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Thermodynamics of a Partially Swollen Polymer Brush
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ABSTRACT: Swelling initially solvent-free monolayers of anchored polymer chains with a gradually
increasing amount of solvent significantly influences their thermodynamics, especially the lateral pressure.
Upon increasing the amount of solvent, the lateral pressure initially increases inversely proportional to
the square of the average volume fraction of the anchored chains but finally levels off to a limiting value
independent of the composition. With increasing area per anchored chain the limiting value of the lateral
pressure decreases, while the amount of solvent needed to reach the limiting value increases. The observed
effects are in good agreement with predictions based on analytical mean field theory.

Introduction

The concept of a polymer brush—flexible polymers
terminally attached to a surface with a lateral spacing
considerably less than the undisturbed coil dimensions—
has been applied successfully to describe phenomena as
various as morphologies of phase-separated block
copolymers,1=6 steric stabilization of colloids,”® and
friction reduction between solid interfaces.®1° Current
literature concentrates mainly either on brushes com-
posed of pure polymer melts without solvent or on
completely swollen brushes in contact with an excess
of a good solvent for the polymer chains. Partially
swollen brushes, resulting from the exposure of a
polymer brush to a limited amount of a good solvent,
have received much less attention. However, partially
swollen brushes have a considerable application poten-
tial. For example, a hygroscopic polymer brush may help
liquids to spread as wetting layers instead of forming
droplets!! and thus might be used as antifogging coat-
ing; on the other hand, layers of partially swollen
brushes might be very effective lubrication agents for
solid/air interfaces quite similar to the lubricating
properties of completely swollen brushes attached to
solid/liquid interfaces.%10

In melt as well as in swollen brushes, the interaction
between neighboring polymers leads to a distortion of
the coils, which reduces the conformational entropy. The
major difference between these two systems is that in
the melt case the volume fraction of chain segments on
average and locally is fixed at a constant value, while
in the swollen brush the average as well as the local
volume fraction of chain segments results from balanc-
ing osmotic forces and polymer chain statistics. In a melt
brush the volume fraction of polymer segments is unity
throughout the whole brush; the height of the brush is
proportional to the surface concentration n/A, and the
free energy is proportional to (n/A)2. In a completely
swollen brush, the local volume fraction of polymer
segments is significantly less than unity and gradually
decreases from a finite value at the plane of anchoring
toward zero at the top of the brush.11-18 Upon increasing
the surface concentration, solvent is “squeezed out” of
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the swollen brush. Thus, the average volume fraction
of segments increases with increasing surfaces concen-
tration, the height of the brush being proportional to
(n/A)Y3 and the free energy being proportional to (n/A)53.

If one takes a melt brush of a given surface concen-
tration and applies a good solvent in small increments,
one can expect a transition between the two scenarios
(see Figure 1): the local volume fraction of the polymer
is less than unity and decreases with increasing distance
from the plane of tethering; however, it does not
decrease to zero at the top of the brush. The average
volume fraction of polymer, on the other hand, is
determined by the experimentalist, e.g., by choosing an
appropriate amount of solvent applied. The height of
the brush is proportional to the surface concentration
and inversely proportional to the average volume frac-
tion of the polymer.

In a previous contribution’® we investigated the
thermodynamics—more precisely, the first derivative of
the free energy with respect to area—of a melt polymer
brush by anchoring hydrophobic polymer chains via
ionic headgroups to a water surface and analyzing the
lateral pressure of the resulting monolayers.2°

To investigate the gradual transition from a melt
state to a completely swollen state and its influence on
the thermodynamics of a polymer brush, we apply in
the current contribution mixtures of anchored polymers
and nonanchored compounds to a water surface and
analyze the lateral pressures of the resulting mixed
monolayers.

Thermodynamics

To investigate the thermodynamics of a partially
swollen brush, we determine and discuss in the next
section the lateral pressure of mixed monolayers of
anchored polymers and nonanchored compounds on a
water surface. The scope of this section is to derive an
expression for this lateral pressure, based on current
polymer brush theories.

The lateral pressure IT of a monolayer on a water
surface is given by the difference between the first
derivatives of the free energy, F, with respect to area,
A, of the clean water surface and of the monolayer-
covered surface.

H=(ﬁ
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Figure 1. Schematic representation of the gradual transition from a nonswollen brush to a completely swollen brush accompanied
by a gradual transition from a boxlike volume fraction profile of the anchored chains to a parabolic profile.

We assume that the second term of the right-hand
side of eq 1 can be represented by the sum of the
following three contributions: (i) the interfacial tension
at the polymer/air interface, (ii) the interfacial tension
at the polymer/water interface, and (iii) a contribution
to the surface pressure due to an elastic stretching of
the polymer chains.?!
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In the following, the contribution to the surface
pressure due to elastic stretching will be discussed first
qualitatively and then refined using results based on
analytical mean field theory.11-13

Let us first consider a brush of uniformly extended
chains in which the chains are anchored to the “bottom”
of the brush and all free ends are at the “top”. This
assumption of uniform stretching is useful to highlight
the principal trends to be expected. However, since there
is no driving force to fix the free ends of all chains at a
certain height, it is inaccurate, and we limit us at this
point to discuss only proportionalities. A much more
elaborate picture has been developed by Millner, Witten,
and Cates and is used for a more quantitative analysis
below.

If one starts with a monolayer free of solvent and adds
small amounts of a good solvent, one can expect that
the solvent initially is completely absorbed by the
anchored polymer. Up to a certain amount of solvent
the local volume fraction of polymer chains is nonzero
in the entire layer; above that point, however, the state
of a completely swollen brush is reached, and further
addition of solvent gives rise to an additional “layer” of
pure solvent on top of the completely swollen brush.
This layer does not further influence the lateral pres-
sure.

In the first regime the volume of the layer, hA, is
proportional to the number of chains, n, to the volume
of a chain segment, vy, and the number of segments per
anchored chain, Np, and is inverse proportional to the
average volume fraction of the polymer, ¢,. Thus, its
height, h, is given by

_'ppNn
h= A 3)

For a single uniformly stretched Gaussian chain, the
free energy due to the stretching is proportional to the
square of the end-to-end distance??=24 and inversely
proportional to the number of segments per chain. In a
first approximation, we may assume that all chains are
uniformly stretched with a head-to-end distance pro-
portional to the height h and contribute equally to the
free energy of the system. The free energy of the
complete system, Fejastic, IS thus proportional to the
square of the film thickness and proportional to the
number of chains, n, incorporated in the monolayer.

1.2
Fatastic 1N 5 (4)

p

elastic

Inserting eq 3 into eq 4 yields the free energy as a
function of the mean volume fraction of polymer chains
and the area covered by the brush:

-2 n3
Fetastic U Np¢p E (5)

The contribution to the lateral pressure due to the
stretching of the chains, Ilg, is given by its first
derivative with respect to area:

_(%E)elastic D NP¢D_2(%)3 (6)

Thus, in the first regime one expects that the lateral
pressure increases proportional to the inverse square
of the volume fraction of polymer.

However, below a certain average volume fraction of
anchored chains (from here on denoted ¢,*), we expect
that the brush reaches the state of a completely swollen
brush. Further addition of solvent does not change the
conformations of the chains and thus does not influence
the lateral pressure. We still expect that the lateral
pressure increases with increasing surface concentration
of anchored chains. Furthermore, we already know that
the volume fraction of polymer chains in a completely
swollen brush increases with increasing surface con-
centration of the anchored chains.11-13 Thus, we ex-
pect that ¢p* increases with increasing anchoring
density.

In addition, the transition to a completely swollen
brush will occur at lower degrees of swelling if the
interaction between solvent and polymer chains is
unfavorable. This interaction can be summarized by an
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Figure 2. Predicted dependency of the lateral pressure of
mixtures of anchored polymers and nonanchored solvent on
the degree of swelling at variable area per chain but constant
excluded-volume parameter.
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Figure 3. Predicted dependency of the lateral pressure of
mixtures of anchored polymers and nonanchored solvent on
the degree of swelling at constant area per chain but variable
excluded-volume parameter.

excluded-volume parameter, w, which in the case of
athermal solvents is inversely proportional to the size
of the solvent molecules and decreases further in the
case of unfavorable energetic interactions.

Thus, depending on the area per chain and the
excluded-volume parameter, w, one expects that the
elastic contribution to the lateral pressure follows
initially the dotted and finally the dashed line in Figure
2 and Figure 3. It is worth noting that in the first regime
of this simple scenario the polymer chains and the
nonanchored solvent are completely and homogeneously
mixed. Thus, as long as no solvent is expelled from the
layer, the free energy of interaction between chains and
solvent is independent of the area per chain and thus
does not influence its first derivative, the lateral pres-
sure.

A more detailed description based on the theory of
Miller, Witten, and Cates is derived in the Appendix.
This treatment describes the transition from a solvent-
free layer of uniform volume fraction of polymer chains

Partially Swollen Polymer Brush 803

to a completely swollen brush with a local volume
fraction of chains decreasing in a parabolic fashion from
the plane of tethering. The intermediate volume fraction
profiles can be described by truncated parabolas as
depicted schematically in Figure 1. According to this
description, the transition between a partially swollen
and a completely swollen brush occurs at

3

bp* =

.71'2

4a)/vp

a?(A/n) 2

with the excluded-volume parameter w and the chain
cross-section parameter a given in the Appendix.

At volume fractions of anchored chains g, larger than
@p*, the elastic contribution to the lateral pressure is
given by a sum of two terms. The first term, which is
independent of the solvent quality, reflects the effects
described in the simple model above. The second term
is due to the changes in the shape of the volume frac-
tion profile of the polymer chains which modifies the
energetic interaction between polymer chains and sol-
vent.

JoF _ JIZ 2, =2 A\—3 _
(BA)elastic_ 4 kBTNpa ¢p (n)
4 V, -5
bl 4Vo, ~s[A
Jo e TN 20, (1) (6)
At average volume fractions ¢, smaller than ¢p*, a
completely swollen brush in coexistence with excess
solvent is formed. In this regime, the elastic contribution
to the lateral pressure, given by eq A8, depends on the
solvent quality but is independent of ¢p.

oF 3fm\23 [w)23 23 -5/3
—\== =kgT=[Z] N, [—=] a“(A/n A8
(BA)elastic . 5(2) p(vp) ( ) ( )

The predictions based on eq A6 and eq A8 are depicted
schematically as continuous lines in Figure 2 and Figure
3.

Let us now consider the first three terms of the right-
hand side of eq 2, which will influence the experimen-
tally accessible lateral pressure as well. The first term—
the surface tension of a water surface—is independent
of the area and composition of the polymer brush. The
second and third term will depend on the contribution
of the two components (polymer chain/solvent) to the
interfacial tensions. These contributions depend on the
cohesion energies of the involved molecules and on the
volume fraction of segments of the polymer chain at the
two interfaces. Since these volume fractions close to the
interface depend on the average composition, one can
in general expect that the interfacial tensions depend
on the composition, too. If, however, the cohesion
energies of all involved components are the same, e.g.,
if the anchored polymer chains are swollen with oligo-
mers of the same chemical nature, these variations in
composition will have only negligible influence on the
interfacial tensions. In this case, the first three terms
of the right-hand side of eq 2 are independent of the
area and the average volume fraction of anchored chains
and can be summarized into a single constant: the
spreading coefficient of the polymer in the absence of
anchoring, y*. In this case, the lateral pressure reflects
mainly changes in free energy due to changes in the
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Table 1. Characterization of the Polyisoprenes

name PI1-S0O3736K PI-N*T12K P1-0.6K
structure/polar headgroup @ @
I N
Mw/Mp 1.02 1.04 1.1
My (kg/mol) 36.5 11.8 0.6
av no. of repeat units, N 538 174 8.8
conformation of the polymer chains, and eq 2 reduces .
to 40 PI-SO, 36K
oF ) mixed with
II=y*—(— 7 _— -
4 (BA)elastic (7) E PI1-0.6K
S~
Experimental Section E 30 p°'ymef1 0
Linear polyisoprenes with ionic headgroups have been ~ - - 0.903
prepared via anionic polymerization as described in ref 19 and Q 0'804
refs 25—27. The characterization of the polymer is summarized S Tttt M
in Table 1. » 20 —-—-0.705
Cereclor 42 (chlorinated paraffins) was obtained from ICI 7] —--= 0.606
Chemicals and Polymers and used as received. According to G,_-) ’
ICI specifications, the material is produced from C14—C17 o [ W 7T 0.506
paraffins and contains 41—44 wt % chlorine and has a density — W e 0.399
of 1.15—1.18 g/mL. 10 ——— 0.301
Trichloromethane (Aldrich, 99.99% pure), ethanol (Aldrich, D Ve '2
99.99+% pure) were used as received. Water (resistivity 18.2 “('“' decr_e"asmg D olymer 0.203
x 108 Q-cm~1, total dissolved organic carbon <5 ppm) was —_ S Ea
purified with an ion exchange/filter system (Millipore). \\ e, el
Isotherms on the surface of pure water were recorded using 0 I N \T T Y | |
a 20 cm x 46 cm rectangular Langmuir trough made of poly-
(tetrafluoroethylene), equipped with one compression barrier 200 400 600 800

and a floating barrier for the detection of the surface pressure
via the Langmuir method (Lauda FW2, Germany). The mono-
layers were spread from chloroform solutions which contained
0.05 wt % polymer/nonvolatile compounds and 10 wt %
ethanol. All isotherms were recorded at a temperature of 20
°C. The number-average molecular weight was used to calcu-
late the mean area per anchored chain.

Results and Discussion

As outlined above, the degree of swelling and the
influence of nonanchored solvent on the lateral pressure
significantly depend on the excluded-volume parameter,
w. This parameter is highest for small athermal solvents
and decreases with increasing solvent size or less
favorable energetic interactions between the solvent and
the anchored chains.

To test this prediction, we mixed anchored polyiso-
prenes and two different nonanchored liquids, applied
these mixtures to a water surface, and determined the
lateral pressures of the resulting monolayers as a
function of area per chain and average volume fraction
of polymer chains.

In a first series of experiments, mixtures of anchored
polyisoprenes of a chain length of approximately 540
repeat units (P1-SO3-36K) and nonanchored isoprene
oligomers of approximately 9 repeat units (P1-0.6K)
were investigated. As discussed above, in this case the
involved interfacial tensions can be regarded as con-
stant, and one can expect the lateral pressure to follow
eq 7.

As can be seen from Figure 4 and Figure 5, at a given
area per anchored chain, increasing the amount of
nonanchored oligomers gives rise to an increased lateral
pressure: The isotherms are affected down to average
volume fractions of anchored chains of ¢, = 0.4; only

Aln (A%

Figure 4. Lateral pressure/area isotherms of mixtures of
anchored polyisoprene P1-SO3-36K and nonanchored isoprene
oligomers PI-0.6K.

the two isotherms at values of ¢, < 0.4 are not affected
by changes in composition. In Figure 5 lateral pressures
are plotted vs ¢p 2 (symbols and continuous lines) and
compared with the predictions based on egs 7, A6, and
A8 (dashed lines). These predictions have been calcu-
lated using an excluded-volume parameter equal to the
inverse chain length of the nonanchored oligomers (vp/w
= 8.8) and a spreading coefficient of y* = —6 mN/m.
They represent the experimental data quite well.

We chose a size of a chain segment equal to the size
of a repeat unit as defined in Table 1. We note, however,
that one might as well choose a different entity as chain
segment. This does not influence the total chain length
or the total chain volume, Nyv,, but determines the
value of Ny, v, a, and o to be used in the data analysis.
At first sight this seems confusing; however, o2(vp/w),
a®Np, and gp* as well as the results presented in eqgs
A6 and A8 and the predictions depicted in Figure 5 are
not influenced by this choice.

The spreading coefficient of y* = —6 x 1003 N m!
assumed in Figure 5 is smaller than the value of y* =
—13 x 1073 N m™?! calculated from surface tensions
given in the literature. This observation has already
been made earlier in the analysis of the lateral pressure
of nonswollen brushes.’® It might be due to trace
impurities in the polymer that lower the surface tension
of the bottom interface of the monolayer.

The swelling of polymers is influenced by the solvent
size and the energetic interactions between chain seg-
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Figure 5. Experimentally observed dependency of the lateral
pressure of anchored polyisoprene on the degree of swelling
with nonanchored oligomers (symbols and continuous lines)
compared to predictions based on mean field theory (dashed
lines).

ments and the solvent. To illustrate the latter case,
chlorinated paraffin has been used instead of isoprene
oligomers as nonanchored solvent to swell monolayers
of anchored polyisorene chains of 174 repeat units. The
volume ratio of a chloroparaffine molecule to an an-
chored chain is approximately the same as in the
previous example. Because of the differences in chemical
structure between the polyisoprene and chlorinated
paraffin, however, one can expect unfavorable energetic
interactions and thus a comparatively small excluded-
volume parameter.

From the isotherms in Figure 6 it is obvious that a
comparatively small amount of added chlorinated paraf-
fin gives rise to a significant increase of the lateral
pressure. This effect, however, levels off at volume
fractions of anchored chains ¢, < 0.88; the isotherm of
a mixture of ¢, = 0.88 is almost identical to the isotherm
at gp = 0.59. If the lateral pressure is replotted vs ¢, 2,
one observes that it initially increases with increasing
degree of swelling but levels of much earlier than in the
previous case (compare Figure 5 and Figure 7).

As pointed out in eq 2, the lateral pressure is not only
given by the elastic contribution but also influenced by
the surface tensions of the involved interfaces. In the
case of mixtures of anchored chains and nonanchored
oligomers chemically identical to the anchored chains,
one can assume that these tensions are independent of
the average composition. This time, however, the solvent
is chemically different from the anchored chains. Thus,
the interfacial tensions depend on the average composi-
tion. This dependency has not been determined, and
thus no quantitative comparisons between experiment
and mean field predictions have been made. Neverthe-
less, it is obvious from Figure 6 that swelling with
chlorinated paraffin instead of nonanchored isoprene
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Figure 6. Lateral pressure/area isotherms of mixtures of
anchored polyisoprene PI-N*t12K and chloroparaffin.
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Figure 7. Experimentally observed dependency of the lateral
pressure of anchored polyisoprene on the degree of swelling
with chloroparaffin.

oligomers significantly limits the maximum degree of
swelling of the anchored chains.

Conclusion

It has been shown that the lateral pressure of mono-
layers of anchored polymers increases upon gradual
addition of nonanchored solvents. The lateral pressure
initially increases inversely proportional to the square
of the average volume fraction of anchored chains but
finally levels off to a value independent of the added
amount of solvent. Oligomers of segments that are
chemically identical to the polymer chains influence the
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lateral pressure to a larger extend than solvents with
unfavorable energetic interactions with the anchored
chains. The results are in reasonable agreement with
analytical mean field theory.
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Appendix A

The partially swollen brush considered here is equiva-
lent to a swollen brush compressed between planar
interfaces to a height, h. This height is smaller than
the height of a completely swollen brush, hy, and is given
by eq 3.

As has been derived by Millner, Witten, and Cates,?13
the free energy per unit surface of such a brush is given

by
F) Mo (h\2_afh)s)
FO elastic 9\h hO S hO

With the height, hp, and the free energy per unit
surface Fo/A of a completely swollen brush given by

2\1/3
a4 n Y
h, = N, A w N, (A2)
Fo :i(E)ZIBN n 5/3w2/3( Np )1/3 (A3)
p
kBTA elastic 102 A ng

2 is the mean-square end-to-end distance of the
undisturbed chain; the excluded-volume parameter, w,
is given by the Flory interaction parameter y, the
volume of a chain segment vp, and the volume of a
solvent molecule vs according to w = (1 — 2x)vp?/vs. In
the case of polymer chains dissolved in chemical identi-
cal oligomers, the excluded-volume parameter is in-
versely proportional to Ns, the number of segments per
oligomer, @ = vp/Ns.
Inserting egs 3, A2, and A3 into eq Al, we obtain

_1 @ 7[2 2, —2n°
(F)elastic - szTNp V_p (bp + § kBTNpa ¢p E _
4 v 5
L 4¥p 5N
160 e TNo® 3, %~ a (AD)

with

a = v,/ YN, (A5)

By taking the first derivative of eq A4, we obtain the
contribution of the polymer brush to the lateral pres-
sure, quoted already in the main part.
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R 7 et A1
(BA)elastic B 4 kBTNpa ¢p (n)
4 V, -5
7 4Vp, —s(A
aoka TN g, (ﬁ) (A6)

The transition from the partially swollen brush as
described by eq A6 to the completely swollen brush
occurs at h/hg = 1. Therefore, eq A6 is valid down to an
average volume fraction of

3
b = o] () (A7)
P dowlv,

At average volume fractions smaller than ¢p* the
state of a completely swollen brush is reached, and the
contribution to the lateral pressure is equal to —dFq/
dA, which is obtained by taking the derivative of eq A3.

oF 3[m\23  [w)2B 23 -5/3
—|== =kgT=[Z] N, [—] a“(A/n A8
(BA)elastic . 5(2) p(vp) ( ) ( )

Appendix B

Calculation of the Molecular Parameters. ([#2[g/
Np)Y2 was calculated from the constant ((12[¢/M)2 = 7.66
x 1071 m g2 mol¥228 (M = molar mass of the
polymer) and the molar mass of the repeat unit m = 68
g/mol according to ([#2[4/Np)*? = ([F2[g/M)?m1? = 6.32
A. We note, however, that the data given in the
literature on [F2[g/M scatter by approximately 10%.

Vp was derived from the density of the polymer, p =
913 kg m~3,2% and the molar mass of the repeat unit m
= 68 g/mol and theAvogadro constant N according to
vp = m/(Npp) = 123.7 A3,

y* = —13 x 1073 N m™! of polyisoprene can be
calculated from the surface tension of clean water
according to

*— (E) _ (%) _
7 0AJwater/air—interface 0A [polymer/air—interface

oF
oA water/polymer—interface

With ywa = 72.9 x 1073 N m~1,20 the surface tension of
the polyisoprene, ypa = 31 x 1073 N m~13! and the
interfacial tension of the polymer water interface, yy°
=54.7 x 103 N m™1, calculated from the contact angle
between polymer and water, ® = 109°,3 according to
the Young equation®? ypa — Ywp = Ywa C0S O.

The average volume fraction of anchored chains was
calculated from the mass and the density of polymer
chains mp and p, and the mass and density of the
nonvolatile oligomers or chlorinated paraffine ms and
ps assuming zero partial volume of mixing according to

my/p,

% = my/p, + Md/pg
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