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A B S T R A C T

The transport of ions throughout the nano-channels is vital to the performance of porous materials. Here, a novel
smart polymer with both hydrophilic and hydrophobic components was designed by molecular dynamics to
regulate the capillary penetration process in cement-based materials, which determines the overall durability.
The polymer structure owns carboxyl groups at one end, which are strongly attracted by the surface of a ce-
mentitious matrix due to the high polarity, as well as several alkyl groups. The polymer chain acts like a uni-
lateral gate, which is open (lie on the matrix surface) when the nano-pore is anhydrous. However, it can be
closed rapidly (stand upright, vertical to the matrix), utilizing the hydrophobic groups to maximize the transport
inhibiting effect once in contact with the advancing fluids. Furthermore, a fluid transport inhibitor was fabri-
cated based on the above mechanisms and added to the concrete mixtures. The experimental results indicate
after the incorporation of this inhibitor, the water adsorption amount and chloride ion migration rate of concrete
experience a huge decrease, indicating a substantial enhancement in the durability of samples. The surface
interactions interpreted here may also shed new light on the understandings of smart polymers and their ap-
plications onto various matrixes.

1. Introduction

The transport of water and ions throughout the nano-channels is
vital to the overall performance of porous materials. The corrosion of
reinforcing steels caused by the chlorides penetration throughout the
concrete cover is considered as the main problem in the durability is-
sues of reinforced concrete structures.[1,3] Calcium silicate hydrates
(C-S-H), the main hydration product of ordinary Portland cement,
contains large numbers of gel pores with several nanometers to several
hundred nanometers, which provide the transport path for chloride
ions. Reversely, the transport and adsorption behaviors of water and
ions in those pores are vital to the strength developments, volume
stability, and durability of cementitious materials.[3–8]3 Therefore,
effective control on the transport of fluids through those nano-channels
is in urgent demand.

So far, researchers have employed well-dispersed nano-materials to

fill in the gel pores of cement-based materials, to block the transport
channels of fluids [9]. Oltulu et al. found that mortar was highly per-
meation resistant after the addition of nano-silica and nano-alumina,
due to the pore structure was optimized and the interface transition
zone between cement paste and aggregate was enhanced [10]. Zhang
et al. also concluded the positive effect of nano-silica on the resistance
of chloride penetration in concrete, and they stated that the in-
corporation of carbon nanotubes was even more effective [11]. Re-
cently, smart polymers, which are highly controllable, reversible, and
responsive to the external stimuli, have raised extensive attention. In-
telligent adjustments of fluids transport can be achieved by the in-
troduction of smart polymers, relying on their conformational trans-
formations due to the change in the parameters of pH, temperature,
light or redox potentials [11–15]. It may give birth to comprehensive
applications in the fields of materials science and life science [15–23].
The temperature-sensitive polymers are the most commonly used. After
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the modifications of poly(phenylene ether) or poly(ethylene oxide) on
the surface of nano-channels, the switch of the channels can be tunable
by the temperature control [24]. Besides, Zhang et al. concluded that
the nano-channel possessed ultrahigh ionic rectification and highly ef-
ficient selective ionic gating, after the addition of septuplet monomers
which are sensitive to the concentration of calcium ions [24,26]. Fur-
thermore, the flow transport can also be regulated by the modifications
of either interfacial frictions [27] or external pressure [28].

However, the detailed nano-interaction mechanisms still remain
unclear due to the difficulties in experimental characterization at such a
small length scale. Molecular dynamics (MD), a numerical computation
tool based on force fields, can provide significant insights into the
physical properties of the solid matrix, the transport feathers of fluids,
the conformational behaviors of organics, and so on [28–32]. It has
been successfully applied in the modeling and simulation of fluids
transport in the nano-channels of cementitious materials, with the in-
troduction and developments of suitable force fields, e.g., ClayFF
[32,34], CSHFF [35], ReaxFF [35,37] force fields. Youssef et al. pro-
posed that the surface of C-S-H nano-pores was hydrophilic due to the
orientation effect of non-bridging oxygen atoms on the hydrogen atoms
of the interfacial water molecules [38]. By over 150 cases of MD si-
mulation, Qomi et al. concluded that the chemo-physical properties of
water in C-S-H gel pores rely on the composition of the matrix [39].
Moreover, Zhou et al. stated that chloride ions can adsorb on the C-S-H
surface when confined in the nano-pores of C-S-H, while the adsorption
quantity and stability are dependent on the calcium to silicon ratio of
the surface [32,40]. Hou’s group investigated the capillary penetration
process of solutions of NaCl and Na2SO4 through the nano-channels of
C-S-H by MD simulations, and differentiate the transport features of
chlorides and sulfates.[40–43] Furthermore, the interactions between
polymers with distinct functional groups (e.g., carboxyl, hydroxyl, alkyl
groups) and the C-S-H surface have also been explored by molecular
dynamics. It is suggested that high polarity carboxyl groups contribute
to the strong adsorption of polymers on C-S-H, while the hydrophobic
alkyl groups are not attracted by the surface groups of C-S-H [43–47].

As Mindess pointed out, the typical size range of gel pores in C-S-H
is from 0.5 to 10 nm, which highly relates to the transport of water and
ions through cement-based materials.[48] Therefore, in this work, we
firstly designed a specific polymer structure utilizing molecular dy-
namics simulations, which can effectively regulate the capillary pene-
tration process in a 6 nm-width nano-channel. Afterward, this polymer
was fabricated as a novel ion transport inhibitor and added to the
concrete mixtures. Finally, macroscale durability experiments were
carried out to test the working effect of this inhibitor.

2. Methods

2.1. Computational methods

2.1.1. Computational model
To simulate the transport process of water and ions through the gel

pores of concrete, the model of calcium silicate hydrate, the main hy-
dration product of ordinary Portland cement, is selected as the ce-
mentitious matrix. A capillary pore with a width of 6 nm and length of
9 nm is constructed in between two calcium silicate sheets following the
methods in Ref.[45], as shown in the right part of Fig. 1. The left part is
the bulk fluids, which are constituted of water molecules, sodium ions,
and chloride ions. The concentration of Na+ and Cl- in the simulation is
0.5 mol/L, approaching the upper limit in the pore solution of marine
concrete[49]. Driven by the capillary tension, the fluids will penetrate
through the nano-pore of C-S-H, as the common case in concrete [50].
As mentioned above, the polymer, with one hydrophilic carboxyl group
at the end and 12 repetitive units of hydrophobic alkyl groups, is
simplified as the transport inhibitor. Four pieces of polymer chains are
placed on the transport path in the nano-pore of C-S-H, to investigate
the effect of inhibitors on the fluids transport. It should be noted that

polymers are located separately in the middle area of the capillary pore
before the fluids begin to transport, to avoid the initial adsorption. In
total, the computational model owns over 20,000 atoms, to guarantee
that simulation results are statistically reliable.

2.1.2. Force fields and simulation details
The ClayFF and CVFF force fields were combined in this work to

describe the inorganic and organic system, respectively. ClayFF force
field [51] was utilized to depict the interactions between Ca, Si, O, and
H atoms in the C-S-H gel. Metal-oxygen interactions are calculated by a
Lennard-Jones function and a Coulombic term. The water, hydroxyl,
and oxygen-oxygen interactions in the fluids are expressed by the
classic single point charge (SPC) model [52]. ClayFF force field has
already been used to successfully model the structures of cement hy-
drates, the interactions between aqueous species and hydrate surface,
and the behavior of water and ionic species in the interlayers of calcium
silicate hydrate because of the good transferability and reliability
[39,53]. On the other hand, the consistent valence force field (CVFF)
has been widely utilized in modeling the organic molecules, especially
fitted to small carboxylic acids. Structures and binding energies, vi-
brational frequencies and conformational energies can be accurately
calculated using CVFF force field. Besides the Lennard-Jones function
and Coulombic term, it also defines the intra-molecular potential, e.g.,
the energy of deformation of bond lengths, bond angles, torsion angles,
and out-of-plane interactions [53,55]. The interaction parameters be-
tween organic and inorganic atoms are determined according to the
mean rule. Distance parameters are calculated by arithmetic mean rule,
while energy parameters are calculated by geometric mean rule
[44,56].

The simulations were performed using the LAMMPS software [57],
and the periodic boundary condition was applied to all x, y, z-directions
of the model. The energy was minimized to eliminate inappropriate
atomic coordinates, and subsequently a specific MD simulation proce-
dure was implemented in NVT ensemble. Firstly, a rigid body algorithm
was employed to “freeze” the C-S-H matrix, while simultaneously an
invisible wall was placed between the inlet of the CSH gel hole and the
fluids to prevent the mix of two systems. Afterward, a 2000 ps relaxa-
tion simulation was carried out, to ensure a thermodynamic equili-
brium for both C-S-H/polymers and the fluids system. Finally, the in-
terface wall at the inlet of the C-S-H gel pore was removed, and the
penetration process of fluids into the nano-pore was simulated for an-
other 2000 ps. The Hoover Canonical ensemble (NVT) MD algorithm
was used in the simulation, and the time step was 0.001 ps, the tem-
perature was 298 K. During the whole process, thermodynamic in-
formation such as pressure, temperature, and energy of the system was
monitored to verify the stability of the system and the rationality of the
model. The trajectories, displacements, and positions of x, y, z co-
ordinates of all atoms were collected every 0.1 ps for molecular struc-
ture, dynamics and interface analysis.

2.2. Experimental methods

2.2.1. Materials
The main binding material for the concrete samples was the P%O

42.5 ordinary portland cement from Conch Cement Company, and its
strength at 3 days and 28 days was 27.2 MPa, and 46.6MPa, respec-
tively. Besides, Class II fly ash and Class S95 mineral powder were used
as the mineral admixture. The aggregates include a fine one, which is
the river sand with a fineness modulus of 2.45, and a course type, the
continuously graded basalt rubble. The SBT® PCA-I from Sobute New
Materials Company was employed as the water-reducing admixture,
with a 25% water-reducing ratio and an 18% solid content. A car-
boxylic acid with 12 repetitive units of methyl groups and one carboxyl
group was chosen as the precursor of the ion transport inhibitor. It was
light yellow and had a pH≈ 9.
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2.2.2. Synthesis and testing
The ion transport inhibitor was synthesized according to the fol-

lowing procedures. Firstly, the carboxyl acid was added into the organic
solvent of methylbenzene, and the mixture was stirred until homo-
genized. Subsequently, the organic solution was heated to 50–150℃.
Finally, the product was obtained by mixing a proper amount of poly-
ether and catalyst with the solution and allowing the reaction for
10–16 h.

Four groups of concrete mixtures were prepared using the propor-
tions in Table 1, with the dosage of the ion transport inhibitor varying
from 0 to 0.9% (mass ratio of the inhibitor to binding materials). For
each group, six core specimens with the size of Φ75 mm×75mm were
measured for the water adsorption amount, while three core ones with
the size of Ф100 mm×50mm were tested for chloride migration
coefficients. The former measurements were referred to BS1881:
Part122:1983[58] to obtain the water adsorption amount of concrete at
0.5 h, 1 h, 2 h, 4 h, 6 h, and 12 h. The chloride migration coefficients
were calculated after immersing concrete mixtures into a chloride salt
solution for 56 days and then testing the chloride concentration at each
depth, according to AASHTO T259[59].

3. Results and discussions

3.1. Molecular dynamics simulation

Molecular dynamics simulations were employed to design smart
polymers with a suitable chemical structure to regulate the capillary
penetration in nano-channels. Here, in order for system simplification,
calcium silicate hydrate (C-S-H), the main hydration product of or-
dinary Portland cement, was chosen as the concrete matrix, and a 6-nm-
width and 9-nm-length capillary pore in C-S-H was modeled as the
transport path of fluids. Smart polymers were placed in the middle area
of the nano-channels as the transport inhibitors.

3.1.1. Configurations of polymers in an anhydrous C-S-H nano-pore
Before the penetration of fluids into the nano-pores, polymers of

transport inhibitor, which are already present in the nano-pore of C-S-
H, exhibit strong adsorption configurations on the surface of C-S-H. As
shown in Fig. 2a, the polymer chains are either curled up or straight-
forward in the vicinity of C-S-H surface, with oxygen atoms from the
functional groups eCOO– coordinated with the calcium ions from the C-
S-H surface. The intensity distribution of calcium ions from C-S-H,
oxygen and carbon atoms from polymers along z-direction, is illustrated
in Fig. 2b. As the common structure of C-S-H, large numbers of calcium
ions occur in the upper and lower surface of C-S-H [4,60], creating two
pieces of major calcium peaks. The peaks of oxygen atoms locate
nearby, almost overlapping with calcium peaks, while those of carbon
atoms appear farther towards the nano-pore region. It indicates oxygen
atoms are closer to the C-S-H surface and contribute to the adsorption of
polymers. The radial distribution function shown in Fig. 2c further
proves it. For the pair of calcium ions and oxygen atoms, there is a
strong intensity peak located at the distance of around 2.3 Å, which
means the two species coordinate each other at that distance, and the
pairs composed of calcium ions and oxygen atoms exist stably at the
interfaces. It corresponds to the snapshot in Fig. 2a. Previous studies
have also confirmed this both experimentally and theoretically, in that
polymers with high polarity functional groups eCOO– can strongly
adsorb on the C-S-H surface due to the attraction effect between cal-
cium ions from C-S-H and oxygen atoms from eCOO– [44,47,56].

3.1.2. Transport process of fluids
The bulk fluids outside can penetrate the gel pore automatically due

to the capillary penetration effect [60,62]. The penetration processes of
fluids into the gel pore with/without transport inhibitors are compared
in Fig. 3. The fluids composed of water molecules, sodium, and chloride
ions gradually migrate from the bulk solution into the nano-pore as the
simulation time goes up. Obviously, the advancing frontier of fluids is
not absolutely perpendicular to the C-S-H matrix. Apart from the bulk
fluids, a small fraction of water molecules penetrates deeper, located in

Fig. 1. Schematic illustration of the com-
putational model (the left part denotes the
fluids to transport: light blue lines denote
water molecules, light green balls denote
chloride ions, purple balls denote sodium
ions, the right part denotes the nano-pore of
C-S-H matrix: green balls denote calcium
ions, red and yellow sticks denote silicate
tetrahedra, polymer chains are in blue).

Table 1
Mix proportions of concrete (kg·m−3).

Number Cement Mineral powder Fly ash Fine aggregate Course aggregate Water Water reducing admixture Ion transport inhibitor

1 210 110 110 732 1098 150 4.8 0
2 210 110 110 732 1098 150 4.8 0.3%
3 210 110 110 732 1098 150 4.8 0.6%
4 210 110 110 732 1098 150 4.8 0.9%
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the vicinity of the upper and lower surface, creating an arc-shape
frontier. It suggests the C-S-H surface is hydrophilic. The frontier shape
gets sharper as the penetration proceeds, following a molecular-kinetic
theory [63].

In order for a more clear comparison between the two penetration
process (gel pore without transport inhibitors – REF, gel pore with
transport inhibitor – TR), the penetration depth of fluids into the gel
pore as a function of simulation time is recorded in Fig. 4a. During the
first 50 ps when the advancing fluids have not reached the polymer
position, no differences take place between the two processes, and the
profiles of penetration depth almost overlap. However, the fluids mi-
gration rate sharply slows down upon the contact with transport in-
hibitors. As observed in Fig. 3, at 300 ps the advancing frontier in the
nano-pore with TR obviously falls behind. In Fig. 4a, it also shows that
the slope of TR dramatically decreases after 50 ps, leading to an in-
creasing gap in the penetration depth between TR and REF. At 300 ps,
the difference in the penetration depth is around 12 Å. As the simula-
tion proceeds, the polymers keep preventing the penetration of fluids.
At 500 ps the penetration frontier in REF is around 20 Å ahead of that in
TR, while at 1000 ps the penetration depth in REF is approximately
30 Å larger.

This fluids transport inhibiting effect can be attributed to the hy-
drophobic functional groups eCH3 from polymers. This transport

inhibitor has a special molecular structure, with a hydrophilic carboxyl
group attracted by the C-S-H surface, and hydrophobic alkyl groups
preventing the migration of water molecules. As shown in Fig. 3b, the
hydrophilic end of polymer strongly adsorbs on the C-S-H surface, al-
lowing the long chains of hydrophobic alkyl groups in contact with the
fluids. Since no fluids are able to go through the alkyl groups, this
polymer configuration is equivalent to block the nano-pore, and de-
crease the width of the transport channel. Furthermore, based on the
features and dynamics theory of capillary transport [61,63], fluids lo-
cated in the middle part of the channel where alkyl groups are absent
still cannot penetrate any farther until fluids in the vicinity of C-S-H
surface move past polymers.

The mean square displacements (MSD) can reflect the dynamics
information of atoms and molecules [39,53], to support the analysis of
the fluids penetration process. MSD can be calculated according to the
following equation:

= −MSD |r (t) r (0)|i i
2 (1)

where ri(t), ri(0) represent the position of atom i at time t and origin
position respectively. Fig. 4b shows the MSD evolution of water mole-
cules in the REF and TR along the advancing direction (y-axis). Overall,
the MSD values of water molecules in REF proportionally increase with
the simulation time, implying a stable migration process. For water

Fig. 2. Interactions between polymers and C-S-H. (a) snapshots of polymer adsorption on C-S-H surface (blue, red and white balls denote the carbon, oxygen, and
hydrogen atoms of polymers, green balls denote the calcium ions of C-S-H, red and yellow sticks denote the silicate tetrahedra of C-S-H). (b) the intensity distribution
of oxygen, carbon atoms from polymers, and calcium ions from C-S-H long z-direction. (c) the radial distribution function of calcium from C-S-H and oxygen from
functional groups of polymers.
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molecules in TR, the MSD values in the beginning (0–50 ps) almost
overlap with those in REF. Subsequently, the rising rate of MSD in TR
becomes lower than that in REF, which indicates the migration of water
molecules is inhibited. The difference in MSD values between REF and
TR keeps going up, and the final value in TR is around 2000 Å2, only
one-third of that in REF. It means the transport of water molecules in
the nano-pore of C-S-H is highly affected by the polymers.

The time-dependent density maps of water molecules along the
migration direction during the REF and TR penetration process are
plotted in Fig. 4c and Fig. 4d, respectively. For REF, it shows that the
saturation degree of the gel pore goes up as the water penetration
proceeds. After the simulation time of 1250 ps, the whole gel pore is full
of water molecules, with a uniform density of 1 g/cm3. Prior to the full
saturation condition, there is an obvious transition zone with density
values varying from 0 to 1 g/cm3, as marked by the white dashed lines.
It is caused by the arc-shaped advancing frontier, where water mole-
cules only exist near the upper and lower surface of C-S-H. The width of
transition area increases with the penetration depth due to the lower
contact angle and sharper arc-shape [41]. For TR, the penetration rate
of water molecules is obviously slower, and the gel pore is still un-
saturated at the simulation time of 2000 ps. It should be noted that the
penetration depth of the bulk fluids (density≈ 1g/cm3) experiences no
substantial increase from around 500 ps to 2000 ps. In contrast, as
shown in Fig. 4d, there is a huge rise in the width of the transition zone
simultaneously. It means that due to the inhibiting effect of polymers,
only water molecules in the vicinity of C-S-H surface are able to pe-
netrate deeper during that simulation time, while the bulk water mo-
lecules fail to move farther. It contributes to a sharper shape of the
advancing frontier and a wider transition zone in the density map.

The chloride ions are also the key components of the fluids on top of
water molecules, and the penetration process of chlorides is illustrated
in Fig. 5. As shown in Fig. 5a, the evolution of the penetration depth of
chlorides in REF is similar to that of water molecules, except for minor
fluctuations. At the beginning of the simulation time, the profiles of REF
and TR almost overlap, which suggests a synchronous migration.

Subsequently, a platform occurs in the TR curve, indicating that the
ions transport was strongly inhibited by the polymers. The MSD profiles
in Fig. 5b also prove this. The growth of MSD values of chloride ions in
TR gradually fall behind that in REF after a proportional increase
during the first 50–100 ps, and the gap in between keeps rising. The
final MSD value of chlorides in TR at 1500 ps is around 2000 Å2, only
one-third of the MSD value of chlorides in REF, which also means the
inhibiting effect of polymers on ions transport. Fig. 5c and Fig. 5d de-
scribe the density maps of chlorides during the penetration process in
REF and TR, respectively. Overall, the chlorides are uniformly dis-
tributed along the migration direction during the whole penetration
process, and at around 1300 ps the advancing frontier of chloride ions
have arrived at the end of the 9 nm-length nano-pore without polymers.
However, the polymers, adsorbing at the surface of C-S-H, highly in-
hibit the transport of chlorides. In Fig. 5d, the penetration depth of
chlorides stabilizes at 50–60 Å from the simulation time of 800 ps to
2000 ps, which corresponds to the case of bulk water molecules in
Fig. 4d. It implies that most chlorides at the advancing frontier situate
at the bulk fluids rather than minor fluids at the upper and lower sur-
face of C-S-H, and the migration of these chlorides is blocked along with
water molecules by transport inhibitors. Moreover, the distribution of
chlorides along the penetration direction in TR is still relatively uniform
in spite of the inhibited transport.

3.1.3. Configurations of polymers during the fluids transport process
Polymers with one hydrophilic end adsorbing on the surface of C-S-

H reply on other hydrophobic groups to highly slow down the fluid
transport in the gel pore. The configurations of polymers during the
fluids penetration process are illustrated in Fig. 6. A parameter of
gyration radius is employed to evaluate the conformation and or-
ientation of polymers [64] and to further elucidate the transport in-
hibiting mechanism. Here, we consider the components Ry, Rx, Rz of
gyration radius, which denote the average space occupied by polymers
along y (fluids transport direction), x and z-axis (perpendicular to the
fluids transport direction) respectively, given by following equations:

Fig. 3. The snapshots of transport process of fluids into the gel pores (a) without (b) with transport inhibitors (the light blue dots denote fluids, green and red balls
denote the upper and lower surface of C-S-H matrix, dark blue chains denote polymers).
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where N is the number of atoms the polymers, and (xcom, ycom, zcom) is
the coordinate of geometric center of polymers, (xi, yi, zi) is the co-
ordinate of the i-th atom of polymers, < %>denotes the average for all
the trajectories during 2000 ps. The greater value of gyration radius
indicates polymers occupy more space along this direction.

The snapshots projected on the y-z plane and x-z plane during the
fluids transport process are recorded in Fig. 6, and the corresponding
gyration radius at each moment is calculated. It can be observed that in
the cross-section of the fluids transport (x-z plane), polymer chains al-
ways exhibit straight and unfolded conformations, occupying through
the entire nano-channel along x-axis. It allows the hydrophobic alkyl
groups in full contact with the fluids and prevents their advancing.
Polymers act as walls on the migration path of fluids, block the channel

of the C-S-H gel pore, and inhibit the fluids transport. Furthermore, the
varying polymer conformations in y-z plane projections suggest that
upon contact with the fluids, polymers tend to take up more space along
z-direction. The gyration radius along z-direction transforms from
1.14 Å to 3.40 Å, and polymer chains on y-z plain gradually stand
vertical to the surface plane of C-S-H. On the contrast, there is a
downward trend for the gyration radius along with the fluids advancing
direction, which means polymers take up less length space along y-axis.
It suggests the height of blocking walls is becoming larger, and the
transport inhibiting efficiency tends stronger. At the simulation time of
800 ps (see Fig. 6c), polymers show completely upright configurations.
It means polymer chains occupy the largest area in the cross-section of
the fluids advancing, forming the highest blocking wall and thus inhibit
the transport to the largest degree. Theoretically, according to the
classic Lucas–Washburn equation =

∙h c r σ θ t
η

2 · cos ·
2 (c denotes the form

factor of the capillary pore, r denotes the capillary radius, σ denotes the
surface tension of fluids, η denotes the viscosity of fluids, θ denotes the
contact angle, t denotes the time, and h denotes the penetration depth
of fluids) [61,65], as the capillary radius decreases, the penetration
depth will also go down in a given time interval. This can explain the
stagnation of the bulk fluids transport from 500 ps to 2000 ps, as
mentioned earlier.

Fig. 4. Transport process of water molecules. (a) penetration depth as a function of simulation time. (b) mean square displacements as a function of simulation time.
Density maps along with penetration depth in the nano-pore (c) without transport inhibitors (d) with transport inhibitors.
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Fig. 5. Transport process of chloride ions. (a) penetration depth as a function of simulation time. (b) mean square displacements as a function of simulation time.
Density maps along with penetration depth in the nano-pore (c) without transport inhibitors (d) with transport inhibitors.

Fig. 6. The snapshots of the system projected on z-y and z-x plane, respectively, and the configuration evolution of polymer chains during the fluids transport process
at (a) 100 ps, (b) 400 ps, (c) 800 ps.
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It should be noted that the aggregation effect of polymers cannot be
ignored. Previous publications have proved that in the confined nano-
pores of C-S-H polymer chains intertwined with each other to different
degrees, depending on the polarity of functional groups, the con-
centration, and chemical structure of polymers [43,45]. It is predicted
that in this work higher concentration of polymers may also induce a
polymer aggregation in the vicinity of C-S-H surface, due to the at-
tractions between carboxyl groups from different polymer chains [45].
Smart Polymer chains entangle with each other, which will decrease the
effective contact area with fluids, thus causing a lower inhibiting effi-
ciency on the fluids transport.

3.2. Experiments

Based on the polymer structure proposed by MD simulations, a
novel ion transport inhibitor was fabricated and added into the concrete
mixtures. Macroscale durability experiments were carried out to test
the real effect of inhibitors. Evolutions of water adsorption ratios of
concrete mixtures with the increase of immersing time are shown in
Fig. 7. The value of the original measurement point (5.5 min1/2) is 1.9%
for the concrete with no ion transport inhibitors, while the incorpora-
tion of TR dramatically decreases it to 0.6%~0.8%. For each group of
the concrete mixtures, the values of water adsorption ratios keep going
up as the immersing proceeds. However, the presence of TR sig-
nificantly slows down the rising rate, and the higher dosage leads to

lower water adsorption ratios. At the last measurement point
(26.8 min1/2), the water adsorption ratio of the sample without TR is
over 4%, while the mixture with 0.9% dosage of TR only reaches
around 1.7%. It proves that the addition of TR effectively inhibits the
transport of water through the pores of concrete and thus decreases the
water adsorption amount.

The chloride migration coefficient is a key parameter that more
directly relevant to the durability of the reinforced concrete structures,
and the measurement data of concrete mixtures after immersing for
56 days is given in Fig. 8. It shows that the sample without TR has a
high migration coefficient of 5.5 * 10−13 m2/s. However, the in-
corporation of TR decreases the value to lower than 4 * 10−13 m2/s.
Similarly, the higher dosage has a better performance, which implies
the presence of TR effectively slows down the penetration of chloride
ions throughout the pores of concrete and may contribute to longer
service life.

4. Conclusions

A novel ion transport inhibiting material was designed, fabricated
and tested in this work. Molecular dynamics simulations were em-
ployed to determine a suitable chemical structure of smart polymers to
regulate the capillary penetration of fluids, while experiments were
carried out to test the real inhibiting effect of polymers on the transport
of water and chloride ions in the porous cementitious matrix.

The designed smart polymer should own one hydrophilic (eCOO−)
end and large numbers of hydrophobic (alkyl) groups. On the one hand,
the carboxyl group ensures the stable adsorption on the surface of C-S-
H, due to the strong electrostatic attraction between high polarity
oxygen atoms (from eCOO−) and calcium ions (from C-S-H surface).
On the other hand, hydrophobic chains help prevent the transport of
fluids. In such a scenario, as fluids were advancing in a gel pore of C-S-
H, smart polymer chains, with one end adsorbing on the matrix surface,
gradually stood perpendicular to the matrix, which blocked the channel
and decreased the cross-sectional area of a transport path. Therefore,
the penetration depth and mean square displacements of bulk water
molecules and chloride ions were dramatically decreased, as compared
with the free capillary penetration process.

Based on the interaction mechanisms among C-S-H matrix, fluids,
and organics elucidated above, smart polymers were made into ions
transport inhibitors and added to the concrete mixtures. The experi-
mental results prove that the water adsorption amount and chloride ion
migration rate of concrete samples experience a huge decrease, in-
dicating the high efficiency of the ion transport inhibitor and sub-
stantial enhancement in the durability of reinforced concrete structures.
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