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Abstract We have used full-atomistic molecular dynam-

ics (MD) simulations of both random and blocky sequence

hydrogel networks of poly(N-vinyl-2-pyrrolidone-co-2-

hydroxyethyl methacrylate) (P(VP-co-HEMA)) with a

composition of VP/HEMA = 37:13 to investigate the

effect of the monomeric sequence and the water content on

the transport properties of ascorbic acid and D-glucose at

310.15 K. The degrees of randomness of the monomer

sequence for the random and the blocky copolymers were

1.170 and 0.104, respectively, and the degree of polymeri-

zation was fixed at 50. By analyzing the pair correlation

functions, it was found that for both monomeric sequences,

the guest molecules (i.e., ascorbic acid and D-glucose) have

greater accessibility to the VP units than to the HEMA units

due to the higher hydrophilicity of VP compared to HEMA

units. While the monomeric sequence effect on the P(VP-

co-HEMA) hydrogel is clearly observed with 20 wt. %

water content, the effect is significantly reduced with 40 wt. %

water content and disappears completely with 80 wt. % water

content. This is because the hydrophilic guest molecules are

more likely to be associated with water molecules than with

the polymer network at the high water content. By analyz-

ing the diffusion of the guest molecules and the inner-sur-

face area, it is also found that the guest molecules are

confined in the system at 20 wt. % water content, resulting

in highly anomalous sub-diffusion. Therefore, at low water

content, the diffusion of the guest molecules in the hydrogel

is directly affected by the monomeric sequence through the

interaction of guest molecules with the monomeric units,

whereas such monomeric sequence effects are significantly

reduced with increasing water content.
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1 Introduction

By definition, a hydrogel is a three-dimensionally cross-

linked polymeric network that is capable of absorbing and

retaining huge amounts of water or biological fluids [1].

Since Wichterle and Lim [2] developed hydrophilic gels for

biological use in the early 1960s, significant efforts have

been devoted to use the hydrogels in the biomedical and

pharmaceutical applications [3, 4], especially for drug

delivery and tissue engineering applications due to an

excellent biocompatibility and smart stimulus-response

properties. Indeed, in order to comply with rapidly

increasing demands in medical treatment and health care, a

variety of hydrogels have been made and tested so far on the

basis of recent progress in organic synthesis techniques that

can realize exactly tailored molecular architectures [5, 6].

Poly(2-hydroxyethyl methacrylate) (PHEMA) is one of

the most important synthetic hydrogels and has been

extensively developed for biomedical applications [7] due
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to its nontoxicity, hydrophilicity, biocompatibility, thermal

stability, inertness toward many chemicals, high resistance

to degradation, and adequate mechanical strength [8]. In

addition, PHEMA can be easily polymerized and cross-

linked for the fabrication of various architectures [9, 10].

Such properties make PHEMA gel a suitable material for

controlled drug release systems [11–15] and for other

biomedical and pharmaceutical applications such as artifi-

cial skin [16, 17], wound dressing [18, 19], ocular bio-

materials [20, 21], and biosensors [22]. Another point we

need to stress is that HEMA monomers (Fig. 1a) can be

copolymerized with a wide range of other monomers to

manipulate their properties. This copolymerization pro-

vides an excellent route to control physical properties such

as hydrophilicity, solubility, and mechanical strength. Of

the various monomers, we are specifically interested in

hydrogels of N-vinyl-2-pyrrolidone (VP) (Fig. 1b)

copolymerized with HEMA. This is because poly(N-vinyl-

2-pyrrolidone-co-2-hydroxyethyl methacrylate) (P(VP-co-

HEMA)) is a well-known, biocompatible hydrogel with a

broad range of applications in the biomedical field [23–25],

and most importantly, the properties of P(VP-co-HEMA)

can be tuned for specific applications by adjusting VP/

HEMA compositions [26–32]. Moreover, P(VP-co-

HEMA) hydrogel is one of the major synthetic polymers

that has been approved by the Food and Drug Adminis-

tration (FDA) [33] for medical and pharmaceutical appli-

cations. Thus, P(VP-co-HEMA) has been extensively

studied in biomedical and pharmaceutical applications such

as implants for bone substitutes [34], bone tissue regener-

ation [35], controlled drug delivery [36–38], contact lenses

[39, 40], and tissue expanders for reconstructive plastic

surgery [41–44].

On the other hand, it should be noted that the physical

properties of a copolymer hydrogel system are a function

of the distribution of monomer units in the copolymer

chain [27, 45]. In other words, the physical properties can

be regulated by the microstructural distribution of the

monomeric units along the copolymer chains, which

depend mainly upon the initial composition of the reaction

medium and the reactivity ratio of the monomers partici-

pating in the copolymerization reactions [46–48]. Different

reactivity ratios of the participating monomers could also

affect the formation of the microstructural distribution of

the monomeric units during the reaction. In a limiting case,

the formation of blocks of the monomer could be expected

[49–51]. The reactivity ratios of VP (0.02–0.10) and

HEMA (2.97–8.18) monomers have been published by

several experimental groups [45, 52]. Because of the sig-

nificant difference in the reactivity between VP and

HEMA, the consumption of HEMA is faster than that of

VP during polymerization, which leads to compositional

heterogeneity in the copolymer chains [53] and a broad

microstructural distribution [27]. Indeed, it was reported

from our previous study [54] that the mechanical properties

of P(VP-co-HEMA) hydrogel depend on the monomeric

sequence of P(VP-co-HEMA), and the VP monomers

(especially in a blocky sequence) are responsible for stress

relaxation.

However, despite the intensive effort dedicated to the

P(VP-co-HEMA) hydrogel, there has been no systematic

study to understand how such monomeric sequences affect

the transport properties of the hydrogel at a molecular level.

Therefore, our primary objective in this study is to elucidate

the effect of the monomeric sequence on the transport

properties of P(VP-co-HEMA) hydrogel with various water

contents. For this, we simulated the blocky and random

P(VP-co-HEMA) hydrogel systems as reported in our pre-

vious studies [54, 55] with guest molecules of D-glucose and

ascorbic acid (Fig. 1h, i). These were chosen as model guest

molecules not only because they are important molecules

for their essential role in our body but also because they

have very similar size and atomic constituents. Thus, we

expect that studying the diffusion of these two similar guest

molecules will shed light on our understanding of how the

diffusion of guest molecules in hydrogels is affected by the

guest–hydrogel molecular interaction that is specified by

the structures. For this, full-atomistic MD simulations have

been performed to investigate the detailed structure and

transport properties of guest molecules through the

sequence-dependent structures of the hydrogel.

2 Models and simulation details

Full-atomistic MD simulations are performed using two

different structural forms of the hydrogel: One is made of a

blocky sequence P(VP-co-HEMA) (Fig. 1c), and another is

made of a random sequence P(VP-co-HEMA) (Fig. 1d).

The monomeric sequences in our models are intentionally

designed to have either a blocky sequence with a degree of

randomness (DR) of 0.104 or a random sequence with a

DR of 1.170. The value of DR is calculated using the

following formula:

DR ¼ 1
�LA
þ 1

�LB
ð1Þ

where �LA and �LB are the average number of A or B

monomers, respectively, within any one block or segment.

From this definition, DR values of 0, 1, and 2 represent

homopolymer, fully random copolymer, and alternating

copolymer, respectively. All of the chains in our model

hydrogel have the same degree of polymerization (DP =

50) and the same composition (VP/HEMA = 37:13).

The monomeric composition was chosen to match the

composition that was studied experimentally [56]. An
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N,N0-methylenebisacrylamide (MBA) (Fig. 1e) was used as

the cross-linker to produce a three-dimensional network

structure. To form a three-dimensional network structure

as shown in Fig. 1f, we placed MBA at one end of each

P(VP-co-HEMA) chain and then arranged all chains to

participate in the network structure through periodic

boundary conditions. It should be noticed that the topology

of our current model is very ideal, having 6 chain-ends

N
H

N
H

OO

(e)

(i)(h)

(j) (k)

O

OH

OH

OH

OH

OH

O

OHOH

OOH

OH
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(a) (b)
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Fig. 1 Preparation scheme of

P(VP-co-HEMA) hydrogels;

a HEMA; b VP; c blocky

sequence with DP = 50;

d random sequence with

DP = 50; e N,N0-
methylenebisacrylamide

(MBA); f configuration of the

cross-linking point; g extended

network with periodic boundary

condition; h D-glucose;

i ascorbic acid; equilibrated

structure of the hydrogels with

j D-glucose and with k ascorbic

acid
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connected without any structural variations such as free

dangling ends and self-looping, which is deliberately cho-

sen to remove the topological diversity in our modeling

study as used in the previous studies [54, 55, 57, 58], while

experimental systems have 2–4 chain-ends connected via

one cross-linker with structural variations. We think that the

current theoretical topology provides the same topological

condition to both sequences to investigate the effect of

monomeric sequence. Since such initial structure has non-

physical strained conformation (Fig. 1g), we applied a

molecular mechanics (energy minimization) and annealing

procedure to relax the system to a physically meaningful

structure as employed in our previous studies [54, 55, 57–

62]. The annealing procedure accelerates the equilibration

by driving the system repeatedly through sequential thermal

(between 300 and 600 K) and pressure (between 50 and

110 % of the expected density) annealing cycles. This

procedure helps the system quickly escape from various

local minima and thereby efficiently reaches an equilibrated

structure. Following the system construction, a canonical

ensemble (NVT) and subsequent isothermal-isobaric

ensemble (NPT) MD simulations were carried out to

equilibrate the system for 200 ps and 16 ns, respectively, at

310.15 K. After equilibration, we used Monte Carlo tech-

niques to add the guest molecules, D-glucose (Fig. 1h) or

ascorbic acid (Fig. 1i), into the hydrogel systems. The

distance between each guest molecule was controlled over

15 Å (which is the cutoff distance for van der Waals

interaction) to avoid the interaction between the guest

molecules at the beginning. Since glucose is mostly found

in cyclic form and exists as pyranose in aqueous solution,

we chose b-D-glucose for the guest molecule. We also chose

L-ascorbic acid (vitamin C) in this study. Other variation in

chemical structures such as degradation or oxidation form

of guest molecules was not considered during the simula-

tions. The positions of each guest molecule were randomly

selected in the model systems. All of the systems were

equilibrated by running 10–40 ns NPT MD simulations at

310.15 K. Data collection for the analysis was performed

during a subsequent 10 ns NPT MD simulation.

Throughout this simulation, the hydrogel systems were

described using the generic DREIDING force field [63] and

F3C water force field [64]. These force fields have been

successfully used for studies on various hydrated polymeric

network systems such as polymer membranes [59–62, 65–

67] and hydrogels [54, 55, 57, 58]. The total potential

energy is given as follows:

Etotal ¼ EvdW þ EQ þ Ebond þ Eangle þ Etorsion þ Einversion

ð2Þ

where Etotal denotes the total energy and EvdW, EQ, Ebond,

Eangle, Etorsion, and Einversion are the energy components

contributed from van der Waals, electrostatic, bond

stretching, angle bending, torsion, and inversion compo-

nents, respectively. All simulations were performed with

the LAMMPS (Large-scale Atomic/Molecular Massively

Parallel Simulator) code from Plimpton at Sandia National

Laboratory [68, 69]. The equations of motion were inte-

grated using a Verlet velocity algorithm [70] with a time

step of 1.0 fs. A Nose–Hoover-type thermostat [71–73]

was applied with a damping relaxation time of 0.1 ps. The

individual atomic charges were assigned using the charge

equilibration (QEq) method [74]. The atomic charges of the

water molecules were assigned from the F3C water model.

The particle–particle particle-mesh (PPPM) method [75]

was used to calculate the long-range correction of elec-

trostatic interactions.

3 Results and discussion

3.1 Equilibrated structure

Snapshots from the final MD simulations for the 80 wt. %

water content cases are shown in Fig. 2 (other water con-

tent cases are not shown here due to their visual similarity),

in which the differences in the monomeric sequences of the

hydrogels are clearly observed. The random P(VP-co-

HEMA) hydrogels contain more dispersed monomeric

units (Fig. 2a, c), while the blocky P(VP-co-HEMA)

hydrogels have a more segregated structure (Fig. 2b, d).

Two independent hydrogel models for each monomer

sequence were prepared that contained three molecules of

either D-glucose or ascorbic acid, corresponding to a con-

centration of 0.03–0.14 M. The characteristics of the

equilibrated P(VP-co-HEMA) hydrogels are shown in

Table 1.

3.2 Distribution of guest molecules

To check the distribution of the guest molecules, we ana-

lyzed the pair correlation function (PCF) of the guest

molecules with the P(VP-co-HEMA) hydrogels. The PCF,

gA�B rð Þ is the probability density of finding atoms A and B

at a distance r averaged over the equilibrium trajectory as

calculated by

gA�B rð Þ ¼ nB

4pr2dr

� �� NB

V

� �
ð3Þ

where nB is the number of B particles located at a distance r

in a shell of thickness dr from the A particle, NB is the

number of B particles in the system, and V is the total

volume of the system. Using this function, it is possible to

determine in what environment the guest molecules are

found. For this study, qg(r), the product of g(r) and the

number density (q), is used instead of g(r) to directly
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compare the absolute values between various systems. For

quantitative analysis, the coordination number (CN) is

calculated by integrating the first peak in the PCF. Figure 3

shows the three pairs of interest: (i) qgNðVPÞ�Oðguest moleculeÞ
for the nitrogen of the VP (N (VP)) and the oxygen

of the guest molecule (O (guest molecule)); (ii)

qgCðHEMAÞ�Oðguest moleculeÞ for the alpha carbon of the

HEMA (C (HEMA)) and O (guest molecule); and (iii)

qgOðHEMAÞ�Oðguest moleculeÞ for the oxygen of the hydroxyl

group of the HEMA (O (HEMA)) and O (guest molecule).

In Figs. 4 and 5, the qg(r) values of the P(VP-co-HEMA)

hydrogels with the random and blocky sequence with 20, 40,

and 80 wt. % water content are shown. These figures show

that the qgOðHEMAÞ�Oðguest moleculeÞ values are nonzero for

distance of approximately r [ 2.5 Å, while the other qg(r)s

appear for r [ 3.5 Å. This is because the location of O

(HEMA) (the oxygen of the terminal hydroxyl group in

HEMA) unit is more accessible for the guest molecules in

comparison with C (HEMA) and N (VP).

By comparing Fig. 4a, b for 20 wt. % water content, we

found that the peak intensities for the qgCðHEMAÞ�Oðascorbic acidÞ
and the qgOðHEMAÞ�Oðascorbic acidÞ depend on the monomer

sequence of P(VP-co-HEMA), with qgXðHEMAÞ�Oðascorbic acidÞ
(X=C or O) possessing a smaller intensity at *5 Å for the

blocky sequence hydrogel. As shown in Table 2, the calcu-

lated coordination numbers (CNs) for 20 wt. % water content

obtained from the first peak of qgCðHEMAÞ�Oðascorbic acidÞ and

qgOðHEMAÞ�Oðascorbic acidÞ for the blocky sequence are 2–4.3

times smaller than those for the random sequence. The PCFs

for D-glucose (Fig. 5a, b) also show dependency on

the monomer sequence, with the CN results for 20 wt. %

water content (Table 2), showing that the CNs from the

qgCðHEMAÞ�Oðd�glucoseÞ and the qgOðHEMAÞ�Oðd�glucoseÞ for the

blocky sequence show smaller values than do those for

the random sequence. On the other hand, the intensity of the

first peak for qgNðVPÞ�Oðascorbic acidÞ and qgNðVPÞ�Oðd�glucoseÞ is

less affected by the monomer sequence of the hydrogel than

are those of qgXðHEMAÞ�Oðguest moleculeÞ, as shown in Figs. 4 and

5. However, the CNs from the blocky sequence show higher

values than those from the random sequence, as shown

in Table 2. The CNs from qgNðVPÞ�Oðascorbic acidÞ and

qgNðVPÞ�Oðd�glucoseÞ show larger values than those of

qgXðHEMAÞ�Oðascorbic acidÞ and qgXðHEMAÞ�Oðd�glucoseÞ for both

monomeric sequences, indicating that the guest molecule has

a greater accessibility to the VP units than the HEMA units in

both monomeric sequences. We expect that hydrophilic guest

molecules, such as ascorbic acid and D-glucose, may tend to

be more associated with the VP units because the VP units are

more hydrophilic than the HEMA units, as evaluated by

previous experiments [26, 28, 34, 76, 77] and simulations

[54, 55]. The guest molecules can be confined within the

polymer network in low hydration conditions, as distinctly

(a) Random (80 wt %, ascorbic acid) (b) Blocky (80 wt %, ascorbic acid) 

(c) Random (80 wt %, D-glucose) (d) Blocky (80 wt %, D-glucose) 

Fig. 2 Equilibrated random
P(VP-co-HEMA) hydrogels

with 80 wt. % water content.

a and b for ascorbic acids in the

random sequence hydrogel and

the blocky sequence hydrogel,

respectively; c and d for

D-glucose in the random

sequence hydrogel and the

blocky sequence hydrogel,

respectively. Blue, yellow,

green, orange, and cyan colors
denote VP, HEMA, MBA,

ascorbic acid, and D-glucose,

respectively. The oxygens of the

water molecules are represented

by red colors with a smaller ball

size for a clear view
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shown for a water content of 20 wt. %. This confinement can

lead to the guest molecules having more interactions with the

polymer network, especially with the more hydrophilic VP

segments. Detailed discussions of the confinement are given

in next section.

To explain this monomeric sequence effect on P(VP-co-

HEMA) hydrogel with 20 wt. % water content, we calcu-

lated the solvent-accessible surface area (SASA) of the

monomeric units to check the accessible surface for the

guest molecule. The probe radius for calculating the SASA

was set to be 2.78 and 2.71 Å, which are the hydrodynamic

radii (rh) of D-glucose and ascorbic acid, respectively [57].

As shown in Table 3, the SASA of the VP unit has a larger

accessible area than the HEMA unit for the guest mole-

cules, which agrees with the results of the PCFs and CNs. It

is also observed that comparing monomer sequences, the

blocky sequence hydrogel has accessible areas for the VP

units and the HEMA units that are 29–37 % and 4–15 %

larger than those of the random sequence hydrogel,

respectively. The SASA of the VP units is more sensitive to

the effects of the monomeric sequence than the SASA of

the HEMA units. We think this is due to the random dis-

tribution of the HEMA units among the VP units in the

random sequence hydrogel. In this case, the HEMA units

can screen out the access of the probe toward the VP units

in the random sequence. As we mentioned above, the O

(HEMA) unit is more accessible for the probe, especially in

the random sequence, and the HEMA unit is longer than

the VP unit by *36 % (the root-mean-square radius of

gyration is 1.92 ± 0.33 Å for the VP unit and

2.61 ± 0.01 Å for the HEMA unit at 310 K). Therefore,

the guest molecules can be excluded from the VP units by

the HEMA units in the random sequence, which leads to

smaller CNs for qgNðVPÞ�Oðguest moleculeÞ and higher CNs for

qgXðHEMAÞ�Oðguest moleculeÞ in the random sequence than in

the blocky sequence at the low water content.

However, this monomeric sequence effect is signifi-

cantly reduced with 40 wt. % water content (see Figs. 4c,

d, 5c, d) and disappears completely with 80 wt. % water

content (see Figs. 4e, f, 5e, f). This occurs because the

polymer chains are swollen with increasing water content.

Therefore, the hydrophilic guest molecules, such as

ascorbic acid [78] and D-glucose [79], are more likely to be

associated with water molecules than with the polymer

network at these high water contents. To determine in what

environment the guest molecules are associated with the

water molecules, we characterized the water distribution

around the guest molecules by PCF using the oxygen of the

guest molecule and the oxygen of the water molecule

(qgOðguest moleculesÞ�OðwaterÞ), as shown in Fig. 6. The analysis

of the water CN for the guest molecules is given in

Table 4. It is clearly shown that the intensities of the PCFs

and CNs are increased with increasing water content,

meaning that the interaction between the guest molecules

and the P(VP-co-HEMA) is screened by water molecules.

3.3 Diffusion of guest molecules

The diffusion of guest molecules is another interesting

aspect of hydrogels because of its importance to bio-

applications, such as tissue engineering and drug delivery,

in which small guest molecules can be transported. From

numerous studies focusing on the variables affecting solute

transport [80–84], it is understood that the transport prop-

erties are strongly dependent upon many factors, such as

mesh size, swelling ratio, ionization, ionic strength, pH

condition, and temperature. In our simulations, the number

of guest molecules in all P(VP-co-HEMA) hydrogels was

the same to check the effect of the water content on the

transport properties of the guest molecule. The mean

square displacement (MSD) of the guest molecules in the

hydrogels was obtained from the last 5 ns of our NPT MD

simulations to calculate the diffusion coefficients (D), as

defined by

D ¼ lim
t!1

1

6t
r tð Þ � r 0ð Þð Þ2

D E
ð4Þ

where r(t) and r(0) are the positions of the target molecules

at a time t that is greater than 0 and at t = 0, respectively.

The MSD follows a power law in time with exponent (a)

that

r tð Þ � r 0ð Þð Þ2
D E

� ta ð5Þ

NVP
CHEMA

OHEMA

OAscorbic Acid OGlucose

Fig. 3 Atoms used to calculate the pair correlation function
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The diffusion is normal if MSD, r tð Þ � r 0ð Þð Þ2
D E

, is pro-

portional to time t with a = 1. If the diffusion of molecules

is hindered or obstructed by the structure of the system, the

value of a is smaller than 1, which is known as an anom-

alous subdiffusion [85, 86]. This has been observed in

various systems, such as membranes [87, 88], hydrogels

[89], and porous media [90]. Previously, Jang et al. [57]

reported that the ascorbic acid and D-glucose in the

poly(ethylene oxide)–poly(acrylic acid) double-network

hydrogel with 76 % water content showed values of a
between 0.74 and 0.82.

In this study (see Fig. 7), we obtained a values of

0.36–0.47 for 20 wt. % water content, 0.62–0.80 for 40 wt.

% water content, and 0.79–0.89 for 80 wt. % water content

P(VP-co-HEMA) hydrogels, respectively. These results

clearly indicate that the diffusion of the guest molecules in

low hydration hydrogel systems (20 wt. % water content)

corresponds to the anomalous subdiffusion and is seriously

depressed and this anomalous subdiffusion approaches

normal diffusion as the water content increases to a high

level of hydration.

The diffusion coefficients for ascorbic acid and D-glu-

cose for each monomer sequence hydrogel are summarized

in Table 5. Unfortunately, there are no available experi-

mental diffusion coefficients for our particular systems to

make a direct comparison with these calculated results.

However, we found several experimental diffusion coeffi-

cient data for the guest molecule in bulk water at room

temperature. Thus, we also simulated reference systems

containing the guest molecules in a bulk water phase to

calculate the diffusion coefficient for comparison with the

experimental one, which validates our simulations. Our

reference systems were built to contain 1,200 water mol-

ecules and three guest molecules and equilibrated by run-

ning 10 ns NPT MD simulations at 298.15 K. Then, a

subsequent 10 ns NPT MD simulation was performed for

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0 2 4 6 8 10
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0 2 4 6 8 10
g

(r
) Random 

(20 wt %)

Blocky (20 wt %)

(a)

(b)

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0 2 4 6 8 10
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0 2 4 6 8 10

g
(r

)

Random (40 wt %) Blocky (40 wt %)(c) (d)

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0 2 4 6 8 10
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0 2 4 6 8 10

g
(r

)

Random (80 wt %) Blocky (80 wt %)(e) (f)

Distance (Å)Distance (Å)

C(HEMA)-O(ascorbic acid)
O(HEMA)-O(ascorbic acid)
N(VP)-O(ascorbic acid)

Fig. 4 Pair correlation

functions of ascorbic acid in the

P(VP-co-HEMA) hydrogel:

ascorbic acid in the random

sequence with 20 wt. % (a),

40 wt. % (c), and 80 wt. %

water content (e) and in the

blocky sequence with 20 wt. %

(b), 40 wt. % (d), and 80 wt. %

water content (f)
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Fig. 5 Pair correlation

functions of D-glucose in P(VP-

co-HEMA) hydrogel: ascorbic

acid in the random sequence

with 20 wt. % (a), 40 wt. % (c),

and 80 wt. % water content

(e) and in the blocky sequence

with 20 wt. % (b), 40 wt. % (d),

and 80 wt. % water content (f)

Table 2 Guest molecule coordination number (CN) from the X–O (guest molecule) pair in the P(VP-co-HEMA) hydrogel

Guest molecule X CN Range of pair

correlation distance, r (Å)
20 wt. % 40 wt. % 80 wt. %

Ascorbic acid CHEMA (random) 0.17 ± 0.02 0.03 ± 0.00 0.00 ± 0.01 \5.1

OHEMA (random) 0.18 ± 0.02 0.06 ± 0.02 0.03 ± 0.02 \5.1

NVP (random) 0.43 ± 0.03 0.22 ± 0.03 0.05 ± 0.03 \6.8

CHEMA (blocky) 0.04 ± 0.01 0.02 ± 0.02 0.02 ± 0.03 \5.5

OHEMA (blocky) 0.09 ± 0.01 0.04 ± 0.01 0.03 ± 0.03 \5.1

NVP (blocky) 0.45 ± 0.01 0.30 ± 0.02 0.06 ± 0.04 \6.8

D-glucose CHEMA (random) 0.10 ± 0.01 0.05 ± 0.02 0.00 ± 0.00 \5.8

OHEMA (random) 0.20 ± 0.03 0.05 ± 0.01 0.01 ± 0.01 \5.1

NVP (random) 0.35 ± 0.02 0.14 ± 0.02 0.02 ± 0.00 \6.8

CHEMA (blocky) 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 \4.7

OHEMA (blocky) 0.05 ± 0.02 0.02 ± 0.01 0.01 ± 0.01 \5.1

NVP (blocky) 0.55 ± 0.01 0.19 ± 0.02 0.02 ± 0.01 \6.8
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data collection. The diffusion coefficients were determined

to be 5.76 9 10-6 cm2/s (a = 1) and 6.62 9 10-6 cm2/s

(a = 1) for ascorbic acid and D-glucose, respectively,

which are in a good agreement with the experimental

values of 5.80–5.97 9 10-6 cm2/s and 6.51–6.78 9

10-6 cm2/s for ascorbic acid [91] and D-glucose [92–94],

respectively. We also found the diffusion coefficient of

ascorbic acid and D-glucose in the PEO hydrogel system

with 76 % and 80 wt. % water content, which are com-

parable with the 80 % water content of P(VP-co-HEMA)

hydrogel system in this study. Jang et al. [57] reported that

the diffusion coefficient of ascorbic acid and D-glucose in

the poly(ethylene oxide)–poly(acrylic acid) double-net-

work hydrogel with 76 % water content is 1.11–2.53 9

10-6 cm2/s and 1.07–2.49 9 10-6 cm2/s at 300 K from

their simulation study, respectively. Myung et al. [95]

experimentally observed that the diffusion coefficient of

glucose is 0.9–1.8 9 10-6 cm2/s in poly(ethylene glycol)

hydrogels with 80 wt. % water content at room

temperature.

Table 5 shows that the diffusion coefficients of ascorbic

acid and D-glucose in the random sequence hydrogel are

twice as high as in the blocky sequence hydrogel for 20 wt.

% content, while the difference is decreased by *18 and

*8 % when increasing the water content to 40 wt. % and

80 wt. %, respectively. At the low water content, the guest

molecule has more interactions with the block of VP units

Table 3 Solvent-accessible surface area of VP units and HEMA units with respect to guest molecules

Random sequence Blocky sequence

VP (Å2) HEMA (Å2) VP (Å2) HEMA (Å2)

Ascorbic acid (probe radius = 2.71 Å) 1,465 ± 75 653 ± 66 1,893 ± 88 678 ± 20

D-glucose (probe radius = 2.78 Å) 1,650 ± 109 690 ± 56 2,253 ± 66 796 ± 51
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g
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g
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)

Distance (Å)

Fig. 6 Pair correlation

functions of O(ascorbic acid)–

O(water) in random sequence

(a) and in blocky sequence (b);

pair correlation functions of

O(D-glucose)–O(water) in

random sequence (c) and in

blocky sequence (d)

Table 4 Coordination number (CN) from the O(guest molecule)–

O(water) pair in a P(VP-co-HEMA) hydrogel

Random

sequence

Blocky

sequence

Range of pair

correlation

distance, r (Å)

Ascorbic acids

20 wt. % 0.45 ± 0.02 0.48 ± 0.02 \2.9

40 wt. % 0.72 ± 0.03 0.66 ± 0.03 \2.9

80 wt. % 0.87 ± 0.02 0.85 ± 0.01 \2.9

D-glucoses

20 wt. % 0.69 ± 0.04 0.62 ± 0.02 \2.9

40 wt. % 0.97 ± 0.02 0.96 ± 0.01 \2.9

80 wt. % 1.05 ± 0.01 1.05 ± 0.01 \2.9
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in the blocky sequence hydrogel than in the random

sequence hydrogel. This leads to reduced diffusion of the

hydrophilic guest molecules in the blocky sequence

hydrogel, a result which is consistent with the analyses of

the PCFs and CNs. Considering that even water molecules

diffuse less when near a hydrophilic substrate in the highly

confined environment [96, 97], therefore, it seems that a

hydrophilic domain such as the VP units in the blocky

sequence hydrogel can suppress the diffusivity of the

hydrophilic molecules at the low water content. However,

the monomeric sequence effect on the diffusion coeffi-

cients of the guest molecule is significantly decreased with

an increasing water content.

In order to characterize the diffusion mechanism of the

guest molecules, we monitored the total displacement of

the center of mass of the guest molecules from the initial

position to their position at time t during the last 10 ns of

the NPT MD simulation (see Fig. 8). It is observed that the

total displacement of the guest molecules is significantly

suppressed at the low water content (20 wt. % water con-

tent). The guest molecules at 20 wt. % water content seem

to be bound at a certain location within the hydrogel or

diffused within a confined pocket within the hydrogel. It is

observed that the guest molecules in the 40 wt. % and the

80 wt. % water content hydrogels can diffuse through a

water channel in the polymer network.

The diffusion of small guest molecules in the polymer

network also depends on the geometrical conditions such as

the size and distribution of the pores in addition to the

molecular interactions. Thus, we analyzed the porosity of the

hydrogels to investigate the effect of geometry on the dif-

fusion of guest molecules by comparison with theoretical

models. First, a simple cubic void (10 Å 9 10 Å 9 10 Å,

Fig. 9c) was built in a periodic box (30 Å 9 30 Å 9 30 Å,
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Fig. 7 Mean square

displacement (MSD) of

logarithmic plots for the guest

molecules in the P(VP-co-

HEMA) hydrogel, with ascorbic

acid in a random sequence

(a) and blocky sequence (b) and

with D-glucose in a random

sequence (c) and blocky

sequence (d)

Table 5 Chemical formula,

molecular weight, and diffusion

coefficient of guest molecules at

310 K

a The simulation with 100 wt.

% water content was performed

using a bulk water system

consisting of 1,200 water

molecules

Ascorbic acid D-glucose

Chemical formula C6H8O6 C6H12O6

Molecular weight, MW 176.126 180.157

Monomeric sequence Random Blocky Random Blocky

Diffusion coefficient, D (910-6 cm2/s)

20 wt. % water content 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00

40 wt. % water content 0.80 ± 0.02 0.68 ± 0.03 0.79 ± 0.01 0.67 ± 0.01

80 wt. % water content 2.85 ± 0.06 2.83 ± 0.04 2.72 ± 0.06 2.51 ± 0.05

100 wt. % water content (bulk water)a 5.76 ± 0.02 6.62 ± 0.02
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Fig. 9b) using a dummy atom with a van der Waals radius of

0.5 Å (Fig. 9a). Then, the simple cubic void was connected

via channels of four different cross-sectional areas: 2 9 2 Å

(Fig. 9d), 4 9 4 Å (Fig. 9e), 6 9 6 Å (Fig. 9f), and

8 9 8 Å (Fig. 9g). If the spherical molecule has a suffi-

ciently small radius, then it can diffuse through the channel.

Otherwise, the guest molecule is confined within the simple

cubic void. Using such a theoretical model (Fig. 9) with the

solvent-accessible surface analysis, we evaluated the inner-

surface area of the theoretical model, which depends on the

probe radius. As shown in Fig. 10, the inner-surface area

decreases with an increasing probe radius because it is
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Fig. 8 Total displacement of

the center of mass of the guest

molecules in the P(VP-co-

HEMA) hydrogel during the last

10 ns of the NPT MD

simulation for ascorbic acid in

the random sequence (a) and in

the blocky sequence (b) and for
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(a) (b) (c)Fig. 9 Theoretical models to

investigate the relationship

between the size of the channel

in the system and the available

surface area; a a unit structure

with a dummy atom with a van

der Waals radius of 0.5 Å;

b a superstructure made of

30 9 30 9 30 unit structures;

and c a model with a cubical

void of 10 9 10 9 10 Å at the

center. Models with various

cross-sectional areas for the

channel: d 2 Å9 2 Å;

e 4 Å 9 4 Å; f 6 Å 9 6 Å; and

g 8 Å 9 8 Å. The dummy

atoms are invisible in models

c, d, e, f, and g to allow for a

clear view of the void and the

channels
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actually the contacting surface area for a given probe radius.

Thus, if the probe radius is larger than the radius of the

channel size, the inner-surface of the channel is not counted

in the measurement.

From Fig. 10, the threshold value of the probe radius to

detect the channel in models in Fig. 9d–g is clearly

observed at 1, 2, 3, and 4 Å, respectively, which exactly

matched the size of the radius of the channel. In other

words, a solute can diffuse through the channel to move

toward other sites if the solute radius size is smaller than

the threshold value for the model. Otherwise, a solute can

be confined within the pore (cubic void). Thus, we believe

that this analysis can discriminate the difference in porosity

between the hydrogels on nanometer-scale.

Figure 11 shows that the change of the inner-surface

area of the hydrogels depends on the water content. We

did not see a clear threshold of the probe radius, but

rather observed the intermediate zone between two linear

regimes (see the inset of Fig. 11a), due to the compli-

cated structures of the hydrogels with various sizes and

shapes of channels and cages. If a solute has a radius

within the range of the intermediate zone, then it can

diffuse through the proper channel, but it can also be

confined simultaneously by smaller channels. Because the

hydrodynamic radii of the ascorbic acid and D-glucose are

2.71 and 2.78 Å, respectively, it is expected that they are

confined within the local voids in the hydrogel for a 20

wt. % water content hydrogel. The hydrodynamic radius

of the guest molecule is within the range of the inter-

mediate zone at 40 wt. % water content, and therefore,

the guest diffusion is restricted within the hydrogel. At 80

wt. % water content, the threshold of the probe radius is

not observed at all if the range of the probe radius is less

than 5 Å, indicating that the guest molecule can diffuse

through the hydrogel easily. These results are consistent

with their diffusion behavior discussed above (see

Figs. 7, 8; Table 5). Thus, the diffusion of the guest

molecules is increased with increasing water content up

to the maximum value observed in the bulk water phase

(Table 5).
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4 Conclusion

Using a full-atomistic MD simulation approach, we inves-

tigated P(VP-co-HEMA) hydrogels containing 20, 40, and

80 wt. % water at 310.15 K with both random and blocky

sequences. Ascorbic acid and D-glucose were used to study

the effect of the monomeric sequence on the diffusion of

small guest molecules within the hydrogels. By analyzing the

pair correlation functions, it was found that the guest mole-

cule has greater accessibility to the VP units than to the

HEMA units with both monomeric sequences due to its

higher hydrophilicity compared to the HEMA units. The

monomeric sequence effect on the P(VP-co-HEMA)

hydrogel is most obvious at 20 wt. % water content, whereas

this monomeric sequence effect is significantly reduced with

40 wt. % water content and disappears with 80 wt. % water

content. This is because the hydrophilic guest molecules are

more likely to be solvated with water molecules than with the

polymer network at the high water content. Here, it should be

noted that this water content dependency of the transport

properties should also be affected by the other variables such

as the degree of polymerization (DP) for the polymer chain.

For example, if we use the DP of 30, which is smaller than the

current DP value (50), we would see the effect of the

monomeric sequence at higher water contents such as 40 or

60 wt. %. Since we determined the current DP in this study to

set a common condition for both random and blocky

sequences, it is appropriate to focus on the overall behavior

of the hydrogel as a function of water content, rather than to

see a specific water content. By analyzing the mean square

displacement, the displacement of the guest molecules, and

the inner-surface area, it is also found that guest molecules

are confined in the system at 20 wt. % water content,

resulting in highly anomalous subdiffusion. Therefore, the

diffusion of the guest molecules is directly affected by their

interaction with the monomer units, the monomeric

sequence, and the geometrical confinement in the hydrogel at

low water content, but the monomeric sequence effect and

the restriction on the diffusion of the guest molecule are

significantly decreased with increasing water content. This is

mainly due to the increase in channel size in the hydrogels as

revealed by the inner-surface area of the hydrogel. There-

fore, in conclusion, the diffusion of guest molecules in

hydrogels can be controlled by the monomeric sequence of

the polymers at low water content conditions.
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