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The aim of the study was to investigate polymer molecules located
between two parallel and impenetrable attractive surfaces. The chains were
constructed of united atoms (segments) and were restricted to knots of a
simple cubic lattice. Each polymer consisted of three chains of equal length
emanating from a common origin (a regular star). Since the chains were at
good solvent conditions the only interaction between the segments of the
chain was the excluded volume effect. The properties of the model chains
were determined by means of Monte Carlo simulations with a sampling
algorithm based on chain’s local changes of conformation. The influence
of the chain length, the confinement and the strength of adsorption on the
structure of the system was studied. The differences and similarities in the
structure (tails, trains, loops and bridges) for different adsorption regimes
and size of the slit were shown and discussed. The dynamic behavior of the
chain’s structural elements was also studied.

PACS numbers: 02.50.Ng, 05.10.Ln, 61.25.Hq, 83.10.Nn

1. Introduction

Properties of polymer chains put into a slit comparable with their size are
important because to their practical applications like colloidal stabilization,
lubrication etc. [1]. Theoretical considerations concerning confined polymers
go back to the pioneering works of de Gennes [2]. Computer simulation
methods are also useful tools for studying the confined polymer systems be-
cause it is difficult to solve exactly analytical theories as well as to study
such systems experimentally. Monte Carlo simulations of lattice models of
confined linear polymer chains show a universal behavior disregarding the
chain length and the size of the slit and give information about the den-
sity profiles [3-5]. Star-branched polymers are interesting model systems of
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branched macromolecules for theoretical studies and real experiments [6].
Recently, simulations concerning idealized models of star-branched and lin-
ear polymers were carried out [7-9|. The universal behavior of the polymer
size, the short- and long-time dynamic properties was shown. The changes
of the mechanism of chains motion when going from a chain in a bulk to
a slit were discussed. The structure of a polymer chain in the slit can be
described in terms of trains, loops, bridges and tails. A train consists of
adjacent beads which are adsorbed on one surface, a loop is a connection
between trains on the same surface, a bridge is a connection between trains
on different surfaces and a tail is loop at the end of a chain. The schemes
of these elements are presented in Fig. 1. The structure of polymer chains
adsorbed on one surface is usually described in terms of trains, loops and
tails was given in the mean-field theory of Scheutjens and Fleer [10, 11].
Numerous computer simulations were also carried out for adsorbed chains
with different internal macromolecular architecture on various surfaces. In
our previous work we studied the structure of star-branched chains on one
surface and these results can be treated as the reference state [12].
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Fig. 1. The structure of a chain in a slit (a linear chain is shown for the sake of
simplicity). From the left: a tail (T, consisting of 2 beads), a train (R, 3 beads),
a loop (L, 11 beads), the second train (R, 5 beads), a bridge (B, 7 beads), the third
train (R, 7 beads) and the second tail (T, 5 beads).

The main goal of this work was to study the structure of a single star-
branched polymers confined between two parallel walls. The influence of
this pure geometrical confinement combined with the attraction of the con-
fining surfaces should change the structure of a polymer chain significantly.
For the purpose of these calculations we built a united atom model of poly-
mer chains on a simple cubic lattice models. The structure of star-branched
chains adsorbed on one surface was recently determined and, hence, we have
a good reference state. The model chains were simulated at good solvent
conditions with the exclude volume potential only and a contact attrac-
tive potential was assumed between polymer segments and both confining
surfaces. The properties of model macromolecules were determined from
the Monte Carlo simulations, which were performed basing on a Metropolis
sampling algorithm.
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2. Model and the simulation algorithm

In our model all atomic details of the chains were suppressed and each
polymer was constructed as a sequence of identical united atoms (beads) rep-
resenting some real monomers. The positions of these beads were restricted
to the vertices of a simple cubic lattice. The model chain represented a star-
branched macromolecule consisted of f = 3 arms of equal length. It was
assumed that there was no distinction between segment—segment, segment—
solvent and solvent—solvent interactions and, therefore, the polymer was
studied at good solvent conditions. The forbidding of the double occupancy
of lattice sites by polymer segments (excluded volume) was introduced into
the model. All chains were fully flexible because no local conformational
biases were introduced. The chain was put into a Monte Carlo box with
periodic boundary conditions employed in z and y directions only. The size
of the Monte Carlo box, L = 200 lattice units, was large enough to avoid
the interaction of chain with its image. The surfaces confining the polymer
chains were parallel to the zy plane and separated by d consecutive lattice
sites in the z-direction. The surfaces interacted with polymer segments with
a simple contact potential:

0 for 1<z <d,
V(zi)=4¢ € for z=1lorz=d, (1)
oo for zi<lorz>d,

where z; is the z-coordinate of i-th segment and € < 0. Thus, the surfaces
were impenetrable for polymer segments and attractive for polymer seg-
ments adjacent to the surfaces. The inverse of the attractive potential can
serve as the measure of the temperature of the system T = —kT'/e [9]. The
properties of the model chains were studied by means of the Monte Carlo
simulation. The algorithm used was based on the asymmetric Metropolis
scheme. In this algorithm an initial conformation of the chain underwent
a series of local modifications. The following set of these micromodifications
was used: two-bond motion, three-bond motion, three-bond crankshaft mo-
tion, chains ends reorientations, and branching point collective motion [13].
These micromodifications were selected randomly and one attempt of each
micromodification per polymer segment defined a time unit. A new con-
formation obtained after such a change was accepted due to topological
constraints, the intrachain excluded volume condition and the Metropolis
criterion. The Monte Carlo simulation run consisted of 10® time units and
before the production run, an equilibration run was always performed. The
equilibration run consisted of 106-107 time units. The proper sampling of
the phase space for each model chain was provided by the simulations carried
out 20-30 times starting from quite different initial conformation. The ini-
tial chains conformations were produced by three different procedures which
were described in detail elsewhere [7].
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3. Results and discussion

The simulations were carried out for star-branched chains consisting of
n =17, 34, 67 and 134 segments in each of three arms what corresponded
to the total number of segments in the chain N = 49, 100, 199 and 400.
The distance between the surfaces was assumed as constant with d = 7. It
was shown that this size of the slit star-branched chains enable, at certain
conditions, the jumps of chains between the surfaces [10]. The strength of
the adsorbing potential was varied from ¢ = —0.1kT to —1kT as it was
previously shown that for this range the free (unconfined) polymer chain
underwent the transition from a random coil state to a dense collapse glob-
ule [13]. Star-branched chains adsorbed on one surface also exhibits at this
conditions a transition from a weak to a strong adsorption regime [12].
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Fig. 2. The mean number of trains (n,), bridges (ny;), loops (ni,), and tails (n,)
of a chain consisting of N = 199 beads versus the reduced temperature T*.

Figure 2 presents the temperature dependencies of the mean number of
trains (n;), loops (ny,), bridges (ny;) and tails (n,) for the chain consisting
of N = 199 beads. At high temperature (T > 3) the numbers of trains
and loops increase monotonically but moderately during the cooling of the
system. The further annealing leads to the more rapid increase of (n,) and
(nta). For temperature 7" < 2 the number of trains and loops decreases
rapidly approaching values well below their high temperature limit. The
existence of these maxima suggests that during the annealing process a re-
arrangement of the entire polymer chain takes place. The behavior of bridges
is similar but their mean number (ny,;) is considerably lower and the maxi-
mum on the curve appears at higher temperature. It was shown that at low
temperature the chain was almost fully adsorbed on one surface and some-
time jumped to the opposite surface [9]. The number of tails decreases slowly
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in the entire range of temperature. The structure of an adsorbed chain is
also described by the mean length of trains (L, ), loops (Li,), bridges (Ly,)
and tails (Lt,). The changes of these parameters with the temperature are
presented in Fig. 3.

30

25

w3

Tht

20

<length>

15

101

Fig.3. The mean length of trains (L, ), bridges (L), loops (L) and tails (Lt,)
of a chain consisting of N = 199 beads versus the reduced temperature T*.

At high temperature bridges are the longest and, thus, dominate in the
structure of the adsorbed polymer. At the lowest temperature under con-
sideration the bridges were almost fully extended as their length (Ly,) ~ 8.
The length of trains is the smallest one; the chain has only a few neighbor
contacts with the surfaces. One can observe that at temperature T* < 2 the
mean length of bridges, loops and tails decrease smoothly with the decreas-
ing of the temperature. This behavior is different when compared to that of
a chain adsorbed on one surface where the length of loops had a maximum
near the temperature 7% = 2 [12]. In the case of a polymer in the adsorbing
slit the lengths of loops are limited because of the presence of the second
surface (longer loops become bridges and the length of bridges is always
higher than the length of loops).

The influence of the chain length on the number and the length of the
structural elements at low temperature is presented in Figs. 4 and 5, respec-
tively. The mean number of trains and loops is growing although non-linearly
with the chain length. The number of bridges and tails remain very small
and almost unchanged. The length of all structural elements remains al-
most unchanged. Scheutjens and Fleer predicted the same behavior for the
linear chains [11]. The stability of structural elements of the star-branched
polymer was also studied.
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Fig.4. The mean number of trains (n,), bridges (ny;), loops (ni,), and tails (n,)
versus the chain length N. The case of the temperature T* = 1.25.
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Fig.5. The mean length of trains (Ly,), bridges (Ly,), loops (Li,) and tails (Li,)
versus the chain’s arm length N. The case of the temperature 7% = 1.25.

Figures 6 and 7 show the mean lifetimes of trains, loops, bridges and
tails for high and low temperature. The numbering of beads in these figures
started from the branching point and goes to the arm’s end. At high tem-
perature the lifetimes of trains, loops and bridges prevail in the middle part
of the chain. On the other hand, the number of tails is larger for ends of
arms. The lifetimes of the structural elements at low temperature appeared
to be quite different. The lifetimes of trains were almost constant along the
entire chain contour and were close to 0.4 what means that, in average, in
every time unit, a train disappears. The lifetimes of bridges and loops were
approximately 5 and 15 times smaller, respectively. The lifetimes of tails
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were very close to zero for the entire polymer with the exception of very
ends of the chain where they grow rapidly. One can also observe a different
behavior of the vicinity of the branching point. This exceptional behavior
of vicinity of the branching point could be explained by larger density of
polymer segments in this region [12|. Therefore, the lifetimes of trains are
higher here while the lifetimes of bridges and loops are lower.
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Fig. 6. The mean lifetimes of trains, bridges, loops and tails versus the bead number
for the chain with N = 199 beads. The case of the temperature T* = 3.3.
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Fig. 7. The mean lifetimes of trains, bridges, loops and tails versus the bead number
for the chain with N = 199 beads. The case of the temperature 7" = 1.25.
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4. Conclusions

In this work we studied the structure of polymer chains confined in the
adsorbing slit in the term of trains, loops, bridges and tails. The influence
of the temperature and the length of the chain on these parameters was
also studied and discussed. For this purpose we used an idealized lattice
model of star-branched macromolecules and employed a Monte Carlo sam-
pling algorithm. The main conclusion from this work is that the presence of
the confinement and the attraction of the confining surfaces have impact on
the structure of a chain and its dynamic properties. It was shown that the
presence of the adsorbing slit changed significantly the structure of a star-
branched polymer. The difference is especially visible at high temperature
where the chain is involved in interaction with both confining surfaces. At
low temperatures the chain is fully adsorbed on one side of the slit and this
structure is qualitatively the same as that found for the chain adsorbed on
one surface.

The computational part of this work was done at The Computer Center
of the Department of Chemistry, University of Warsaw.
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