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A B S T R A C T

Understanding the interfacial behavior of PEGs and water-PEG interaction in montmorillonite (MMT) interlayer
is of great importance to the design of high-performance drilling fluids. In this work, we apply molecular dy-
namic (MD) simulations to study the structural properties of three low molecular weight PEGs (PEG2, PEG4 and
PEG8) in MMT interlayers. We found that PEG2 incline to be parallel to the MMT surfaces, while PEG4 molecules
tend to form a crown-like structure, hosting Na+ ions within. PEG8 molecules likely adopt helical or coil con-
figurations caging Na+ inside. Thanks to the wrapping and caging effect, hydration ability of Na+ ion is sig-
nificantly reduced. Moreover, at a higher concentration with PEG4 and PEG8, more Na+ ions are trapped in the
middle of the pore due to the PEG caging. As PEG concentration increases, some water molecules are displaced
from the pore surface. As a result, the hydrogen bonding number between water and pore surface decreases.
Furthermore, the diffusion coefficients of water and Na+ ions are suppressed in the presence of PEGs. Our study
provides important insights into the structural properties of water, counter-ions, and PEG molecules in MMT
interlayers and the optimization of high-performance drilling fluids.

1. Introduction

As one of the most common minerals in the strata, clay is one type of
layered materials [1,2]. Polymer adsorption in clay interlayers is of
fundamental importance for many engineering applications, such as
geological storage of toxic and radioactive wastes [3–5], oil recovery
enhancement [6], nanocomposite [7–9], and additives in water-based
drilling fluids (WBDFs) [10–16], which have been widely employed to
drill oil/gas wells due to their low toxicity and excellent performance
[16–21]. Montmorillonite (MMT), a common clay mineral, consists of
stacks of negatively charged layers, neutralized by Na+ or Ca2+ cations
[22–25]. The exchangeable counter-ions and charged MMT surfaces can
attract water molecules, resulting in clay hydration and swelling
[26–28]. During oil/gas exploration and production, clay swelling may
induce borehole instability, which can significantly increase drilling
costs [19,29–33]. To develop high-performance drilling fluids, poly-
ethylene glycols (PEGs), which are environmentally friendly and bio-
degradable [11,34], have been introduced into WBDFs to effectively
minimize clay swelling [10,11,15,16]. There are several proposed me-
chanisms about clay swelling inhibition due to PEGs: 1) PEG molecules
diffuse into the MMT interlayers and spontaneously displace water

molecules [29,35]; 2) Adsorbed PEG molecules disrupt the hydrogen
bonding between water molecules and clay surfaces, while they form
hydrogen bonding with clay surfaces [36,37]; 3) PEG molecules may
disturb water hydration around counter-ions [37]. Therefore, the
knowledge about the structural and dynamic properties of water,
counter-ions, and PEG molecules in MMT interlayers can provide key
insights into the swelling inhibition mechanisms and optimization of
drilling fluids.

There have been several experimental studies of structural proper-
ties of PEGs in clay minerals [8,35,38–42]. Parfitt et al. [35] measured
the adsorption isotherms of various PEGs with molecular weight ran-
ging from 200 to 20,000 in MMT saturated with various counter-ions at
275 and 298 K. They found that as PEG molecular weight increases, the
free energies of adsorption become more negative, while entropy
changes become increasingly positive. Aston et al. [37] investigated the
effect of glycol additives on shale physical properties such as dispersion,
swelling and hardness. They observed that glycol additives can displace
water from clay, indicating a stronger affinity for glycol with clay
surface than that for water. Su et al. [42] investigated PEO adsorption
on various smectites and reported that the hydrophobic interaction
between -CH2- groups and siloxane surface of clay is the major driving
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force for PEO adsorption on smectite. De Souza et al. [40] studied the
adsorption behavior of PEGs with a wide range of molar mass by XRD
and thermos-gravimetric analysis. It is assumed that PEG molecules can
be adsorbed on clay surface by competing with the water molecules to
stabilize shale cuttings. Aranda et al. [43] investigated PEO intercala-
tion into 2:1 charged phyllosilicates. They proposed that PEOs may
adopt helical conformations in the interlayer region wrapping counter-
ions to form a Na+-PEO complex. While these measurements provided
important insights into PEG adsorption on clay surface and inhibition
mechanism, experimental measurements are unable to elucidate the
structural and dynamic properties of MMT interlayer species from
molecular perspectives.

Computer simulation has been proven as a promising technique to
investigate structural and dynamic properties of clay-water systems
from an atomistic level [24,25,44–48]. The microscopic structures of
PEG adsorption on clay basal surfaces have been reported
[29,33,49–52]. Bains et al. [29] used grand canonical Monte Carlo
(GCMC) and molecular dynamic (MD) simulations to study the inhibi-
tion mechanism of clay swelling by PEG300 at 300 K. They indicated
that PEG molecules in clay interlayers can incur water desorption, re-
sulting in a reduced clay swelling tendency. However, they used rigid
PEG molecules, while ignoring their flexibility. Suter et al. [33] simu-
lated clay-PEG systems by removing water molecules step-by-step at

300 K and quantified hydration energies at various water contents.
They suggested that low molecular weight or low concentration of PEG
is required for effective clay swelling inhibition. Anderson et al. [49]
used MD simulations to investigate the interaction between PEG with
molecular weight of 414 and MMT at 300 K. They did not observe the
evidence of hydrogen-bond interaction between the PEG alcohol groups
and clay tetrahedral O atoms, indicating that in the presence of water
and counter-ions, PEG molecules are unlikely to adsorb strongly at the
clay surface. To some extent, these previous studies can partially im-
plicate the swelling inhibition mechanisms, but they did not reveal the
structural and dynamic properties of clay interlayer species in relation
to clay swelling.

Therefore, in this work, we explicitly study the structural and dy-
namic properties of water, counter-ions, and PEG molecules with
varying chain lengths and concentrations in MMT interlayers at 300 K
and 1 atm by using MD simulations. PEGs with molecular weight
greater than or equal to 200 g/mol have been used for wellbore stability
[53]. In fact, PEGs used in WBDFs consist of a mixture of various PEG
species. Thus, three different PEG molecules with carbon numbers of 2
(PEG2), 4 (PEG4), 8 (PEG8) are chosen as the target candidates in this
work. We also evaluate the effect of PEGs on interfacial and mobility
properties of water and counter-ions, which are Na+ ions in this work.
The hydration behavior of Na+ ion in the presence of PEGs and water is

Fig. 1. Molecular structures and formula of PEGs with different molecular weights. Color scheme: white, H; red, O; cyan, C. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Snapshot of the equilibrated MMT inter-
layer filled with water of 0.3 g/clay g and 4 wt%
PEG8 with a d-spacing of 17.5 Å. Color scheme:
yellow, Si; green, Al; red, O; white, H; blue, Na;
pink, Mg; cyan, C. The blue line frame represents
the box boundary. (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the web version of this article.)
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demonstrated. We found that PEGs with varying chain lengths exhibit
various configurations when intercalated into MMT interlayers. The
introduction of PEGs lowers diffusion coefficients of water as well as
Na+ ion. Furthermore, Na+ ion hydration ability is significantly sup-
pressed when they are surrounded by PEG4 and PEG8 molecules. Our
work should provide important insights into the performance of PEGs in
MMT interlayers and shed some lights onto the clay swelling inhibition
mechanism by PEGs.

This paper is organized as follows. In Section 2, we introduce the
molecular models and simulation methods. In Section 3, we analyze the
adsorption behavior of interlayer species, hydrogen bond, diffusion
coefficients of water and Na+ ions, and Na+ ion hydration behavior. In
Section 4, we summarize the key conclusions and discuss the potential
implications.

2. Molecular model and simulations

2.1. Molecular models

All MD simulations are carried out with LAMMPS package [54].
Wyoming-type montmorillonite of unit cell formula Na0.75(Si7.75Al0.25)
(Al3.5Mg0.5)O20(OH)4 is used to model the MMT substrate [25,45]. The
model system consists of two clay sheets, each consists of 20 × 10 × 1
crystallographic unit cells with a dimension of 105.6 Å × 91.4 Å ×
6.56 Å. The molecular structure and formula of PEGs used in this work
are shown in Fig. 1. It is suggested that 3 wt%~10 wt% PEGs are
commonly used during drilling operation [31,39]. We add 4 wt%, 8 wt
%, and 12 wt% PEGs to the system with 4800 H2O molecules (corre-
sponding to water content as 0.3 g/clay g) to investigate the effect of
PEG concentration. The number of various PEGs employed in the

Fig. 3. Snapshots of the equilibrated systems with 4 wt% (a) PEG2; (b) PEG4; (c) PEG8 in MMT interlayers at 300 K. For clarity, we omit the water molecules and
Na+ ions. The color scheme is the same as in Fig. 1.
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simulations is listed in Table S1.

2.2. Force fields

The Lennard-Jones and partial charge parameters of MMT are taken
from the CLAYFF force field [55] which can accurately reproduce

structural and spectroscopic properties of clays as well as dynamical
and energetic properties of clay interlayers and aqueous interfaces
[44,46,48,50,51]. Flexible simple point charge (SPC) model [56] is
applied to simulate water molecules. Na+ ions are simulated by using
the parameters from Smith et al. [57]. These force fields have been
proven to be compatible with each other. The OPLS-AA force field [58]

Fig. 4. Angle distributions of (a) PEG2; (b) PEG4 for various concentrations.

Fig. 5. Density profiles of C and O atoms of (a) PEG2; (b) PEG4; (c) PEG8 for 4 wt% at 300 K. Z = 0 represents the position of outmost tetrahedral O for all the
simulation system.

Fig. 6. Density profiles of Ow (solid line) and Hw (short dot line) in the presence of (a) PEG2; (b) PEG4; (c) PEG8.
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which has shown an excellent performance for modeling organic mo-
lecules is adopted to simulate PEG molecules. Extensive examples of the
combination of CLAYFF and OPLS-AA have been reported to investigate
the interactions between organic molecules and clay minerals
[51,59–61].

The interactions between atoms are modeled as pairwise additive
potentials including Lennard-Jones (LJ) 12-6 and coulomb potentials,
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where rij, ij, and ij, qi are the separation distance, LJ well depth, and LJ
size, the partial charge of atom i, respectively. The Lorentz–Berthelot
mixing rule [62] is used to calculate interactions between atoms with
different LJ parameters. The non-bond interactions are truncated at a
distance of 12 Å with shift. The long-range electrostatic interactions are
treated with the particle-particle particle-mesh (PPPM) method [63]
with a precision value of 10−4. Three-dimensional periodic boundary
conditions are applied to the simulation cell.

2.3. Simulation details

First, we validate our model by calculating the basal spacing of Na-
MMT with different water contents in the absence of PEG using the
NP Tz ensemble [25,45,46,48] (i.e., with a fixed number of molecules, a
constant pressure in the z-direction normal to the clay substrates, and a
constant temperature) at 300 K and 1 atm. The interlayer spacing dis-
tances with varying water contents show an excellent agreement with
previous simulations and experiments [25,26,46,48,64–66] as shown in
Table S2.

After the calibration, we simulate the system without PEG (i.e. 0 wt
%), and then water molecules and Na+ ions altogether with PEG mo-
lecules are introduced into the simulation box.

Firstly, we applied the NPzT ensemble for 1.5 ns to obtain the
equilibrium basal spacings for various PEG concentrations as shown in
Table S3. We find that the basal spacing increases as more PEG mole-
cules are intercalated into the MMT interlayers. The system is then
equilibrated by the NVT (constant number of particles, volume and
temperature) ensemble by keeping the MMT sheets fixed for 20 ns
(from =t 0 to =t 20 ns), followed by 10-ns production runs (from

=t 20 ns to =t 30 ns) for data analysis. A snapshot of MD-equilibrated
system presented by VMD package [67] with 4 wt% PEG8 is shown in
Fig. 2. System temperature is maintained by the Nośe–Hoover ther-
mostat [68] using a relaxation time of 0.1 ps. The equations of motion
are integrated by the Verlet algorithm [69] with a time step of 1 fs with
an interval of 0.02 ps to collect statistics data and the interval for re-
cording trajectories is 0.3 ps.

Atomic trajectories of 600-ps NVT simulation are stored every
0.3 ps for Na+ ion and water diffusion analysis. Two-dimensional self-
diffusion coefficients in the x-y plane (Dxy) are calculated from the

mean-square displacement (MSD) according to the Einstein equation
[70],
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where N is the number of molecules, r t( )i is the center-of-mass position
of the i-th molecule at time t , r t( )0 is the center-of-mass position of the
i-th molecule at time 0. To minimize the error, Dxy is calculated based
on the data between 150 and 400 ps [71].

3. Results and discussion

We calculate the distribution of various interlayer species including
PEGs, water and Na+ ions and analyze the diffusion coefficients of
water and Na+ ions. In the end, we discuss the Na+ ion hydration
behavior in the presence of PEGs.

3.1. Distribution and structural properties of interlayer species

3.1.1. Polyethylene glycols
Snapshots of the equilibrated systems with 4 wt% PEG2, PEG4 and

PEG8 molecules intercalated in MMT interlayers are shown in Fig. 3. It
is worth noting that these PEG compounds exhibit different con-
formational characteristics owing to their molecular configurations and
confinement effect. Most PEG2 molecules incline to be parallel to the
clay surface with a stretched form, while PEG4 molecules tend to form a
crown-like structure. Interestingly, PEG8 molecules are likely to adopt
helical or coil configurations, which is also observed in previous studies
of PEGs immersed in aqueous solutions in the single-wall carbon na-
notubes (SWCNTs) [72]. Such structure is also in line with the hy-
pothesis proposed by Aranda et al. [43]. To better illustrate the or-
ientation properties of PEGs, we present the angle distributions [73] of
PEG2 and PEG4 in Fig. 4. The details about the angle definitions are
described in Figure S1. For PEG2, the angle distribution has a peak at
~90° for all concentrations, corresponding to a parallel orientation. On
the other hand, for PEG4, at low concentrations, there are one peak at
~90° and two shoulders at ~55° and ~125° indicating standing (with
line connecting two head C atoms parallel to the surface) and tilting
orientations, respectively. As PEG4 concentration increases, the peak at
~90° gradually vanishes, while the shoulders are further shifting to two
sides, indicating that most PEG4 molecules tend to orient lying (with
line connecting two head C atoms perpendicular to the surface) on the
surface. We also present the radius of gyration Rg [74] of various PEGs
at different concentrations in Table S4. It shows that Rg of PEG8 is much
smaller than the half of its stretched size, manifesting a folded con-
formation.

In order to further investigate the structural properties of PEGs, the
number density distributions of C and O atoms in the PEG molecules for
4 wt% along the z-direction are shown in Fig. 5. Here Z = 0 represents

Fig. 7. S Z( ) of water molecules in the presence of (a) PEG2; (b) PEG4; (c) PEG8.
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the position of outmost tetrahedral O for all the simulation system. For
all PEGs, C atoms show adsorption layers near the clay surface. The
peak position of C atom distributions is closer to the surface than O
atoms except those belonging to –OH groups (O1) in line with Su et al.
[42]. O1 distributions show a minor shoulder close to the surface with a
major peak in the middle of the pores. It is because most –OH groups of
PEG molecules prefer to hydrate with water or coordinate with Na+

ions away from the pore surface, while only a small amount of –OH
groups form hydrogen bonds with the clay tetrahedral surface. Similar

phenomena are also observed for the cases of 8 wt% and 12 wt% as
shown in Figure S2. However, for PEG4, the minor shoulder of O1
disappears at 12 wt%, which is consistent with their favorable or-
ientation as lying on the surface.

3.1.2. Water
Number density profiles of water oxygen (Ow) and hydrogen (Hw)

with varying PEG concentrations are presented in Fig. 6. The Ow shows
adsorption layers in the vicinity of the surface indicating a strong

Fig. 8. Snapshots of some typical configurations of (a) PEG2; (b) PEG4; (c) PEG8 molecules with Na+ ions. For clarity, water molecules are omitted. The color scheme
is the same as in Fig. 1.
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affinity between water and clay surface. The peak value of Ow and Hw
close to the surface decreases after adding PEGs, suggesting that PEGs
are capable of displacing water from the pore surface in line with the
previous work [37].

The orientation of water molecules can be described by the

orientation-order parameter S Z( ) [22,75],

=S Z( ) 1.5 cos 0.52 (3)

where is the angle between the dipole moment of water molecule and
the z-axis and represents the ensemble averages. If all water molecules

Fig. 9. Representative snapshots of
various first hydration shells around
Na+ ions. (a) Na+ ion purely hydrated
by water for the system containing 4 wt
% PEG2; (b) Na+ ion hydrated by water
and PEG2 for the system containing
4 wt% PEG2; (c) Na+ ion hydrated by
water and PEG4 for the system con-
taining 4 wt% PEG4; (d ~ f) Na+ ions
hydrated by water and PEG8 for the
system containing 4 wt% PEG8. The
green and red dotted lines denote the
distances from Na+ ions to the co-
ordinated O atoms in water and PEG
molecules, respectively. The H atoms of
–CH2- groups in PEG molecules are
omitted for clarity. The color scheme is
the same as Fig. 1. (For interpretation of
the references to color in this figure le-
gend, the reader is referred to the web
version of this article.)

Fig. 10. Snapshots of one Na+-PEG4 complex at (a) =t 20.5 ns; (b) =t 21 ns; (c) =t 21.5 ns; (d) =t 22 ns; (e) =t 22.5 ns; (f) =t 23 ns.
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are perpendicular to the clay surface, =S Z( ) 1; when they are parallel
to the pore surface, =S Z( ) 0.5; =S Z( ) 0 represents a random or-
ientation. Fig. 7 shows S Z( ) of water molecules before and after adding
PEGs. In the proximity of pore surface, water molecules incline to be
perpendicular to the surface while a random distribution is observed in
the middle of the pores. Overall, the introduction of PEGs has little
influence on the water orientation near the pore surface, while some
minor changes are observed in the middle of the pores.

3.1.3. Na+ ions
It is generally believed that the hydration of counter-ions is one of

the driving forces to absorb water into the clay interlayers, which re-
sults in clay swelling. Therefore, it is crucial to investigate the effect of
PEGs on the Na+ hydration structure. The hydration behavior of Na+

ions in the MMT interlayers can be demonstrated by the radial

distribution density (RDD) [76] and the coordination number (CN). The
RDD for species B around species A in confinement space rg ( )A B is
given as,

=r
r

dN
dr

g ( ) 1
4A B

A B
2 (4)

where dNA B is the average number of species B around species A be-
tween the distance of r and r + dr.

The CN as a function of distance r can be obtained by rg ( )A B [70],

=r r g r drCN( ) 4 ( )
r

A B0
2

(5)

The hydration number (HN) can be defined as the CN of Ow around
Na+ obtained from the integration shown in Eq. (5) from =r 0 to the
first minimum after the first peak in RDD. The RDD curves for Na+-Ow

are presented in Figure S3 and the HN is listed in Table S5. The first

Fig. 11. Number density (ND) distributions of Na+ ion and its hydration number (HN) distributions in the presence of (a) PEG2; (b) PEG4; (c) PEG8. We highlight the
Na+ ions hydration structures with inner-sphere (top-right) and outer-sphere (bottom-right) forms, respectively, in the presence of 12 wt% PEG4.
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peak of Na+-Ow occurs at ~2.355 Å, which agrees well with the pre-
vious MD simulations [77,78]. For all cases, the first peak value in RDD
curves decreases as PEG content increases. As a result, the HN decreases
as PEG concentration increases. The smaller HN appears in the presence
of PEG4 and PEG8 molecules. It is because PEG4 and PEG8 are likely to
wrap Na+ ions and cage them inside by cutting off their connection
with water molecules as shown in Fig. 8. On the other hand, for PEG2,
the caging structure is not obvious. In addition, it is observed that such
Na+-PEG complex mainly appears in the middle of the MMT interlayers
as displayed in Figure S4. Similar phenomenon has been reported for
PEGs interacting with K+ and Na+ ions in MMT interlayers [33,50].
However, we note that these works did not consider the presence of
water, which may not conform to the realistic aqueous environment
during drilling operation.

To better explain the suppressed hydration of Na+ ions, we present
the snapshots of different hydration states of Na+ ions with/without
PEGs in MMT interlayers in Fig. 9. In general, Na+ ions tend to be
hydrated by five water molecules, if not wrapped by PEGs. The number
of water molecules in the first hydration shell of Na+ ion drastically
declines, once Na+ ion is wrapped by PEG molecules. It should be noted
that PEG8 can chelate with one or two Na+ ions, while PEG2 and PEG4
generally can only coordinate with one Na+ ion. In addition, PEG8 is
capable of forming a helical cage fully coating Na+ ions to further re-
duce their HN.

To illustrate the stability of Na+-PEG complex, in Fig. 10, we pre-
sent the snapshots of dynamic evolution for one Na+-PEG4 complex
from 20 ns to 23 ns (A video is available as the supplementary mate-
rial). This Na+-PEG4 complex moves as a whole, indicating a high
stability. A similar phenomenon observed for Na+-PEG8 complex is

presented in Figure S5. While PEG8 can accommodate two Na+ ions,
one of them may escape from the caging during the process. In contrast,
PEG2 cannot form a stable Na+-PEG2 complex.

To better understand the effect of PEGs on Na+ ion hydration in
different regions, in Fig. 11, we show the number density distributions
of Na+ ion and its HN distributions for various PEG concentrations.
Na+ ions form both inner- and outer-sphere surface complexes in the
MMT interlayers, in an agreement with the earlier simulation works
[48,79]. As PEG amount increases, the peak value of Na+ ion dis-
tribution near the pore surface slightly increases as some water mole-
cules on the surface are depleted. The second peak in Na+ ion dis-
tribution drastically decreases, as PEG concentration increases. For
12 wt% PEG4 and PEG8, Na+ ions accumulate in the middle of the
pores. It is probably because PEG4 and PEG8 can wrap and cage Na+

ions as shown in Fig. 8, while such Na+-PEG4 and Na+-PEG8 com-
plexes mainly form in the middle of the pores. Close to the pore surface,
Na+ ions form inner-sphere structure, which can only coordinate with
water molecules in a hemisphere shell, while those away from the pore
surface can form out-sphere structure coordinating with water mole-
cules in a spherical shell. The HN of Na+ ion in the second peak of its
distributions is about two times of that in the first peak. In the presence
of PEGs, HN of Na+ ion drastically decreases in the middle of the pores
while those in other regions remain the same. It is due to the formation
of Na+-PEG complexes. In contrast to PEG2, PEG4 and PEG8 are cap-
able of forming more stable Na+-PEG complexes which can drastically
reduce the hydration of Na+ ions as shown in Fig. 9. As there are more
Na+ ions with a lower hydration number in the middle of the MMT
interlayers in the presence of PEG4 and PEG8, the average hydration
number of Na+ ions after adding PEG4 and PEG8 is lower as shown in

Fig. 12. The ensemble averaged total hydrogen bond number between (a) PEG and surface; (b) water and surface in the presence of various PEGs.

Fig. 13. The x-y plane diffusion coefficients of (a) water; (b) Na+ ions as a function of PEGs weight percent.
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Table S5.

3.2. Hydrogen bond

MMT has a high propensity to absorb water by forming hydrogen
bonding between water and aluminate and silicate groups of the sub-
strates [31]. It is assumed that PEG molecules can form hydrogen bonds
with tetrahedral sheets disrupting the hydrogen bonding network
formed between water molecules and clay surface. Thus, it is important
to investigate the hydrogen bonds between PEG and clay surface and
the change in the hydrogen bonding number between water and surface
after adding PEG. In this work, the hydrogen bonds are identified using
a geometrical criterion, according to which a hydrogen bond is de-
termined if rO⋯H < 3.5 Å and ∠O⋯O–H ≤ 30° [80]. The ensemble
averaged total hydrogen bonding number between PEG and surface and
that between water and surface is shown in Fig. 12. All PEGs can form
hydrogen bonds with the MMT surface. The total hydrogen bond
number between PEG2 and surface increases as PEG2 concentration
increases. On the other hand, for PEG4 and PEG8, the total hydrogen
bond number between PEG and surface shows a non-monotonic beha-
vior with their concentration. It is probably because PEG4 and PEG8
can form Na+-PEG4 and Na+-PEG8 complexes, respectively, while
these complexes mainly form in the middle of the pores. The total hy-
drogen bond number between PEG4 and surface is slightly smaller than
that of PEG2 at 4 wt%, while the number of PEG2 molecules in the
MMT interlayers is almost two times of that of PEG4. As shown in
Fig. 4, PEG4 has a higher propensity to stand on the surface at 4 wt%,
which is favorable to form hydrogen bonds with pore surface. In ad-
dition, as shown in Fig. 5, PEG2 and PEG4 O1 distributions on the pore
surface are comparable. As shown in Fig. 4, as PEG4 concentration
increases, they tend to take the tilting configuration which has a lower
hydrogen bonding number between PEG4 and surface than the standing
one. On the other hand, as water molecules are depleted from the pore
surface due to the introduction of PEG molecules, the total hydrogen
bond number between water and surface gradually decreases as PEG
concentration increases.

3.3. Diffusion coefficients

The x-y plane diffusion coefficients are estimated from the slope of
the mean square displacements of the water and Na+ ions versus time,
which are presented in Table S6. To get a better understanding of the
effect of PEGs on the mobility of water and Na+ ions, the diffusion
coefficient variation as a function of PEG concentration are shown in
Fig. 13. The calculated diffusion coefficients of Na+ ions and water
without PEGs are in a reasonable agreement with the previous simu-
lation results [2,81]. Generally, water diffusion coefficient drops line-
arly as PEG concentration increases, while the effect of PEG types is
negligible. It is because the introduction of PEGs increases fluid visc-
osity. On the other hand, for Na+ ion, while the diffusion coefficient
decreases due to the presence of PEGs, PEG4 has a more pronounced
effect than PEG8, and then followed by PEG2. It is probably due to the
formation of Na+-PEGs complexes, which significantly limits Na+ ion
mobility. PEG4 and PEG8 can form a caging structure to wrap Na+

inside, which can be quite stable as shown in Fig. 10. While molecular
weight of PEG8 is almost twice of that of PEG4, the PEG8 cannot always
wrap two Na+ ions inside. Therefore, Na+ ion mobility is slightly
higher in the presence of PEG8 than that of PEG4 at the same PEG
weight percent. We also present the diffusion coefficients in the x- and
y- directions in Figure S6. It shows that the diffusion coefficients are
isotropic in the x- and y- directions.

4. Conclusion

In this work, we used MD simulations to study the structural and
dynamic properties of water, Na+ ions and PEGs with varying chain

length and concentration in MMT interlayers. We found that PEGs with
varying chain length exhibit diverse configurations when intercalating
into the MMT interlayer. PEG2 have a propensity to distribute parallel
to the surface, while PEG4 and PEG8 molecules incline to form a crown-
like or coil structure. In the presence of PEG4 and PEG8, Na+ caging
mainly occurs in the middle of the MMT interlayers, which significantly
reduces the hydration ability of Na+, while Na+ hydration is nearly
unaffected close to the pore surface. We also found that PEGs can dis-
place water molecules from the pore surface, forming hydrogen
bonding with the pore surface. As a result, the hydrogen bonding
number between water and pore surface decreases due to the in-
troduction of PEGs. However, PEGs have a negligible effect on the or-
ientation of water molecules on the pores surface. Furthermore, the
formation of Na+-PEG4 and Na+-PEG8 complexes can greatly reduce
Na+ ion mobility. Our work systematically studied the structural and
dynamic properties of MMT interlayer species and may provide im-
portant insights into the clay swelling inhibition mechanisms and ra-
tional design of high-performance water-based drilling fluid additives.
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