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Abstract

Energetics of adsorption was addressed with all-atom molecular dynamics simulation on

the interfaces of poly(2-methoxyethyl acrylate) (PMEA), poly(methyl methacrylate) (PMMA),

and poly(butyl acrylate) (PBA) with water. A wide variety of adsorbate solutes were examined,

and the free energy of adsorption was computed with the method of energy representation. It

was found that the adsorption free energy was favorable (negative) for all the combinations of

solute and polymer, and among PMEA, PMMA, and PBA, the strongest adsorption was ob-

served on PMMA for the hydrophobic solutes and on PMEA for the hydrophilic ones. Accord-

ing to the decomposition of the adsorption free energy into the contributions from polymer and

water, it was seen that the polymer contribution is larger in magnitude with the solute size. The

total free energy of adsorption was correlated well with the solvation free energy in bulk water

only for hydrophobic solutes. The roles of the intermolecular interaction components such as

electrostatic, van der Waals, and excluded-volume were further studied, and the electrostatic

component was influential only to determine the polymer dependences of the adsorption ca-

pacities of hydrophilic solutes. The extent of adsorption was shown to be ranked by the van

der Waals component in the solute-polymer interaction separately over the hydrophilic and

hydrophobic solutes, with the excluded-volume effect from water pointed out to also drive the

adsorption.

INTRODUCTION

Adsorption on an interface with water is an important factor determining surface properties of

a polymer, such as blood compatibility in medical devices and low fouling in separation mem-

branes. The capacity of adsorption depends strongly on the chemical structure of the polymer,

and a guideline connecting the polymer structure and the adsorption capacity needs to be sought.

The adsorption capacity of a polymer has recently been analyzed in terms of its interaction with

water. This is based on the idea that water around the adsorption site needs to be displaced when

the adsorbate is transferred to the interface.1–7 It should be noted that the extent of adsorption is
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actually determined by the cooperation and/or competition of intermolecular interactions among

the polymer, water, and adsorbate molecules. The specific nature of an adsorbate is reflected in

its interactions with the polymer and water, and toward quantitative assessment of the adsorption

capacity, the interactions of the adsorbate as well as those between the polymer and water8,9 are

preferably treated at atomic resolution.

In this work, we develop an atomistic approach to the free energy of adsorption onto a poly-

mer/water interface. The extent of adsorption is quantified at the thermodynamic level by the free

energy of adsorption, which is the free-energy change for bringing the adsorbate molecule from

bulk liquid to the interface with the polymer. Upon adsorption onto the interface with water, the

adsorbate-water interaction is (partially) lost and the adsorbate-polymer interaction emerges. Ex-

plicit treatment of both interactions is thus important to reveal the interaction component that gov-

erns the capacity and specificity of adsorption. The roles of the adsorbate-polymer and adsorbate-

water interactions are not readily separated in experimental approaches, though. Molecular dy-

namics simulation (MD) is advantageous to analyze the intermolecular interactions in connection

to the structures of the adsorbate and polymer at atomic resolution. The present work focuses on

the adsorption free energies of a series of hydrophobic and hydrophilic molecules using all-atom

MD and free-energy calculations.

The polymers examined are poly(2-methoxyethyl acrylate) (PMEA), poly(methyl methacry-

late) (PMMA), and poly(butyl acrylate) (PBA). PMEA is known to be a biocompatible polymer,

and with the diffuse distribution of hydrophilic moieties, it denatures adsorbed proteins to lesser

extents than other polymers.10,11 PMMA is a widely used polymer with a hydrophobic methyl

group bonded directly to the main chain. PBA has a more hydrophobic side chain than PMEA,

while the chain mobility is estimated to be similar according to the glass-transition temperatures.12

The adsorbate molecules examined are amino-acid analogs. They are building blocks of proteins

and are studied to provide a basis for understanding the adsorption capacities of biomolecules. A

wide range of interactions from the hydrophobic to hydrophilic can be studied by employing the

amino-acid analogs, and the thermodynamics of hydration was indeed studied intensively, for ex-
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ample, by Wolfenden et al.’s measurements of the hydration free energies.13 In the present work,

we compute the adsorption free energies of analog adsorbates onto the polymer/water interfaces.

We characterize how the hydrophobicity and hydrophilicity of an analog adsorbate are reflected

in the extent of adsorption and analyze the roles of intermolecular interaction components such as

electrostatic and van der Waals in adsorption energetics. The interaction of water at the interfaces

with bioinert polymers was actually stressed in previous works.10,12 In our free-energy analysis,

we quantify the separated contributions from polymer and water and show the importance of the

van der Waals interaction between the solute and polymer.

The adsorption free energy is the free energy of transfer from the liquid bulk to the polymer

surface and may be calculated with such a standard method as umbrella sampling.14,15 This type

of calculation is of much demand especially for polymer systems, however, since a number of in-

termediate configurations need to be introduced to describe the approach of the adsorbed molecule

to the surface and the structural relaxation is usually slow for polymer. In the present work, we

circumvent the use of intermediate states and employ a theory of solutions to determine the ad-

sorption free energy. According to a thermodynamic cycle, the adsorption process of an adsorbate

molecule from the bulk liquid onto the polymer surface can be decomposed into the transfers from

the bulk liquid to vacuum and from vacuum to the adsorption site of interest. The former transfer

is the reverse process of solvation in the bulk liquid, and the free-energy change associated with

it is the solvation free energy. The latter may also be treated as a solvation by viewing the adsor-

bate molecule as the solute and the polymer and water as the solvent. The solvation free energy

is then the free-energy change for turning on the intermolecular interactions between the solute

and solvent thus identified, with a condition that the solute is restrained at the adsorption site.

In this treatment, the solvent consists of two species and is inhomogeneous due to the presence of

polymer/water interface, and to compute the free energy of solvation in an inhomogeneous, mixed-

solvent system, we adopt the method of energy representation. It is a distribution-function theory

of solutions and provides the solvation free energy through a functional formulated in terms of dis-

tribution functions of the solute-solvent pair interaction energy.16–19 In the energy-representation
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method, the molecular simulation of the polymer-water system is to be conducted only for the state

without the solute and the one with the adsorbed solute. No simulation is necessary for the inter-

mediate configurations that describe the approach of the solute from liquid bulk to the polymer

surface, leading to the reduction of computational load. Among a variety of approximate methods

of free energy,20–33 the energy-representation method is unique in compromising the accuracy and

efficiency with applicability to molecules with intramolecular degrees of freedom as well as to

interfaces.34–46 It was previously applied to bulk polymers and to air/water and solid/water inter-

faces, and good agreements with numerically exact results were reported for the adsorption of a

urea molecule at the interface between urea crystal and liquid water over a wide variety of adsorp-

tion configurations.37,38,42,43,46

In our approach, the polymer and water are treated as a mixed solvent and the solute adsorbate

is subject to the intermolecular interactions with the two solvent species. It is then of interest

to separate the contributions from the respective solvent species. The separated contributions are

not observable in general, though, and a model of solvation needs to be employed to conduct the

separation. The free-energy functional in the energy-representation formalism offers a framework

meeting this necessity. The functional is formally expressed as a sum of the contributions from

the respective solvent species and allows the decomposition of the adsorption free energy into the

contributions from the polymer and water. We discuss the cooperation and/or competition of the

effects of the polymer and water within the framework of the energy-representation formalism.

METHODS

The structures of the polymers examined in the present work are shown in Figure 1. Each poly-

mer species was atactic at a meso-diad ratio of 0.5 as generated by J-OCTA,47 and the degree of

polymerization N was 80 for each polymer. The polymer/water systems were also analyzed at

N = 40, and Figure S1 shows that the interfacial structures are insensitive to N . The adsorbate

solutes were amino-acid side-chain analogs listed in Table 1.13,36,39,48 Cyclic glycylglycine peptide
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(diketopiperazine) was also adopted as a model solute for the backbone, and the energetic values

for the backbone analog were taken to be halves of the corresponding values for cyclic glycyl-

glycine peptide.39,49,50 The general Amber force field (GAFF)51 was employed for the polymers

and amino-acid analog solutes, and the TIP3P model52 was used for water. The atomic charges

were determined by RESP (restrained electrostatic potential),53 as described in Appendix A.
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Figure 1: Polymers examined in the present work.

All the simulations were conducted using GROMACS 2021.3.54 The periodic boundary condi-

tion was employed with the minimum image convention, and the number of polymer molecules in

the unit cell of MD was 16, 20, and 16 for PMEA, PMMA, and PBA, respectively, when N = 80

and was doubled for each polymer atN = 40. The smooth particle-mesh Ewald (PME) method55,56

was utilized to handle the electrostatic interaction with a real-space cutoff of 1.2 nm, a spline order
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Table 1: Correspondence of the amino-acid side chains to their analogs.

Amino acid Analog solute Amino acid Analog solute Amino acid Analog solute

Ala methane Val propane Leu iso-butane

Ile n-butane Met methyl ethyl sulfide Cys methanethiol

Ser methanol Thr ethanol Asn acetamide

Gln propionamide Tyr p-cresol Trp 3-methylindole

of 4, and a Fourier grid spacing of 0.12 nm for each of the x, y, and z directions. The Lennard-

Jones (LJ) interaction was combined with the Lorentz-Berthelot rule for unlike pairs of atoms and

was truncated at 1.2 nm by applying the switching function operative in a range of 1.0-1.2 nm.57

The long-range correction of the LJ interaction was not carried out, given that the polymer/water

systems examined in the present work are inhomogeneous.

The simulation was conducted through the steps in Table 2. At the start of step 1, the polymer

molecules with the same structures that had been generated by J-OCTA47 as noted at the beginning

of this section were located with PACKMOL58 randomly in the MD unit cell at a density of 0.006

g/cm3 with the number of polymer molecules described in the preceding paragraph. The unit cell

was cubic at steps 1-3, and was deformed to the rectangular form of x:y:z = 3:3:1 at step 4. At the

beginning of step 7, a vacuum region of 8 nm was added along the z direction both above and below

the polymer cell obtained at the end of step 6. When step 10 was started, each of the upper (more

positive z) and lower (more negative z) regions of the polymer slab was filled with 6000 water

molecules. In both the polymer/vacuum and polymer/water systems, the interface was planar and

spanned over the x and y directions with the z direction normal to the interface. Accordingly, two

interfaces were involved in the system and the total number of water molecules in the MD unit cell

was 12000 for the polymer/water system. The system was annealed at steps 6 and 8. In the former,

the relaxation of the polymer structure was facilitated at high temperature and pressure, and in the

latter, the interface was relaxed by gradual reduction of the temperature. After the equilibration,
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the production was done at 300 K and 1 bar for 2 ns at a sampling interval of 1 ps.

The leap-frog stochastic dynamics method59,60 was adopted to integrate the equation of motion

at the time step listed in Table 2 and regulate the temperature at an inverse friction constant of 1 ps.

The pressure was maintained with the Parrinello-Rahman barostat61 at a time constant of 1 ps with

an isothermal compressibility of 4.5×10−5 bar−1. The pressure coupling was isotropic at steps 1-9

and semi-isotropic for the lateral (x and y) and normal (z) directions at the following steps. The

LINCS (LINear Constraint Solver) algorithm62 was employed for the polymers and amino-acid

analogs to fix the bond lengths involving a hydrogen atom, and SETTLE63 was used to keep the

water molecules rigid.
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Table 2: Simulation steps

step runa
simulation
time (ns)

temperature
(K)

pressure
(bar)

MD time
step (fs)

polymer bulk

1 EM

2 NV T 0.5 300 0.5

3 NPT 5 300 1 2

4 NV T 1 300 2 Deformed from x:y:z = 1:1:1 to 3:3:1

5 NPT 1 300 1 2

6b NPT 4 2000 � 300 1000 � 1 0.5 � 2
MD was performed twice at each of the

2000 K and 300 K states.

polymer/vacuum interface

7 NV T 1 300 2

8 NV T 20 500→ 300 2
Gradual reduction of temperature at

10 K ns−1

9 NV T 1 300 2

polymer/water interface

10 EM

11 NV T 0.5 300 0.5

12 NPT 1 300 1 2

13 NV T 1 300 2

only for the solution system containing an analog solute

14 EM

15 NV T 0.5 300 0.5 Set the charge of the solute to 0

16 NV T 1 300 2

production run

17 NV T 2 300 1 2

a EM stands for the energy minimization done with the method of steepest descent to a maximum force of 25 kcal

mol−1 Å−1, and NV T and NPT mean the MD simulations in the NV T and NPT ensembles, respectively.

b MD was performed in the order of (2000 K, 1000 bar)→ (300 K, 1 bar)→ (2000 K, 1000 bar)→ (300 K, 1 bar),

and each was run for 1 ns. The time step of MD was 0.5 and 2 fs at 2000 K and 300 K states, respectively.
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As will be described in the next paragraph, the simulated system involved a single solute

molecule or did not contain any solute molecule. Steps 14-16 were performed only for the for-

mer kind of system and were skipped in the latter. At step 14, the solute was placed with random

orientation by setting its center of mass to the Gibbs dividing surface for the polymer slab along

the z direction and a random position along x and y. The charges on the atomic sites of the solute

were set to 0 at step 15 to turn off strong forces due to electrostatic interactions of the inserted

solute with polymer and water molecules. The solute molecule was further subject to a restraint

expressed as
1
2k(z − d)2H(z − d) (1)

at steps 15-17 of Table 2, where z is the distance along the z direction of the solute center of mass

from the Gibbs dividing surface, k is the force constant, H is the Heaviside step function, and the

restraint was operative only when z > d. The restraint was implemented to keep the solute at the

polymer/water interface, and k and d were 1000 kcal mol−1Å−2 and 5 Å, respectively.

The adsorption free energy of an amino-acid analog solute was computed as the difference

between the transfer free energy of the solute from vacuum to the polymer/water interface and that

from vacuum to the liquid bulk. These free energies of transfer were calculated with the method

of energy representation, and in the case of interface, the adsorbed molecule was treated as the

solute and the polymer and water molecules as solvent species. The “solvation” is then the change

of the state from the “reference solvent” consisting only of polymer and water to the “solution”

system of interest that involves the solute molecule at the interface. The “solvation free energy” ∆µ

corresponds to the free-energy change of turning on the intermolecular interactions between the

(mixed) solvent and the solute molecule placed at the polymer/water interface, and to compute ∆µ

with the energy-representation method, MD simulations were conducted for the solution system,

for the reference solvent, and for the isolated solute located in vacuum. The force fields were the

same among the three systems, and the simulation setups were identical between the solution and

reference-solvent systems except for those related to the solute. The isolated solute is an amino-

acid analog in vacuum, and an isothermal MD simulation of the single solute was carried out for
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10 ns with a sampling interval of 0.1 ps. The electrostatic potential was then set to its bare form

of 1/r without cutoff, and the LJ interaction was handled with the same procedure as that for the

solution and reference-solvent systems. To obtain ∆µ through the energy-representation method,

the configuration of the solution system was counted only when the center-of-mass position of the

solute is within ±5 Å from the Gibbs dividing surface. Correspondingly, the solute sampled in

vacuum was inserted as a test particle into the reference-solvent system within ±5 Å position for

the solute center of mass from the Gibbs dividing surface at random orientation. The number of

test-particle insertions was 100 per reference-solvent configuration sampled, and 2 × 105 solute-

solvent configurations were generated in total for a single reference-solvent run. Actually, the

simulation procedures in Table 2 were repeated 60 and 30 times for the solution and reference

solvent, respectively.43,46,64–68 The ensemble averages were then obtained from the total production

times of 120 and 60 ns, respectively, and the approximate functional for ∆µ is provided in ref 40.

The solvation free energy ∆µ was also calculated in bulk water. In this case, the MD cell was

cubic and the number of water molecules contained in it was 6000. The solution system had one

solute molecule, in addition, and its production was carried out for 1 ns with a sampling interval

of 0.1 ps. The reference solvent was pure water with a simulation time of 0.5 ns, and was sampled

every 0.1 ps. The solute was inserted 500 times at random position and orientation against each

solvent configuration sampled. The other simulation setups were identical to those described above

for the polymer/water system, and the free energy of adsorption was obtained as the difference of

the ∆µ at the interface from the ∆µ in bulk water.

RESULTS AND DISCUSSION

We first study the interfacial structures of the polymer/water systems without adsorbate solutes.

The direction normal to the interface is taken to be z, and z = 0 is the center of mass of the

polymer molecules in each system examined. Figure 2 shows the density profiles of polymer and

water expressed with the masses of all the atoms. The average density of the polymer in the inner
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region of −1.0 nm < z < 1.0 nm is 1172, 1080, and 1015 kg m−3 for PMEA, PMMA, and PBA,

respectively, and they agree with the corresponding, experimental values within 9%. The polymer

and water densities vary over a spatial range of ∼2 nm. The thickness of the interface can be

quantified by the 10-90 thickness, which is defined as the difference between the z coordinates at

which the density of the polymer is 10% and 90% of the value within the inner region quoted above.

Actually, there are two interfaces in the positive and negative z regions in our simulations, and the

10-90 thickness noted here is the average of the two values evaluated in the positive and negative

z. The 10-90 thickness is 1.05, 1.25, and 0.94 nm for PMEA, PMMA, and PBA, respectively. The

interface is the sharpest for PBA, and the water density in the interfacial region is also the smallest

for PBA among the polymer/water systems examined. A purely hydrophobic moiety is present in

the side chain of PBA, indeed, leading to the lesser extent of water penetration into the polymer

region. For the polymer/vacuum interface, the 10-90 thickness was 0.90, 1.26, and 0.90 nm for

PMEA, PMMA, and PBA, respectively. The interface expands with water for the polymer with

more hydrophilic side chains, such as PMEA.69

As noted in METHODS section, MD simulations were performed also at the degree of poly-

merization N = 40. The results with N = 40 are provided in Figure S1, and it is seen that the

average density of the polymer computed in the inner region of the polymer slab of−1.0 nm< z <

1.0 nm agrees between N = 40 and 80 within 0.8%. The 10-90 thickness was also in agreement

within 0.15 nm.

The free energy of adsorption ∆µad was determined as the difference between the transfer

free energy of the solute from vacuum to the interface and that from vacuum to the water bulk.

Figure 3(a) shows ∆µad onto the interfaces of PMEA, PMMA, and PBA with water. ∆µad is

favorable (negative) for all the combinations of solute and polymer, and the amino-acid analogs

are located favorably on the polymer/water interface. Figure 3(d) also shows the solvation free

energy of each solute in bulk water ∆µbulk as a reference. This is the transfer free energy from

vacuum to water and is a measure of the hydrophobicity and hydrophilicity of the solute. It has

been shown actually that the ∆µbulk values calculated in previous studies are in agreement with
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the experimental ones and the numerically exact results from the Bennett acceptance ratio (BAR)

method.13,39,48 According to Table 1, the Ala, Val, Leu, and Ile analogs are hydrocarbons, and

in the following, they will be called hydrophobic solutes. The Ser, Thr, Asn, Gln, Tyr, Trp, and

backbone analogs have favorable (negative) ∆µbulk in Figure 3(d) and will be noted as hydrophilic.

Met and Cys are between the hydrophobic and hydrophilic species with respect to ∆µbulk and will

be referred to as sulfur-containing solutes. Among the hydrocarbon solutes of the Ala, Val, Leu,

and Ile analogs, ∆µad becomes more favorable with the number of carbon atoms. The strength of

adsorption of the hydrophobic solute correlates to its size. The magnitudes of ∆µad for those four

solutes are larger on the PMMA/water interface than on PMEA and PBA, furthermore. PMMA has

short side chains, and with the methyl group bonded to the main chain, it adsorbs the hydrophobic

solutes most strongly. ∆µad will also be decomposed into the polymer and water contributions

later with respect to Figures 3(b) and 3(c), and the polymer contribution leads to PMEA > PBA

for the adsorption strengths for the Val, Leu, and Ile analogs.
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Figure 3: Adsorption free energies of
amino-acid analogs: (a) the total value
∆µad, (b) the contribution from the poly-
mer ∆µad

polymer, and (c) the contribution from
water ∆µad

water. The solvation free energy
in bulk water ∆µbulk is also shown in (d).
The error (confidence interval) estimated
from the 95% percentile with the bootstrap
method in ref 70 is less than 0.3, 0.2, 0.2,
and 0.1 kcal mol−1 for (a), (b), (c), and (d),
respectively.

∆µad of the hydrophilic solute is seen to increase in magnitude when the hydrocarbon part of

the solute becomes larger. The adsorption free energy is more favorable, indeed, for Thr than for

Ser as well as for Gln than for Asn, and the large solutes of Tyr and Trp are strongly adsorbed
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on the polymer/water interfaces. When the interfaces of PMEA, PMMA, and PBA are compared,

∆µad of the hydrophilic solutes are always more favorable for PMEA than for the other two.

PMEA has more polar moieties than PMMA and PBA, and the role of electrostatic interaction will

be discussed later with respect to Figure 5. As listed in Table 1, the Met analog is obtained by

replacing a methylene group of the Leu analog to a sulfur atom. The analog solute then becomes

more hydrophilic, and ∆µad is indeed more favorable to the water bulk for the Met analog than for

Leu. The Ser analog changes into the Cys, on the other hand, by substituting the OH group with

an SH. The hydrogen bonding is typically weaker for a thiol than an alcohol, and this tendency

is reflected in Figure 3(a). The polymer/water interface is a less hydrophilic environment than

the bulk water, and the Cys analog favors the interface more strongly than the Ser. Actually, the

adsorption is weaker with more positive ∆µad for a hydrophilic solute than for a hydrophobic one

when they involve similar numbers of heavy (non-hydrogen) atoms. The hydrophilic moieties act

to inhibit the adsorption onto the polymer/water interfaces. According to Figures 3(a) and 3(d),

though, ∆µad is not simply correlated to the extent of hydrophobicity/hydrophilicity of the solute

expressed as the solvation free energy in the bulk water ∆µbulk. The interaction with water alone is

thus not enough to predict ∆µad, and the importance of the solute-polymer interactions is indicated.

Upon adsorption of a solute onto a polymer/water interface, the interactions with the polymer

emerge and the interactions with water are (partially) lost. It is then insightful to separate the

effects of the solute-polymer and solute-water interactions and discuss their roles in the adsorption

free energy. The separated contributions of polymer and water are not observable, though, and

there is a need for a model of free energy to conduct the separation. In the energy-representation

formalism employed in the present work, the solvation free energy (free energy of transfer from

the vacuum) ∆µ is written formally as a sum of the partial contributions ∆µi from species i (i is
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either polymer or water). Accordingly, the adsorption free energy ∆µad is written as

∆µad = ∆µad
polymer + ∆µad

water (2)

∆µad
polymer = ∆µinterface

polymer (3)

∆µad
water = ∆µinterface

water −∆µbulk (4)

where ∆µinterface
polymer and ∆µinterface

water are the contributions from the polymer and water to the solvation

free energy at the polymer/water interface, respectively, and ∆µad
polymer and ∆µad

water are the poly-

mer and water contributions to ∆µad, respectively. The separated roles of polymer and water in

adsorption are discussed on the basis of eq 2.

Figures 3(b) and 3(c) show ∆µad
polymer and ∆µad

water, respectively. ∆µad
polymer is favorable (neg-

ative) for the solutes and polymers examined (with a marginal exception of Ala on PBA), and

accordingly, the interactions with the polymer contribute to the adsorption. It is further observed

for each polymer that ∆µad
polymer increases in magnitude with the size of the analog solute. The

polymer contribution to the adsorption free energy is more favorable for a solute with a larger

number of heavy atoms. The correlation to the extent of hydrophobicity or hydrophilicity of the

solute is not seen for ∆µad
polymer, and as will be seen below with the analysis of the electrostatic, van

der Waals, and excluded-volume components of the solute-polymer interactions, the dependence

of ∆µad
polymer on the solute is governed by the van der Waals component. When PMEA, PMMA,

and PBA are compared, ∆µad
polymer is most favorable with PMMA for the hydrophobic solutes and

with PMEA for the hydrophilic. The ester groups in the polymers are hydrophilic, and the methyl

groups located closely to ester facilitate the interactions of the hydrophobic solutes with the poly-

mers. The ether oxygens in the polymers are additional sites to enhance the hydrophilicity of the

polymers, and they contribute to the adsorptions of the hydrophilic solutes. ∆µad
water in Figure 3(c)

exhibits a clear tendency with respect to the hydrophobicity or hydrophilicity of the solute. The

hydrocarbon solutes are more favorable at the interface than in bulk water, and this is more so with

the number of carbon atoms. The hydrophilic solutes are with marginal or unfavorable (positive)
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∆µad
water. The interactions with water do not contribute to the adsorption, and ∆µad

water is particularly

large for highly hydrophilic solutes such as Asn and Gln.

Correlation plots of ∆µad with the polymer contribution ∆µad
polymer and the water contribution

∆µad
water are shown in Figures 4(a) and 4(b), respectively. Strong correlations are observed with

both contributions over the hydrocarbon solutes of the Ala, Val, Leu, and Ile analogs. ∆µad
polymer

and ∆µad
water are both favorable, meaning that the polymer and water act cooperatively for the ad-

sorption. A correlation between ∆µad
polymer and the total ∆µad is also seen over the hydrophilic

analogs of Ser, Thr, Asn, Gln, Tyr, Trp, and backbone, while it is less evident than over the hy-

drophobic analogs. ∆µad
polymer of the hydrophilic solute increases in magnitude with the solute

size, and the interaction with the polymer brings a larger solute more strongly to the interface.

The correlation over the hydrophilic solutes is weak against the water contribution ∆µad
water, on the

other hand. ∆µad
water is smaller in magnitude than ∆µad

polymer for those solutes, and accordingly,

the polymer contribution is decisive for the total ∆µad. For the solutes with similar values of the

(total) ∆µad, ∆µad
polymer is more favorable (more negative) in the order of hydrophilic solutes >

sulfur-containing > hydrophobic and ∆µad
water exhibits the opposite ordering. At a given extent of

adsorption, the water contribution is more decisive for less polar solutes. Figure 4(c) is a correlation

plot between ∆µad
water and ∆µbulk. ∆µad

water refers to the loss of the water contribution upon transfer

from the water bulk to the polymer/water interface, and ∆µad
water is more favorable when the free

energy in the bulk ∆µbulk is more unfavorable (positive). The (negative) correlation in Figure 4(c)

thus leads with Figure 4(b) to the (negative) correlation of the total free energy of adsorption ∆µad

with ∆µbulk for the hydrocarbon solutes. A more hydrophobic species is more favorably adsorbed

onto the polymer/water interface. Figures 4(b) and 4(c) imply, on the other hand, that ∆µad cannot

be predicted from ∆µbulk for hydrophilic solutes. Figure 4(a) indicates instead that the polymer

contribution needs to be taken into account to describe the extent of adsorption.

The extent of adsorption is determined by the cooperation and/or competition among a variety

of intermolecular interactions, and it is of interest to assess the roles of interaction components

such as electrostatic, van der Waals (dispersion), and excluded-volume in the adsorption free en-
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Figure 4: Correlation plots of the adsorp-
tion free energy ∆µad with (a) the poly-
mer contribution ∆µad

polymer and (b) the wa-
ter contribution ∆µad

water, and (c) the plot
between ∆µad

water and the solvation free en-
ergy ∆µbulk in bulk water. The polymer and
solute species are distinguished by the col-
ors and forms of the symbols, respectively.
The correlation coefficient is 0.99, 0.99, and
0.99 between ∆µad and ∆µad

polymer, between
∆µad and ∆µad

water, and between ∆µad
water and

∆µbulk, respectively, over the hydrocarbon
solutes of the Ala, Val, Leu, and Ile analogs,
and it is 0.84, 0.56, and 0.68 between ∆µad

and ∆µad
polymer, between ∆µad and ∆µad

water,
and between ∆µad

water and ∆µbulk, respec-
tively, over Ser, Thr, Asn, Gln, Tyr, Trp,
and backbone. The error (confidence inter-
val) estimated from the 95% percentile with
the bootstrap method in ref 70 is less than
0.3, 0.3, and 0.1 kcal mol−1 for the values
on the abscissae of (a), (b), and (c), respec-
tively, and 0.2, 0.2, and 0.2 kcal mol−1 for
the values on the ordinates of (a), (b), and
(c), respectively.
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ergy. The electrostatic and van der Waals interactions are usually operative as attractive interaction

components of the solute with the surrounding molecules. The former is more specific to the po-

larity or hydrogen-bonding ability of a molecule, and the latter reflects the molecular size. The

excluded-volume effect corresponds to the free-energy penalty for displacing the polymer and/or

water molecules from the region to be occupied by the solute. It is part of the repulsive components

of the solute-polymer and solute-water interactions, and often plays decisive roles in structure for-

mation of biomolecules.71,72 In the energy-representation formalism, the contribution from species

i (i refers either to the polymer or water) to the total solvation free energy ∆µ is written as ∆µi

and is expressed as

∆µi = ui,elec + ui,vdW +
∫
dεif(εi) (5)

where εi is the pair energy of the solute with solvent species i. It is supposed that the intermolecular

interaction between the solute and species i consists of the electrostatic and van der Waals terms,

and ui,elec and ui,vdW in eq 5 are the electrostatic and van der Waals components of the average sum

of the interaction energy of the solute with species i in the “solution” system with the fully coupled

solute; see METHODS section for the meaning of “solution”. f(εi) takes into account the effects

of structural reorganization of the molecules of species i due to introduction of the solute, and the

excluded-volume component ∆µi,excl can be introduced by restricting the domain of integration in

the third term of eq 5 to a high-energy region of εi > εc as

∆µi,excl =
∫ ∞
εc

dεif(εi) (6)

εc is the threshold for specifying the excluded-volume region. It was set to 10 kcal mol−1 in the

present work by noting that εi > εc was not sampled during the MD of the “solution” system.

The choice of εc is rather arbitrary, in fact, and it is demonstrated in Figures S4-S6 that the follow-

ing discussion concerning the excluded-volume component holds irrespective of the (reasonable)

choice of the εc value.

The changes in the interaction components upon adsorption are introduced in parallel to eqs 2–
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4. Let uinterface
polymer,elec and uinterface

water,elec be the electrostatic components of eq 5 in the interactions with

the polymer and water of the solute located at the interface, respectively, and ubulk
elec be the one in

bulk water. The total change in the electrostatic component upon adsorption ∆uad
elec, the polymer

contribution ∆uad
polymer,elec, and the water contribution ∆uad

polymer,elec are then expressed as

∆uad
elec = ∆uad

polymer,elec + ∆uad
water,elec (7)

∆uad
polymer,elec = uinterface

polymer,elec (8)

∆uad
water,elec = uinterface

water,elec − ubulk
elec (9)

The total change ∆uad
vdW, the polymer contribution ∆uad

polymer,vdW, and the water contribution

∆uad
water,vdW in the van der Waals component are introduced with similar expressions as well as

the corresponding excluded-volume components ∆µad
excl, ∆µad

polymer,excl, and ∆µad
water,excl. We will

elucidate below the roles of the electrostatic, van der Waals, excluded-volume components in the

adsorption by examining their correlations to ∆µad and the contributions from polymer and water.

The solvent reorganization outside the excluded-volume domain (εi < εc) contributes to ∆µi as the

difference of the third term of eq 5 from ∆µi,excl. The adsorption-induced change in the solvent-

reorganization term of εi < εc can be written similarly to eqs 7–9, and as shown in Figure S8 for

each of the polymer and water contributions, it cancels partially the electrostatic and van der Waals

components.

Figure 5 depicts the correlation plots for the (total) electrostatic component ∆uad
elec with the

(total) free energy of adsorption ∆µad and for the polymer and water contributions. ∆uad
elec is

essentially zero for the hydrocarbon solutes of the Ala, Val, Leu, and Ile analogs. Its polymer

contribution ∆uad
polymer,elec and the water contribution ∆uad

water,elec vanish in Figures 5(b) and 5(c),

too, and the electrostatic interaction of the hydrocarbon solute does not play any roles in adsorp-

tion. The (total) ∆uad
elec is unfavorable (positive) for the other solutes. Although ∆uad

polymer,elec

is favorable (negative), it is overturned by the contribution from water ∆uad
water,elec. The correla-

tion is weakly negative between ∆µad and ∆uad
elec over the solutes other than the hydrocarbons,
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PMEA/water

PBA/water

PMMA/water

Ala, Val, Leu, and Ile
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Figure 5: Correlation plots of (a) the to-
tal adsorption free energy ∆µad with the
total change in the electrostatic component
upon adsorption ∆uad

elec, (b) the polymer
contribution ∆µad

polymer with ∆uad
polymer,elec,

and (c) water contribution ∆µad
water with

∆uad
water,elec. The polymer and solute species

are distinguished by the colors and forms
of the symbols, respectively. The correla-
tion coefficient is 0.17, 0.34, and 0.00 be-
tween ∆µad and ∆uad

elec, between ∆µad
polymer

and ∆uad
polymer,elec, and between ∆µad

water and
∆uad

water,elec, respectively, over Ser, Thr, Asn,
Gln, Tyr, Trp, and backbone. The error (con-
fidence interval) estimated from the 95%
percentile with the bootstrap method in ref
70 is less than 0.3, 0.2, and 0.2 kcal mol−1

for the values on the abscissae of (a), (b),
and (c), respectively, and 0.9, 0.9, and 0.6
kcal mol−1 for the values on the ordinates of
(a), (b), and (c), respectively. The data for
the 3 polymer systems are plotted together
in this figure, and the separated plots are pro-
vided in Figure S2.
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furthermore, and the electrostatic component disfavors the adsorption due to the loss of electro-

static interactions with water. Figures 5 and S2 also show that when the solute is hydrophilic,

∆uad
polymer,elec is more favorable (more negative) on PMEA than on PMMA and PBA. It was seen

in Figure 3 that the (total) free energy of adsorption ∆µad is largest in magnitude on PMEA due

to the polymer contribution ∆µad
polymer, and this reflects the strong electrostatic interaction between

the hydrophilic solute and PMEA.

Figure 6 provides the van der Waals components. It is observed that the total ∆uad
vdW is favor-

able for all the solutes examined and is well correlated to the (total) adsorption free energy ∆µad

separately over the hydrophobic solutes and over the hydrophilic and sulfur-containing solutes.

The polymer contribution plotted in Figure 6(b) actually exhibits strong correlations between the

van der Waals component ∆uad
polymer,vdW and the free energy ∆µad

polymer, and in combination with

Figure 4(a), the dependence of the adsorption propensity on the solute and polymer species is

ranked by the van der Waals component in the polymer contribution both for the hydrophobic and

hydrophilic solutes. The water contribution ∆uad
water,vdW in Figure 6(c) is unfavorable for all the

combinations of solute and polymer and is anti-correlated to the corresponding free energy ∆µad
water

only over the hydrocarbon solutes. ∆uad
water,vdW is still smaller in magnitude than ∆uad

polymer,vdW

and is not decisive for the solute dependence of adsorption of the hydrophobic species. The van

der Waals interaction is determined by the number of heavy (non-hydrogen) atoms around the so-

lute. Figure S7 shows the number density of the heavy atoms in polymer around the solute at the

polymer/water interface as well as the difference of the number density of water oxygen around

the solute at the interface from that around the solute in bulk water. It is seen there that the accu-

mulation of the polymer atoms around the solute at the interface is more in extents than the loss

of water upon transfer of the solute from bulk to the interface, which corresponds to the energetic

results in Figure 6 of |∆uad
polymer,vdW| > ∆uad

water,vdW.

The excluded-volume component is shown in Figure 7. The total ∆µad
excl is negative for all

the solutes, and the adsorption is favored by the excluded-volume component. It is also seen that

∆µad
polymer,excl in Figure 7(b) and ∆µad

water,excl in Figure 7(c) are unfavorable and favorable, respec-
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PBA/water
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Figure 6: Correlation plots of (a) the to-
tal adsorption free energy ∆µad with the to-
tal change in the van der Waals component
upon adsorption ∆uad

vdW, (b) the polymer
contribution ∆µad

polymer with ∆uad
polymer,vdW,

and (c) water contribution ∆µad
water with

∆uad
water,vdW. The polymer and solute

species are distinguished by the colors and
forms of the symbols, respectively. The
correlation coefficient is 0.82, 0.98, and
0.90 between ∆µad and ∆uad

vdW, between
∆µad

polymer and ∆uad
polymer,vdW, and between

∆µad
water and ∆uad

water,vdW, respectively, over
the hydrocarbon solutes of the Ala, Val, Leu,
and Ile analogs, and it is 0.83, 0.90, and
0.40 between ∆µad and ∆uad

vdW, between
∆µad

polymer and ∆uad
polymer,vdW, and between

∆µad
water and ∆uad

water,vdW, respectively, over
Ser, Thr, Asn, Gln, Tyr, Trp, and back-
bone. The error (confidence interval) es-
timated from the 95% percentile with the
bootstrap method in ref 70 is less than 0.3,
0.2, and 0.2 kcal mol−1 for the values on the
abscissae of (a), (b), and (c), respectively,
and 1.1, 0.8, and 0.8 kcal mol−1 for the val-
ues on the ordinates of (a), (b), and (c), re-
spectively. The data for the 3 polymer sys-
tems are plotted together in this figure, and
the separated plots are provided in Figure
S3.
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Figure 7: Correlation plots of (a) the total
adsorption free energy ∆µad with the total
change in the excluded-volume component
upon adsorption ∆µad

excl, (b) the polymer
contribution ∆µad

polymer with ∆µad
polymer,excl,

and (c) water contribution ∆µad
water with

∆µad
water,excl. The polymer and solute species

are distinguished by the colors and forms
of the symbols, respectively. The correla-
tion coefficient is 0.98, 0.11, and 0.99 be-
tween ∆µad and ∆µad

excl, between ∆µad
polymer

and ∆µad
polymer,excl, and between ∆µad

water and
∆µad

water,excl, respectively, over the hydrocar-
bon solutes of the Ala, Val, Leu, and Ile
analogs, and it is 0.91, 0.17, and 0.42 be-
tween ∆µad and ∆µad

excl, between ∆µad
polymer

and ∆µad
polymer,excl, and between ∆µad

water and
∆µad

water,excl, respectively, over Ser, Thr, Asn,
Gln, Tyr, Trp, and backbone. The error (con-
fidence interval) estimated from the 95%
percentile with the bootstrap method in ref
70 is less than 0.3, 0.2, and 0.2 kcal mol−1

for the values on the abscissae of (a), (b),
and (c), respectively, and 0.6, 0.6, and 0.9
kcal mol−1 for the values on the ordinates of
(a), (b), and (c), respectively. The data for
the 3 polymer systems are plotted together
in this figure, and the separated plots are pro-
vided in Figure S4.
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tively. When the solute is brought from bulk water to the polymer/water interface, the excluded-

volume effect emerges against the polymer and is partially lost against water. Although the signs of

the polymer and water contributions for the excluded-volume component are opposite to those for

the electrostatic and van der Waals components in Figures 5 and 6, all of the three interaction com-

ponents behave in parallel in the sense that the interaction is gained with the polymer and is lost

with water. The polymer contribution in Figure 7(b) is actually small, and the excluded-volume

component drives the adsorption due to the water contribution in Figure 7(c). It is observed in

Figures 7 and S4, in fact, that the magnitudes of ∆µad
excl and ∆µad

water,excl correspond to the solute

size separately over the hydrophobic and hydrophilic solutes. At adsorption, the excluded-volume

effect operates more favorably for a larger solute through the water contribution over each class

of solutes. The connection to the number of solvent molecules to be displaced from the region

occupied by the solute is further addressed in Supporting Information with respect to Figure S9.

∆µad
polymer,excl does not vary strongly with the solute and polymer species. The polymer contribu-

tion is not distinguished by the excluded-volume component, whereas ∆µad
polymer,excl is smaller for

the backbone analog than for the other solutes that have similar numbers of heavy (non-hydrogen)

atoms. This reflects the cyclic structure of the backbone solute. The volume is smaller for a cyclic

molecule than for a linear one even when the numbers of atoms involved are the same. A similar

trend is not observed for the total ∆µad
excl and the water contribution ∆µad

water,excl, though, since the

contribution in the bulk water is subtracted.

It is thus revealed from Figures 4-7 that among the electrostatic, van der Waals, and excluded-

volume components, the polymer contribution in the van der Waals component plays the key role

in determining the ranking of the adsorption propensity separately over the hydrophobic and hy-

drophilic solutes. The adsorption is disfavored by the electrostatic component, on the other hand,

and is driven by the excluded-volume component through the water contribution.
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CONCLUSION

All-atom analyses were conducted for the adsorption of a variety of solute molecules onto the

interfaces of PMEA, PMMA, and PBA with water. It was found for the polymer/water interface

that water penetrates to the polymer region, with the extent being smaller for the hydrophobic

PBA. The free energy of adsorption was computed by the energy-representation method. The

adsorption free energy was favorable (negative) for all the combination of solute and polymer,

and the adsorption was strongest on PMMA for the hydrophobic solutes and on PMEA for the

hydrophilic ones. The adsorption free energy was then decomposed into the contributions from

polymer and water. The polymer contribution was seen to be more favorable for larger solutes,

while a clear correlation with the hydrophobicity or hydrophilicity was observed for the water

contribution. The extent of adsorption may be addressed from the solvation free energy in bulk

water only for hydrophobic solutes. The roles of the intermolecular interaction components such

as electrostatic, van der Waals, and excluded-volume in the adsorption energetics were further

examined within the framework of the energy-representation formalism. It was shown that the

extent of adsorption can be ranked by the van der Waals component in the polymer contribution

separately over the hydrophilic and hydrophobic solutes, with the excluded-volume effect driving

the adsorption due to the water contribution. The electrostatic component was seen to disfavor the

adsorption and was not influential to determine the solute dependence of the adsorption capacity.

The adsorption capacity is an important property of a polymer in medical and industrial appli-

cations. This property is determined by the balance of interactions among the adsorbate, polymer,

and water. The present work was conducted to systematically analyze the adsorption energetics

for a wide variety of adsorbate solutes, through all-atom MD simulation and free-energy calcula-

tions that were shown to be well feasible. Peptide or protein molecules appearing in applications

to medical devices or separation membranes are still larger than amino-acid analogs treated in

this work and may consist both of hydrophobic and hydrophilic moieties. Extension to peptides

of a few residues will thus be of interest, as well as to polymer interfaces with varied extents of

hydrophobicity and hydrophilicity.

26



APPENDIX A: Determination of the atomic partial charges

This Appendix describes the scheme to determine the atomic partial charges on the polymers and

amino-acid analogs. For each of them, a quantum-chemical calculation with B3LYP and the 6-

31G(d) basis set was carried out with Gaussian 09.73 In the case of the polymer molecules, the

degree of polymerization in Figure 1 was set to N = 5 and the all-trans conformation was adopted

as the initial configuration. Through the geometry optimization, the atomic partial charges were

obtained using the restrained electrostatic potential (RESP) procedure.53 The charges used in MD

were determined with

qQM
i − 1

M

M∑
i=1

qQM
i (10)

where qQM
i is the charge on the ith atom. Eq 10 is a scheme of neutralization for a unit consisting

of M atoms. This unit is set to the central monomer (3rd both from the left and right in Figure 1 at

N = 5) for the polymers and to the whole molecule for the amino-acid analogs. In the polymers,

the atomic charges thus determined were used for all of the monomers except for the terminals.

The atomic charges in the terminal monomer were modified from those in the inner monomers,

given that a hydrogen was added as depicted in Figure 1. The terminal monomer was made neutral

by employing the same charges as in the inner monomer for the atoms other than the terminal H

atoms and assigning the equal charges to the equivalent H.

Supporting Information Available

Figure S1: Density profiles of the polymer/water systems at N = 40. Figure S2: Electrostatic

components plotted separately for the 3 polymers. Figure S3: van der Waals components plotted

separately for the 3 polymers. Figure S4: Excluded-volume components at εc = 10 kcal mol−1

plotted separately for the 3 polymers. Figure S5: Excluded-volume components at εc = 5 kcal

mol−1 plotted separately for the 3 polymers. Figure S6: Excluded-volume components at εc = 20

kcal mol−1 plotted separately for the 3 polymers. Figure S7: Distributions of the heavy atoms in
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polymer and water around the solute. Figure S8: Solvent-reorganization term outside the excluded-

volume domain plotted against the sum of the electrostatic and van der Waals components. Figure

S9: Number of displaced solvent molecules upon adsorption plotted against the excluded-volume

component.
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