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ABSTRACT: Surface tension plays a critical role in a wide range
of fields such as adhesion, wetting, and capillarity. Herein, we
combine experiments and molecular dynamics (MD) simulations
to study the surface tension (γ) of poly(ethylene oxide) (PEO)
solution as a function of its molecular weight (M). In experiments,
we reveal that γ is scaled to M with |γ − γ∞| ∝ Mα up to a critical
molecular weight (M*). Simulation with a coarse-grained polymer
solution model shows that α decreases as the solvent quality
becomes worse. The combination of the experiments and
simulations reveal that α is slightly affected by PEO concentration.
On the other hand, M* decreases as the solvent quality decreases
or as the polymer concentration increases. Our study demonstrates
that the surface tension of the polymer solution is determined by
the adsorption of the polymer at the air−solution surface.

■ INTRODUCTION
Surface tension of polymeric liquids (melt or solution) has
received continuing interest because it plays an important role
in coatings, adhesives, polymer blends, and polymer
composites and in determining the properties of the adhesion,
capillarity, wettability, and compatibility.1 In addition,
molecular dependence of polymer basic properties (e.g.,
viscosity, interfacial friction, phase separation, thermoelectric
property, etc.) has been a significant subject for decades due to
its advantage to meet the application requirements in different
situations.2−6 For polymeric liquids, Legrand and Gaines7

presented the following equation to describe the relation
between the surface tension γ and polymer molecular weight M

KM= (1)

where γ∞ is the surface tension at infinite molecular weight
and K is a constant depending on the nature of polymer. This
equation was validated in many polymer melt systems.8−13 The
exponent α is determined to be −1 for polymers of high
molecular weight and −2/3 for polymers of low molecular
weight. However, it remains difficult to identify the boundary
between these two scenarios.14

In the past decades, the factors influencing the surface
tension in polymer melts have been systematically investigated.
It shows that the chain ends and the density variation play
critical roles. For the former, de Gennes15 derived eq 1 using
the scaling argument and obtained the exponent α = −1/2.
Aubouy et al.16 described the interface properties of the
polymer melt based on the loop density profile and proposed

relation Δγ ∝ ln (Mn/Mn*)/Mn
1/2. However, their result was

questioned17,18 and probably more experimental data are
needed.19 Molecular dynamics simulations were also used to
verify the role of the terminal segments.20 On the other hand,
based on the early work of Cahn and Hilliard,21 the variation of
the melt density with molecular weight was considered as the
primary contribution to the molecular weight dependence of
surface tension.22 This was supported by studies that separated
the contribution of the chain-end segregation and the density
variation.23 The comparison of previous works on the scaling
relation between γ and M is shown Table S1.
The scaling relation between γ and M of polymer solution is

also of profound significance in its wetting process. For
example, many nanofabrications such as template-assisted
nanofabrication needs us to accurately predict the wetting
process between polymer solution and anodized aluminum
oxide templates, which is determined by both polymer type
and surface tension of solution.24 Capillary filling of polymer
liquid in the nanoscale also plays a critical role in many
techniques such as modern lab-on-chip applications, which is
instructed by the Lucas−Washburn theory where molecular
weight dependence of surface tension is indispensable.25−27
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Furthermore, the most common technique to make polymer
films or substrates with nano-pattern is based on polymer
solution, even involves the exchange of solutes and polymer
blends.28−31 Therefore, it is necessary to understand the
surface tension of the polymer solution for better design of
more sophisticated products. However, for polymer solution
composed of polymer solute and small molecule solvent, the
situation is more complex than the polymer melt. According to
Flory−Huggins theory,32 the solution concentration, polymer
molecular weight, solvent, and polymer−solvent interactions
would all contribute to the free energy of the solution.
Therefore, all the above factors can influence the surface
tension of the polymer solution. The effect of polymer
concentration has been studied in the past.33−40 Considering
that it generally interplays with molecular weight dependence,
the exact role played by either of them remains unclear.16

Actually, the surface behavior of polymer solution is associated
with the adsorption or packing of polymer chains on the air−
solution surface.41−49 As the free energy of pure solvent and
polymer is not equal, the surface tension of polymer solution
should depend on their volume ratio. Thus, adsorption of the
polymer should profoundly influence the surface tension of
polymer solution. We deem it is also the main mechanism
behind the molecular weight dependence of surface tension in
the case of polymer solutions.
In the present work, we have investigated the surface tension

γ of poly(ethylene oxide) (PEO) solution as a function of its
molecular weight M by a combination of experiment and
simulation. Our study reveals that (γ − γ∞) ∝ Mα when M <
M*, but γ is then independent of M when M > M*, where M*
is the critical molecular weight. We also demonstrate that the
dominant factor in this relation is the amount of adsorbed
polymer chains at the air−solution surface by correlating the
surface tension and polymer adsorption.

■ METHODS
Experimental Materials. All PEO samples with a small

polydispersity (Mw/Mn < 1.14) were purchased from
Innochem and Sigma-Aldrich. The samples used have number
average molecular weights Mn of 4.0 × 102, 6.0 × 102, 8.0 ×
102, 2.0 × 103, 5.0 × 103, 1.0 × 104, 2.0 × 104, 3.5 × 104, 3.0 ×
105, and 6.0 × 105 g/mol, respectively. To prepare polymer
solutions, Milli-Q water, ethyl alcohol, and chloroform (AR)
were used as the solvent. To test the effect of solution
concentration, aqueous solution of PEO with seven different
volume fractions 7.900 10V

V VPEO
4PEO

PEO solvent
= = ×+ , 2.400 ×

10−3, 7.900 × 10−3, 1.185 × 10−2, 1.580 × 10−2, 1.975 × 10−2,
and 2.400 × 10−2 were prepared. More precisely, using volume
fractions as solution concentration here means when we
change the molecular weight of PEO at a certain concen-
tration, the number and length of PEO chains change but the
number of EO units remains constant. This setting is because
the PEO volume fraction of the surface, or the number of EO
units at the surface, determines the value of surface tension. To
test the effect of solvent, PEO in chloroform when ΦPEO =
7.900 × 10−4, and PEO in the water−ethanol mixture with 0, 4,
and 35 wt % ethanol when ΦPEO = 7.900 × 10−3 were
prepared.

Surface Tension Measurement. We used the pendent
drop method to measure the surface tension of the polymer
solution by an automatic surface tension detector (Biolin,
Attention), and the details of the principle have been given

elsewhere.50 Experiments were performed at 25 °C. The
volume of single droplet is 7 μL each time and suspended at
the bottom of the pipette. Recording and analyzing time were
set at every 0.25 s for a total of 10 s for every drop. Each
sample was tested 20 times to take an average surface tension
value to improve the measurement precision. All tests were run
after enough time to make adsorption of PEO reach dynamical
equilibrium, so that the impact of diffusion of PEO chains
around the surface on the value of surface tension can be
ignored.

Simulation Details. We performed Langevin simulations
to measure the surface tension of the polymer solution. Solvent
molecules were modeled as spherical beads and linear polymer
chains were modeled by the beads connected by harmonic
springs. The unbonded interactions between all beads were
modeled by the truncated-shifted Lennard-Jones (LJ)
potential.
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where rij is the distance between the ith and jth beads, and σ is
the bead diameter. Conventionally, reduced units are adopted
in the rest of the paper. The LJ interaction parameter εLJ was
equal to 1.0kBT for interactions between beads. The cutoff
distance rcut between the same beads was set to 26 using the
repulsive part of the LJ potential to mimic the excluded-
volume effect. To model different solvent conditions, we set
rcut = 1.3σ, 1.5σ, and 1.7σ between the polymer and the
solvent. The bonded potential is

U r k r r( ) ( )0
2= (3)

where r is the distance between two connected beads, k and r0
were set to 150kBT/σ2 and 0.65σ.
The simulation box has a size of Lx × Ly × Lz with periodic

boundary conditions (PBC) along the direction of x, y-axes
and we set Lx = Ly = 25σ and Lz = 40σ. To present the
interface that has positive adsorption to the solute, the planar
structureless wall was set at z = 0 and z = 40 with εLJ = 1.0kBT
and r 2cut

6= for solvent, εLJ = 2.0kBT and rcut = 2.5σ for
polymer. The density of the solution was chosen as ρ =
0.72σ−3.
The solvent quality is determined by the scaling relation

between the mean square radius of gyration Rg and the degree
of polymerization N (Rg ∝ Nν) as shown in Figure S1. The
calculation details of Rg is provided in the Supporting
Information section. The result shows that all our simulations
are performed with a good solvent since ν ≈ 0.63 is close to
the theoretical value 0.6. Furthermore, the larger rcut implies
the larger attractive interaction between the polymer and
solvent. As absolute value of Rg increases with rcut, we
determine that the solvent with rcut = 1.7σ has a better solvent
quality than the solvent with rcut = 1.3σ in our model.
The surface tension of the system is calculated by integrating

the asymmetry of the pressure tensor according to Irving−
Kirkwood’s expression51

P z P z z1
2

( ) ( ) d
L

0
N T

z
= [ ]

(4)

where PN(z) and PT(z) are the pressure in the normal and the
lateral direction to the walls. According to the diagonal
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elements of the pressure tensor, they can be given as PN(z) =

Pzz(z), P z( )
P z P z

T
( ( ) ( ))

2
xx yy= +

. Additionally, since the inter-
action parameters between solvent beads remain unchanged
for all the simulations, γ of the pure solvent should remain
constant. Furthermore, the finite-size effect in our simulation is
checked. On the one hand, we perform a model similar with
the work by Meddah et al.,20 where they have shown the lack
of finite-size effects on the pressure in the direction with PBC.
Along the direction of z-axis, they find the change in box size
decrease the pressure, but the effect becomes weak gradually,
and eventually ignorable when Lz ≥ 40σ. On the other hand, in
order to make a further check, we perform the case of longest
chain system of N = 200 with same parameters in a larger box
of Lx = Ly = 40σ and Lz = 60σ. As shown in Figure S2, there is
only slight change in the pressure of system when the box is
larger, which means the finite-size effect has no significant
influence.
The MD integration time step is δt = 0.005τ (

m / 12= = the MD time unit). System trajectories of
polymers with length 20 ≤ N ≤ 200 were computed with the
velocity-Verlet algorithm,52 applying a Langevin thermostat
within the LAMMPS53 simulation package.

■ RESULTS AND DISCUSSION
The surface tension γ of PEO aqueous solutions as a function
of PEO molecular weight M is shown in Figure 1a. As the

water−air interface is an attractive surface for PEO, the surface
tension decreases with the increase in solution concentration.
Figure 1b shows the result of taking the logarithm of data in
Figure 1a. Clearly, the relation between surface tension and the
molecular weight is consistent with eq 1 when the molecular
weight is lower than a critical molecular weight M*. The
exponents α determined by linearly fitting are shown in Figure
1c and the value of α is around −0.7. This illustrates that the
scaling relation between γ − γ∞ and M still persists in polymer
solutions with an extra condition M < M*, where γ∞ refers to
the surface tension of polymer solution with molecular weight

M > M*. When M > M*, the surface tension becomes
independent of the molecular weight. As shown in Figure 1d,
M* is about equal to 9.9 × 103, 6.3 × 103, 4.3 × 103, 3.75 ×
103, 4.45 × 103, 4.8 × 103, and 2.7 × 103 g/mol when ΦPEO =
7.900 × 10−4, 2.400 × 10−3, 7.900 × 10−3, 1.185 × 10−2, 1.580
× 10−2, 1.975 × 10−2, and 2.400 × 10−2 respectively. Generally,
M* decreases as PEO volume fraction increases. It is known
that such a M* is absent in the case of polymer melts, namely,
that ln |γ − γ∞| of polymer melt is linearly related to ln M holds
in the full range of molecular weight. Clearly, the polymer
solution is quite different from the polymer melt in the
mechanism.
In polymer melts, there is no competition between solvent

and solute molecules, so that the surface properties are
determined by polymer chains only. The dominant factor
influencing the surface tension is the variation in density23 due
to the change of molecular weight. In the case of PEO
solutions, some PEO chains and different solvent molecules are
adsorbed on the air−solvent surface, which determine the
surface tension. Many studies45−47,54 have shown an
aggregation of PEO chains at the air−water surface so that γ
would decrease as the amount of PEO at the surface increases.
For the effect of molecular weight, Gilanyi et al.44

demonstrated that longer PEO chains are more readily
adsorbed at the surface by estimating the standard free energy
of PEO adsorption. This is because the larger driving force,
mainly contributed by the enthalpy, is exerted on long chains.
This is understandable. Previous studies55,56 revel PEO chains
lie down at the surface with a locally serrated but overall
irregular configuration. It is determined by the unfavorable
interaction between hydrophilic end groups (−OH) and
hydrophobic segments (−CH2−) of the polyether. For the
same concentration, the number of the hydrophilic end groups
(−OH) decreases as molecular weight increases, so a longer
chain becomes more hydrophobic. When the molecular weight
reaches a critical value M*, the amount of end groups relative
to the hydrophobic methylene moieties is so small that their
effect can be neglected, and the adsorption is independent of
the molecular weight or chain length.
The adsorption isotherms of different molecular weight PEO

chains are then calculated from the data of γ by means of the
Gibbs equation

Ä

Ç
ÅÅÅÅÅÅÅÅÅ
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Ö
ÑÑÑÑÑÑÑÑÑRT ac

1
ln( )

T,p

=
(5)

where Γ is the adsorption amount of solute, γ is the surface
tension of solution, a is the activity coefficient and c is the
concentration of solution. The adsorption isotherms in Figure
2a shows the saturation adsorbed amount of PEO at each
molecular weight and each volume fraction of solution. The
cases of Γ at ΦPEO = 7.900 × 10−3, 1.580 × 10−2, and 2.400 ×
10−2 are extracted and plotted into Figure 2b as a function of
PEO molecular weight. The results show that the saturation
adsorbed amount of all kinds of molecular weight PEO
increases with its volume fraction in solutions. The saturation
adsorbed amount of PEO also increases with its molecular
weight at all concentrations, but the growth is tapering off and
the curves go flat finally, as shown in Figure 2b. This trend of Γ
is roughly consistent with the change in γ because the amount
of PEO adsorbed at the surface determine the value of surface
tension. We provide a plausible microscopic scenario in Figure
S3 that attempts to reconcile the experimental findings.

Figure 1. (a) Relation between surface tension γ and molecular
weight M of PEO aqueous solutions at different volume fractions Φ.
(b) The logarithm of the data of γ − γ∞ and M. (c) The exponent α
of eq 1 collected by linearly fitting of the data in (b) (the slope of the
left portion of figure). (d) The relation between critical molecular
weight M* and volume fractions Φ in above PEO aqueous solutions.
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Combining the data of γ, the amount of PEO adsorbed at the
surface can continue to increase at one certain concentration
when M < M*. The appearance of M* in the relation between
γ and M means that the amount of PEO adsorbed at the
surface nearly keeps stable when M ≥ M*, so that the solution
surface tension becomes independent on molecular weight.
Furthermore, PEO chains with the same length gained larger
driving force to be absorbed at the surface when PEO volume
fraction is higher, as adsorption isotherms show. Thus, the fact
that M* decreases with PEO concentration indicates the
solution with higher concentration could reach the stable
adsorption amount even when chains are short. Figure S4
shows the surface tension data of PEO in DME at 20 °C,
which further verifies γ − γ∞ is scaled to M even at different
temperatures and different solvent conditions. The α and M*
in this situation equal to −0.705 and 5.0 × 103, respectively.
In order to make clear about the solvent effects on the

scaling exponent α and the critical molecular weight M*, we
measured surface tension of PEO both in chloroform and
water−ethanol mixture. As shown in Figure 3a,b, γ is
independent of the PEO molecular weight in chloroform
without M* in the range we examined. The reason we believe
is M* goes below 400 g/mol (the minimum molecular weight
of the sample) due to the change in solvent quality. As

chloroform is a solvent worse than water for PEO,57 the
saturation of surface concentration happens at shorter chain
length in the worse solvent. This can be attributed to that
polymer chains have efficient dissolution in the good solvent
and thus need to overcome a larger interaction with solvent to
move to the surface.58 In short, chains with the same length
need a larger force to be driven to the surface in the good
solvent. Thus, M* decreases as the solvent gets worse.
To further clear about the solvent effect, we examined the

surface tension of PEO in the water−ethanol mixture with
different volume fractions of ethanol. In this system, the
solvency can gradually become worse as the concentration of
ethanol increases according to the second virial coefficient of
solution, as shown in previous works.59 The increasing Rg of
PEO chains with the concentration of ethanol is another
evidence.60 Here, we evaluate the Flory−Huggins parameter χ
between PEO and water−ethanol mixture with different
concentrations of ethanol by χPEO‑mixture = φwaterχPEO‑water +
φethanolχPEO‑ethanol, where φwater and φethanol are the volume
fractions of water and ethanol of the water−ethanol mixture
and χPEO‑water and χPEO‑ethanol are χ between PEO and pure
water or pure ethanol. According to previous simulation
methods and results,61,62 χPEO‑water ≈ 0.3 and χPEO‑ethanol ≈ 3.5.
Thus, χPEO‑mixture = 0.3, 0.46, and 1.58 when the concentrations
of ethanol are 0, 4, and 35 wt %, respectively.
As shown in Figure 3c,d, γ − γ∞ is also scaled to M though

the index α increases as the solvent becomes worse, where α =
−0.733, −0.365, and 0 corresponding to the case of 0, 4, and
35 wt % ethanol, respectively. On the other hand, M* = 4.0 ×
103, 2.0 × 103, and M* < 4.0 × 102 when the concentration of
ethanol is 0, 4, and 35 wt %, respectively. Namely, M*
decreases as the solvent quality drops. Regarding the
competition between PEO and mixture solvent at the surface,
we assume that the composition of solvent molecules replaced
by PEO at the surface is consistent with that in the bulk. So,
that we could view the water and ethanol molecules as a whole
according to their mass fraction. The competition between
PEO and mixture at the surface is then same with the case of
single kind of solvent. However, note that the fraction of
ethanol in the water−ethanol mixture can change not only the
solvent quality but also the surface tension of the solvent. The
difference of the surface tensions between the pure solvent and
pure solute should profoundly influence the adsorption.
Considering that we cannot separate the effects in experiments,
we performed molecular dynamics simulations to further clear
about the role of the solvent.
The results of MD simulation reproduce the piecewise

relation between γ and M as shown in Figure 4. To confirm the
effect of polymer concentration, Φ = 0.13, 0.27, and 0.33 were

Figure 2. (a) Adsorption isotherms of different molecular weight
PEO chains at the air−solution interface. (b) Saturation adsorbed
amount of different molecular weight PEO chains at ΦPEO = 7.900 ×
10−3, 1.580 × 10−2, and 2.400 × 10−2.

Figure 3. Effect of solvent on scale relation between γ and M: (a)
PEO in water (red line) and in chloroform (blue line) at 25 °C and
ΦPEO = 7.900 × 10−4. (b) The logarithm of the data of γ − γ∞ and M
in (a). (c) PEO in water−ethanol mixture with 0 wt % ethanol (red
line), 4 wt % ethanol (blue line), and 35 wt % ethanol (green line) at
25 °C, and ΦPEO = 7.900 × 10−3. (d) The logarithm of the data of γ −
γ∞ and M in (c).

Figure 4. Effect of solution concentration on molecular weight
dependence of surface tension in simulation. All tests were performed
with rcut = 1.5σ.
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chosen. We can see M* still appears earlier when solution
concentration is increasing, as M* = 80, 66, and 50 for Φ =
0.13, 0.27, and 0.33, respectively. On the other hand, α ≈
−0.03 is independent of the monomer volume fraction, which
is consistent with the results observed in experiments. In order
to verify the fact that M* stands for the case of maximum of
adsorption, we collect the adsorption amount in simulations
directly. Adsorption amount Γ is defined as the number of
monomer particles within 3σ of surface. The data of Γ when Φ
= 0.13, 0.27, and 0.33 are shown in Figure 5. Clearly, Γ sharply

increases and then levels off at any PEO concentration,
characteristic of Langmuir adsorption. This further illustrates
that the relation between γ and M in polymer solution should
be resulted from adsorption of polymers. Furthermore, M* is
thus associated with the maximum of adsorption. According to
the change in Γ with Φ, it is also confirmed that in the same
solvent, higher monomer concentration will lead to higher
saturation adsorbed amount. This can be attributed to the free
energy difference between the surface and the bulk increases.
Therefore, to reach equilibrium status, more monomers need
to move to the surface. Additionally, this larger energy
difference brings a larger driving force to polymers, the
adsorption can thus reach saturation at a shorter chain length
and M* decreases.
The effect of solvent quality was explored by adjusting the

cutoff distance in the simulation, as shown in Figure 6. Because
this method may induce a pressure change, we checked
pressure components along z-axis, PN(z), and PT(z), in the
cases of rcut = 1.3σ and rcut = 1.7, as shown in Figure S5. The
results show that though there is slight change, the difference
in PT(z) between the cases of rcut = 1.3σ and rcut = 1.7 is only
around 0.1 in all regions. The same is true for PN(z) in the bulk
region. The significant change in PN(z) happens at the
interface, which determines the value of surface tension.
Therefore, we believe the change in pressure of system induced

by adjusting the solvent quality has little influence on our
conclusion. In Figure 6, besides the piecewise relation between
γ and M still persists, we still find a change value of α =
−0.065, −0.039, and −0.005 for rcut = 1.3σ, 1.5σ, and 1.7σ,
respectively. However, this increase trend of α is not consistent
with the experiment as shown in Figure 3, where α decreases as
the solvent becomes better. We deem this is because the
adsorption driving force depends on the difference between the
energy of the surface and bulk. In our simulation, γ of the
solvent is a constant because the interaction between solvent
beads is not changed. By contrast, when the solvent is changed
in the experiment section, γ of solvent also varies and
influences the initial energy of the surface. For the complex
effect of solvent, a concrete analysis according to specific
situations is needed. On the another hand, M* also still
decreases with solvent becoming worse, as M* = 67, 80, and
190 for rcut = 1.3σ, 1.5σ, and 1.7σ, respectively. We also collect
the adsorption amount in these cases and plot them in Figure
7. More chains were adsorbed to the surface in the worse
solvent as shown in Figure 7, indicating that as rcut increases,
the solvent becomes better, and the interaction between
polymer and solvent increases. As a result, polymer chains are
effectively restricted to the bulk rather than adsorbed to the

Figure 5. Adsorption amount Γ (blue line) and surface tension γ
(black line) at different monomer concentrations, (a) Φ = 0.13, (b) Φ
= 0.27, and (c) Φ = 0.33, with rcut = 1.5σ.

Figure 6. Effect of solvent on molecular weight dependence of surface
tension in simulation. All tests were performed at Φ = 0.13.

Figure 7. Adsorption amount of monomer (blue line) and γ (black
line) in different solvents at Φ = 0.13, with (a) rcut = 1.3σ, (b) rcut =
1.5σ, and (c) rcut = 1.7σ.
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surface. In other words, the phase separation between the
polymer and solvent is weakened, and a larger force is required
to drive the chains from the bulk to the surface. That is why
M* increases as the solvent quality increases. Finally, we
calculate the physical value of simulation system. The
calculation details are in the Supporting Information section.
For the absolute value of surface tension and adsorption
amount between PEO solutions and simulation systems, the
small deviation within the same order of magnitude is not
important as the coarse-grained model is used. In addition, the
mapping results show a similar trend of how an attractive
surface influences the behavior of polymer chains in solution
with the experiments, which further verifies the validity of the
conclusions.

■ CONCLUSIONS
In conclusion, we have investigated the molecular weight M
dependence of surface tension γ of PEO solutions. Generally,
eq 1 works in a limited range of M < M*, where M* is the
critical molecular weight. The physics behind M* is the
adsorption of polymer on air−liquid surface reaches the
maximum at certain concentration. Different from that in
polymer melts, adsorption plays a dominant role in the relation
between γ and M in polymer solution. For an attractive surface,
the adsorption driving force of polymer chains increases with
M at a certain polymer concentration. The adsorption
increases and γ goes down until M = M*. When M > M*,
the adsorption and γ is independent of M. Furthermore, M*
decreases either as the solvent becomes worse or the monomer
volume fraction increases. The exponent α of eq 1 is greatly
affected by the surface tension of the solvent, which decreases
as the solvent quality becomes worse in simulation. In addition,
the solution concentration is not a prominent factor to change
α.
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1. Summary of previous works 

Methods Authors Polymer Scaling 

Experiments Legrand and Gaines 
Poly(isobutylene) 

Poly(dimethylsiloxane) 
𝜸~𝑴-2/3 

Experiments Dee and Sauer 

Poly(ethylene glycol) 

Poly(propylene glycol) 

Polyethylene 

𝜸~𝑴-2/3 & 𝜸~𝑴-1 

Experiments Siow and Patterson Poly(dimethylsiloxane) 𝜸~𝑴-2/3 & 𝜸~𝑴-1 

Experiments Jo and Lee 
Polystyrene 

Poly(methyl methacrylate) 
𝜸~𝑴-2/3 & 𝜸~𝑴-1 

Scaling Functional 

Theory 
de Gennes / 𝜸~𝑴-1/2 

Scaling Functional 

Theory 
Aubouy / ∆𝜸 ∝ 𝐥𝐧(𝑴/𝑴 ∗)/𝑴1/2 

Self-consistent Field Wu / 𝜸~𝑴-1 

Standard Mean-field Kumar / 𝜸~𝑴-1 

Table S1. Comparison the research on the scaling relation between surface tension 𝛾 

and molecular weight 𝑀 of polymer melt. 
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2. Mean square radius of gyration of chains in simulation 

The mean square radius of gyration 𝑅! of polymer chains is calculated in a box 

with periodic boundary conditions in all directions, and other parameters are all same 

with that in the Simulation Details section. We collect 𝑅!  of polymer chains in 

equilibrium with 

𝑅!" =%[(𝑥# − 𝑥$%)" + (𝑦# − 𝑦$%)" + (𝑧# − 𝑧$%)"]
#

																						(S1) 

where the subscript 𝑖 stands for the 𝑖th bead and 𝑐𝑚 stands for the center of mass of 

chains. The results are shown in Fig. S1. 

 

Figure S1. The scaling relation between the mean square radius of gyration 𝑅! and 

the degree of polymerization 𝑁 at different 𝑟$&' values. 
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3. Finite-size effect 

 

Figure S2. Comparison of pressure components distribution along 𝑧-axis (a) 𝑃((z) 

and (b) 𝑃)(z) of system of 𝑁 = 200, when box size is 𝐿* = 𝐿+ = 25	𝜎, 𝐿, = 40	𝜎 

(small box) and 𝐿* = 𝐿+ = 40	𝜎, 𝐿, = 60	𝜎 (large box). 
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4. M* and Adsorption of PEO 

 

Figure S3. The schematic of the adsorption of PEO when 𝑀 < 𝑀∗, 𝑀 = 𝑀∗, and 𝑀 >

𝑀∗. 
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5. Surface Tension 

 

Figure S4. The relation between surface tension 𝛾 and molecular weight 𝑀 of PEO 

in DME at 20	°C. The data were collected from Polymer Data Handbook.1 
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6. Pressure 

 

Figure S5. Comparison of pressure components distribution along 𝑧-axis between 

when 𝑟$&' = 1.3	𝜎  and 𝑟$&' = 1.7	𝜎  for (a) 𝑃((z)  and (b) 𝑃)(z)  in the case of 

𝑁 = 20, (c) 𝑃((z) and (d) 𝑃)(z) in the case of 𝑁 = 100, and (e) 𝑃((z) and (f) 

𝑃)(z) in the case of 𝑁 = 200 in simulation. 
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7. Mapping simulation to real system 

We follow the common coarse-graining method obtain the physical value of 

simulation system.2 To adopt reduced units in our simulation, we set the unit of energy 

is 𝜀 = 𝑘-𝑇 with 𝑇 = 298	𝐾 and a bead represents a molecule with volume equals to 

72	Å., about 1.2 EO groups. As system density 𝜌 equals to 0.72, the unit of length 

in real system can be given as σ = √0.72 × 72! 	Å. = 3.7	Å, and the unit of mass 𝑚 =

/."×22
3.4".×/4"#!

= 8.8 × 105".𝑔. Time unit then can be given as 𝜏 = Rmσ"/ε = 1.7	𝑝𝑠. 

When value of surface tension in simulation 𝛾67 equals to 1, value of surface 

tension in real system can be given as 𝛾89:; =
<$%=&)

>!
= 30	𝑚𝑁/𝑚. When value of 

adsorption amount in simulation 𝛤67 equals to 500, the value of adsorption amount 

in real system can be given as 𝛤89:; =
?$%@
>#

= 0.52	𝑚𝑔/𝑚". 
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