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Abstract

We report thermodynamic and conformational properties of collapsed polymer globules in a poor solvent close to adsorbing and non-

adsorbing surfaces containing a cylindrical pore that is either smaller or larger than the coil size in bulk solution. Configurational Bias Monte

Carlo simulations at infinite dilution were used for this purpose. We find that above the critical adsorption transition changing from good

solvent to poor solvent conditions causes an increase of the partition coefficient due to cooperative monomer adsorption on the pore wall.

Below the adsorption transition, the reverse effect is observed. The radius of gyration components as well as conformational (free) energies

and entropies as a function of the chain centre of mass (CM) position along the pore axis reveal strong anomalies in the vicinity of the pore

entrance. Below the adsorption transition, the dense globule in a poor solvent swells and deforms when penetrating the pore and recollapses

once it is fully confined. Above the adsorption transition in solvents above and below the Q-point, minima occur in the free energy at chain

CM positions just in front of the pore entry causing a barrier upon pore penetration. Upon approaching the small pore from the bulk poor

solvent region, the chain conformational entropy and energy run through a maximum below and above the adsorption transition.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

When the solvent quality of polymer solutions decreases,

polymeric coils collapse into tight globules. This feature has

great implications on polymer separation methods where

porous interfaces are employed. In liquid chromatography

and gel permeation chromatography (GPC) the solvent

quality influences the migration and conformations of the

polymers inside the matrix. In ultrafiltration of polymer

solutions solvent quality also influences the separation e.g. a

tightly packed polymer slightly larger than the membrane

pore will not enter this pore whereas a flexible, swollen coil

in a good solvent is able to permeate across it [1–3].

Polymer partitioning between solutions and micropores

has been studied extensively both experimentally [4–6] and

by computer simulations [6–11]. Most of these studies have

dealt with the thermodynamic partitioning behaviour, which

is determined by the properties of a fully confined polymer

relative to those in the bulk polymer solution. When there is

no attractive interaction between the polymer and the pore

surface, the polymer chains are excluded from the pore

according to their size relative to the pore size. In such a

case, the partition coefficient K; defined as the polymer

concentration in the pore relative to the polymer concen-

tration in the bulk region, decreases as the molecular weight

increases, which is the principle in GPC. It has been shown

that when the pores at the interface are large compared to

the polymer radius of gyration ðl ¼ Rg=Rp p 1Þ; the

confinement energy and consequently the partition coeffi-

cient are not significantly affected by reducing the solvent

quality [9]. At larger degrees of confinement ðl $ 1Þ;

however, the confinement energy increases to very large

values, resulting in negligible K values already before l

becomes unity [12].

When the polymers have attractive interactions with the

surface of the pore and this attraction exceeds a certain

threshold (the critical adsorption point), the polymers will

adsorb on the surface of the pore. The longer the chain, the

stronger the adsorption will be, therefore K will increase

with the molecular weight. Reducing the solvent quality
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then results in increasing partition coefficients where K rises

to values larger than unity [11,13–15]. For infinitely long

random walk chains the partition coefficient K ¼ 1 at the

adsorption transition but is slightly smaller for self avoiding

walks (good solvent conditions) depending on the chain

length M and the degree of confinement l [15].

While many issues regarding the thermodynamic nature

of polymer partitioning are well understood, much less

attention has been devoted to polymer conformational

changes and possible energetic (or entropic) barriers related

to such changes upon penetrating pores smaller than the

polymer size.

In this work we examine the conformational changes of

collapsed polymer globules in poor solvent upon entering

narrow cylindrical pores in adsorbing and non-adsorbing flat

surfaces by means of Configurational Bias Monte Carlo

simulations of a lattice chain model. In addition, detailed

information on changes of the polymer’s conformational

entropy, energy, and free energy are presented. This paper

extends upon our recent work reported on the same topic,

which dealt with self avoiding chains partially confined at

the entrance of a cylindrical pore in a flat surface [16,17].

The remainder of this paper consists of a description of

the simulation method (section 2) after which the results are

presented (section 3). The results section is split into two

parts. First, we discuss the effect of changing the solvent

quality on polymer conformational and thermodynamical

properties at a porous interface under conditions that

monomer-wall interactions are repulsive. In the second

part, the same effects are discussed, but then monomer-wall

interactions are attractive and stronger than the critical

adsorption energy.

2. Simulation details

The simulation details are similar to those described in

our previous work [16,17]. A lattice configurational bias

sampling method [18] is used to carry out the simulations,

combined with the bond fluctuation polymer model [19]. All

simulated polymers are 50 monomers (M) long, each

monomer taking up 8 grid points (a box) on a 3D simulation

grid. Apart from their excluded volume interactions, the

thermal (attractive) interactions between two grid points

belonging to different non-bonded monomers, epp; are

varied between 0:00kT (good solvent), 0:2577kT (Q

solvent) and 0:30kT (poor solvent). When one or more of

the grid points of the monomer-box is in contact with the

wall, the monomer experiences an attractive interaction

energy of 0 or 1:2kT : The solvent Q-point was found by

computing R2
g=M of isolated chains for M ¼ 20; 50, 100, 150

and 200 and various epp values and coincides with the epp

value where the curves intersect (not shown).

The critical adsorption point is determined using the

method of Gong and Wang [15]. They used polymers end-

grafted to a flat surface to calculate the polymer’s excess

chemical potential relative to its value when isolated in the

bulk solvent and plotted this quantity as function of the

monomer-wall interaction energy for various chain lengths.

At the point where the graphs of the different chain lengths

cross, the critical adsorption energy can be found. At this

point the excess chemical potential becomes independent of

the chain length [15]. We released the constraint of the end-

graft and sampled conformations taking into account only

the adsorbed chains in the calculation of the excess chemical

potential. Polymer lengths of 30, 50, 70, and 100 monomers

were used for this purpose. Fig. 1a, b and c shows the excess

chemical potentials for polymers in a good solvent, a Q-

solvent, and a poor solvent ðepp ¼ 0:30kTÞ; respectively.

The critical adsorption point for a good solvent is situated at

ecr ¼ 0:96kT : In Q-solvents and in the poor solvent the

critical adsorption points are ecr ¼ 0:86kT and ecr ¼

0:77kT ; respectively.

The simulation box is set up by creating a flat surface

with a straight cylindrical pore in the middle of the box. The

length of the pore is large enough for the polymer to stretch

out completely without finding its chain ends at opposite

pore mouths (Fig. 2) [16]. The degrees of confinement, l ¼

Rg=Rp (Rp being the pore radius), studied in this work are

l ¼ 0:5 and l ¼ 1:5: If changes in solvent quality were

made (and thus Rg changes), the pore radius was adjusted to

satisfy these confinement degrees. In athermal solvents

Rg ¼ 11:3; under Q conditions the Rg equals 8.7, and in

poor solvent ðepp ¼ 0:30 kTÞRg equals 7.5. We note that at

l-values larger than 2.1 artefacts related to the underlying

lattice appear in the excess chemical potential. Because all

geometries including the cylindrical pore are modelled on a

lattice, a scatter on the number of available adsorption sites

as a function of the pore radius appears for l . 2:1 due to

irregularities of the cylinder. This causes artefacts in the

energy inside the cylindrical pore. Conclusions drawn for l

values larger than 2.1 should therefore be taken with caution

[17].

Chain conformational properties were calculated as a

function of the polymer centre of mass z-position CMðzÞ (the

direction along the pore axis) using the Rosenbluth

weighting scheme: [20]

kAlR ¼

XN

n¼1

WðnÞAðnÞ

XN

n¼1

WðnÞ

ð1Þ

in which A is the configurational quantity of interest (e.g.

the radius of gyration) and WðnÞ denotes the Rosenbluth

factor of conformation n: Chain conformations were

generated segment by segment using a configurational

bias favouring the energetic favourable monomer positions

[18,20]. The z-position of the first chain segment was chosen

randomly on the interval [2100,100] (Fig. 2). The x- and y-

positions of the first monomer were taken at random within

the available pore volume whenever z , 0 (inside the pore),
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whereas outside the pore they were randomly chosen within

a radius of 2.5 Rg away from the pore axis. This choice

allows the chains to adsorb on the flat surface facing the

bulk solvent phase. The conformations used for statistical

averaging were always those that had their centre of mass

within a radius Rp from the pore axis. In this way, we obtain

the conformational and thermodynamic properties of chains

in front of the pore entry while still accounting for

adsorption that may occur on the flat surface perpendicular

to the pore axis. All averaged quantities (Eq. (1)) were

accumulated as a function of the chain centre of mass z-

position ðz [ ½2100; 100�Þ: In total, 108 conformations

were used for the ensemble average.

The excess chemical potential of a chain as a function of

its centre of mass position along the pore axis was

calculated from the probability to successfully insert it in

the system, which in the Rosenbluth sampling scheme

equates to the average Rosenbluth factor kWl obtained by

averaging over all generated conformations. The excess

chemical potential is obtained from bmex ¼ 2lnkWl [21,

22]. This quantity was calculated as function of the chain

centre of mass z-position by updating a histogram at the

appropriate entry (the bin value representing the centre of

mass z-component) with the chain Rosenbluth factor W :

3. Results and discussion

3.1. Free energy profiles below and above the adsorption

transition versus solvent quality

A profile of the excess chemical potential as function of

the centre of mass position is plotted in Fig. 3a for various

solvent qualities at degrees of confinement l < 1:5: The

monomer interaction with the wall is repulsive ðepw ¼

0:0kTÞ: Negative values for the centre of mass indicate that

the polymer centre is inside the pore, positive values

indicate that the polymer centre is inside the solvent. Inside

the pore the excess chemical potential increases with

decreasing quality of the solvent (epp increases). This

means that, under non-adsorbing conditions, the partition

coefficient K ¼ expð2bDmexÞ decreases with decreasing

solvent quality. The interface at z ¼ 0 affects the chain

chemical potential up to distances of at least 2 (bulk solvent)

radii of gyration (20 grid points) in the pore or in the bulk

solvent phase. Within this interface region strong changes in

the chain conformation occur as will be discussed later on.

Fig. 3b shows the same profiles, but now the interaction

of the monomers with the walls is strongly attractive i.e.

epw ¼ 1:2kT ; well above the critical adsorption point in all

solvents. Inside the pore, the order of the profiles is now

reversed. The lower value of bDmex is obtained in a poor

solvent, the higher value in a good solvent. Hence, at a fixed

value of epw above the adsorption transition, lowering the

solvent quality leads to an increase of the partition

coefficient. Note that decreasing the solvent quality causes

a decrease of the critical adsorption energy ecr (Fig. 1). For

epp ¼ 0:30 kT the monomer-wall interaction energy ðepw ¼

1:2kTÞ lies 0:45kT above ecr; for epp ¼ 0:0kT this value is

0:24kT :

Increase of the partition coefficient achieved by reducing

Fig. 1. Critical adsorption points in an athermal solvent ðepp ¼ 0:0kTÞ; Q-

solvent ðepp ¼ 0:2577kTÞ and poor solvent ðepp ¼ 0:30kTÞ: Critical

adsorption points were determined by calculating chain excess chemical

potentials near flat walls (Section 2).
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the solvent quality can be attributed to cooperative

adsorption of monomer units on the pore wall [23]. Whereas

steric repulsions between monomers in a good solvent reduce

the ability of a second monomer to adsorb close to the first, in a

poor solvent mutual attractions between monomers promote

the second monomer to adsorb close to the first.

Interestingly, free energy minima occur just in front of

the pore entry at CMðzÞ ¼ 0: While for CMðzÞ , 0 the

adsorption energy favours a full chain confinement the

entropic penalty associated with it causes the chain to

preferably adsorb at the entry of the pore [17].

Below we present conformational changes, confor-

mational energies and entropies at the pore entrance in a

poor solvent. Details on what happens in athermal solvents

have been reported elsewhere [16,17].

3.2. Partitioning in a poor solvent under non-adsorbing

conditions

3.2.1. Conformational changes at the pore entry

In Fig. 4 snapshots are presented to illustrate the

conformational changes occurring upon pore penetration

ðl ¼ 1:5Þ: The accompanying changes in the radius of

gyration components are shown in Fig. 5a. In bulk solvent

(Fig. 4a) dense globules occur. In front of the pore entry

(Fig. 4b), the globule slightly expands perpendicular to the

pore axis to minimise the repulsion experienced from the

surface. The polymer is slightly squeezed in the direction

parallel to the pore axis and oriented into the perpendicular

direction. The polymer has already penetrated the pore with

one (Fig. 4c) or more (Fig. 4b) chain parts. Once the

polymer penetrates the pore further (Fig. 4d) it loses its

dense globular structure in order to make deformations

possible to fit into the pore interior. As the chain penetrates

the pore even further (Fig. 4e), the part of the chain inside

the pore recollapses to experience the favourable intramo-

lecular contacts again. In Fig. 5a this is revealed as a

decrease of R2
g;parallel after passing through a maximum at

CMðzÞ ¼ 210: Once the chain has fully penetrated the pore

(Fig. 4f) the Rg-components no longer change.

3.2.2. Conformational energy and entropy

Fig. 5b presents the chain excess chemical potential, b

Fig. 2. Geometrical details of the simulation box. Cross sectional view (left) and top view (right).

Fig. 3. bDmex profiles as function of the centre of mass CMðzÞ position at

monomer-wall interaction energy epw ¼ 0:0kT (a) and epw ¼ 1:2kT (b).

The degree of confinement is l < 1:5 for various solvent qualities.

Negative centre of mass values indicate that the polymer is inside the pore,

at positive values the polymer is inside the solvent. The interface is

positioned at CMðzÞ ¼ 0: The Rg at epp ¼ 0:1 and 0:35kT equal 10.8 and

5.7, respectively. Radii of gyration at the other conditions have been

mentioned in Section 2.
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Dmex; and its entropic ðDSex=kÞ and energetic ðbDUexÞ

components. When the chain CM approaches the pore entry,

both the conformational entropy and intramolecular energy

start to decrease at CMðzÞ ¼ 12 (approximately 1.5 bulk

radius of gyration in front of the pore entry). Note that in Fig.

5a the R2
g;parallel starts to decrease as well. To avoid repulsions

experienced from the flat surface the globule adopts a

compressed conformation with its main axis oriented

perpendicular to the pore axis. Due to this chain compaction,

the number of intramolecular contacts between the monomers

increases andbDUex decreases. This decrease is compensated

by the conformational entropy that decreases too, but stronger.

As a net result, the chain excess chemical potential, b

Dmex ¼ bDUex 2 DSex=k; shows no extremum at the pore

entry and increases monotonically with decreasing CMðzÞ:

As soon as the chain centre of mass enters the pore,

the conformational entropy and energy increase, reach a

maximum, and next decrease toward a constant value. At

the maximum, chain conformations resemble those

depicted in Fig. 4e. At full chain confinement (Fig. 4f),

both the energy and entropy have decreased below their

respective values in the bulk solvent phase. The

confinement value l ¼ 1:5 causes a compression of the

globule leading to a reduction of its internal energy and

conformational entropy.

Degrees of confinement smaller than unity, i.e. l ¼ 0:5;

show different behaviour of the energetic and conformational

properties. In Fig. 6b the maxima in bDUex and DSex=k that

were present in Fig. 5b appear also here, but now these are

clearly smaller and are shifted towards CMðzÞ values closer

to the pore entrance. Despite the pore radius being twice as

large as the bulk radius of gyration, the energetic and entropic

components decrease to values well below the respective

values in the bulk solvent indicating deformations taking

place at the interface although to a much lesser extent than at

l ¼ 1:5:The radius of gyration components shown in Fig. 6a

no longer reveal strong anomalies: the weak minimum in

front of the interface and the weak maximum inside the pore

for the parallel R2
g component remains visible, both shifted

towards slightly larger CMðzÞ values.

Fig. 4. Snapshots of polymer conformations under poor solvent conditions ðepp ¼ 0:30kTÞ; degree of confinement l ¼ 1:5 and repulsive walls ðepw ¼ 0:0kTÞ:
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3.3. Partitioning in poor solvent under strong adsorption

conditions

3.3.1. Conformational changes at the pore entry

Whereas below the adsorption transition the pore

penetration is much determined by the chain’s attempt to

avoid the surface, now adsorption effects strongly determine

the observed mechanism. Fig. 7 illustrates what happens in a

poor solvent with a confinement degree l ¼ 1:5 and a

monomer wall energy epw ¼ 1:2kT q ecr: Fig. 8a shows the

accompanying changes of R2
g;perpendicular and R2

g;parallel: At

distances within 1–3 bulk radii of gyration from the surface

ðCMðzÞ , 20Þ the dense globular structure is partly

sacrificed in order to adsorb onto the surface (Fig. 7b).

Although, it involves disrupting attractive intramolecular

monomer contacts there is a considerable payback in terms

of the adsorption energy and conformational entropy as will

be shown below. Fig. 8a shows that R2
g;parallel may increase

by as much as 75% giving rise to a strong maximum in this

quantity of approximately one bulk radius of gyration in

front of the pore entrance. This feature occurs in an athermal

solvent as well, however, opposite to what we find here for

epp ¼ 0:30kT ; it reduces the conformational entropy [17].

When the polymer approaches the surface closer, R2
g;parallel

decreases below the bulk solvent value due to strong

adsorption of the chain onto the surface (Fig. 7c and d).

The adsorbed chain either fully covers the pore entry

while having small parts of the chain adsorbed in the pore

(‘drawing pins’ [17], Fig. 7c) or adsorbs on a smaller part of

the outer surface while having a larger number of repeat

units adsorbed on the pore wall. The chain eventually enters

the pore (Fig. 7e) by desorbing monomers from the outer

surface and adsorbing them inside. At this point, R2
g;parallel

runs through a second maximum because the longest coil

axis initially oriented perpendicular to the pore axis (Fig. 7c

and d) needs to reorient. Moreover, the conformations in

Fig. 7c and d have the lowest free energy (see Figs. 3b and

8b), hence monomers try to remain at the interface while the

chain centre of mass moves further into the pore (Fig. 7e).

The minimum in free energy corresponds to a maximum in

Fig. 5. Radius of gyration components of polymers as function of the centre

of mass at varying solvent qualities epp (a) and their energetic properties in

a poor solvent ðepp ¼ 0:30kTÞ (b), l ¼ 1:5 near repulsive walls ðepw ¼

0:0kTÞ:

Fig. 6. Radius of gyration components of polymers as function of the centre

of mass position at varying solvent qualities epp (a) and energetic properties

in a poor solvent ðepp ¼ 0:30kTÞ (b), l ¼ 0:5 and repulsive walls ðepw ¼

0:0kTÞ:
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the monomer density versus CMðzÞ (not shown) [16]. Only

when CMðzÞ , 220 (almost 3 solvent bulk radii of

gyration), R2
g;parallel becomes constant.

3.3.2. Conformational energy and entropy

Fig. 8b shows the energy and entropy changes associated

with the pore penetration process in Fig. 7. The energetic

component of bDmex has been split into two contributions.

The first, bDUex; measures energy changes due to variation

in the number of intramolecular monomer contacts. The

second contribution, bDEex; measures the energy of

adsorption. At 1 bulk radius of gyration in front of the

pore entrance, bDUex and DSex=k reach a maximum. At this

distance, the chain tries to adsorb on to the surface (Fig. 7b)

at the expense of disrupting the attractive monomer contacts

within the globule. The increase of bDUex is compensated

by a slightly larger negative contribution of bDEex while the

conformational entropy assumes a value equal to the

entropy of the globule in the bulk poor solvent. At CM

distances closer to the surface, corresponding to the

snapshots in Fig. 7c and d, intramolecular contacts are

restored and bDUex decreases. In addition, the confor-

mational entropy decreases. The adsorption energy, bDEex;

now decreases faster because at these close distances

between the surface and the chain centre of mass, monomers

can more and more readily adsorb.

Note that the monomer-monomer energy ðepp ¼ 0:30kTÞ

in the example of Fig. 7 matches closely with the monomer-

wall energy epw ¼ 1:2kT (at maximum contact, two non-

bounded monomers experience an attractive energy of

1:2kT). Solvent quality (as determined by epp) affects the

energetic and entropic features correspondingly to the

adsorption phenomenon in Fig. 7b. In Q-solvent and

athermal (good) solvents, chain adsorption is driven by

the adsorption energy while a decrease of the conformation-

al entropy, unlike in the situation here, opposes it [17]. The

conformational changes in Q and good solvents [17] are

stronger as can be seen in Fig. 8a for R2
g;parallel in Q-solvent.

At CMðzÞ ¼ 0; the chain chemical potential, bDmex; is at

a minimum. Note that at this point bDEex and bDUex are

not. The minimum in bDmex may thus be regarded as a

compromise between the attempt of the polymer to

Fig. 7. Snapshots of polymer conformations under poor solvent conditions ðepp ¼ 0:30kTÞ; degree of confinement l ¼ 1:5 and attractive walls with an

interaction potential above the critical adsorption energy ðepw ¼ 1:2kTÞ:
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minimise its energy while maintaining conformation flexi-

bility (entropy). Because, in the pore interior bDmex , 0;

the partition coefficient is larger than unity ðK < 30Þ: This

example therefore demonstrates the existence of an entropic

barrier in front of a strongly adsorbing cylindrical

confinement.

Fig. 9a and b shows the thermodynamic quantities and

radii of gyration components versus the chain centre of mass

position at a smaller degree of confinement ðl ¼ 0:5Þ:

Noteworthy, all features present in Fig. 8a and b ðl ¼ 1:5Þ

are retained. All characteristic conformations shown in Fig.

7 for l ¼ 1:5 occur at l ¼ 0:5 as well although deformation

of the globule occurs to a lesser extent. A weak minimum of

bDmex is still present at the pore entry despite the much

smaller confinement degree.

3.3.3. Loops and trains

To gain better insight in the nature of chain adsorption in

solvents of different quality, we have examined the proper-

ties of adsorbed trains and the loops that connect them. The

shape of the graphs for the number of trains nt as function of

the polymer centre of mass in poor solvent at l ¼ 1:5 is very

similar to the situation for a good solvent (Fig. 10). Upon

approaching the surface the number of trains increases

equally fast independent of the solvent quality until 2 grid

points in front of the surface where nt for epp ¼ 0:0 kT has a

light kink after which it starts to level off to a constant value

ðnt < 8Þ at around CMðzÞ ¼ 220 (inside the pore).

The number of trains for the poor solvent has a higher

value inside the pore and reaches its constant value ðnt <
10Þ at CMðzÞ ¼ 215; slightly closer to the interface. For

epp ¼ 0:30kT and l ¼ 0:5 the behaviour at the interface is

different. The graph shows a sharper kink than the other

graphs due to weaker deformation of the chain upon

entering the pore and does not change any further once

inside the pore.

Fig. 11a shows the average train length of adsorbed

polymers for l ¼ 1:5 in a good solvent and a poor solvent

and for l ¼ 0:5 in poor solvent. Fig. 11b shows the average

loop length for the same situations. From about 1 bulk

radius of gyration in front of the pore entry to far inside the

Fig. 8. Polymer radius of gyration components as function of the centre of

mass position at varying solvent qualities ðeppÞ (a) and energetic polymer

properties in a poor solvent ðepp ¼ 0:30kTÞ (b), l ¼ 1:5 and with strongly

attractive walls ðepw ¼ 1:2kTÞ:

Fig. 9. Polymer radius of gyration components at varying solvent qualities

epp (a) and energetic properties in a poor solvent ðepp ¼ 0:30kTÞ (b), l ¼

0:5 and with strongly attractive walls ðepw ¼ 1:2kTÞ:
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pore the average train lengths remain constant. The lengths

of the trains for both solvents are comparable where the

trains for athermal chains are slightly larger. Lowering the

degree of confinement in the poor solvent does not

significantly affect the average train length. The number

of trains shown in Fig. 10 indicates that although the length

of the trains is slightly shorter in poor solvent, the number of

trains is significantly larger resulting in a net larger amount

of adsorbed monomers in the poor solvent due to the co-

operative adsorption effect discussed above.

The loop lengths in Fig. 11b show a large peak for both

solvents at l ¼ 1:5 in front of the interface. This is due to

polymers partly adsorbed on the outer surface at z ¼ 0 and

on the inside pore wall. These polymers will have large

loops connecting trains inside the pore to the trains adsorbed

on the surface. Polymers bridging across the pore entrance

contribute significantly to the large loop length in front of

the surface as well. At l ¼ 0:5; the peak at the pore entrance

is very weak as bridging across the pore entry becomes less

probable.

Lowering the solvent quality gives rise to shorter loops

inside the pore. The peak in the loop length in front of the

surface is only slightly smaller than the peak for the good

solvent. The geometry of the pore has a large effect on the

height of the loop length peak in front of the surface.

4. Summary and conclusions

Polymer penetration into narrow pores on a flat surface

requires significant conformational changes at the interface.

In this paper, we have examined how collapsed polymer

chains (globules) in a poor solvent enter small pores on non-

adsorbing and adsorbing surfaces. The degrees of confine-

ment l; defined as the unperturbed polymer radius of

gyration relative to the pore radius, were chosen l ¼ 1:5

and l ¼ 0:5: Using the Rosenbluth sampling method,

computer simulations were performed with the bond

fluctuation model to compute chain conformational proper-

ties, chain excess chemical potentials, as well as confor-

mational entropies and energies as a function of the distance

between the chain centre of mass and the pore entrance.

On non-adsorbing surfaces, polymer intrusion occurs

through two major conformational changes. Within one

bulk radius of gyration in front of the pore entrance, the

approaching globule is compressed in the direction normal

to the surface. Once the chain centre of mass approaches the

pore entrance the globule is distorted and elongated parallel

to the pore axis at both values of l: The Rg-component

parallel to the pore axis runs through a maximum upon

intrusion and levels off once the chain is completely

confined. The over-extension upon intrusion causes a

maximum in the chain conformational entropy and energy.

On adsorbing surfaces the intruding globule is not as

significantly distorted along the direction of the pore axis.

Instead, significant conformational changes occur prior to

Fig. 10. Average number of trains per adsorbed polymer as function of

centre of mass position in a poor ðepp ¼ 0:30kTÞ and a good solvent ðepp ¼

0:0kTÞ for l ¼ 1:5 and 0.5 with strongly attractive walls ðepw ¼ 1:2kTÞ:

Fig. 11. Train lengths (a) and loop lengths (b) of adsorbed polymers as

function of centre of mass position at poor ðepp ¼ 0:30kTÞ and good solvent

conditions ðepp ¼ 0:0kTÞ; l ¼ 1:5 and 0.5 with strongly attractive walls

ðepw ¼ 1:2kTÞ:
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intrusion. At one bulk radius of gyration in front of the pore

entrance, the chain globular nature is lost due to the chain’s

attempt to adsorb. This causes chain elongation along the

direction normal to the interface. Next, the chain adsorbs at

the interface covering the pore entrance. This situation

corresponds with a minimum of the chain excess chemical

potential as a function of the chain centre of mass position

along the pore axis. At this position the chain Rg-component

parallel to the pore axis is at a minimum and chain segments

only marginally explore the pore entry. The conformations

here are very similar to the conformations found in a good

solvent at attractive energies above the critical adsorption

energy, although more tightly packed [17]. The polymer

intrusion process proceeds by desorbing segments from the

interface and adsorbing them on the inner pore surface

causing the parallel Rg-component to increase. This process

is favoured by the energetic part of the chain excess

chemical potential but strongly opposed by the confor-

mational entropy part for both degrees of confinement l ¼

1:5 and l ¼ 0:5 and causes a free energy barrier for pore

penetration.
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