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ABSTRACT
We conducted molecular dynamics simulations to investigate chain conformations in adsorbed layers during polymer capillary imbibi-
tion. While the imbibition length adheres to the classical Lucas–Washburn equation, a notable deviation in mobile bead density emerges
under strong confinement, consistent with in situ dielectric spectroscopy experiments. The proportion of loop structures within adsorbed
layers progressively increases during capillary infiltration, attributed to the relaxation of initially stretched chains toward equilibrium
configurations. Furthermore, systematic analysis revealed that chain relaxation dynamics exhibit length-dependent retardation, especially
under high confinement. The characteristic desorption time demonstrates chain-length dependence in quantitative agreement with scaling
predictions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0270676

I. INTRODUCTION
Understanding the capillary infiltration of polymers is impor-

tant in many aspects, including nanotechnology,1–3 separation
of biomacromolecules,4 and lab-on-chip device.5 The capillary
filling of simple liquids can be well described by the classic
Lucas–Washburn equation (LWE),6,7

h(t) =
√

γR cos θ
2η

t1/2, (1)

where h(t) is the time-dependent infiltration length; R is the radius
of the capillary tube; and γ, θ, and η are the surface tension, contact
angle, and viscosity of the fluid, respectively.

A basic assumption of LWE is that the size of fluid particles
is much less than the capillary radius; thus, the fluid can be treated
as a continuous medium. This assumption is valid for simple flu-
ids, for example, water (size 10−10 m) filling into mm-size glass
tubes. However, when it comes to the infiltration of polymer melt
(Rg ≈ 10–100 nm) into self-ordered nanoporous aluminum oxide

(AAO) (also R = 10–100 nm), there are noticeable deviations from
the LWE prediction. The infiltration length h(t) still follows the t1/2

dependence, but the prefactor varies depending on the ratio between
the polymer chain size and the capillary tube radius. A recent experi-
ment8 has reported a reversal in the dynamics of capillary filling with
polymer molecular weight. The polymer melt of short chains shows a
smaller prefactor than the LWE equation, while the polymer melt of
longer chains displays a larger prefactor. Later, Yao et al.9 proposed
a unified theory to explain the reversal by demonstrating two com-
peting mechanisms. One is the adsorption of chains on the surface of
the capillary tube, which creates a dead layer and reduces the effec-
tive tube radius, resulting in a higher effective viscosity. The other is
the reptation of chains under confinement, which allows the melt to
exhibit a lower effective viscosity due to the disentanglement. Using
molecular dynamics simulations,10 we have confirmed the underly-
ing molecular pictures proposed in Ref. 9. Yao et al.11 also found an
enrichment of the short chains inside the nanopores and near the
pore surface by exploring the capillary imbibition of binary blends
consisting of short and long chains.
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The reversal occurs not only in capillary tubes with well-
defined geometry but also in irregular geometries, such as porous
media created by nanoparticle packing. The infiltration of unen-
tangled polymer melt into nanoparticle packing slows down as
the ratio between the polymer chain size and the average pore
size (confinement ratio) increases.12–14 Meanwhile, the infiltration
of entangled polymer melt into nanoparticle packing enhances as
the confinement ratio increases.15,16 In a more recent study, Heo
et al.17 demonstrated that adsorbed layers could play an impor-
tant role in polymer capillary filling. They explored the infiltration
dynamics of poly(styrene-stat-2-vinyl-pyridine) (PS-stat-P2VP) sta-
tistical copolymers undergoing capillary filling into the interstices
of silica nanoparticle packings (SiO2 NP). They observed a non-
monotonic dependence of the time required to fully fill SiO2 NP
on the fraction of 2VP. They ruled out the influence of other
properties such as zero-shear viscosity and glass transition tem-
perature and attributed the non-monotonic dependence to the
adsorbed layers. The above results have shown that the adsorp-
tion of polymer chains on nanopore surfaces warrants deeper
investigation.

Previously, the imbibition length was monitored by ex situ
reflection microscopy,8 which is time-consuming and lacks molec-
ular information. The so-called nanofluid has been widely applied
in the investigations of polymer properties under confinement.18–21

In this method, two surfaces of AAO templates perpendicular to
the infiltration direction are sputtered with a thin gold layer. This
operation transforms the AAO templates to capacitors when an AC
field is applied along the pore axes, and the dielectric signals are
collected. Because the dielectric strength of the segmental process
is proportional to the number density of dipoles, Tu et al. found
that the dielectric strength increases linearly with the square root
of time by the in situ monitoring time-dependent imbibition length
h(t) of PnBMA in nanopores.22 For a different polymer cis-1,4-
polyisoprene (cis-PI), which has a stronger interaction with the AAO
surface than PnBMA did, the result is quite different.23 In large and
small nanopores, the dielectric strength of the segmental process
increases linearly with the square root of time initially. However, it
slows down for large nanopores and even kept constant for small
nanopores at later times. Tu et al. constructed a plausible micro-
scopic scenario to explain the experiment results.23 In early stage
of capillary filling, relative fewer chains are adsorbed on the sur-
face of the capillary tube, and the adsorbed chains contain a small
fraction of loop structures. However, in a later stage, more chains
are adsorbed and the adsorbed chains contain a large fraction of
loop structures. Chains that are not initially adsorbed on the sur-
face become adsorbed onto the surface during the capillary filling
process.

With in situ dielectric spectroscopy, Tu et al.24 also measured
the adsorption kinetics after full imbibition by following the evolu-
tion of the dielectrically active longest normal mode. The dielectric
strength of the longest normal mode continues to decrease after
full imbibition, which provides a way to characterize the adsorption
kinetics of chains. The results show that adsorption characteristic
time strongly depends on the ratio Rg/R. For a given pore radius,
the molar dependence of characteristic adsorption time is in good
agreement with a scaling theory developed by de Gennes.25

Previous studies have demonstrated the importance
of adsorbed layers, but due to experimental difficulties, a

comprehensive picture at molecular scale is still missing. In
this work, we use molecular dynamics simulations to study the
conformations of chains adsorbed on the tube surface. As the
experimental results have shown, the chains on the capillary surface
change conformation during and after capillary filling, and our
simulation results provide a detailed analysis on this change. We
have studied systems with different chain lengths and capillary tube
radii, confirming the increment in the loop fraction of adsorbed
chains and observing a stretched–relaxed transition of adsorbed
chains.

This article is organized as follows: In Sec. II, we introduce
the simulation model and some basic definitions, such as adsorbed
repeat units, mobile repeat units, and the time of full infiltration.
In Sec. III, we present the simulation results, including the confor-
mations of adsorbed chains during capillary filling, the relaxation
dynamics of chains, and the adsorption kinetics after full infiltration.
Finally, in Sec. IV, we provide the summary of this article.

II. SIMULATION MODEL
We create a simulation box of size 40σ × 40σ × 200σ in x, y, z

directions, as shown in Fig. 1(a), where the z-direction is parallel
to the tube’s axis. A single layer of face-centered cubic lattice beads
(with a lattice constant of 2.467σ to prevent polymer melt from pass-
ing through), referred to as W, serves as a reservoir perpendicular to
the z-axis at (0,0,0). Just above the center of the reservoir, we con-
struct a cylindrical tube named T, along the z-axis. Cylindrical tubes
with different capillary radii (R = 5.85, 10.85, 15.85σ) are formed by
a single layer of square lattice beads, with a lattice spacing of 1.08σ.
The tube height is set to H = 70σ. W beads within a capillary radius

FIG. 1. Snapshots of our simulation model of the overall infiltration processes in
system with radius R = 10.85σ and chain length N = 100. [(a)–(c)] Snapshots
corresponding to three time points that are labeled in (d). (d) Capillary infiltration
height h(t) as a function of t0.5.
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R are removed. All W and T beads are bonded to virtual beads at
their initial position using a bond potential U(r) = 1

2 kr2, where r is
the bond length. This allows W and T beads to fluctuate around their
initial positions, corresponding to the thermostat temperature.10,26,27

The nonbonded potential between all beads is described by the
truncated–shifted Lennard-Jones potential as Eq. (2) with a cutoff
distance rcut = 2.5σ and σ = 0.8.26 The strength of nonbonded inter-
actions between W and T is set to be ϵTT = ϵTW = ϵWW = 1.0kBT,
ensuring that polymer melt beads cannot pass through the W and
T bead walls,

U(r) =

⎧
⎪⎪⎪⎪
⎨
⎪⎪⎪⎪
⎩

4ϵij[(
σ
r
)

12
− (

σ
r
)

6
− (

σ
rcut
)

12
+ (

σ
rcut
)

6
], r ≤ rcut,

0, r > rcut.
(2)

We study five types of polymer chains named A with lengths
N = 50, 100, 200, 300, 400. The bonded potential of polymer chains
is described by the finite extension nonlinear elastic (FENE)
potential,28

UFENE(r) = −
1
2

kspringR2
max ln(1 −

r2

R2
max
), (3)

where kspring = 30kBT/σ2 and Rmax = 1.5σ.
For capillary radii R = 5.85σ and R = 10.85σ, the total number

of polymer beads is 36 000, while for R = 15.85σ, it is 72 000. The
strength of nonbonded interactions between polymer beads is set
to ϵAA = 1.4kBT. Before capillary infiltration, we set the interaction
strengths as ϵAW = 1.4kBT and ϵAT = 0.5kBT to allow the polymer
melt to relax under the reservoir wall. After sufficient relaxation, we
increase ϵAT from 0.5kBT to 1.6kBT, initiating the infiltration pro-
cess. We employ the dissipative particle dynamics thermostat,29–31

with a temperature of T = 1.0 and a friction parameter of ξ = 0.5.
The integration time step is set to Δt = 0.005τ. Our simulations are
conducted using the HOOMD-blue package.32

Since our goal is to study the chain conformations of the
adsorbed layer, we first need to define the adsorbed layer. Previous
studies33–35 have shown that repeat units near planar surfaces exhibit
a layered distribution, which can be characterized by the repeat unit
density profile. The first layer of repeat units near an attractive sub-
strate is typically considered the adsorbed layer. We calculate the
repeat unit density profiles in systems with all three tube radii (as
shown in Fig. S1), which all show a layered distribution. Based on
this, we define repeat units within the first layer as adsorbed repeat
units and chains containing at least one adsorbed repeat unit as
adsorbed chains. Furthermore, we classify repeat units in all chains
inside the tube into four types:

● Train: adsorbed repeat units in direct contact with the
surface.

● Loop: non-adsorbed repeat unit sequences located between
train segments.

● Tail: non-adsorbed repeat unit sequences at the ends of
adsorbed chains.

● Free: chains with no repeat units in the adsorbed layers.

Because we need to analyze polymer chain conformations dur-
ing and after capillary filling, we need to determine the time t∗ of

full infiltration. The imbibition length h(t), as a linear function of
square root of time t1/2, is fitted by two trend lines: one during imbi-
bition and the other after imbibition.17 Then, the time t∗ required to
fully fill the capillary tube is determined by finding the intersection
of two trend lines (the result is shown in Fig. S2).

III. RESULTS AND DISCUSSIONS
A. During capillary filling

As train structures are adsorbed on the capillary tube surface
and the two ends of loop structures are fixed by train repeat units,
they do not fluctuate over time and, therefore, make no contribu-
tion to the dielectric strength. To compare with the experimental
results of dielectric strength, we define mobile repeat units as those
that include tail structures in the adsorbed layers and free chains. We
calculate the amount of mobile repeat units Nmobile during and after
capillary infiltration. In the capillary filling of PnBMA, early experi-
mental results22 have shown that the dielectric strength Δϵ(t) of the
polymer melt inside the capillary tube increases linearly with t1/2.
However, in the capillary filling of cis-PI 42k,23 the increase in dielec-
tric strength slows down with a capillary tube radius of R = 20 nm
(confinement ratio, Rg/R = 0.35). However, the slowing down phe-
nomenon is less obvious with a capillary tube radius of R = 50 nm
(confinement ratio, Rg/R = 0.14).

The amount of mobile repeat units Nmobile as a function of t1/2

is shown in Fig. 2(a). In our simulation systems with tube radius
R = 5.85σ, as the chain lengths range from N = 50 to N = 400, Rg/R
ranges from 0.56 to 1.43. The confinement ratio (Rg/R) used in the
simulations is comparable to that in the experiments. As the chain
lengths increase, Nmobile(t1/2

) gradually shows two time regimes,
with the second one being slower than the first one. The slowing
down effect in the growth of mobile repeat units is more evident as
the chain lengths increase. This can be explained by the increase in
loop ratio and the decrease in tail ratio as the chain lengths increase
(as shown in Fig. S3). However, it is difficult to identify the same
tendency when capillary tube radii increase (the results are shown
in Figs. S4 and S5). These results are consistent with experimental
results23 when the capillary tube is wider. When the radius of capil-
lary tube increases, the ratio between surface and volume becomes
smaller. The fraction of repeat units in adsorbed layers gradually
decreases, so the adsorbed layers have less influence on the amount
of mobile repeat units. Thus, the slowing down phenomenon is less
obvious. The fraction of mobile repeat units among all repeat units
inside the tube during the infiltration process with a capillary radius
of R = 5.85σ is shown in Fig. 2(b). The fractions of three kinds of
chain lengths decrease during infiltration, which are consistent with
the slowing down of Nmobile.

For polymer conformations in the adsorbed layers, we calcu-
late the ratios of three types of repeat units (train, loop, and tail)
during capillary infiltration. The result with a radius of R = 5.85σ is
shown in Fig. 3. In order to calculate the change in polymer con-
formations in early stages, we calculate the ratio of three types of
repeat units when part of chain is inside the tube and adsorbed on
the surface. Thus, we calculate the ratio of different types of repeat
units ( ftrain, floop, ftail) for the inner part of adsorbed chains. Figure 3
shows that, independent of chain length, floop increases in the early
stage of capillary infiltration and ftrain decreases simultaneously.
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FIG. 2. The amount (a) and the fraction (b) of mobile repeat units vs t1/2 with
capillary radii R = 5.85σ; the polymer melt of length N = 50 is shown in red,
N = 100 is shown in green, and N = 400 is shown in purple. The dashed lines
show tendency at t0.5 ∈ (0, 100) and t0.5 ∈ (100, t∗). The vertical solid lines
indicate the time t∗ of full infiltration.

For the tail type of monomers specifically, ftail for chain length
N = 50 almost remains constant during capillary filling while ftail for
chain length N = 400 gradually decreases simultaneously. In Fig. 4,
tail lengths (Ltail) for both chain lengths N = 50 and N = 400 ini-
tially increase and then fluctuate around a constant value. We also
calculate the length of chains that are both inside the tube, and some
repeat units of the chain are adsorbed on the tube surface, denoted as
Linside. Linside in a system of chain length N = 50 increases in the same
way as the tail length. Therefore, the ratio of tail type of repeat units
remains constant. However, Linside for chain length N = 400 contin-
ues increasing during capillary infiltration because it takes more time
for the whole chain to get inside the tube, which can explain the
decrease in ftail for chain length N = 400. Thus, we can attribute the
increase in floop to the decrease in ftrain. This result can be observed in
systems with all radii and chain lengths (as shown in Fig. S7), which
turns out to be a universal phenomenon.

We calculate the ratio of adsorbed chains fads among all chains
inside the tube in a system with radius R = 10.85. The result in
Fig. 5 shows that fads increases with time. The experimental result
in a spectrum of normal modes24 has shown the narrowing of the

FIG. 3. Ratio of three types of structure of adsorbed monomers (loop shown in
red, train shown in pink, and tail shown in blue) with capillary tube radii R = 5.85σ.
(a) Chain length N = 50 and (b) chain length N = 400. The vertical dashed lines
indicate the time when the capillary tube is fully filled.

distribution of relaxation times with time. The authors contribute
the broader distribution at the earlier stages to chain adsorptions.
The result in Fig. 5 is consistent with the experimental result.

Our simulation model can reproduce the experimental results,
as shown by the amount of mobile repeat units. The slowing down
of the increase in Nmobile in a system with capillary tube radius
R = 5.85σ is consistent with the slowing down of dielectric
strength in capillary with R = 20 nm. During capillary filling, the
increase in floop and fads can confirm the assumption developed
by Tu et al.23

In order to look deeper into the conformations of adsorbed
layers, we also measure the end-to-end distance Ree of adsorbed
chains in three directions (x, y, z) during capillary infiltration. Unlike
the calculation of three types of repeat units, here we only con-
sider chains that are entirely inside the tube and have at least one
repeat unit adsorbed on the surface. Here, we present the results
for systems with radius R = 5.85σ and chain lengths N = 50, 100, as
shown in Fig. 6. We can observe that Rz first increases and then
decreases to a constant value. The initial increase in Rz is due to the
low contact angle (cos θ > 0.810) between the polymer melt and the
capillary tube surface under the condition of ϵAT = 1.6kBT/σ. This
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FIG. 4. (a) Average length of the tail structure of adsorbed chains Ltail during cap-
illary infiltration. (b) Average length of part of adsorbed chains that are inside the
capillary tube Linside during capillary infiltration. Red: chain length N = 50; blue:
chain length N = 400.

FIG. 5. Ratio between the amount of adsorbed chains and the amount of chains
that are inside the tube in a system with tube radius R = 10.85σ and chain length
N = 50, 100.

FIG. 6. End-to-end distances in x, y, z directions Rx,y,z during capillary infiltration
with tube radius R = 5.85σ. Chain lengths N = 50 (a) and N = 100 (b). The vertical
dashed lines indicate the time when the capillary tube is fully filled.

phenomenon is similar to the adsorption of polymer onto a planar
surface.34,36–39 When chains initially adsorbed on a planar surface,
they were stretched parallel onto the surface and then relaxed toward
equilibrium states after fully adsorbed. These two different processes
can explain the initial increase in Rz followed by its subsequent
decrease. Both Rx and Ry remain constant during capillary infiltra-
tion, as the driving force acts along the z-direction. We also calculate
the results in systems with radius R = 5.85σ and longer chain lengths
N = 200, 300, 400. It is difficult to observe the same phenomenon as
it takes more time for chains to be entirely inside the tube (as shown
in Fig. S8).

Based on these results, we propose one general picture of
adsorbed chains during capillary infiltration. Initially, due to the rel-
atively high velocity of the polymer melt, the adsorbed chains are
rapidly stretched. As a result, more repeat units in the adsorbed
chains are adsorbed on the surface, and the chains become highly
oriented in the flow direction. As the velocity of polymer melt
decreases, the adsorbed chains gradually relax toward their equi-
librium states. Consequently, the loop structures increase and the
adsorbed chains become less oriented, resembling the relaxation
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FIG. 7. Snapshot of one adsorbed chain at different times. The main and inset
images show views along and perpendicular to the cylinder axis, respectively. Tube
beads are shown in white, adsorbed beads are shown in red, and non-adsorbed
beads (belonging to the adsorbed chain) are shown in yellow. The black arrow
indicates the flow direction.

stage of chains adsorbed onto a planar surface. A snapshot of a sys-
tem with chain length N = 100 and capillary radius R = 10.85σ is
shown in Fig. 7.

B. After capillary filling
After full infiltration, we explore the dynamic properties and

adsorption kinetics of chains under confinement. First, we calculate
the autocorrelation function of the end-to-end vector. The relax-
ation dynamics of chains inside the tube can be represented by
autocorrelation functions, defined as follows:

C(t) =
⟨RtR0⟩

⟨∣Rt∥R0∣⟩
, (4)

where Rt and R0 are end-to-end vectors at a time interval t and ⟨⋅⟩
represents the statistical average. Figure 8 shows the autocorrelation
in system with a capillary tube radius of R = 10.85σ. The results indi-
cate that the relaxation dynamics of chains slow down as the chain
length increases. However, when the chain length is sufficiently long,
the variation in dynamics becomes less pronounced, which can be

FIG. 8. Autocorrelation functions of the end-to-end vector in the system with tube
radius R = 10.85σ.

attributed to the strong confinement of chains inside the tube. Under
high confinement, chains are highly oriented along the tube axis,
leading to extremely slow autocorrelation delay. Consequently, the
differences in dynamics for longer chains become less obvious.

The adsorption kinetics of repeat units and chains are inves-
tigated using the normalized survival functions of adsorbed repeat
units and chains after full infiltration. At t∗ when the capillary tube
is fully filled, we label the adsorbed repeat units and the adsorbed
chains. Their amounts are expressed as N(0) and nc(0), respectively.
After a time t since full infiltration, the amounts of the repeat units
and chains that remain adsorbed are denoted as N(t) and nc(t),
respectively. The normalized survival functions of adsorbed repeat
units N(t)/N(0) and adsorbed chains nc(t)/nc(0) can be fitted by a
single exponential function,40 defined as

N(t)/N(0) = exp (−t/τm), (5)

nc(t)/nc(0) = exp (−t/τc), (6)

where τm and τc are the characteristic adsorption times of repeat
units and chains, respectively.

We analyze the chain length dependence of adsorption kinet-
ics using systems with a constant tube radius and different chain
lengths. Figure 9 presents the results for a system with tube radius

FIG. 9. Normalized adsorption survival functions of adsorbed repeat units (a) and
adsorbed chains (b) after full infiltration in a system with tube radius R = 10.85σ.
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R = 10.85σ. The survival function of repeat units indicates that
repeat unit adsorption is a fast process and weakly depends on chain
length, whereas chain adsorption is a slower process and strongly
depends on chain length.

Figure 10(a) shows the result of adsorption characteristic times.
For the kinetic of exchange between adsorbed and non-adsorbed
chains, the scaling theory developed by de Gennes predicts the
longest characteristic time scales as τc ∼ τmN3 when considering
entanglement, where τm is the desorption time of a repeat unit.
In our study, since the chain length ranges from below to above
the entanglement threshold (Ne = 80),41,42 we observe a crossover
from τc ∼ τmN0.87 to τc ∼ τmN3.01, which is consistent with scaling
theory.

To study the influence of confinement on adsorption kinetics,
we study systems with a constant chain length and different tube
radii, as shown in Fig. 10(b). The results show that the character-
istic adsorption time is a function of the degree of confinement
Rg/R, where Rg is the chain’s gyration radius in bulk. Thus, the
characteristic adsorption time increases as the degree of confine-
ment increases, which is consistent with the experimental results
of Tu et al.24

FIG. 10. (a) Chain length dependence of the desorption characteristic time for
repeat units τm (green diamonds) and chains τc (red diamonds) after full infil-
tration. The dashed lines indicate linear fits. (b) Characteristic adsorption time of
chains as a function of the degree of confinement, Rg/R.

IV. SUMMARY
In the first part, we explore the configurations of adsorbed

chains during capillary in systems with different capillary radii and
chain lengths. First, we calculate the time-dependent amount of
mobile repeat units inside the capillary tube during infiltration. In
the system with a capillary tube radius of R = 5.85σ, the increase in
mobile repeat units slows down and the fraction of mobile repeat
units among all repeat units inside the tube decreases during infil-
tration. These results are consistent with the experimental findings
of dielectric strength in AAO arrays with a diameter of R = 20 nm.
In systems with capillary tube radii R = 10.85, 15.85σ, this slowing-
down tendency is not observed, which aligns with the experimental
results in AAO arrays with a diameter of R = 50 nm. Thus, our
simulation model successfully reproduces the experimental findings.
Second, we calculate the fractions of three structural components
(train, loop, and tail) in adsorbed chains. We find that floop increases,
while ftrain decreases during capillary infiltration. In addition, the
end-to-end distance of adsorbed chains in the flow direction initially
increases and then decreases at later times. These results suggest that
an increase in floop is a consequence of a stretched–relaxed transition
during capillary filling.

In the second part, we analyze the dynamic properties and
adsorption kinetics after full infiltration. The results of the auto-
correlation function show that the relaxation dynamics of chains
inside the capillary tube decrease as the chain length increases.
When the chain length is sufficiently long, relaxation dynamics
become extremely slow due to strong confinement inside the cap-
illary tube. The adsorption kinetics of repeat units and chains
are also investigated. The characteristic desorption time of repeat
units exhibits a weak chain length dependence, while the char-
acteristic desorption time of chains shows a strong chain length
dependence. The scaling relationship between the characteristic
adsorption time and the chain length is consistent with the scal-
ing theory developed by de Gennes.25 The result in a system with
a constant chain length and different tube radii shows that the char-
acteristic adsorption time increases as the degree of confinement
increases.

One possible extension of our work is to understand the influ-
ence of the adsorbed chains’ conformations on the capillary filling
of polymers of different architectures. With systems of statistical
copolymers,17 non-monotonic speed of imbibition was observed
when the fraction of one type of monomer changes. The diblock
copolymer presented another interesting subject. A more compre-
hensive understanding of adsorbed chains, including their interac-
tions with free chains and the influence of chain orientation,43 could
significantly enhance our understanding of the dynamics underlying
capillary imbibition.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed simulation model,
result, and discussion.
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Supplementary Information

Chain Conformations in Adsorbed Layer during Polymer

Capillary Imbibition

1. SIMULATION MODEL

The density profiles of monomers as a function of distance r from the capillary tube axis

with three radii R = 5.85, 10.85, 15.85σ and chain length N = 50. The density profiles are

drawn after full infiltration. As shown in Figure S1, monomers near inner surfaces exhibit a

layered distribution. The valleys between the first two layers in three systems are all located

in R− 1.4σ.
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FIG. S1: The density profile of monomers as a function of distance r from the tube axis

with radius R = 5.85σ (a), R = 10.85σ (b), R = 15.85σ (c). The orange lines indicate the

valleys between first two layers from surface.
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Figure S2 shows the time-dependence of infiltration height h(t) as a function of square

root time. Two lines are fitted based on linear function from h ∈ (40, 65) and t0.5 > 500,

respectively. The intersection point of two lines indicates the time t∗ when the capillary

tube is fully filled.

0 200 400 600 800
t1/2

0

10

20

30

40

50

60

70
h
(t
)

N = 300

40 < h < 65

t1/2 > 500

t∗

FIG. S2: The capillary infiltration height h(t) as a function of t1/2. Blue solid line is fitted

based on linear function from h ∈ (40, 65), yellow line is fitted from t1/2 > 500. Vertical

cyan dash line locates at the intersection point of two solid lines.
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2. RESULT AND DISCUSSION
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FIG. S3: The ratio of three kinds of repeat units in equilibrium state in system with tube

radius R = 5.85σ as chain lengths increase.

The fraction of mobile monomers among all monomers inside the capillary tube during

infiltration process with capillary radius R = 10.85σ is shown in Figure S4. The fraction

of mobile monomers among all monomers inside the capillary tube with capillary radius

R = 15.85σ is shown in Figure S5.
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FIG. S4: The amount of mobile monomers versus t1/2 with capillary radii R = 10.85σ,

polymer melt of length N = 50 is shown in red, N = 100 is shown in green and N = 400 is

shown in purple. The vertical solid lines indicate the time t∗ when capillary is full filled.
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FIG. S5: The amount of mobile monomers versus t1/2 with capillary radii R = 15.85σ,

polymer melt of length N = 50 is shown in red, N = 100 is shown in green and N = 400 is

shown in purple. The vertical solid lines indicate the time t∗ when capillary is full filled.

We calculate the ratio fads between the amount of adsorbed chains and the amount of all

chains inside the tube in system with tube radius R = 10.85σ and chain lengths N = 100.

The result in Figure S6 shows that fads increases with time. We label two time points which

indicate two times when fads increase rapidly. Surprisingly, we can observe the decrease of

floop in the same times in Figure S7. We could imagine that one free chain would contribute

a large tail ratio and a small loop ratio if just one end gets adsorbed on the tube surface.

That is why at the two labeled times, average loop ratio decrease and tail ratio increase.
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FIG. S6: The ratio between the amount of adsorbed chains and the amount of chains that

are inside the tube in system with tube radius R = 10.85σ and chain length N = 100. Two

dashed lines indicate t
1/2
1 = 420, t

1/2
2 = 520, respectively.

The ratios of three types monomers of adsorbed chains in systems with all capillary radii

R = 5.85, 10.85, 15.85σ and all chain lengths N = 50, 100, 200, 300, 400 are shown in Figure

S7. Although there are some differences, an increase in the ratio of loop monomers floop and

a decrease in the ratio of train monomers ftrain can be observed in all systems.
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FIG. S7: The ratios of three types repeat units (loop shown in red, train shown in pink

and tail shown in blue) in adsorbed layer with capillary tube radii R = 5.85σ (a),

R = 10.85σ (b), R = 15.85σ (c). The vertical black dashed lines indicate the time when

capillary tube is fully filled. In system with R = 10.85σ and N = 100, two colored dashed

lines indicate t
1/2
1 = 420, t

1/2
2 = 520, respectively.
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Figure S8 shows the results of end-to-end distances in (x, y, z ) directionsRx,y,z during cap-

illary infiltration in systems with tube radiusR = 5.85σ and chain lengthsN = 200, 300, 400.
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FIG. S8: The end-to-end distances in x, y, z directions Rx,y,z during capillary infiltration

with tube radius R = 5.85σ. Chain length N = 200 (a), N = 300 (b), N = 400 (c). The

vertical dash lines indicate the time when capillary tube is fully filled.
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