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What is a polymer brush?
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How to prepare such brushes?
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2.1.2 Polymer brush preparation

There is a wide variety of methods that are commonly used for the grafting of polymer brushes to surfaces.

This can be done via physisorption or stable chemical bonds [62]. During physisorption processes, polymer

chains are adsorbed onto a substrate by one of their ends, being that the one that has a stronger a�nity

with the substrate. These are weak interaction processes, such as hydrogen bonding or Van der Waals

interactions [63]. When polymer chains are physisorbed on substrates, it is easy to degraft them due to

the weakness of the grafting point bonds. A schematic representation of how polymers are attached by

physisorption is show in Figure 2.5a.

When polymer chains are attached by stable chemical bonds, this attachment can be performed by means

of two di↵erent approaches: the “grafting to-”or “grafting from-” methods. These type of grafting methods,

in comparison of the physisorption ones, give more stable binding between the polymer chains and the

substrate. Due to this reason, among others, covalent grafting of polymer brushes was the selected method

for the brush growth of this work, and will be described with detail in the following section.

Grafting to- and grafting from- methods

During “grafting to-” methods, a pre-synthesised and end-functionalized polymer chain reacts with a suitable

substrate, as represented in Figure 2.5b. This reaction only occurs under optimized conditions, so the

polymer chains react covalently with the anchoring points present on the substrate. With this approach it is

possible to obtain end-functionalized polymers with a narrow molecular weight distribution (MWD). Since

the polymer chains are already pre-synthesised, there is choice regarding how those are grown, being living

anionic, cationic or radical polymerization some of the options one can choose from. The largest drawback

of this technique is that lower grafting densities are obtained in comparison to “grafting from-” methods.

This is due to the steric repulsion existing between polymer chains, that would hamper their binding to

the substrate when the distance between polymer chains is very small. The macromolecular chains di↵use

through the already existing polymer chains and reach the reactive sites located on the substrate in order to

create new chains. There is an energetic barrier that has to be overcome, which increases as the number of

already anchored chains on the substrate increases. This is why grafting densities become even lower when

the used polymer chains have a larger size [63, 64].

Figure 2.5: Polymer brush grafting methods, where a) shows a physisorption process, b) “grafting to”- and

c) “grafting from-” methods. Initiator molecules are represented with (blue) spheres and monomer units

with smaller (gray) spheres.

The “grafting from-” approach overcomes the drawbacks from the “grafting to-” techniques, being the

most used method nowadays. With this technique it is possible to obtain thick polymer brushes with high

grafting densities. Initiator molecules are first immobilized on the surface prior to the polymerization step

(blue spheres in Figure 2.5c). Next, polymer brushes are grown from those initiators by the attachment of

monomer units (gray spheres) by means of surface initiated polymerization techniques. The main drawback

of this synthetic approach is the di�culty of experimental performance and characterization of the obtained

brushes.
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Polymer brushes for gas separations

5

Bruening et al. Langmuir 2008, 24, 7663–767 Pizzoccaro-Zilamy et al., Industrial & Engineering 
Chemistry Research 2018, 57, 16027–1604



Polymer brushes for sensing

6Figure 4: (a) The swelling response as measured by SE of the dense brush (� = 0.1
chains/nm2) after exposure to acetone vapor at t = 0 and to dry nitrogen gas at t = 53

min and (b) the measured change in oscillation frequency (fundamental) upon exposure to
acetone vapor for a PMA brush versus a crystal with a brush as measured by QCM.
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Polymer Brushes in Contact with Air / Vapors
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Summary Brushes in Liquid
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Summary Brushes in Liquid

sity !g=0.067, 0.118, and 0.185 !!g=Nch/ !LxLy"" were cho-
sen such that a comparison with the implicit solvent model
of Refs. 11 and 66 becomes possible, where the same graft-
ing densities were studied for a single brush at a flat substrate
that was modeled in a closely related manner, while no ex-
plicit solvent molecules were included there.

Molecular dynamics simulations were performed using
the standard velocity-Verlet algorithm,71 carrying out typi-
cally 3.106 time steps with an integration time step
"t=0.005t0, where t0= !!2m /48#LJ"1/2=1/#48 !note that the
masses of both monomers and solvent particles were chosen
equal, m=1". As a check, also some runs with "t=0.0005t0
were performed, but no significant differences could be de-
tected. Temperature was held constant at T=1 using a stan-
dard dissipative particle dynamics !DPD" thermostat72 with a
friction constant $=0.5 and a step-function-like weight func-
tion with cutoff rc=1.5!pp. Figure 1 presents two represen-
tative simulation snapshots of our systems.

III. STRUCTURE AND PHYSICAL PROPERTIES
OF THE POLYMER BRUSH UNDER VARIOUS
SOLVENT CONDITIONS

A. Density profiles

Figure 2!a" presents monomer density profiles %p!z" and
solvent density profiles %s!z" for the highest available graft-
ing density !g=0.185 and various solvent conditions, real-
ized by various choices for the energy parameters #ps and
#pp, respectively. One sees from Fig. 2!a" that at the chosen
pressure and temperature, the same constant solvent density
&s=0.32 results at distances sufficiently far away from the
outer boundary of the polymer brush. The fact that in all
cases we observe a region where both %p!z"=0 and
%s!z"=&s=const shows that we have simulated a large
enough system, that is not significantly perturbed by the up-
per wall confining the solvent. For !g=0.067 and !g
=0.118 this confining wall was located always beyond z
=50, while for !g=0.185 !cf. Fig. 2" this confining wall was
located at positions z'50 in several cases, as is evident from
the “layering” !i.e., density oscillations" of the solvent. It is
interesting that there is always a pronounced first layer !and

in most cases also a second layer" of solvent adjacent to the
grafting surface as well. Thus, near the grafting surface the
total density in theses layers attains much larger values than
away from it, in order to achieve an optimal packing. Of
course, all these layering effects would be much more pro-
nounced if we worked with a higher solvent density &s in the
bulk. We have deliberately avoided to do so, of course, since
this would slow down our simulations substantially, and fur-
thermore pronounced layering near the grafting wall ob-
scures somewhat the genuine brush behavior that we wish to
address.

We also note that for #ps(0 !and #pp=0", the brush is
more stretched than in the “neutral” case #ps=#pp=0, while
for the case of #pp(0 !and #ps=0" the brush is compressed.
For the larger values of !g, one can clearly see the crossover
from a brush density profile resembling a parabola !apart
from the characteristic tail near the brush end" to an almost

FIG. 1. !Color" Typical simulation snapshots showing the polymer brush
with Nch=100 chains under !a" poor and !b" good solvent conditions. Inter-
action parameters are !a" #ps=0.0, #pp=0.8 and !b" #ps=0.8, #pp=0.0.

FIG. 2. !Color online" !a" Monomer density profile %p!z", upper part, and
solvent density profile %s!z", lower part for !g=0.185. 14 combinations of
#ps, #pp are included. !b" Total density %s!z"+%p!z" plotted vs z, for several
combinations of )ps and )pp.

084905-3 Polymer brushes with solvent J. Chem. Phys. 127, 084905 !2007"
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Brushes in Air are Different
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Brushes in Contact with Vapors
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Brushes in Contact with Vapors
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which every particle is assumed to occupy exactly one site in a fully occupied lattice of arbi-

trary geometry.42 Polymer beads and solvent particles are placed onto lattice sites randomly,

respecting the requirement of connectivity along polymer backbones. Employing a mean-

field assumption with respect to the composition of the system, the combinatorial entropy

of placing the particles on the lattice can be determined, resulting in an entropy-of-mixing

expression
�Smix

kB
= �(ns ln�s + np ln�p), (6)

with S being the entropy, n the number of molecules of a given species, � the site fraction of

a given species, and subscripts s and p denoting solvent and polymer respectively. Note that

np represents the number of polymer chains, and so the number of polymer-occupied sites

is npN , with N the degree of polymerization. The energetic effects of mixing are treated by

defining an interaction parameter

� =
zW

kBT
, (7)

where z is the coordination number of the lattice, T is the temperature, and W is the

energetic effect of forming a single solvent-polymer contact by eliminating solvent-solvent

and polymer-polymer contacts, meaning that

W = �✏ps +
1

2
(✏ss + ✏pp) (8)

under the assumption that the spacing of the Flory-Huggins lattice is determined exactly

by the minimum of the Lennard-Jones potential. Hence, negative W indicates mixing is

enthalpically favorable, although entropy-driven mixing may still be possible for positive W .

We will refer to W as the relative affinity between polymer and solvent.

Using the aforementioned mean-field assumption for the polymer and solvent concentra-

tions, this results in an energetic contribution of

Umix

kBT
= �ns�p, (9)
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Comparison to Theory
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amount of absorbed solvent yields the chemical potential for solvent within the brush:

µin

kBT
= ln(1� �p) + �p + ��2

p +
3⇢2g
�p

. (14)

Note that any direct dependence on N can be incorporated into a �p term, meaning that

we expect to see a quantitatively similar relation between interaction parameters and bulk

composition for different chain lengths. Although this is convenient for the current discussion,

this prediction is limited to monodisperse systems, as it relies on the assumption that every

polymer chain occupies the same volume.

At chemical equilibrium, the chemical potential for solvent inside the brush and for the

solvent vapor phase are equal by definition. Ideally, the chemical potential of the bulk vapor

is given by
µout

kBT
= ln

✓
P

Psat

◆
, (15)

with P indicating the pressure of the vapor phase, and Psat the saturation pressure of the

vapor. We outline a procedure for determining Psat of the simulated vapor in the Sup-

porting Information, Section 1. Hence, the equilibrium absorption behavior of the brush is

determined by

ln

✓
P

Psat

◆
= ln(1� �p) + �p + ��2

p +
3⇢2g
�p

. (16)

From this, we obtain dependencies of the brush swelling on several parameters. The absence

of explicit dependencies on the individual interaction energies ✏ss, ✏pp and ✏ps indicates that

we may expect identical sorption behavior for any combination of interaction energies that

results in a given value of �. It should be noted that this is reliant on the assumption that the

system density and coordination number remain constant with this variation of interaction

energies, however.

Since Flory-Huggins-derived models are primarily concerned with bulk composition, we

may expect the greatest deviation from conventional theory at the brush-vapor interface.

Both the structure and composition of the interface are not easily predicted. However, by
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Summary

• Polymer brush coatings behave different in air then in liquid
• The Flory Huggins theory can be employed to describe vapor 

aborption in brushes 
• The correct brush-design can lead to collaborative effects and 

enhanced gas-sorption
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