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Polymeric brushes provide an intriguing way of creating “smart”
surfaces whose properties can be tuned by external stimuli.' Of
particular interest are weak polyelectrolytes because their degree
of charging is governed by an acid—base equilibrium that can be
spatially variant. Thus, the charge properties and chain conforma-
tions are responsive to changes in the pH, ionic strength, or
temperature of the bulk solvent.> * Recently, Szleifer and co-
workers demonstrated, using a single-chain mean-field theory
(SCMEF), that due to the interplay of charge regulation, (poor)
solvent quality, and salt effects, a single-component weak
polyelectrolyte brush can become thermodynamically unstable
with variations in the grafting density but also show increasing
stability at higher ionic strengths (cf. Figure 1 of ref 5). For
brushes where the grafting points are fixed, the phase separation
would of necessity be microscopic in scale. However, if the
grafting points were mobile along the surface, such as am-
phiphilic diblock copolymers at an interface or self-assembled
in vesicular structures, the nature of the separation could be
more long-ranged, leading to regions high in grafting density
and regions of low grafting density. In this Communication we
present, for the first time, experimental evidence, from am-
phiphilic diblock copolymers adsorbed as a Langmuir monolayer
at the air—water interface, of thermodynamic instability, result-
ing in phase separation of a single-component polyelectrolyte
brush with mobile grafting points. Further, this behavior is shown,
by AFM imaging of Langmuir—Blodgett depositions on a solid
hydrophobic substrate, to be long-range “frustrated”, leading to a
microscopic phase separation which can be eliminated upon the
addition of large quantities of monovalent salt.

Amphiphilic diblock copolymers adsorbed to the air—water
interface are known, in many cases, to be poor model systems of
true brush systems. Some systems, particularly those that utilize
polystyrene (PS) as an anchoring block, form micelle-type struc-
tures on the water surface.® ® The existence of these micelles
renders the system unsuitable for use as a model brush system
as the hydrophilic grafting points are not uniformly distributed.
Further, block copolymer films with low hydrophobic content
can become corrugated at high surface pressures.” Also, many
polymers, including poly(ethylene oxide) (PEO),'*'? sulfonated
PS (PSS),'* and poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA),'* are known to adsorb strongly to the interface
at low surface coverage in order to minimize the interfacial
energy due to the high surface tension between air and water.
All of these issues would result in nonsmooth surfaces of the
adsorbed layer. Judicious choice of the anchoring block,
however, can eliminate these concerns.

In this work, a diblock copolymer is used where the soluble
block is PDMAEMA, a tertiary amine polymer, with monomer
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pK, of 8.4,"> whose backbone chain is hydrophobic, and the
anchoringblockis poly(n-butyl acrylate) (PnBA). This PDMAEMA —
PnBA copolymer was synthesized by atom transfer radical po-
lymerization (ATRP), and each block has a number-average degree
of polymerization (DP,) of 80 and 94, respectively, as characterized
by 'H NMR, and a polydispersity index (PDI) of 1.31, as
determined by GPC (see section S1 of the Supporting Information
(SD) for greater detail). The choice of PnBA as the hydrophobic
anchoring block prevents many of the issues discussed above
that are normally associated with polymers spread at the
air—water interface. The tendency of a hydrophobic polymer
to create surface micelles can be considered in terms of the
spreading coefficient defined as S = Yair—water — (Vpolymer—air T
Vpo1ymer—water),16 where y,- denotes the surface/interfacial ten-
sion between phases a and b (e.2., Vair—waer = 73 mJ/m? at 20
°C'7). Polymers that dewet from the water surface and form
surface micelles have negative values of the spreading coef-
ficient (e.g., for PS at 20 °C, ¥ps—air = 40 mJ/m? '® and yps—yater
= 41 mlJ/m2,"” which gives s = —8 mJ/m? at the given
temperature). Conversely, polymers that wet the water surface
and form uniform monolayers should have positive values (e.g.,
for PnBA at 20 °C, YPnBA—air — 33 mJ/m? '8 and VPnBA—water —
19.6 & 4.9 mJ/m? (measured in this study as described in section
S2 of the SI), which gives s = 21 mJ/m?> at the given
temperature). This uniform surface coverage and low surface
energy will ensure that the PDMAEMA chains prefer to be in
the brush state as opposed to adsorbing to the surface at
relatively low grafting densities. In addition, PnBA has a
spreading coefficient of s = 7.8 mJ/m? at 20 °C at the
graphite—water interface as calculated from contact angle
measurements made in air (see section S2 in the SI) and the
graphite—water contact angle of 86°."> Another advantage of
PnBA as an anchoring block is its low glass transition
temperature, T, = —55 °C.*° The nonglassy nature of the
polymer allows it to relax on a reasonable time scale as
compared to glassy polymers. This may be why no corrugation
of PnBA monolayers at the air—water interface was observed
even at high surface coverage (supporting data presented in
section S3 of the SI).

The ability of a PnBA anchoring block to form a uniform
monolayer at the air—water interface which can be reliably
transferred onto a graphite substrate immersed in water was
confirmed by studying the behavior of PnBA homopolymer at the
corresponding interfaces. Figure la shows a representative
pressure—area isotherm for a PnBA polymer (DP, = 111 and
PDI = 1.12) measured at the air—water interface on a KSV
5000 Langmuir trough (see section S4 of the SI for details);
the isotherm was reproducible in the x-direction within +2%
among three independent measurements with almost negligible
errors in the pressure values. Beginning at high area per chain
the classic ideal gas-type behavior is observed. As the compres-
sion commences the isolated coils begin to collide with greater
frequency, leading to a steep rise in the surface pressure. The
x-intercept of the extrapolated line of the steepest section of
the isotherm is estimated to be A = 3206 % 107 A%chain, which
gives a monolayer thickness of about 8.3 + 0.3 A at the onset
of the steep pressure rise, confirming that PnBA indeed
completely wets and forms a spread film on the water surface.
This pressure rise, we believe, continues until the surface is
completely covered by a uniform monolayer. At this point, about
2390 + 82 A%chain, a sharp transition occurs to a plateau where
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Figure 1. Results for PnBA with DP, = 111. (a) Surface pressure—area isotherm showing characteristic plateau at A = 2390 A%chain. Dotted line
represents linear extrapolation from the point of greatest slope to area per chain where overlap occurs. Cartoons illustrate the expected configurations of
the PnBA polymers on the water surface. Representative fluid AFM tapping-mode height images (2 um x 2 um) and topography scans (along arbitrary
horizontal (blue) and vertical (red) lines) taken for films deposited at (b) 5000, (c) 3000, and (d) 1500 A?/chain.

the monolayer is expected to begin forming a multilayer
structure. The pressure at this point is 7 = 21.3 4 0.2 mN/m,
which leads to a calculated interfacial tension between the
polymer and water phases of ¥paBA—water™ Yair—water — YPnBA—air
— = 18.7 £ 2.2 mN/m, which is in excellent agreement with
the value determined from contact angle measurements (i.e.,
19.6 + 4.9 mJ/m?). This point also gives an estimate for the
mean monomer area of 22 + 1 A2, which is in good agreement
with estimates of 23 A2 for poly(tert-butyl methacrylate)
(PtBMA)?! and 20—21 A2 for poly(isobutyl methacrylate)
(PiBMA).>* This data all support that the PnBA is forming a
uniform continuous film in the plateau regime. Here the water
surface is completely coated with PnBA, and due to the
liquidlike nature of the polymer film, no stress is stored in the
interface during the compression, giving rise to a flat surface
pressure; the exact nature of this plateau and the conformational
properties of the polymers in this regime are currently under
thorough investigation and are beyond the scope of the present
paper. Further compression through the plateau region did not
produce a second upturn of the pressure—area isotherm within
the area-per-chain measurement window, although such behavior
has been reported for a similar polymer, PtBMA;*' we suspect
that this second rise in the pressure at high compression is related
to the glassy nature of the polymers studied. At 5000, 3000,
and 1500 Azlchain, LB depositions were made. Briefly, a
graphite substrate was lowered into the subphase using a Kibron
minitrough at a speed of 1 mm/min, holding the surface pressure
constant. A 100% monolayer-transfer efficiency is expected due
to the lack of viscous drag at the contact line that is seen in the
lifting case.?® The resulting deposited film was kept submerged
in the subphase and imaged using fluid AFM. The results are
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Figure 2. Surface pressure—area isotherm for PDMAEMA—PnBA with
DP, = 80 and 94 for the PDMAEMA and PnBA blocks, respectively, at
bulk NaCl concentrations of Cg; = 0 (red) and 100 mM (blue). Cartoons
represent the expected brush configurations at the interface, illustrating
the continuous film formation (at point 2) and the “mushroom to brush”
transition (i.e., state 2 — state 3).

shown in Figure 1b—d where only a smooth surface is visible
in the tapping-mode height images. Thus, taken together, the
conclusion is that a smooth uniform PnBA anchoring layer is
created at the air—water interface.

Since PnBA forms a uniform anchoring layer, the structure and
behavior of the PDMAEMA polyelectrolyte brushes can be studied
as a model polyelectrolyte brush system. Figure 2 shows the
pressure—area isotherms for the PDMAEMA—PnBA diblock
copolymer under neutral pH conditions for two concentrations
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Figure 3. Representative fluid AFM tapping-mode height images (2 um
x 2 um) and topography scans (along arbitrary horizontal (blue) and
vertical (red) lines) for PDMAEMA—PnBA (DP, = 80 and 94 for the
PDMAEMA and PnBA blocks, respectively) deposited at (a) 3887, (b)
2591, (c) 1943, (d) 1296, and (e) 648 A%/chain on graphite where the bulk
NaCl concentration is 0 mM.
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Figure 4. Fluid AFM tapping-mode height images (2 um x 2 um) and
topography scans (along arbitrary horizontal (blue) and vertical (red) lines)
for PDMAEMA-PnBA (DP, = 80 and 94 for the PDMAEMA and PnBA
blocks, respegtively) deposited at (a) 3887, (b) 2591, (c) 1943, (d) 1296,
and (e) 648 A%/chain on graphite where the bulk NaCl concentration is
100 mM.

of added NaCl: 0 and 100 mM. Both isotherms show the steep
increase from onset until a sharp transition point around 2000
A2/chain which can be attributed mostly to the PnBA anchor
block as it forms a continuous film layer. The zero salt case
shows a slightly steeper slope during the initial pressure rise
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probably due to the influence of the unscreened brush chains.
After the transition point, however, the zero salt case shows a
monotonic increase in the pressure while the salted brush shows
a signature of the existence of another plateau followed by an
initial secondary rise. Both systems then show a steep final
pressure rise, the unsalted case having a steeper slope. The
differences can be understood in terms of relative electrostatic
interactions.

To understand the effects of these differing electrostatic interac-
tions on the structure of the brush systems, the Langmuir monolayer
of the PDMAEMA—PnBA diblock copolymer was LB-deposited
on a graphite substrate (typically after a 5 min equilibration at the
air—water interface at each given compression area), and the
resultant brushes were imaged (within 24 h after the LB deposition)
with fluid AFM as described above. Figure 3 shows the height
mode results at 3887, 2591, 1943, 1296, and 648 A2/chain for
the unsalted case. Clearly, near the onset of the continuous film
formation of the PnBA chains, a marked inhomogeneity appears
in the images; the appearance of the heterogeneities must occur
between 2590 and 1940 A%/chain although the plateau transition
is believed to only coincidently be in the same range. However,
this range appears to coincide with the expected mushroom-
to-brush transition which was minimally estimated by the de
Gennes condition® for a fully screened ®-solvent condition to
be around 1589 A2/chain (= 7nCenl?/6 where n = 160 in our
case) using parameters for the similarly sized poly(n-butyl
methacrylate) (i.e., C.. = 8.0 and [ = 1.54 A);?® this is only a
very minimal estimation, and the true transition is expected to
be at a higher value of the area per chain. This means that all
the observed behavior occurs within the brush regime. These
inhomogeneities are believed to be domains rich in PDMAEMA
which have been created due to the thermodynamic instability
of the weak polyelectrolyte layer as recently predicted theoreti-
cally by Szleifer and co-workers.” Notice further that the
domains are limited in size at a given pressure. To confirm the
microscopic nature of the lateral phase-separated structure that
develops upon compression, we examined the structure of the
same brushes deposited on graphite but this time prepared with
a longer equilibration time (i.e., 24 h) prior to the LB deposition.
As shown in Figure S3 of the SI, this long equilibration time
did not cause any detectable change in the sizes of the
microphase-separated structures, indicating the absence of any
time-dependent coalescence of the microdomains and thus the
long-lasting (if not equilibrium) nature of the microphase-
separated state. In section S8 of the SI, we also provide indirect
evidence that once deposited on graphite, the PDMAEMA brush
layer formed by the PDMAEAM—PnBA copolymer undergoes
negligible structural relaxation or rearrangement, suggesting that
the microphase separation behavior observed with the LB-
deposited samples is representative of that of the original brushes
constructed at the air—water interface.

If the existence and structure of these inhomogeneous domains
are in fact regulated by electrostatic effects, then they are expected
to disappear upon the addition of enough monovalent salt to screen
the electrostatic interactions and stabilize the charged brush.>*
Figure 4 shows the AFM results taken at the same locations on
the isotherm, but the subphase now contains 100 mM aqueous
NaCl. Indeed, at all values of the area per chain, the inhomo-
geneities observed in the zero-salt case are greatly reduced in
size and number. Certainly, the driving force for the formation
of the observed inhomogeneities is greatly reduced upon the
addition of salt to the subphase, in agreement with the
predictions of Szleifer and co-workers.” However, the exact
organization and makeup of the domains remain unclear and
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are the subject of ongoing study in our laboratory.

In this work, it has been demonstrated that a diblock copolymer
can be used to study polymer brushes if the anchoring block spreads
on the grafting interface and has nonglassy kinetics. Further, it was
demonstrated that PDMAEMA brushes show thermodynamic
instability and form heterogeneous regions of different brush
heights. Also, the separation was observed to be long-range
“frustrated” where the domains remained microscopic in scale at
equilibrium. Finally, the addition of large amounts of salt was
shown to prevent the formation of these domains confirming their
electrostatic origin.
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