
dilute to the semi-dilute unentangled regime, n. suddenly increases
from 2.5 to 3.6, remaining almost constant in the second regime.
In the transition from the second to the third regime, n. increases
from 4.0 to 5.3, and exhibits values close to 7.0 at high concentra-
tions. The nearly constant coordination number in the semi-dilute
unentangled regime and at high concentration suggests an increase
in the number of aggregates, but not in the number of chains of each
aggregate.

4.3.2. Analysis of the final configurations

Fig. 5 shows the resulting configuration of telechelic poly-
mer solutions at each concentration regime. In the dilute regime
(Fig. 5a and b), molecules are isolated at very low concentrations
(c=0.02) with weak intra-chain interactions. In the same regime
(c=0.04) two aggregates of isolated micellar-flowers emerge. In
the semi-dilute unentangled regime (Fig. 5¢) a configuration in two
dimensions corresponding to a concentration of 0.15 is shown.
The configuration has six micellar-flowers (consisting of absorbed
loops) with bridges between aggregates, dangling chains and one
isolated chain. In this regime, it is likely that a balance between the
intra and inter-chain associations exist (where each interacting HS
acts as an effective friction-site) being proportional to the lifetime
of the association [9]. Finally, in the semi-dilute entangled regime
(Fig. 5d) it is likely that most of the molecules inter-act with each
other, resulting in a configuration with visible cores, revealing an
augmented number of aggregate and bridges between aggregates
with respect to the previous regime. This configuration includes
dangling chains but not isolated chains.
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(a)

(b)

(c)

Micellar
flowers

chain

Dangling chain

.

Isolated

(d)

Fig. 5. Final configuration for a telechelic polymer solution at (a) c=0.02, (b) c=0.04, (c) c=0.15, and (d) c=0.25. Green dot (solvent particle), blue dot (hydrophobic site).
Solvent particles are omitted for clarity in (c¢). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Aggregate

Fig. 6. Final configuration for multi-sticker associative polymer solution at (a) c=0.02, (b) c=0.15. Green dot (solvent particle), blue dot (hydrophobic site). Solvent particles
are omitted for clarity in (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In multi-sticker polymers, the resulting configurations at concen-
trations of 0.02 and 0.15 (corresponding to dilute and semi-dilute
unentangled regimes) are presented in Fig. 6. In contrast to
telechelic polymers, formation of aggregates is hard to visualize. In
the dilute regime, the chains do not interact with each other since
they are mostly isolated (see Fig. 6a). Since the hydrophobic sites
are located in sites 7 and 14 of the chain, intra-chain interactions
tend to flex the isolated molecule to form a kind of knot. In both

sides of the knot, sites 8-13 form a closed loop and linked sites 1-6
and 15-20 form two tails. When the concentration increases, a set
of knots can form an aggregate, as shown in Fig. 6b. Results of n,
demonstrate that the number of HS forming the core of the new
aggregate is smaller than the HS in the core of the micellar flowers,
presumably because of topological and motion constraints of the
tails of each knot.
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Fig. 7. Structure factor (S(k)) for associative polymer solutions in the semi-dilute unentangled regime (c=0.15): (a) Telechelic, and (b) multi-sticker.

4.3.3. Structure factor

In Fig. 7 the static structure-factor of the associative polymers
in the semi-dilute unentangled regime is exposed (for c=0.15).
In Fig. 7a, the telechelic polymers structure-factor contains four
well-defined peaks suggesting polymer chains associated in micel-
lar flowers (see Fig. 5¢c). Two peaks are positioned on the line at

ky =0 with values of S(kx,0)=30.11 corresponding to kx = +0.94.
These peaks tend to approach each other (kx = +0.6) while increas-
ing intensity (S(kx)=44.54) in the multi-sticker case (see Fig. 7b).
This incremental intensity suggests an increasing alignment of
the multi-sticker polymer along the x-direction, revealing larger
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Fig. 8. Structure factor (S(k)) for associative polymer solutions above the semi-dilute entangled regime (c=0.55): (a) Telechelic, and (b) multi-sticker.

molecular mobility and lower viscosity than those of the telechelic located at 45° above the horizontal with values of S(ky, ky)=14.17.

polymers [56]. The lower intensity respect to the second regime is associated to a
Above the semi-dilute unentangled regime (c=0.55), the large light absorption as the concentration increases [56].
telechelic polymer exhibits four peaks (see Fig. 8a) two of them The multi-sticker polymers also exhibit four peaks (see Fig. 8b),

are weak and oriented at 135°, while two well-defined peaks are two of them are weak located at 45° and the other two are well-
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Fig. 9. First normal stress difference (N;) as a function of shear rate (3) for unmodified and associative polymer solutions, at c=0.15 (points) and c=0.35 (lines-points).

defined with values of S(ky, ky)=13.08 located at 135°. Notice that
the weak peaks in the telechelic polymer evolve into well-defined
peaks in the multi-sticker polymer and viceversa, suggesting simi-
lar ordering of the aggregates but positioned at different regions of
the simulation box. The observed wider peaks in the multi-sticker
polymer implies a structure with a degree of isotropy, which may be
explains the slope corresponding to the third regime of the viscosity
variation with concentration (1¢(c)).

4.4. Other material functions

Results of the first normal-stress difference (N7 ) corresponding
to the second and third concentration regimes are presented. Nq
signals the presence of a non-isotropic configuration related to the
elasticity under shear-flow. It is expected that the position of the
hydrophobic sites in the chain have an effect upon the elasticity of
the solution.

The variation of the first normal-stress difference (N1 ) as a func-
tion of shear rate (y) for the three solutions (at concentrations of
0.15and 0.35 corresponding to semi-dilute unentangled and entan-
gled regimes) is presented in Fig. 9. In the second regime, results
of the multi-sticker polymer show no difference with the unmodi-
fied polymer, indicating that the hydrophobic groups have a weak
effect on polymer conformation. At low rate of strain (y = 0.001),
N; of the telechelic polymer is almost two orders of magnitude
larger than of the reference polymer, revealing a highly- elas-
tic non-isotropic structure. A similar behavior is observed in the
semi-dilute entangled regime (c=0.35), along which the telechelic
polymer exhibits the larger N; associated to an elastic network (see
Fig. 5d).In the semi-dilute entangled regime, the hydrophobic asso-
ciations of the multi-sticker polymer are strong enough, and hence
possessing larger elasticity than that of the unmodified reference
polymer at low shear-rates.

5. Conclusions

In this work, molecular-dynamics simulations are employed to
describe the effect of hydrophobic groups on the rheological behav-
ior of telechelic and multi-sticker associative polymer solutions
with respect to that of the reference, unmodified polymers. The
polymer molecules are represented according to the Kremer and
Grest model [55] within a coarse-grain simulation scale. An attrac-

tive potential is included to reproduce the interactions between
hydrophobic sites. A simple shear flow is generated by solving the
equations of motion under the NVT ensemble and SLLOD dynam-
ics [51], where a Nose-Hoover thermostat is used to maintain a
constant temperature.

Three concentration regimes are identified: (1) dilute, (2) semi-
dilute unentangled and (3) semi-dilute entangled. Simulations
were performed within a wide concentration range per site, and
transitions among the concentration regimes are common to
modified and unmodified polymers. In the dilute regime, the multi-
sticker polymer exhibits a Newtonian region of constant viscosity
contrasting with the behavior exhibited by telechelic polymers,
where the Newtonian region is followed by shear thickening. A
structural analysis reveals the presence of a transient first-layer
of hydrophobic neighbors, which is associated with the viscosity of
the associative polymer. The configuration at long times indicates
that the molecules are isolated, so that the majority of hydropho-
bic interactions occur between sites of the same chain. In this
regime, molecular conformation depends on the type of polymer; in
the telechelic polymers, molecules form closed and/or open loops,
while in the multi-sticker case, molecules tend to form knots.

In the unentangled semi-dilute regime, both associative polymers
exhibit a Newtonian region followed by shear thinning; the thick-
ening exhibited by the telechelic polymers in the dilute regime
tends to disappear in this regime. Newtonian viscosity of the multi-
sticker polymer is slightly higher than that of the unmodified
polymer, while the telechelic ones experience a sudden increase
with a slope of 4.4. According to the Rubinstein et al. theory [9], the
slope indicates that two separated hydrophobic sites can always
find another association with a third site. In this regime, the associa-
tive polymers form aggregates, where the amount of hydrophobic
sites in the core is larger in the telechelic polymers. The configura-
tion of the telechelic polymer reveals micellar flowers connected
by bridges, where a flower is formed by a collection of closed
loops. At low shear-rates, the connection between aggregates gen-
erates a non-isotropic structure with an elasticity level of almost
two-orders of magnitude larger than that of the unmodified poly-
mer. The static structure factor suggests an increasing alignment
of the multi-sticker polymer along the x-direction, revealing larger
molecular mobility and lower viscosity than those of the telechelic
polymers.
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In the entangled semi-dilute regime and even at high concentra-
tions, the viscosity of the associative polymers in Newtonian region
is considerably larger than that of their unmodified counterparts,
such that the shear-thinning region exhibits a slope two-fold larger
at high concentrations. At large shear-rates, the three polymers
tend to similar shear-viscosity values. Both associative polymers
exhibit a permanent shell of first hydrophobic neighbors indicating
the presence of aggregates. In the case of the telechelic polymers,
these aggregates constitute a highly elastic network, without the
presence of isolated chains.

Finally, these results reveal that the hydrophobic groups and
their position in the molecule have a strong influence upon the vis-
coelastic behavior of associative polymers. In the telechelic case,
their influence is observed even within the dilute regime (aggre-
gates formation with connections among them which induces
increasing viscosity and elasticity at low shear-rates). When the
hydrophobic groups are located along the molecule contour, topo-
logical constraints restrict the hydrophobic interactions, and the
thickening appears only within the third regime.
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