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The formation process of polymer brushes, formed by the adsorption of flexible end-functionalized
chains from dilute solutions on the inner surface of cylindrical pores is studied by bond fluctuation
Monte Carlo simulations. Various properties as the grafting density, monomer, and free-end
distribution are monitored as a function of pore diameter D and chain length N. Two different modes
of end-segment attachment on the inner pore surface are considered: (a) pure-irreversible “hard”
grafting and (b) irreversible “soft” grafting where grafted-ends can move freely on the pore surface
but cannot detach from it. Different regimes of pore coating are indentified, depending on the mode
of end-segment attachment and on the ratio of D to the radius of gyration of the free polymer chains
in solution R,. These initial findings can be used as a guide for the preparation of actual polymer
brushes inside ordered porous membranes by the “grafting to” approach. © 2009 American Institute

of Physics. [DOI: 10.1063/1.3179686]

I. INTRODUCTION

Flexible polymer chains end-tethered to a surface at suf-
ficiently high grafting densities tend to extend away from the
surface due to excluded volume interactions. This extension,
which is counterbalanced by an elastic restoring force of en-
tropic origin, leads to the formation of a layer of stretched
chains referred to as a “polymer brush.” These systems have
been the subject of extensive theoretical and experimental
investigationsl_5 due to their widespread use in colloidal sta-
bilization, adhesion, wetting, lubrication, and in general the
modification of surface properties.

Although the vast majority of published works concern
polymer brushes on flat substrates,®® the properties of poly-
mer brushes grown on convex or concave interfaces have
also been investigatedg_14 together with the behavior of
chains confined inside narrow tubes and slits.'” ! Polymer
brushes on curved surfaces represent a system of both theo-
retical and practical interests. Notable examples include
brush formation on rough surfaces,” polymer coated colloi-
dal particles,23 polymer decorated nanotubes,”* modulation
of electro-osmotic flow by end-grafted polymer chains,” and
brush-based pressure-sensitive microvalves.

While polymer brushes on flat substrates can be treated
to a first approximation as a linear string of blobs of equal
size,””®® in the case of nonplanar surfaces, changes in the
space available for each grafted chain due to curvature com-
plicate the theoretical treatment. Following the classic analy-
sis of Daoud and Cotton® for star polymers, brushes on
curved surfaces can be envisioned as an array of concentric
shells of blobs that have variable sizes, depending on their
distance from the grafting surface. In this framework, when
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the radius of curvature of the grafting surface is much larger
than the characteristic lengths (height L, interanchor dis-
tance s) of the polymer brush, the overall properties are ex-
pected to approximate those of a brush on a flat substrate. On
the other hand for large curvatures (i.e., small radii of curva-
ture), deviations from the flat brush behavior become more
pronounced.

The convex or concave nature of the grafting surface
produces different effects on the brush structure. In the case
of positive curvatures (convex geometry) the deformation
energy is lowered with respect to the flat brush case. On the
contrary negative curvatures (concave geometry) lead to in-
creased chain confinement. For brushes grafted inside
spheres or cylinders, different regimes of confinement have
been predicted9 depending on grafting density o, chain
length N, and sphere/cylinder diameter D.

In 2006 Dimitrov et al." presented molecular dynamics
simulations of polymer brushes inside cylindrical pores for a
broad range of o, N, and D parameters and compared their
results with scaling theoretical arguments. They have identi-
fied different regimes inside the pore such as mushrooms,
cigars, compressed cigars, overlapping cigars, compressed
brushes, and “normal” brushes that are characterized by dis-
tinct power laws. These power laws provide a connection
between the linear dimensions of the chains and brush height
in terms of the parameters o, N, and D and may serve as a
general guide for this rather complex behavior.

The preparation of poly(methyl methacrylate) polymer
brushes inside porous membranes, such as porous anodic
alumina and porous silicon, by “grafting from” methods has
been studied recently.30 It was found that due to confinement
effects imposed by the pores, the resulting brushes are char-
acterized by a large polydispersity while large chain molecu-
lar weight cannot be achieved. So the “grafting to” or “brush
self-assembly from solution” method may be more appropri-
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ate for brush formation inside cylindrical pores, despite the
fact that high grafting densities are difficult to achieve.
Motivated by the potential practical interest in the prepa-
ration of self-assembled brushes inside porous membranes
and other relevant applications,31 we have carried out bond
fluctuation Monte Carlo (BFMC) simulations of end-
functionalized chain adsorption on the inner surface of cylin-
drical pores from bulk solutions. For a range of systems with
different chain lengths N and pore diameters D, we have
monitored the evolution of the grafting density o inside the
pore and the structural properties (monomer density profile,
free end distribution) of the resulting confined brushes. Fur-
thermore, two different modes of end-segment attachment on
the inner pore surface are considered: (a) “hard” irreversible
grafting and (b) “soft” irreversible grafting with grafted-end
movement on the pore walls. Our simulations show that
these two different modes produce two distinct behaviors, a
fact that should be relevant to experimental realizations of
polymer brushes inside ordered porous membranes.

Il. MODEL AND SIMULATION METHODOLOGY

We have adopted a lattice BFMC technique that has been
originally proposed by Carmesin and Kremer’” and has been
used for the study of end-grafted brushes.*® This model
has also been implemented for the study of adsorption kinet-
ics from bulk solutions of homopolymer37 and end-
functionalized chains on flat surfaces.”™*’ The BFMC tech-
nique possesses the typical computational advantages of
lattice MC methods; the asymptotic limit of power laws re-
lated to chain behavior is reached for relatively small chain
contour lengths while Rouse chain dynamics are adequately
reproduced41 in the dilute regime and under good solvent
conditions.

Briefly, in the BFMC model for polymer chains in good
solvent conditions, each monomer occupies a cube of eight
lattice sites on a cubic lattice. Each MC step involves a ran-
dom local displacement in one randomly selected direction
of a random monomer and the implementation of the ex-
cluded volume and bond length criterion. The allowed bond
vectors connecting two ne_ighboring monomers may only
have a length equal to 2, V5, \r’g, 3, or \rlh().42 The choice of
this set of bond vectors ensures that two bonds cannot cross
each other.

In our model N, monodisperse chains, each consisting of
N+1 monomers are randomly placed inside two cubic solu-
tion reservoirs of L, XL, XL, volume each where L,=L,
=L_,=200. These two reservoirs are connected by a cylindri-
cal pore of diameter D and length L (Fig. 1). The main body
of our simulations was performed for L=100 while some
additional simulations were performed for L=50 and L
=200. The concentration c inside each reservoir is set equal
to 0.025 that corresponds to a dilute solution. Thus the total
number of chains inside each reservoir is given by N,/2
=(L,-Ly-L,-c)/8(N+1) while the total number of monomers
in our simulations is 5 X 10*. Due to the large volume of the
solution reservoirs as compared to the pore dimensions, ad-
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FIG. 1. Schematic illustration of the system under study.

sorption of chains inside the pore does not appreciably
change the reservoir solution concentration in all our simu-
lations.

Initially the polymer chains inside the reservoirs are
equilibrated by performing 4 X 10’ MC steps per monomer
(MC cycles). During equilibration, chains are not allowed to
enter inside the cylindrical pore and their radius of gyration
R, and end-to-end distance R, is measured (Table I). After
equilibration, chains are left free to enter the pore while one
of their two terminal monomers may adsorb irreversibly on
the pore walls. To model the adsorption of the end-
functionalized chains onto the pore walls two different
grafting-modes are investigated: (a) hard irreversible grafting
where a functionalized end-monomer lying on the pore wall
cannot move and (b) soft irreversible grafting where a func-
tionalized end-monomer lying on the pore wall can move on
the wall surface but cannot depart from the pore wall. The
lattice sites that compose the pore walls are those having a
radial distance d from the cylinder axis that fulfills the in-
equality D/2=d<(D/2)+1.

For each system 1082 X 10% MC cycles are performed,
in order to monitor chain adsorption. Note that for every
chain length, the total simulation time is 4-5 orders of mag-
nitude higher than the chain relaxation time® while the rms
displacement of the chain center of mass is at least ten times
larger than the pore length. Several quantities of interest are
calculated during chain adsorption such as the grafting den-
sity o, the monomer ¢(r), and free-end p(r) distribution of
the grafted chains as a function of the distance from the
cylinder axis r and the monomer concentration along the
cylinder axis. All these quantities are also monitored for the
inner half of the pore surface.

TABLE 1. Radius of gyration R, and end-to-end distance R, of the chains
after system equilibration for a monomer concentration inside the solution
reservoirs equal to 0.025.

N=5 N=10 N=20 N=40
R, 2.4 3.8 5.7 8.7
R 6.2 9.6 14.6 218
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FIG. 2. Hard grafting adsorption case for pore length L=100. (a) Adsorption
kinetics in the inner half of the pore for the four pairs of simulation param-
eters (D=40, N=10), (D=40, N=5), (D=30, N=5), and (D=30, N=10).
Note that for any other pair(D, N), grafting density on the inner half of the
pore, oy, is zero. In the inset, the grafting density after 103 MC cycles on
the inner half of the pore oy, is plotted as a function of the ratio D/R,. (b)
Monomer concentration along pore axis for N=10 after 108 MC cycles.
Note that only for D=40 a uniform concentration is achieved along the pore.
For lower pore diameters chains adsorb only near the pore openings creating
a barrier for incoming chains.

lll. RESULTS AND DISCUSSION

Intuitively we expect that chain diffusion and adsorption
on the inner part of the pore depend on the relative size of
the pore diameter and the chain length. For large values of N
where chain dimensions are comparable or slightly larger
than the pore diameter, entropic restrictions should prevent
their approach inside the pore. Furthermore, adsorption of
chains on the pore openings adds another obstacle that pro-
hibits chain diffusion inside the pore. This latter effect is
expected to be more pronounced in the case of hard grafting
where functionalized end-monomers cannot move along the
pore walls.

In Fig. 2(a), we present the kinetics of chain adsorption
on the inner half of the pore (grafting density o, versus
time MC cycles) in the case of hard grafting with L=100 for
various combinations of D and N. We observe that the graft-
ing density oy, gets lower as the number of monomers per
chain increase, an effect that is also observed in the case of
brush formation on flat surfaces.”® This happens because
longer chains are characterized by a large unperturbed size
that allows only for low crowding of the brush layer.

The most pronounced effect that is reflected on the ki-
netics of hard grafting is that grafting density o, falls al-
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FIG. 3. Simulation snapsot for system parameters D=40, N=10 in the case
of hard grafting. Note that near the cylinder axis an empty narrow aperture
for incoming chains is available. Monomer concentration is also high out-
side the pore space due to grafted chains that are repelled outside the pore.

most to zero for every combination of D and N, except for
the three pairs (D=40, N=10), (D=40, N=5), and (D=30,
N=5). Note that even for chains with N=10 that have a
radius of gyration R,=3.8, grafting inside a relatively wide
pore with D/2=15 cannot take place. Obviously, on size
considerations alone, individual chains are able to enter the
pore since their size in solution is much smaller than the pore
size. Their inability to form a brush on the inner pore sur-
face, however, can only be attributed to the formation of a
densely populated barrier on the pore openings that repels
incoming chains—an effect that might be described as “pore-
plugging.”

A plot of the mean monomer density along the pore axis
[Fig. 2(b)] reveals that there is always a large monomer den-
sity near the pore openings [both inside and outside the pore
space (see Fig. 3)]. This “barrier layer” is formed very
quickly since the first chains that enter the pore, most likely
graft near the pore openings. Uniform grafting along the pore
axis can only take place when the ratio D/N is large enough
so that near the pore axis the barrier layer has a low mono-
mer concentration and an aperture for incoming chains is
available (Fig. 3).

A simple examination of the results in Fig. 2(a) reveals
that when the ratio D/ R, is less than about nine, chain ad-
sorption on the inner part of the pore is almost totally
blocked within the accessible simulation time. On the other
hand for D/R,>9 uniform pore grafting can take place but
the time needed for brush formation still depends on the size
of the pore. For example, note in Fig. 2(a) that for N=5 and
D=30 or D=40, oy, is approaching almost the same value
but at a clearly different rate, which is an ascending function
of D.

Simulations for even longer pores with L=200 show
again that chains are able to diffuse and graft on the inner
pore surface only when D/R,>9 [Figs. 4(a) and 4(b)]. The
only effect that is produced by the larger pore length is the
obvious slowing down of adsorption kinetics. Note that even
in simulations of short pores (L=50), results not shown here,
where pore length and diameter is comparable, strict uniform
pore grafting cannot take place for D/R,<9 after 2 X 108
MC cycles.

For the three pairs of system parameters for which uni-
form chain grafting along the pore is achieved, we plot the
xy projection of the monomer density inside the pore (Fig.
5). Apart from a model inherent small depletion layer33 near
the pore surface, monomer density falls smoothly as we ap-
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FIG. 4. Hard grafting adsorption case for a pore length L=200. (a) Adsorp-
tion kinetics in the inner half of the pore for the three pairs of simulation
parameters (D=40, N=10), (D=40, N=5), and (D=30, N=5). Note that for
any other pair (D, N), grafting density on the inner half of the pore o), is
zero. (b) Monomer concentration along pore axis for N=5 and various pore
diameters after 2 X 10® MC cycles.

proach the pore axis, while maximum density is observed at
about 3 to 4 lattice spacings from the pore surface. Near the
pore axis, an almost monomer-free cylindrical cavity is
present whose diameter depends on the ratio D/N. As we
have commented above this monomer-free space acts as a
“passage” for incoming chains.

The observed plateaus of the grafting density oy, in
Figs. 2(a) and 4(a) suggest that the grafted layers are in the
semidilute brush regime, since the calculated mean interan-
chor distances s of the grafting points are smaller than the
critical value 1.4Rg.3 > Valuable information is also included
in plots of the radial monomer density ¢(r) and free-end
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FIG. 6. Radial monomer distribution profiles inside the inner half of the
pore in the case of hard grafting.

density p(r) (Figs. 6 and 7). The radial monomer density
profiles are typical of polymer brush behavior and can be
compared with molecular dynamics results of Dimitrov et
al.">™"* The distribution has a parabolic shape and a charac-
teristic decaying tail is present. Also we observe that the
free-ends of the chains populate the whole grafted layer
while the maximum of their distribution is located near the
decaying tail of the monomer density profile. We emphasize
that in the limiting case where D=40, N=10 with D/R,
=10 the free-end distribution has a nonvanishing value at r
=0. This means that near the critical value D/R,=9 a small
fraction of the grafted chains are so stretched that their free-
ends have a distance more than D/2 from the grafting sur-
face.

Now we turn to the case of soft grafting inside the pore.
In Fig. 8, we present the kinetics of chain adsorption (graft-
ing density o), vesus time MC cycles) on the inner half of
the pore with L=100 in the case of soft grafting for repre-
sentative combinations of D and N. By making a comparison
with the kinetics of hard grafting [Fig. 2(a)], two major dif-
ferences are easily identified: (a) adsorption rates are much
higher for soft grafting and (b) even large chains are able to
uniformly graft along relatively narrow pores despite the fact
that final grafting densities are quite low.

These differences are a direct result of the different
mechanisms of chain adsorption under the soft grafting
model. The ability of grafted-ends to diffuse along the cylin-
drical pore surface leads to uniform pore filling (Fig. 9). As
in the case of hard grafting, the first incoming chains are
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FIG. 5. Contour plots of the xy projection of the monomer density (averaged over the z-direction) inside the inner half of the pore for the hard grafting case

(L=100).
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FIG. 7. Radial free-end distribution profiles inside the inner half of the pore
in the case of hard grafting.

grafted near the pore openings forming a monomer-rich area.
Due to excluded volume interactions and since these grafted
chains cannot desorb, they move toward the inner monomer-
free pore space making room for other incoming chains. As
MC cycles advance, monomer density inside the pore gets
higher making it difficult for other chains to adsorb. It is
interesting to note that when D/ Rg>9, the final values of
01, are approximately the same for both hard and soft graft-
ing.

In Fig. 10, representative contour plots of the xy projec-
tion of the monomer density inside the inner half of a pore
for N=10 are presented. We observe that as the pore diam-

0.35 ; .
——D=40
0.30+ ——D=30
: ——D=20
0.25 ——D=10 A
0.20
o
o 0.15-
0.10
0.054
0.00-H4 ; ; ; .
0 1x10°  2x10°  3x10"  4x10"  5x10’
a) MC cycles
0.35 I4 1 1 1 1
T —N=5
0.30 o ——N=10
T —— N=20
0.01 7
0'25_1:, “HMC cycles — N=40
10* 10° 10° 10" 10°
o 0.204
© .15
0.10 - W ——."
0.05-] e
0.00 T T T T T
b 0 1x10"  2x10°  3x10°  4x10"  5x10°
) MC cycles

FIG. 8. Representative self-assembly kinetics in the case of soft grafting
inside the inner half of the pore (L=100) for (a) N=5 and D=10, 20, 30, 40
and (b) D=40 and N=5, 10, 20, 40. In each inset, the log-log plot of
adsorption kinetics is presented.
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FIG. 9. Monomer concentration along pore axis (L=100) for N=10 in the
case of soft grafting after 10> MC cycles. Contrary to hard grafting [Fig.
2(b)], for every pore diameter an almost uniform concentration of the same
order is achieved across the pore.

eter decreases, pore space gets evenly filled by monomers
and the area near the pore axis gets crowded in contrast to
the picture of hard grafting. Radial plots of the monomer
¢(r) and free-end p(r) density profiles (Figs. 11 and 12) also
reflect this trend. We see that as D/R, gets much lower than
the value 9, both ¢(r) and p(r) at r=0 are nonzero. This
enhanced monomer and free-end concentration on the pore
axis indicates that chains are not confined only inside the
semicylinder where one of their ends is grafted but they in-
teract with other chains that are grafted on the opposite semi-
cylinder (brush interdigitation). In this regime, especially the
shape of the free-end distribution is largely affected having a
distribution maximum at r=0 (Fig. 13) and being a descend-
ing function of r. The values ¢(0) and p(0) may serve as an
indirect measure of the overall brush interdigitation inside
the pore. Again for D/R,>9, the shape of ¢(r) and p(r) is
identical for both grafting models.

In Figs. 2(a), 4(a), and 8 we see that both hard and soft
grafting adsorption kinetics, include a wide spectrum of time
scales. In the case of the soft grafting model, the log-log
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FIG. 10. Contour plots of the xy projection of the monomer density (aver-
aged over the z-direction) inside the inner half of a pore with D=40, 30, 20,
10 and N=10 in the soft grafting case.
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FIG. 11. Radial monomer distribution profiles inside the inner half of the
pore in the case of soft grafting.

plots of the kinetics curves (Fig. 8) reveal that there are two
clearly separate stages during brush formation inside the
pore. These two stages can be attributed to the existence of
different adsorption mechanisms during early and late times
of adsorption. It is interesting to note, that the transition time
between early (fast) and late (slow) kinetics is primarily de-
pendent on the number or monomers per chain N.

Even after 103-2 X 108 MC cycles, equilibrium has not
yet been fully reached and a very slow population of the
adsorbed layer still takes place. The characteristic times of
chain adsorption and diffusion toward a flat surface have
been studied previously by the BFMC method.** Here due
to the special geometry of the system, the limiting factor that
dominates the kinetics of the hard grafting case is the char-
acteristic time of chain diffusion through the concentration
barrier near the pore openings. Clearly the time needed for
the penetration of this concentration barrier for D/R,<9 is
much higher than that of chain diffusion along the pore and
chain adsorption on the pore walls. Quantitatively we may
estimate the characteristic adsorption time 7 on the inner half
of the pore by fitting the o,,(¢) kinetic curves with a gener-
alized stretched exponential form as described by Jia and
Lai.”’ For D/ R,>9 (both for the hard and soft models) we
find a systematic decrease in 7 with increasing D/R,.

For longer pores (L=200) under the hard grafting model,
the characteristic adsorption time 7 increases since incoming
chains have to diffuse along the longer pore and also pen-
etrate the preformed brush layer in order to adsorb. Of
course, the pore-plugging effect for D/R, <9 is not an equi-
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FIG. 12. Radial free-end distribution profiles inside the inner half of the
pore in the case of soft grafting.
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FIG. 13. Radial position of the free-end distribution maximum 7re, as a
function of D/R, (soft grafting case). Note that as D/R, becomes lower than
ca. 9, the free-end distribution peak is positioned very close to or on the pore
axis (r=0).

librium state of the system. However chain diffusion through
the high concentration barrier is so slow that for the acces-
sible simulation time no adsorption takes place on the inner
pore surface. We expect that in real experiments, pore-
plugging may manifest itself either as the absence of appre-
ciable measured adsorption after long adsorption times, or in
situations where the spatial variation of concentration inside
pores can be probed, as extremely slow population of the
inner surface of the pore.

In this work we have examined chain adsorption inside
cylindrical pores for a range of D/R, from about 1 to 17. The
behavior of longer chains in very narrow tubes (D/R,<1) is
also a very interesting subject, not entirely in the context of
adsorption but rather in the context of single chain dynamics
and translocation through nanochannels.*~*® We note that in
this regime of strong chain confinement, pore filling is
largely unfavored due to the large free energy increase,
which gives rise to a constant extrusion force acting on the
chain.* Simulations of systems in the limit D/R,>15 can
give further information and a connection with theoretical
scaling arguments concerning brush formation may be estab-
lished. However the simulation time needed in order to
sample the (D, N) parameter space would be much increased.

Further generalizations of the present study may include
simulation of much larger systems, which better reflect the
properties of real polymer chains, simulation of brush ad-
sorption via a finite energy attraction of end-functionalized
monomers on the pore wall,39 and the inclusion of chain
adsorption on the flat surface surrounding the pore openings.
Such updates of the model should offer a more realistic de-
scription of polymer brush self-assembly in ordered porous
membranes. Also the effect of poorer solvent on the adsorp-
tion process may be investigated using the BFMC model by
the inclusion of attractive interactions between nonbonded
neighboring monomers.>* Since chain size in poorer solvents
is smaller as compared to the good solvent case, it is a pos-
sibility that brush formation inside the pore for D/R,<9
may take place.

The simulation results for L=200 suggest that our con-
clusions concerning “pore plugging” for D/R,<<9 also apply
when adsorption inside much longer pores (L> D) is consid-
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ered, which is a case of practical interest. The effect of pore
plugging primarily depended on the behavior of the early
adsorbed chains near the pore entrance that is taken into
account explicitly in our simulations. It is worth pointing out
that the observed plugging effect bears some resemblance to
the jamming phenomenon that has been reportedM’48 in
granular flow systems, where the jamming probability pre-
sents an abrupt increase as the tube diameter reaches a criti-
cal value.

Our observations on the differences between hard and
soft grafting modes are related to the nature of the functional
end-groups that are usually used in experimental studies of
self-assembled brushes.® Obviously the mobility of the end-
group on the pore surface would play a crucial role on the
overall pore filling. Since brush coated cylindrical pores are
promising candidates for some intriguing applicationst26
and are also related to interesting biosystems (e.g., adsorbed
proteins inside biomembranes), this preliminary study may
offer some insights toward the experimental realization of
such systems.

IV. CONCLUSIONS

The adsorption process of flexible polymers end-grafted
on the inner walls of cylindrical pores from dilute solutions
was studied by BFMC simulations. Two different modes of
irreversible grafting are considered, namely, soft and hard
grafting. For the case of hard grafting two different regimes
are identified: (a) a slowly evolving uniform grafting along
the pore axis for D/R,>9 and (b) an absence of grafted
chains on the inner pore surface for D/R,<<9 caused by the
formation of a barrier layer on the pore openings. On the
contrary when soft grafting is considered, a small number of
large chains are able to end-graft on the inner pore surface at
relatively short times. This is due to the different mecha-
nisms of adsorption that includes chain grafting near the pore
openings and subsequent diffusion of grafted-ends toward
the inner pore surface.

When a uniform grafting is achieved, our simulations
yield the monomer and free-end radial density profiles for
the inner pore space. The obtained profiles are typical of
polymer brush behavior while they provide information for
the average chain extension from the grafting wall and the
overall chain confinement. Although the simulation model
we have used is simple and only relatively small chains are
considered, we argue that the present results capture the es-
sentials of chain adsorption inside cylindrical tubes and may
offer a general guide for the experimental study of polymer
brush formation inside ordered porous membranes such as
nanoporous alumina and porous silicon.
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