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The adsorption of poly (vinyl alcohol) on the hydroxylated b-cristobalite
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The adsorption of poly (vinyl alcohol) with different chain lengths on a hydroxylated b-cristobalite (100) surface is

studied via molecular simulations. The relative dielectric constant is selected to be 1 and 78 to mimic in vacuum and in

solution environment, respectively. Different configurations and dynamic properties are found in the two absolutely

different environments, showing that the solvent condition plays an important role in the process of chain adsorption and

diffusion on a surface. In equilibrium, the chain possesses (partial) ordered configuration in vacuum condition.
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1. Introduction

The behaviour of polymers at the liquid–solid interface

is crucial to technologies involving molecular surface

placement [1,2]. Polymers adsorbed onto a surface to

form thin films is an emerging topic of modern

materials science [3,4]. They can be applied, for

example, in the fields of biosensors, light-emitting

diodes, nonlinear optical devices and permeation-

selective gas membranes [5–10]. The fabrication of

the thin films always takes place in vacuum or dilute

solutions. The adsorption of the polymer chains can be

controlled by varying multiple parameters such as the

polymer-surface interaction, the solvent quality, surface

nano-roughness, temperature, polymer chain length and

so on. The knowledge about the adsorption dynamics

and the thermodynamics of the equilibrium adsorption

is crucial to understand and furthermore improve the

property of the final product. Experimentally it is

difficult to control the above influences well separately;

thus, clear information on the exact effect of a specific

environmental parameter is hard to obtain. Due to the

fast-growing computation power nowadays, it is

possible to utilise the computer as an ‘experimental

apparatus’ to solve the problem, with the aid of various

simulation techniques.

Binder and coworkers successfully studied polymer

films in different conditions via computer simulations

[11–14]. Briggman et al. studied the free surface

of polystyrene thin film on oxidised Si substrates.

By simulation, they found that phenyl groups point

outwards away from the surface [15]. Lu and Kim

observed the surface pattern of a thin polymer film by

using a three-dimensional (3D) electrostatic model.

The competition between the electrostatic energy and the

surface energy leads to a characteristic pillar size.

Furthermore, the film thickness significantly influences

the growth rate and the distance between pillars [16].

Recently, Kumar and coworkers found that a non-wetting

solvent aids adsorption of the polymer chain at low

sticking energies compared to wetting solvent by the aid

of molecular dynamics simulations [17].

In most of the simulations that focus on the physical

adsorption of polymer chains, the structure of the solid

surface is always taken as frozen. Among these

adsorption surfaces, there are a lot of surfaces in

application that possess dangling hydroxyl groups or

charges. The adsorption of hydrophilic polymers on these

surfaces is very strong, due to special interactions such as

hydrogen bond or charge transfer. Therefore the frozen

surface model is not suitable in these cases. Moreover,

the distribution of the hydroxyl groups on the surface

may strongly influence the chain dynamics because the

hydrogen bonds are directional. An important example is

the b-cristobalite surface, which is always used in

applications. Its (100) and (111) surfaces are in general

supposed to be the representations of the silica surface.

They are easily hydroxylated so that the surfaces are full

of dangling hydroxyl groups. The adsorption of polymer

chain containing hydroxyl groups on the hydroxylated

b-cristobalite (100) surface is very interesting: due to the

strong interaction the polymer chain may behave totally

differently.
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Poly(vinyl alcohol) (PVA) is one of the simplest

polymer chains containing hydroxyl groups. Knowing its

adsorption behaviour on such a surface may help us to

understand and control the adsorption behaviour of

similar polymers containing hydroxyl side groups but

with comparatively complicated structures. The polymer

in dilute solution can be well modelled as a single

molecule in a simulation box, which does not interact

with the nearby neighbours. Here we study the

equilibrium configurations and dynamic properties of a

single PVA chain with various chain lengths in the

adsorption processes viamolecular dynamics simulation.

The solvent quality is varied to see its influence on the

adsorption dynamics and configuration. In a vacuum,

the PVA chain is strongly attached to the surface, and

therefore its mobility is severely reduced. Moreover, the

surface plays the role of a template, so that the chain is

always adsorbed directionally along (110). Above a

critical chain length, the adsorbed PVA chain is folded

back, showing a less ordered structure. In solution, there

is no such ordered chain configuration. The number of

the hydrogen bonds between the surface and the PVA

chain is largely reduced.

2. Model and simulation details

The simulation processes are all carried out at room

temperature (298 K) with Molecular Simulation (MD)

procedure of the Cerius2 package program on SGI work

station. We adopt the (100) surface of b-cristobalite as a

hydrophilic surface, which ismodelled by a slab geometry

with 3D periodic boundary conditions. This surface is

with ordered hydroxyl construction and free of defect

[18], since it is cut from the b-cristobalite perfect crystal

with 11 atom-layer thick [19]. The slabs are separated by

70Å, which is large enough to ignore the interaction

between the adjacent slabs in Z direction. The dangling

bonds on top and bottom surfaces are saturated by

hydrogen atoms, therefore the top surface is changed to be

hydroxylated [20]. We build up the surface large enough

so that the adsorbed PVA chain cannot interact with its

neighbouring images in XY plane. PVA chains with

degree of polymerisation N ¼ 10, 20, 30, 50 and 60 are

considered in the simulations. The corresponding simula-

tion boxes adopt 57.68Å £ 57.68Å £ 70Å for the former

two chain lengths, and 86.52Å £ 86.52Å £ 70Å for the

latter three chain lengths. However, the surface hydroxyl

concentration is constant, that is, 1.278 £ 1025mol/m2.

The energy minimisation is first performed to relax

the chain and surface unfavorable structures. Then the

molecular dynamics simulation is carried out at 300 K

with Nosé-Hoover [21] thermostat in canonical ensem-

ble. The COMPASS force field [22–24], which was

recently developed to high accuracy, is used to describe

the atom–atom interactions at fully atomistic level.

The COMPASS forcefield adopts a set of complex

potential functions. The energy expression comprises a

combination of valence terms, including diagonal and

cross-coupling terms for bond stretching, bond angle

bending and dihedral angle distortions. For van der

Waals interactions, we adopt the spline treatment, and

the spline window is between 11 and 12Å. The Ewald

summation [25] is applied to calculate long range

electrostatic interactions, which is important in our

simulation that includes so many hydroxyl groups.

The Verlet leapfrog algorithm [26] is used to integrate

the equations of motion with a time step of 1 fs. Each

simulation runs at least for 1 ns. The surface hydroxyl

groups are free to move in the simulations, whereas the

silicon and oxygen atoms below them are constrained

and unmovable.

3. Simulation results and discussion

We first study the chain adsorption in vacuum. PVA

chains with different lengths ranging from 10 to 60 are

considered, with their initial configuration generated via

Monte Carlo. Figure 1 shows the distance Hd between the

mass centre of PVA and the surface during the simulation

for N ¼ 30. The variation of Hd with time reflects the

adsorption dynamics. It can be clearly seen that after

about 357 ps the PVA chain is well adsorbed onto the

surface, and Hd only fluctuates around 2.5Å. At the

beginning of the simulation, the PVA chain approaches to

the surface in a few ps. Several hydrogen bonds are

formed between the surface and the part of chain which is

near the surface. After that the chain slowly adjusts its

configuration and position to lower the total energy. In

this process the chain changes from random coil-like to

extended structure. However, some of the segments in the

middle of the chain cannot form hydrogen bonds with the

Figure 1. The distance of the mass centre of PVA with N ¼ 30
from the surface, where N is the degree of polymerisation of
PVA chain.
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surface hydroxyl groups because the nearby segments

have already formed hydrogen bonds with the surface.

These segments are forced to stay above the adsorption

layer, thus the distance between the chain mass centre

and the surface is larger than 3.5Å. The ‘lump’ formed by

these segments moves towards the chain ends during the

simulation and finally disappears. Then the whole chain

approaches the surface, again in a few ps, to maximise

the surface–chain attractive interaction. The chain adjusts

its configuration and slowly approaches the surface till Hd

reaches an equilibrium value. For PVA with other chain

lengths, the adsorption dynamics is similar, except for PVA

with larger chain lengths whose ‘lump’ can not be

transferred to the chain ends in the simulation time. Take

N ¼ 30 case for example, we show such adsorption process

in Figure 2 and its corresponding configurations during the

adsorption process are also presented.

After equilibrium, the chain is adsorbed onto the

hydroxylated silica surface with an apparently regular

local pattern as shown in Figure 3. Moreover, the chain

is globally oriented along surface (110) direction.

The orientation parameter P2 is defined via

P2 ¼
3 , cos2ðuÞ . 21

2
;

where u is the angle between the sub-bond vector of the

adjacent C-C bonds and the (110) direction. P2 ¼ 1

means that the chain is totally parallel to (110),

P2 ¼ 20.5 totally perpendicular to (110), and P2 ¼ 0

no global chain orientation preferences. Figure 4 shows

the calculated P2 for different chain length of PVA.

The value of P2 is near to 1.0 for N ¼ 10, and in general it

decreases with increasing N. This reflects the fact that

there are more folds and random oriented parts of the

chain with increasing chain length. However, P2 is larger

Figure 2. In this figure (a) shows the side view of the polymer
chain models in vacuum. (b) the top view. The hydroxylated
b-cristobalite (100) surface is not displayed for simplicity.
The red color denotes O, the grey C, and the light grey H.

Figure 3. The top and side view of the PVA chain with
N ¼ 10, 20, 30, 50, and 60, respectively. The image capture
angles of snap shots of PVA configurations from top and side
view are the same as surface (b) and (a) in Figure 2,
respectively.

Molecular Simulation 613

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
6
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



for N ¼ 60 than N ¼ 50. The PVA with such long chain

length is no more two dimensionally but three

dimensionally adsorbed onto the surface, which is due

to stronger interaction between the chain units in

comparison with the attractive interaction between

chain and surface. From the snapshot of N ¼ 60 we can

see that some parts of the chain are oriented along surface

(110) but some parts show no orientation preference

compared with the N ¼ 50 case. The equilibrium

adsorption configuration is highly correlated to the

initial chain configuration. Due to the fast adsorption

process, more PVA segments are ‘frozen’ above the first

adsorption layer, correspondingly P2 is smaller.

The chain–surface interaction is very strong, therefore

the adsorbed chain configuration is not easy to change.

In atomic force microscopy experiments, the chain is

normally supposed to be two dimensionally adsorbed [27].

Our simulation results imply that for a polymer which is

strongly attracted to the surfacewith sufficient chain length,

it is difficult to be adsorbed onto the surface two

dimensionally because the adsorption configuration is

quenched.

The adsorbed chain configuration is extended and

possesses folded structure for N . 20. Such a partial

order due to adsorption is interesting, because it might be

related to the production of high performance functional

thin film which require ordered chain arrangement that

enhance electron transfer. For N ¼ 10 and 20, most of the

PVA hydroxyl groups form hydrogen bonds with surface,

and only several intra-chain hydrogen bonds exist. For

N ¼ 30, it is very interesting that the first fold of the

molecule forms hydrogen bonds with the surface,

whereas the third fold totally forms intra-chain hydrogen

bonds. A comparison between the equilibrium configur-

ation of N ¼ 20 and N ¼ 30 is shown in Figure 5.

The molecules with longer chain lengths possess more

intra-chain hydrogen bonds [28] and consequently

possess certain height in Z direction, although some

parts of the molecule are oriented along (110) due to the

formation of PVA-surface hydrogen bonds. It seems that

for short chain length, the hydroxylated surface plays the

role of a template to induce PVA preferential adsorption

along (110). In order to see the effect of the surface as a

template, we also simulated the adsorption of PVA with

N ¼ 20 starting from different initial configurations.

It was found that the chain is possibly adsorbed on the

surface along (1�10) after equilibrium. In order to explain

such an extraordinary phenomenon, we calculated the

adsorption energy for N ¼ 20 chain with its whole

configuration unchanged, only its direction turned to

(110), and calculated its adsorption energy, but its

corresponding adsorption energy was about 10 kcal/mol

lower than that of adsorption along (1�10). In this case,

simulating for a longer time would not change the chain

global orientation from (1�10) to (110), which implies a

substantial activation energy barrier between these two

adsorption states.

Figure 6(a) and (b) show the adsorption energy (E)

and the adsorption energy per segment (E/N) with

increasing chain length, respectively. The PVA chain is

adsorbed stronger on the surface with increasing chain

length. However the chain configuration is less ordered

for larger N and possesses certain height in Z direction,

thus the adsorption energy per segment is smaller with

increasing N, approaching an asymptotic value.

The dependence of the adsorption energy on the chain

length reflects the configuration variation during adsorp-

tion. Suppose that the chain is adsorbed onto the surface

with extended configuration along (110), then the

adsorption energy should increase proportionally with

increasing N. Its average per segment should possess the

same value, which is mainly attributed to the energy

Figure 4. The chain orientation parameter along (110) both in
vacuum and with solvent effects.

Figure 5. The orderly folded equilibrium structures of PVA
with (a) N ¼ 20 and (b) 30, respectively. Only parts of the
hydroxyl groups of the surface are shown. The two folds of
N ¼ 20 mainly form hydrogen bonds with surface.
Interestingly, the third fold of N ¼ 30 only forms intra-chain
hydrogen bonds. The red color denotes O, the white H, and the
grey C. The yellow dash lines are for the hydrogen bonds.
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of the hydrogen bond formation between one segment

and the surface. In this situation E should increase with N

linearly with a slope23.05 as shown by the dotted line in

Figure 6(a). However in the simulations, the adsorption

energy does not increase proportionally to N and its

average per segment is not a constant. Actually, for

longer chain lengths, E/N approaching an asymptotic

value is also reasonable: E is proportional to the area of

the contact surface S, which is proportional to R2
g. For

bulk system R2
g is proportional to N, thus E is

proportional to N. This characteristic relation between

E and N is reflected by the dotted line in Figure 6 with a

slope of 21.70 for longer chain length. The nonlinear

variation of the adsorption energy per segment between

23.05 and 21.70 with increasing N corresponds to the

chain configuration changing from extended to partially

random. After reaching adsorption equilibrium, PVA

with intermediate chain length takes the folded

configuration. This is the result of competition between

intra-chain and chain–surface interactions. We can

estimate the intra-chain interaction energy by comparing

the energy difference between the chain with extended

and that with folded configuration. Figure 7 shows the

calculated intra-chain and chain–surface interaction

energies with increasing chain length. Apparently the

intra-chain energy is always larger than the chain–

surface interaction energy for N . 20. Correspondingly,

the chain prefers the folded configuration for N larger

than a critical value. Suppose a linear relationship

between the calculated interaction energy and the chain

length, we may extrapolate the two lines towards shorter

chain length and obtain a crossover at N ¼ 13. This is the

rough estimation of the critical chain length above which

the chain prefers a folded configuration. To see if this

estimation is correct or not, we further simulate a system

with N ¼ 15. After adsorption equilibrium we also find a

folded structure.

The self-diffusion coefficient (D) of the adsorbed

chain can be calculated from the mean square

displacement via Einstein relation. Figure 8 shows the

calculated D for PVA with different chain lengths in

vacuum and in solution. In general, D decreases with

increasing N. ForN ¼ 10, the calculatedD is much larger

than that of other chain lengths, which approaches zero

when N . 20. This reflects the strong surface–chain

interaction so that the PVA chain is no longer able to

move freely.

We set the relative dielectric constant to 78 to mimic

the ‘in solution’ [29,30] condition. Though there are

some differences in the results by treating the solvent

with the implicit or the explicit model [31], we opt to

take the implicit solvent model in order to save

Figure 6. The adsorption energy E in vacuum and the
adsorption energy per segment E/N in vacuum are shown in (a)
and (b), respectively. The dotted line with slope 23.05 is the
asymptotic line for totally extended chain adsorption. Another
dotted line with slope 21.70 is the asymptotic line for the
adsorption with longer chain length.

Figure 7. The intra-chain and the chain–surface interaction
energies in vacuum with increasing chain length.

Figure 8. The chain self diffusion coefficient is shown in the
case of vacuum and solution condition, respectively.
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simulation time. What we aim to study is the solvent

effect on the adsorption and diffusion process of the PVA

chain on the surface, not to obtain quantitative relations.

Simply changing the solvent dielectric constant can

supply fundamental information to understand the effects

of solvent on the chain adsorption behaviour. In Figure 8

we have compared the PVA diffusion coefficients

calculated for the vacuum and ‘in solution’ conditions,

respectively. It is shown that the chain mobility in

solution is largely enhanced. For larger N, the diffusion

coefficient D is even one order larger in magnitude for

the chain in solution than that in vacuum.

The chain equilibrium configuration after adsorption

in solution is interesting, because in real experiments the

layer by layer assembly depends largely on the adsorbed

chain configuration. In Figure 9 we compare the

equilibrium configurations of PVA chain with N ¼ 10

in vacuum and in solution, respectively. In contrast to the

chain configuration of PVA in vacuum, the configuration

of PVA in solution is not linearly stretched. Moreover,

the chain in solution does not orient along the (110)

direction and does not possess any dominant orientation

in comparison to that in vacuum. From the side view,

there are no surface–polymer hydrogen bonds for the

chain in solution. Even the chain has the tendency to be

desorbed from the surface. It should be noted that our

simulation conditions correspond to the dilute solution in

which the molecules can be adsorbed separately.

In Figure 10 the configuration of PVA with N ¼ 60 is

shown for that ‘in solution’ case. Compared to Figure

3(e), the chain in solution is totally adsorbed on the

surface. This is very interesting because intuitively one

may suppose that the hydrophilic PVA chain will be

easily desorbed from the surface in solution. The parts of

Figure 9. The top and side view of the PVA chain with N ¼ 10 in vacuum and solution, respectively. The purple color denotes Si, the
red O, the grey C, and the light grey H.
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the chain are not oriented along a specific direction, and

there are only several surface–polymer hydrogen bonds.

The reason that the chain is still well adsorbed on the

surface in solution is due to the van der Waals

interaction. ecause the strong surface–polymer hydro-

gen bonds are broken in solution, the parts of the chain

can adjust their positions more easily. Thus, in

equilibrium, the chain possesses two-dimensional

adsorption configuration. Comparing the PVA adsorp-

tion in solution with different chain lengths, we find that

shorter chains are easier to be desorbed, which is in

agreement with real experiments.

4. Conclusion

In this paper, we study the adsorption of a typical

hydrophilic chain on a strong hydrophilic surface where

hydrogen bonds can form between them. The vacuum

and ‘in solution’ conditions are considered separately,

and the effects of molecular weight on the adsorption

behaviour are taken into account. For short chains in

vacuum, the adsorbed molecule configuration is ordered

and the molecule is oriented along (110). Increasing the

molecular weight to a moderate extent, the molecule

possesses folded configuration and the whole molecule is

still oriented along (110). Therefore we show the

possibility of producing ordered single polymer layer

and suggest control factors. When the molecular weight

is large enough, the adsorbed molecule configuration is

frozen with certain height in the Z direction, i.e. not easy

to change due to the strong surface-polymer interactions.

In solution, there is no orientation preference of the

molecules and the configurations are always two-

dimensional and not ordered, no matter what the

molecular weight is. Furthermore, the mobility of the

molecules in solution is larger than that in vacuum, which

implies that the molecules in solution is easier to be

desorbed. These results may relate to the experiments of

template-induced self-assembly of molecules.
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