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ABSTRACT: We present and discuss the results of discontinuous molecular dynamics simulations of
mechanically assembled polymer layers chemically attached to flexible substrates under poor solvent
conditions. Square-well chains of lengths comprising 20 to 100 units end-grafted to a hard surface at low
density are compressed laterally at varying rates. Brush thickness depends on the interplay between solvent
quality and the substrate compression rate. Brushes formed in poor solvents at fast compression rates are
thinner and exhibitmore heterogeneity in coverage than brushes formed in good solvents at slow compression
rates. End-monomer trapping increases with increasing compression rate and/or decreasing solvent quality.
By varying relaxation/compression rate, we can modify the effects of brush thickness hysteresis. Finally, we
suggest a general blueprint for efficient formation of defect-free monolayers that might be followed by
experimenters.

I. Introduction

Mechanically assembled monolayers (MAMs) represent sub-
strate-anchored oligomer or polymer brushes fabricated by
chemically attaching the polymers to a prestretched flexible
substrate and then releasing the stretch. This process results in
increasing the surface density of the grafted modifiers beyond
values typically found when the molecules adsorb and assemble
on rigid, nonstretchable supports. This method was originally
proposed by Genzer et al. as an alternative to preparing dense
polymer brushes by conventional “grafting-from” methods, i.e.
atom transfer radical polymerization (ATRP).1,2 In the original
MAMs process,3 semiflourinated organosilane polymers were
allowed to self-assemble on tethering sites activated by ultraviolet/
ozone (UV/O) treatment; the substrate was subsequently
released, resulting in a dense thick brush of semiflourinated
groups, whose surface density can be controlled by adjusting
the amount of prestretching. Surfaces formed using this method
exhibit no deterioration after 6 months exposure to deionized
water ; a quality highly desirable in coating of surfaces that
would otherwise degrade under exposure to water.3,4 Later
efforts extended the MAMs technology from densifying small
organic modifiers to long macromolecules chemically grafted to
flexible substrates.5While the lattermethodwas originally coined
as MAPA (or mechanically assisted polymer assembly), for
simplicity in this work, we combine both techniques under the
same name, MAM.

In a previous paper we described results of a molecular
simulation of the formation of long chain MAMs under good
solvent conditions. The surface density of a model system of
homopolymers attached to an impenetrable surface was system-
atically increased at a variety of surface release rates until a highly
dense brush was achieved. Good solvent conditions were mode-
led by treating the monomer-monomer interactions as ather-
mal.6 The effect of varying chain length, reduced temperature and
surface release rate on the structure of the monolayer was
examined; no consideration was given to solvent quality. The
thickness of MAMs brushes formed at slow release rates was
consistent with the theory proposed by Alexander and de

Gennes;7-9 minor deviations fromMurat and Grest simulations
were observed at high formation rates due to polymer entangle-
ment and at low chain length due to insufficient relaxation time.10

While in our previous work we neglected the effect of solvent
quality, this parameter is known to play an important role in
polymer behavior. Recent simulations-based research has fo-
cused on the effect of solvent quality on the collapse and
conformation of homopolymers11-14 and the thickness of poly-
mer brushes at equilibrium,meaning at fixed surface density.15-17

Onewould also expect that solvent quality affects the formationof
MAMs and polymer brushes during the approach to equilibrium
upon varying surface density of the grafted modifiers. Experi-
menters note a difficulty with the MAMs process in that quick
compression of the monolayer leads often to buckling, which
requires a relaxation period postrelease for equilibration. It is
surmised that the competition between polymer-substrate bond-
ing forces and polymer-polymer interaction forces can either
cause polymers to detach or resist compression to high density.
Clearly, for brushes in poor quality solvents, quick compression
would affect the extension of the polymers away from the
substrate, thereby indirectly affecting the monolayer’s ability to
achieve a denser, impenetrable brush via the densification process.

In this paper, we present the results of discontinuousmolecular
dynamics simulations of the compression of systems of polymers
modeled as chains of square-well monomers in an attempt to
mimic the formationofMAMs in lower quality solvent. Polymers
of chain lengths 20, 50, and 100 are initially grafted to a hard
surface at lowdensity andallowed to equilibrate. These chains are
then compressed laterally at varying rates to high surface density
(to 1 monomer/area) in order to study the effects of chain length
and compression rate on brush properties, i.e., density and
polymer extension. By compressing at frequencies larger than
the brush’s equilibrium time-scale, we can assess how brush
thickness and structure are affected during theMAMs formation
process. By varying the system temperature (which controls
solvent quality), we can assess the effect of solvent quality on
brush thickness and structure. Finally, selected brushes are
expanded back to low surface density, which enables us to study
hysteresis effects on brush thickness and structure.

Highlights of this work are as follows. We present results for
the monolayer thickness versus surface density as a function of*Corresponding author.
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compression rate and reduced temperature. We find that brush
thickness can be directly controlled by adjusting the system
reduced temperature and the surface compression rate. Brushes
formed at temperatures below the theta temperature (TΘ) and/or
at low surface density exhibit significant brush degradation (gaps
in polymer layer coverage and low brush thickness). Brushes
formed at temperatures above TΘ show increased thickness and
enhanced orientation order. Specifically, the macromolecules are
able to reach surface densities higher than brushes formed at low
temperatures. The effectiveness of the MAMs formation process
depends onwhether or not the surface density is above the critical
coverage density, Fc, which is defined to be the minimum surface
density at which the surface is entirely covered by monomers.
Longer chain systems suffer a slight deterioration in brush height
as the surface density approaches the critical coverage density
from below, even when formed by slow compression. Fast
compression leads to end-monomer and chain trapping. Increas-
ing the relaxation rate and/or reducing the temperature (thereby
reducing solvent quality) leads to an increase in hysteresis effects
in brush thickness. Finally, we show that for each compression
rate, there exists a certain surface density value beyond which
further compression attempts are likely to fail due to chain
overlap or volume exclusion; from this behavior, we can infer
that the optimal design for MAM fabrication is to intermittently
decrease the compression rate as the surface density of the grafted
macromolecules increases.

The remainder of the paper is organized as follows. In
section II, we describe the discontinuous molecular dynamics
method and outline the process for increasing surface density, Fa.
Section III presents the simulation results at various chain lengths,
compression rates and reduced temperature; the latter acts as a
surrogate for solvent quality. We also analyze our results and
suggest a generic set of guidelines for experimental fabrication
of MAMs. Section IV provides a short summary of the results
and a discussion.

II. Model and Methods

Discontinuous molecular dynamics (DMD) is a fast alterna-
tive to traditional molecular dynamics.18 Unlike traditional
molecular dynamics which employs a monomer-monomer in-
teraction potential that is a continuous function of their separa-
tion (i.e., the Lennard-Jones potential), discontinuous molecular
dynamics replaces monomer-monomer interactions with a
square-well potential which incorporates short-range repulsions
as well as long-range attractions.19 The potential energy between
nonbonded monomers is taken to be the square-well potential,

UðrÞ ¼ ¥, r < σ ð1Þ
¼ -ε, σereλσ

¼ 0, r > λσ

where σ denotes the monomer diameter and λ is the width of the
square-well interaction. To stay consistent with previous simula-
tion work, σ and λ are set to 1.0 and 1.5, respectively. The
advantage of DMD over traditional molecular dynamics is that
monomers need not be moved incrementally at short regularly
spaced time steps. Instead, one only need calculate the collision
time, tij, at which a monomer reaches a discontinuity in its
potential energy, U(r), where it undergoes either repulsion with
another monomer or enters/leaves the square-well interaction of
another monomer. Collision times for all monomer-monomer
pairs in the system are calculated, the minimum collision time for
the system, tc, is chosen, and all monomers are advanced forward
according to

riðtþ tcÞ ¼ riðtÞþ viðtcÞ ð2Þ

where ri and vi represent the ithmonomer’s position and velocity,
respectively. At this point, two monomers collide, their new
postcollision velocities are calculated, and the steps described
above are repeated.

Polymer systems are modeled in DMD as freely jointed chains
comprising monomers bonded at a distance σ from one another.
We use the Bellemans approximation which allows the bond
length to fluctuate freely over the range σ (1( δ), where δ is very
small, for example 1/10th of σ.20-22 The average bond length for
neighboring monomers in a chain is approximately σ, which is
close in architecture to tangentially connected monomers. Non-
bondedmonomers along a chain interact with the same energy, ε,
as monomers on differing chains. The well-depth ε is set to ε =
1 in all simulations. We define the reduced temperature of the
system, T*, as T* � kBT/ε. At high values of T* the monomers
acquire enough kinetic energy to escape the square-well interac-
tionwith their neighbor(s); this leads to chain stretching,mimick-
ing good solubility conditions. At low values of T*, the
monomers are under the influence of their square-well interac-
tions; as a result, the polymers collapse, just like under poor
solubility conditions. Thus, the solubility of the polymers is
measured by the reduced temperature, T*. This implicit solvent
model saves extra computational expense associated with intro-
ducing solvent molecules explicitly into the simulation.

Since the system’s reduced temperature plays an important
role, T* must be carefully controlled throughout the simulation.
This is accomplished through the use of an Andersen thermostat,
which allows the system reduced temperature to fluctuate
about the average value, T*.23 A ghost particle is created to
collide with a randomly chosen monomer at a random collision
time, tg. Themonomer’s velocity is recalculated after the collision,
ensuring that the velocities for all particles in the system are
distributed according to a Gaussian distribution on T*.

The model system comprisesM polymer chains, each contain-
ing N square-well monomers, placed into a box having dimen-
sions Lx and Ly (length and width, respectively). Periodic
boundary conditions (PBC) are employed in the x- and
y-directions; a monomer (or tethering point) which leaves the
box onone side re-enters on the opposite size. PBCare not used in
the z-direction. Backbone angles along the chain are free to
fluctuate as long as there is no monomer-monomer overlap.
Each chain is grafted at one end to a surface of area S (measured
in units of σ2), where the surface is designated z = 0. We define
the surface density of the polymer chains as Fa=M/S. Tethering
points for each chain are allowed to move along the surface but
are not allowed to overlap. Because of the impenetrable surface,
collision times between each monomer and the surface must also
be calculated.

The formation of the dense mechanically assembled mono-
layer is modeled as a series of uniformly spaced compressions
of the tethering surface. At prescribed collision numbers
(for example, every 2000th monomer-monomer collision), we
attempt to compress the box such that:

LxðnewÞ ¼ LxðoldÞð1-δLx
Þ ð3Þ

LyðnewÞ ¼ LyðoldÞð1-δLy
Þ ð4Þ

where δLx
and δLy

are very small (on the order of 1� 10-5). New
monomer positions are calculated:

rixðnewÞ ¼ rixðoldÞð1-δLx
Þ ð5Þ

riyðnewÞ ¼ riyðoldÞð1-δLy
Þ ð6Þ

where ri is the position of monomer i. If there are no monomer
overlaps, the new positions are retained and the new surface
density is calculated: Fa = M/(Lx,new � Ly,new).
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In this work, we present results from the compression and
relaxation of the following systems: 20 20mers grafted at initial
Fa=0.01, 0.03, 0.10, and 0.20monomers/area; 50 50mers grafted
at initial Fa=0.01, 0.03, and 0.10; and 25100mers grafted at Fa=
0.03. The system temperature was varied over the rangeT*= 0.5
to 8.0. After the systems were equilibrated at their initial surface
density and temperature, compression moves (typically, every
500th, 2000th, or 10 000th collision)were attempted until the final
surface density had been reached, Fa=1.000, or until compression
was no longer possible (discussed later). In between compression
attempts, standard DMD moves were applied. At the end of
selected compression runs, we expanded the surface back to its
initial surface density, at a rate corresponding to the preceding
compression rate, to investigate hysteresis effects and chain
entanglement. Data were collected periodically on the polymer
layer’s mean-square radius of gyration, ÆRg

2æ, and the mean-
square radius of gyration in the z-direction, ÆRg,z

2æ, defined
respectively as

ÆRg
2æ ¼ ÆΣðri -rCMÞ2æ=N ð7Þ

ÆRg, z
2æ ¼ ÆΣðrzi -rz, CMÞ2æ=N ð8Þ

where rzi is the z-coordinate of the ith monomer position (ri),
rz,CM is the z-coordinate of the center of mass for i’s correspond-
ing chain (and its center of mass, rCM) and the summation is
averaged over all monomersN along each chain. Over the course
of the monolayer compression, we also collected density profiles
for all of the monomers in the systems, F(z), and density profiles
for the free ends, FE(z). This data was normalized according toR
F(z) dz=1 for all systems. Even thoughmost of the simulations

were run several times, all but two of the figures in this paper
show data for only one run since the point is to watch how
the system evolves during the inherently nonequilibrium com-
pression process. This also allows us to observe the effect of chain
trapping. For some of the data presented here (Figures 9 and 10),
three runs with randomly chosen initial configurations were
conducted and the average values and error bars (calculated
from the standard deviation) are shown. Results are given in
detail in the next section.

III. Results

Decreasing solvent quality negatively affects monolayer pro-
perties and hence the fabrication of MAMs in two ways: (1) by
reducing the coverage of the polymers on the surface and (2) by
reducing the thickness of the monolayer. These two defects arise
from the preferential monomer-monomer attraction relative to
monomer-solvent contacts. This monomer-monomer attrac-
tion dominates at T* < TΘ, where TΘ, the theta temperature, is
defined as the temperature at which the polymers act like ideal

chains. On the basis of previous work by Grest andMurat24 and
Szleifer et al.,25 TΘ ∼ 3.0 for ε = 1.

To illustrate the effect of poor solvent quality (orT*<TΘ), we
present in Figure 1 snapshots of two systems, both composed of
50 50mers grafted to the same surface area. The left picture
depicts the system in a good solvent (only core repulsion),6 while
the right picture shows the same system in a poor solvent,
corresponding to reduced temperature T* = 1.2. The effects of
poor solubility lead to reduced thickness nearly 1/4 of that in a
good solvent and a significant percentage of the tethering surface
being uncovered by the polymer. The loss of surface coverage can
be countered only by reaching densities above the critical density,
Fc, as will be discussed later.

We begin by presenting results on the effect of solvent quality
on the thickness of our monolayer systems. As has been pre-
viously reported by de Gennes26 and others, the brush thickness,
h, scales as h∼NFaR, whereR=2/3 andR=2 for good and poor
solvent conditions, respectively. Thus, Figure 2 shows the loga-
rithm of the mean-squared radius of gyration in the z-direction,
ÆRg,z

2æ, a measure of monolayer thickness, normalized by chain
length, N, as a function of the logarithm of surface density for
systems of varying chain lengths; for comparison, we have also
included the slopes of 2/3 and 2 (good and poor solvent con-
ditions). In Figure 2a, we present the results for 20mers com-
pressed at reduced temperatures ranging from1.0 to 4.0. (Because
polymers shorter than 20mers show no significant change in
monolayer thickness as a result of varying compression, they are
not considered in this work.) For high T*, an increase in surface
density corresponds directly to an increase in ÆRg,z

2æ. AtT*>TΘ,
polymers are somewhat extended; volume exclusion effects from
increasing surface density extend them even further. Upon
reducing T* the film thickness decreases due to poor solvent
conditions: monomers prefer one another over the implied
solvent and thus do not extend as far as they do in good solvents.
Transitioning from T* = 3.0 (TΘ) to T* = 2.0 creates local
inflections in the ÆRg,z

2æ curve at low surface densities. In this
region the substrate is not completely covered by the polymer
layer. As will be shown later, despite the slow compression rate
employed here, monolayer thickness can only increase after the
collapsed chains first fill the space near the surface.

Variations in reduced temperature have a more pronounced
effect on brush properties when longer chains are considered.
Accordingly, in Figure 2b, we plot our results for 50mers at
reduced temperatures from T* = 0.5 to 8.0. For comparison,
data for good solvent (a system of hard chains6) is included. As
with the 20mers, the brush thickness increases with increasing
surface density. However, when the temperature is lowered
below TΘ ≈ 3.0, the layer thickness decreases significantly. For
example, at surface density Fa ≈ 0.3 monomers/area, the poor
solvent conditions at T* = 0.5 and 2.0 lead to ÆRg,z

2æ-values

Figure 1. Comparison of monolayer snapshots for systems containing: (a) hard chain 50mers and (b) square-well chain 50mers at T* = 1.2, which
corresponds to poor-solvent conditions.
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approximately 15% and 33%, respectively, of the value observed
under good solvent.

Also of interest in Figure 2b is the effect of reduced tempera-
ture on brush thickness, specifically at low surface densities.
While in general increasing the surface density leads to an
increase in monolayer thickness (especially at T* > TΘ), com-
pressing the monolayer when T* < TΘ has no effect on brush
thickness over the surface density range 0.01 to approximately
0.2 monomers/area. This is due to the paucity of chain-chain
contacts at low surface density which results in chains which act
as independent globules; while monomers on the same chain
interact, there is little interaction betweenmonomers on differing
chains. The minimum surface density at which a compression of
the monolayer leads directly to an increase in monolayer thick-
ness is defined as the impingement density, Fc, which is a function
of the chain length and temperature. This density is theminimum
density at which the neighboring chains, which adopt mushroom
conformations characterized by radius of gyration Rg

2, just
touch. It may be calculated by realizing that the area projected
by a chain of radius of gyration Rg

2, onto a surface is πRg
2. If

these circles just touch, the fraction of area covered is the ratio of
the area of a circle to that of a square, which is equal to πRg

2/
4Rg

2= π/4. Likewise, it is equal toπMRg
2/S= πRg

2Fc, whereM
is the number of chains and S is the surface area. Thus, Fc =
1/4Rg

-2. Realizing that the radius of gyration (Rg) for an isolated
chain of length N in poor solvent scales as N1/3|τ|-1/3, where τ �
(T*-TΘ)/TΘ,

27 upon substitution; this produces an equation for
the impingement density:

Fc ¼ ð1=4ÞN -2=3jτj2=3 ð9Þ
where N is the chain length. Given TΘ ≈ 3.0, we estimate the
impingement density for 50mers to be 0.008 monomers/area at
T* = 2.0, 0.014 monomers/area at T* = 1.0 and 0.016 mono-
mers/area at T* = 0.5. In general, as reduced temperature
decreases, impingement density increases. On the basis of the
data in Figure 2b, we can calculate the actual impingement
density (density at which the brush height increases with increas-
ing density to the power R = 2). The actual impingement
densities are approximately 0.11 at T* = 2.0, 0.16 at T* = 1.0
and 0.17 at T* = 0.5. Although the observed trend, Fc increases
(or shifts further to the right) as T* decreases, is the same as that
predicted theoretically (eq 9), the observed values of impingement
density during compression differ by 1 order of magnitude from
the values predicted theoretically. As pointed out by Lai and

Binder, at such a low reduced temperature (or poor solvent), the
chains are not acting independently.27 Evidence for this is shown
in Figure 1b where the chains, allowed to move freely across the
tethering surface, are clumped together rather than acting as
individual, evenly spaced mushrooms. This clumping increases
the open space on the surface andmakes the impingement density
higher than the value predicted by eq 9. To correct this effect, one
would need to turn off the attraction between monomers on
different chains. Thus, the reduction in solvent quality not only
causes a significant loss in monolayer thickness, it also requires
that a higher surface density be attained to reach full surface
coverage.

The effects of solvent quality become even more pronounced
for longer chains. In Figure 2c, we plot brush thickness results for
100mers at reduced temperatures from T* = 0.5 to 8.0. For
comparison, we include data on hard chains from Reference.6 In
general, there is loss of layer thickness for all T* compared to the
ideal solvent (hard chain) system. For 100mers at T* > TΘ, we
note an interesting trend: the rate of change in ÆRg,z

2æ with
increasing Fa is the same over the entire range of densities
implying that MAMs formed at T* > TΘ compress as readily
as brushes formed in ideal solvent. All losses in layer thickness for
T* > TΘ systems result only from the loss in thickness during
self-assembly at low surface density. We do not detect this trend
for T*< TΘ. Increasing Fa at T*< TΘ does not result in a linear
increase in ÆRg,z

2æ across all Fa. Thus, poor solvent affects the
100mer system in two ways: (1) causing extremely low brush
thicknesses at the initial low Fa and (2) increased difficulty in
compressing the brush to higher Fa.

Monolayer thickness can also be affected by the frequency
of compression attempts. In Figure 3 we show the logarithm of
ÆRg,z

2æ normalized by chain length as a function of the logarithm
of surface density. Since MAM formation is more interesting at
poor solvent conditions, all of this data was collected atT*= 1.2
(below TΘ) where the effect of brush compression is most
pronounced. In Figure 3a, we show our results for a system of
20mers at compression rates occurring with a frequency of
1 compression per 10 000th, 2000th, or 500th monomer collision.
While there is some loss of monolayer thickness at faster
compression rates (cf. 1/500) compared to slower compression
rates, this degradation is no more than 5% and not significant.

Next, we examine the effect of surface release rate on the
thickness of the monolayer at longer chain lengths. Figure 3b
shows brush thickness data for 50mers for compression rates of 1
compression attempt every 500th, 2000th, and 10000thmonomer
collision; for comparison, athermal or hard-chain data is in-
cluded. The following trends are seen. First, at low densities,
layer thickness is constant and independent of compression rate.
The thickness increases only after the surface density has
exceeded Fa = Fc ≈ 0.16. Second, there is significant loss of
thickness for all three rates compared to the hard-sphere (or good
solvent) data, especially at low surface density. When surface
density is low (Fa ≈ 0.01) and T* < TΘ, the monolayer contains
large gaps in surface coverage (cf. Figure 1b).As themonolayer is
compressed, the system must first fill these gaps before it can
thicken into a brush. Thus, at low density, chains are less likely to
interact, reducing chain extension. Still, even at high surface
density, if T*< TΘ, the chains will prefer one another relative to
the solvent, thereby reducing layer thickness. Finally, compres-
sion rate has a direct effect on the thickness of a fully formed layer
(Fa ≈ 1.000). At Fa ≈ 1.000, systems which are compressed more
slowly (i.e., compression attempts every 2000th and 10000th
collision) experience losses in the value of ÆRg,z

2æ of 8% and 4%,
respectively, compared to the hardsphere system. Systems com-
pressed more quickly (an attempt every 500th collision) experi-
ence an even greater reduction compared to the hard-chain case.
Recall that for a systemof 20mers there was a less than 5% loss of

Figure 2. Mean-squared radius of gyration in the z-direction, ÆRg,z
2æ,

as a function of surface density, Fa, for (a) 20 20mers, (b) 50 50mers and
(c) 25 100mers at various reduced temperatures,T*. Compressionswere
attempted once per 2000 monomer collisions.
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thickness for all compression rates. Thus, as we increase the
polymer length from 20 to 50, the degenerative effect of fast
compression on monolayer thickness also increases.

In Figure 3c, we present brush thickness data for 25 100mers in
poor solvent for compression rates of 1 compression attempt
every 500th, 2000th, and 10 000th monomer collision as well as
brush thickness for 50 100mers at a compression rate of 1 attempt
every 10 000th monomer collision. We note first that the fastest
compression rate (1 every 500th collision) coupled with the
increase in chain length to 100 creates a system where compres-
sion cannot proceed beyond Fa≈ 0.850. This is most likely due to
chain-chain entanglement or to chains being trapped under-
neath neighboring chains during compression. The 100mer
system in poor solvent quickly finds itself “tied up” at high
density with little chance to equilibrate. We should make it clear
at this point that we use the term “entanglement” loosely here.
We are purposefully compressing faster than the time it would
take for the monolayer to equilibrate. Given sufficient time, the
chains could have worked themselves free of one another,
allowing compression to possibly continue. We have not allowed
this time because the emphasis of this work is to determine the
effect of poor solubility and quick compression rate on dense
monolayer formation; that effect has been “entanglement” of
the chains.

Next, we focus on the very low density region: Fa∼ 0.06 or log
(Fa) ∼ -1.2. Here, layer thickness for the system compressed
every 10000th collision decreases as density increases from Fa =
0.06 to 0.065 [or, alternatively, as log (Fa) increases from -1.22
to-1.18].We also showbrushes at these two surfaces in Figure 4.
Initially at Fa= 0.06 (left picture), there is not enoughmaterial to
completely cover the surface due to poor solvent conditions
(low T*). Upon compressing the system to Fa = 0.065 (right
picture), the empty space is filled up by the polymers. We
hypothesize that at this point, the reduction in layer thickness is
a result of individual chains sliding underneath neighboring
chains; only as the surface density is further increased can volume
exclusion effects force the majority of these chains to push
away from the surface. If the compression rate is too high, some
chains will become trapped, creating internal layer defects.

One last feature of interest in Figure 3c is the effect of
increasing system size. The bulk of the data included in
Figure 3cwas collected on a system of 25 100mers.While periodic
boundary conditions theoretically create an infinite system, it is of
interest to ask if and how the relatively small system size
considered here (25 100mers) affects the results obtained. Toward
this end we performed compression simulations on a larger
system: in this case, 50 100mers. (Attempts weremade to simulate
even larger systems but the time required to complete these
compressions was prohibitive.) The system of 50 100mers
(shown as a dashed line in Figure 3c) was initialized at a low
grafting density. Compression moves were attempted every
10 000th monomer collision until Fa∼ 1.00. We found that brush
thickness for the larger system is equivalent to the brush thickness
in our slowest compression for most of the range of explored Fa
except that the critical coverage density shifted to the right. In
other words a higher density was required to cover the surface.
We believe that, once again, this shift is because the chains do not
act independently.

To this point we have focused only on the effect of increasing
surface density on brush thickness; however, as the surface
density increases and the chains extend outward, they also begin
to align. Figure 5 shows the orientational order parameter of
systems of various chain lengths as a function of surface density
for three compression rates at T* = 1.2. Here we define the
orientational order parameter as Æcos θnæ = (zn - zn-1)/|rn -
rn-1|, where n= 0 at the surface and θn is the angle between the
bond formed by successive monomers in the chain and the
z-axis;6 we have averaged this parameter across all chains and
bonds in the system. In Figure 5a, we present results for 50mers;
for comparison, data for good solvent (hard-chain case) is also
shown.Aswas the case for ÆRg,z

2æ, increasing surface density does

Figure 3. Mean-squared radius of gyration in the z-direction, ÆRg,z
2æ, as

a function of surface density, Fa, for (a) 20 20mers, (b) 50 50mers and (c)
25 100mers at various compression rates andT*= 1.2. By comparison,
results for 50 100mers (---) at 1 compression attempt per 10,000
collisions are included in (c).

Figure 4. Top-down view of 25 100mers at T*= 1.2 at a surface density less than the critical surface density (left, Fa = 0.06) and greater than critical
surface density (right, Fa = 0.065). Compressions were attempted once per 10,000 monomer collisions.
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not affect polymer ordering until Fa ≈ 0.3. Beyond this point,
further compression increases ordering. Increasing the compres-
sion rate results in a loss of order. Only the slowest compression
(1 compression attempt every 10,000th monomer collision)
allows the system to align itself structurally as well as the hard-
sphere system does at the highest surface densities. Similar to
50mers, 100mer data presented in Figure 5b show that increasing
the compression rate reduces the system ordering significantly.
By comparison at Fa ≈ 1.000, Æcos θiæ = 0.82 and 0.62 for the
systems compressed 1 every 10000th and 2000th monomer
collision, respectively. One can back-calculate that the bonded
monomer angles in the system which was compressed every
2000th collision are, on average, about 17� more parallel to the
surface than the bonded monomer angles for the good solvent;
this is patently undesirable in designing a well-ordered brush.

Up to this point, we have examined only the effects of
variations in solvent quality and compression rate on the order
and thickness of monolayers as surface density is increased.
However, it has been suggested by experimenters that one
advantage of MAMs over systems where self-assembly occurs
naturally is that the surface density is not permanently set. To this
end, one could easily restretch the surface to lower the surface
coverage. In Figure 6, we graph ÆRg,z

2æ versus surface density for
50mers compressed every 10,000th (---) and every 2000th (-9-)
collisions to Fa ≈ 1.000 and then relaxed back at the same rate to
Fa≈ 0.01. Two effects are of importance here. First, increasing the
compression/relaxation rate increases the hysteresis in brush
thickness: at Fa ≈ 0.5, ÆRg,z

2æ during relaxation phase for the
faster-formed brush is about 67% higher than ÆRg,z

2æ seen dur-
ing compression phase. In comparison, the ÆRg,z

2æ-value during
relaxation phase for the slower-formed brush is only 30% higher
than that seen during the compression phase. Second, increasing
the compression/relaxation rate increases the range in Fa over
which hysteresis occurs. For example, when a compression was
attempted every 10 000th collision, the surface density had to be
relaxed to Fa ≈ 0.12 to remove hysteresis effects (monolayer
thickness equivalent for compressed and relaxed systems). By
comparison, to remove hysteresis effects from the system with
compressions/relaxations every 2000th collision, surface density
had to be reduced to Fa ≈ 0.06, i.e., nearly the initial surface
density Fa ≈ 0.01. Fast compression/relaxation leads to losses in
layer thickness that are harder to remove. Thus, there exist trade-
offs: Quick MAM compression reduces time to form a dense
layer but only at the expense of reduced layer ordering and
thickness. Should the monolayer need to be “reset”, quickMAM
formation requires that the monolayer be relaxed to a surface

density that is lower than would have been the case with slow
compression. Results for 20mers and 100mers follow this same
trend as that discussed for 50mers and are thus not presented
here.

Alternatelywepresent hysteresis effects at various values of the
reduced temperature instead of the compression rate. Figures 7
and 8 show the ΔÆRg,z

2æ = ÆRg,z
2ærelaxation - ÆRg,z

2æcompression

versus surface density for 20mers and 100mers, respectively, at
variousT*. Both figures follow the same general trend. Lowering
T*, especially to values belowTΘ, results in largeΔÆRg,z

2æ-values,
primarily centered on Fa ≈ 0.50. In contrast, one notices at T* ≈
8.0, ΔÆRg,z

2æ for 20mers (cf. Figure 7) is essentially zero and for
100mers is much smaller than for the other temperatures. It
should be noted that for 20mers (cf. Figure 7), there are two
inflections in the hysteresis loop that need to be explained: A
positive deviation at high Fa /low T* and a negative deviation at
low Fa/low T*. At high Fa /low T*, relaxation from high surface
density initially creates gaps near the tail-end of the monomers.
Chains that had been trapped by the compression can momenta-
rily extend, causing a small fluctuation in the hysteresis loop.
Further relaxation eliminates this effect, as chain segments are
pulled down to the surface. At low Fa/low T*, we detect the
opposite effect. When the surface is initially compressed, chains
are isolated and adopt a relaxed conformation independent
of surface density until further compression introduces neigh-
boring polymers. When the system returns to low surface density

Figure 5. Orientation order parameter as a function of surface density
for (a) 50 50mers and (b) 25 100mers at various compression rates and
T* = 1.2.

Figure 6. Mean-squared radius of gyration hysteresis data for 50
50mers at T* = 1.2 compressed/decompressed at two different rates.

Figure 7. Mean-squared radius of gyration hysteresis data for 20
20mers compressed/decompressed at various reduced temperatures,
T*. Compressions were attempted once per 2000 monomer collisions.



3078 Macromolecules, Vol. 43, No. 6, 2010 Strickland et al.

via relaxation, chains are no longer isolated; they typically
bundle together in a mushroom conformation, adopting ÆRg,z

2æ
lower than the value seen when they were isolated during
compression phase. This behavior results in a negative ΔÆRg,z

2æ-
value.

Next, we focus on the location of the end-monomer unit.
Experimenters want to tailor this monomer to allow fine-tuning
of the barrier properties of the resulting high-densityMAM. It is
thus essential that end-monomers be at or near the exposed free
surface. Figure 9 shows the end-monomer density profile for
50mers as a function of compression rate; this data has been
averaged over three runs. Slow compression (1 every 10 000th
monomer collision) tends to create layers with a large majority of
the end monomers far from the tethering surface, a situation
desirable in the MAM fabrication. This outcome can be seen in
the inset to Figure 9 which shows a side-view of the brush with
enlarged end-monomers; here, most chain ends are grouped near
the outer edge. By comparison, fast compression (1 every 500th
collision) leaves more chain ends trapped within the layer. Thus,
not only does fast compression reduce the integrity of the layer
and its ordering, it reduces the effectiveness of the barrier surface.
The data in Figure 10 show the chain end density profile for
100mers. As was seen with 50mers, slow compression of 100mers
creates layers whose end-monomers are located far from the
tethering surface (which is highly desirable); fast compression of
100mers leads to even more end-monomer trapping compared to

50mers. There exists a direct correlation: as we increase the
compression rate, the probability of finding an end-monomer
trapped in the monolayer increases.

Data to this point were given in terms of attempted compres-
sion rate. A significant percentage of compression attempts,
especially at the higher surface densities and longer chain lengths,
were unsuccessful due tomonomer-monomer overlap. To gain a
better understanding of the amount of time required for forma-
tion ofMAMs in poor solvent, it is useful to determine the actual
success rate of compression.

In Figure 11a, we present the number of attempts required for
each successful compression of 20mers versus surface density at
different compression rates. Starting with an initial surface
density of 0.03 monomers/area, we attempt a compression once
per 10 000th, 2000th, or 500th collision. For comparison, we
include equivalent data for the compression of 20mers under
good solvent conditions (hardsphere data).6 Even at low surface
density, poor solvent systems require nearly twice as many
compression attempts relative to good solvent systems. In gen-
eral, compression becomes more difficult with increasing surface
density of the grafts. In addition, faster compressions are harder
to carry out than slower compressions over the entire range of Fa.
It should be noted, though, that the disparity between the success
of compression attempts in poor and good solvent reduces as
surface density increases; high surface coverage slows compres-
sion regardless of solvent quality.

Figure 8. Mean-squared radius of gyration hysteresis data for 25
100mers compressed/decompressed at various reduced temperatures,
T*. Compressions were attempted once per 2000 monomer collisions.

Figure 9. End-monomer density profile for 50 50mers compressed to
surface density Fa = 1.0 at T* = 1.2 and various compression rates
averaged over three runs. Picture on the left depicts a side view of
monolayer formed during slow compression.

Figure 10. End-monomer density profile for 25 100mers compressed to
surface density Fa ≈ 0.75 at T* = 1.2 and various compression rates
averaged over three runs.

Figure 11. Number of attempts per successful compression atT*=1.2
for (a) 20 20mers and (b) 50 50mers as a function of surface density at
various compression rates.
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In Figure 11b, we plot the number of attempts per successful
compression as a function of surface density for 50mers.
Although the trends are similar to those observed for 20mers, it
should be noted that the number of attempts per compression for
50mers is much higher than that for 20mers. At low surface
density, compression attempts in systems under poor solvent
conditions are about half as successful relative to those performed
in good solvent systems; compression becomes harder as surface
density increases; and the disparity between poor and good
solvent conditions diminishes at high surface density. One new
feature shows up in the 50mer compression data. Specifically, we
see that the increase in chain length has caused the number of
attempts per compression for the fastest compressed system to
spike past surface densities Fa ≈ 0.90. The compression has
reached a “speed limit”: Trying to compress faster than 1 attempt
every 500th collision would become extremely difficult, while
compressing at a rate slower than once every 500th collision (for
example, every 2000th) is relatively easy. This behavior is
reflected also in Figure 12, which shows the number of attempts
per compression for 100mer systems. As stated previously, the
combination of long chain length and high compression rate
leads to considerable underpinning of grafted chains. The system
reaches a state where chains are so entangled in the layer that
further compression is either impossible or would require an
unrealistic amount of time. For example, one chain from the
configuration of the fastest compressed system at Fa ≈ 0.85 has
been isolated in the Figure 12 inset. The chain, shown as larger
spheres, bends back on itself at least five times indicating that
further compression would clearly be impossible for this one
chain.

One focus of this work has been on how simulation can guide
experimenters in the fabrication of MAMs. Clearly, a major
consideration in MAMs production is the time it takes for
MAMs to form. To date, MAMs formation on the small scale
has consisted of steady-state surface compression. After deposi-
tion and self-assembly of the polymers, the surface is either
allowed to snap back quickly, resulting in surface ripples which
are then equilibrated over time (say, a week) or allowed to slowly
relax, avoiding the surface ripples but requiring a significant
amount of time for formation.28 Obviously, a middle ground
can be found, where the surface compression rate changes over
timeor,more importantly, as surface density changes. InFigure 13
we plot the rate of change of the surface density with time
versus reduced time, t*, at the three compression rates for 20mers
where reduced time is defined to be t*= t/σ(kBT/m)1/2. When we
attempt a compression once every 10 000 or 2000 monomer
collisions, the same trend occurs: relatively slow compression

initially, followedby increasing success, a peak around Fa≈ 0.7 to
0.8, followed by reduced success in compression until Fa = 1.000
is reached. The fastest compression rate (1 attempt every 500th
collision) shows no such trend, rising steadily from Fa = 0.030
to Fa = 1.000. On the basis of the data presented in Figure 3a,
which showed relatively little layer thickness loss due varying
compression rate, faster compression rates should be carried out
for all chain lengths less than 20 monomers.

The data in Figure 14 depict the rate of change of the surface
density with time versus reduced time for 50mers at T* = 1.2.
There is a peak at around Fa ≈ 0.75 for the fastest compression
rate (every 500th collision). Slower compression rates of 1
attempt every 2000th and 10000th collision show success rates
that peak at Fa ≈ 0.78 and 0.87, respectively; all three systems
reach completion at Fa = 1.000, regardless of compression rate.
Because of the significant loss of ÆRg,z

2æ for 50mers at fast
compression rates (cf. Figure 3b), it might be advisible to vary
the compression rate over time or over the course of compression.
One could start with fast compression (for example, compressing
every 500th monomer collision) reaching the maximum at Fa ≈
0.75, then reduce the compression rate to 1 attempt every 2000th
collision, reaching another maximum rate around Fa≈ 0.782 and
then further reduce the compression rate until Fa = 1.000. In this
way, experimenters might enhance monolayer thickness and
structure but at the expense of reducing the rate of formation.
Moving to longer chain lengths shows the same trend. Figure 15

Figure 12. Number of attempts per successful compression atT*=1.2
for 25 100mers as a function of surface density at various compression
rates. Picture on the left depicts trapped chains near the tethering
surface for fastest compression case.

Figure 13. Change in surface density per change in reduced time (dFa/
dt*) for 20 20mers as a function of reduced time atT*=1.2 and various
compression rates.

Figure 14. Change in surface density per change in reduced time (dFa/
dt*) for 50 50mers as a function of reduced time atT*=1.2 and various
compression rates.
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shows dFa/dt for 100mers. The compression success rate for the
fastest compressed system (1 attempt every 500th collision) peaks
around Fa ≈ 0.58 while compressing every 2000th collision leads
to a success rate that peaks around Fa≈ 0.65. As described above
for 50mers, in order to create dense and defect-free layers one
would need to periodically reduce the compression rate at surface
densities higher than the peak success rate (or specifically here, at
surface densities beyond Fa ≈ 0.58). On the basis of these
observations, we conclude that experimenters must begin redu-
cing the compression rate at a lower surface density as chain
length increases.

IV. Conclusions

We have presented results for the compression and relaxation
of surfaces containing tethered chains composed of square-well
monomers, thereby mimicking the formation of mechanically
assembled monolayers under poor solvent conditions. Compres-
sion/relaxation rates were varied, as was system temperature (or,
equivalently, solvent quality). Poor solvent quality presents two
major drawbacks formonolayers: (1) loss of surface coverage and
(2) loss of monolayer order/thickness. Loss of surface coverage
can be countered by starting the compressions at surface densities
in excess of the critical coveragedensity or by compressing slowly,
thereby allowing the chains sufficient time to avoid entangling.
Along with an increase in chain entanglement, fast compression
rates lead to a reduction of overall monolayer order and chain
extension, thereby reducingmonolayer thickness. Thus, there is a
trade-off between having fast compressions and having ordered,
thick and therefore impenetrable monolayers.We also noted that
when highly compressed surfaces were relaxed, significant hyster-
esis effects were present for fast relaxation rates at low reduced
temperatures, especially at T* < TΘ. Our end-monomer density
profiles indicate that the number of monolayer defects increased
as the compression rate increased. It is surmised that higher
compression rates would lead to a loss of barrier properties.
Finally, we compared the actual compression rates in the poor
solvent systems to the actual compression rates in the good
solvent systems and suggested a course of action for experiment-
ers to follow when fabricating MAMs on a large scale.
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