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ABSTRACT: The adsorption of hydrophilic or amphiphilic
multiblock copolymers provides a powerful means to produce
well-defined “smart” surfaces, especially if one or several
blocks are sensitive to external stimuli. We focus here on an
A−B−A−B−A copolymer, where A is a cationic poly((3-
acrylamido-propyl)-trimethylammonium chloride) (PAMPT-
MA) block containing 15 (end blocks) or 30 (middle block)
repeat units and B is a neutral thermosensitive water-soluble
poly(2-isopropyl-2-oxazoline) (PIPOZ) block with 50 repeat
units. X-ray reflectivity and quartz crystal microbalance with
dissipation monitoring were employed to study the adsorption
of PAMPTMA15−PIPOZ50−PAMPTMA30−PIPOZ50−
PAMPTMA15 on silica surfaces. The latter technique was
employed at different temperatures up to 50 °C. Surface forces and friction between the two silica surfaces across aqueous
pentablock copolymer solutions at different temperatures were determined with the atomic force microscopy colloidal probe
force and friction measurements. The cationic pentablock copolymer was found to have a high affinity to the negatively charged
silica surface, leading to a thin (2 nm) and rigid adsorbed layer. A steric force was encountered at a separation of around 3 nm
from hard wall contact. A capillary condensation of a polymer-rich phase was observed at the cloud point of the solution. The
friction forces were evaluated using Amontons’ rule modified with an adhesion term.

■ INTRODUCTION

Responsive hydrophilic or amphiphilic copolymers have
emerged recently as useful materials, in particular as delivery
systems of drugs1 and pentablock copolymers, which have
been used for the delivery of sensitive active molecules, such as
siRNA.2 The distinctive advantage of these polymers arises
from the possibility of changing the balance between blocks
having different functionalities. With the rapid development of
controlled polymerization techniques and of “click chemistry”,3

the range of pentablock copolymers attainable seems limitless.
It is now possible to prepare complex multiblock copolymers
of controlled composition, block sequence, and block length.
These features are useful in the design of smart surface layers4

for sensors, nanoactuators, and microfluidic devices.4−7

Numerous opportunities arise since blocks can be responsive
to pH, salt concentration, temperature, redox conditions, or
other environmental stimuli.
The adsorption of pentablock copolymers on surfaces also

offers the opportunity to address fundamental questions in
surface science related to the differences between loop-
dominated and tail-dominated surfaces. For instance, it has
been proposed that loop-dominated copolymer structures can
have better lubrication properties than the tail-dominated
ones8,9 due to lower chain interpenetration between the
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opposing surface layers. This has indeed been reported for
loop-forming triblock copolymers.10,11 For pentablock copoly-
mers, this question can be approached systematically by
comparing the layer properties of a diblock copolymer
consisting of a cationic block (A) and a neutral block (B) on
a negatively charged surface with those of a pentablock
copolymer consisting of the same blocks in the A−B−A−B−A
arrangement. In the case of the diblock copolymer, even
though the nonionic block may have a weak tendency to
adsorb on the negatively charged surface, it tends to form tails,
and more so at higher pH where the segregation between the
cationic block and the nonionic block is larger.12 In contrast, in
the case of the A−B−A−B−A copolymer, the B block is
expected to form primary loops, since the two nonionic B
blocks are linked on both ends to the cationic block.
An et al. studied the adsorption of a diblock copolymer

consisting of a neutral water-soluble poly(2-isopropyl-2-
oxazoline) (PIPOZ)60 block and a cationic poly((3-acrylami-
dopropyl)-trimethylammonium chloride)17 (PAMPTMA)
block, using atomic force microscopy (AFM), quartz crystal
microbalance with dissipation (QCM-D), and ellipsome-
try.12−14 They found that the adsorbed mass on silica surfaces
increases slightly with increasing polymer concentration (10−
100 ppm) and, more significantly, with increasing pH, due to
the pH-dependence of the silica surface charge density. A
pronounced increase in the adsorbed mass was observed with
increasing temperature, due to the worsening of the solvent
quality of water for PIPOZ, and as a consequence the diblock
copolymer was found to phase separate at 46 °C.13 Above the
bulk phase separation temperature, aggregate deposition
occurred on the surface.13 The interaction between surfaces
carrying such adsorbed layers immersed in water changed from
purely repulsive at low temperature to partly attractive at
higher temperatures as a result of the worsening solvent
conditions.12 The friction force increased with temperature up
to 45 °C with an unexpected lowering of the friction at 50 °C,
the highest temperature probed in the study, presumably due
to PIPOZ chain crystallization in aqueous solution above the
bulk phase separation temperature. It was also demonstrated
that the presence of the polymer in solution during the
temperature variation strongly affects normal and friction
forces.12,13

Here, we examine the adsorption of the pentablock
copolymer PAMPTMA15−PIPOZ50−PAMPTMA30−
PIPOZ50−PAMPTMA15 (Figure 1) on silica. Specifically, we
study the surface and friction forces between the layers of the

pentablock copolymer immersed in a solution containing this
polymer by utilizing the AFM colloidal probe technique. The
three cationic blocks have a high affinity to the surface, whereas
the two PIPOZ blocks have significantly less surface affinity.
Due to the thermosensitivity of the PIPOZ blocks, the aqueous
pentablock copolymer solution undergoes a phase transition
upon heating past a temperature in the vicinity of 55 °C. The
friction forces between the two layers were monitored also as a
function of temperature in the range of 23−55 °C. The
pentablock copolymer adsorption onto a negatively charged
silica surface in water was also investigated by X-ray reflectivity
(XRR) and QCM-D. Although a number of hydrophilic
pentablock copolymers have been described,15 experimental
studies of the interfacial properties of pentablock copolymers
containing thermoresponsive blocks remain scarce,16,17 and we
are not aware of any previous study of the surface and friction
forces for such systems.

■ MATERIALS AND METHODS
Materials. The chemical structure of PAMPTMA15−PIPOZ50−

PAMPTMA30−PIPOZ50−PAMPTMA15 is shown in Figure 1. This
pentablock copolymer structure was chosen to allow comparison with
a previously studied diblock copolymer with similar block lengths,
PAMPTMA17−PIPOZ60. It was obtained by click ligation of an α,ω-
dipropargyl-PAMPTMA30 with azide-terminated PAMPTMA15-b-
PIPOZ50 as described in detail elsewhere (manuscript in preparation).
NaCl (≥99.5%, Sigma-Aldrich) was used to prepare aqueous NaCl
solutions of 1 mM concentration with and without the pentablock
copolymer using Milli-Q water (Millipore, Molsheim, France) with
18.2 MΩ × cm resistivity and the total organic carbon content of less
than 1 ppb. A 500 ppm (by weight) pentablock copolymer solution
was first prepared. Then, this solution was further diluted using 1 mM
NaCl to reach 10, 50, and 100 ppm concentrations for QCM-D and
AFM measurements. The pH of the solutions was adjusted to pH 9 by
adding NaOH (1 M) and HCl (0.6 M). Silicon wafers with a 33 nm
silica layer were purchased from Wafer net (Germany) and were then
cut into squares of about 12 mm for the AFM measurements. The
cloud point of PAMPTMA15−PIPOZ50−PAMPTMA30−PIPOZ50−
PAMPTMA15 in this solution was estimated by visual inspection and
the solution was found to become turbid at 55 °C.

Quartz Crystal Microbalance with Dissipation (QCM-D). The
QCM-D technique allows measurements of changes in frequency and
dissipation at the fundamental and overtone oscillation of a quartz
sensor that occurs as a mass is added to the surface due to adsorption.
In this study we employed a Q-sense E4 microbalance (Biolin
Scientific, Gothenburg, Sweden) using sensors with silica coating
(QSX-303, Biolin Scientific). All parts of the QCM-D cell were
cleaned using 2% Deconex solution (Borer Chemie AG, Switzerland)
and sonicated for half an hour, followed by extensive rinsing with
Milli-Q water. The QSX-303 sensors were cleaned using 2%
Hellmanex solution (Hellma GmbH) for half an hour without
sonication. Next, the sensors were extensively rinsed with Milli-Q
water and dried using a filtered nitrogen jet. All cleaning and assembly
operations were carried out in a laminar flow cabinet.

Baselines for the oscillation frequencies and dissipation values were
first established in 1 mM NaCl solution at pH 9, in the absence of any
polymer, at a temperature of 25 °C. Next, the polymer solution in
NaCl at pH 9 was injected into the QCM-D cell and the changes in
frequency and dissipation values relative to the baselines were
recorded. The adsorption was also studied at 50 °C, which is slightly
below the cloud point of the pentablock polymer solution. The
solutions were preheated to this temperature prior to being injected
into the cell. The flow during measurements was set to 100 μL/min.
The Sauerbrey model,18 based on the assumption that the sensor
frequency change is only affected by the mass adsorbed to the sensor
surface, (ΓQCM‑D) was employed. This model is valid for thin and rigid
layers, and when this condition is fulfilled, the mass oscillating with

Figure 1. Chemical structure of the pentablock copolymer, where the
PAMPTMA blocks are drawn in red and the PIPOZ blocks are drawn
in blue, with m = 15, n = 50, and x = 30.
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the crystal (polymer and associated solvent), ΓQCM‑D, can be
calculated as

Γ =
− × Δ

‐
C f

nQCM D (1)

where n is the overtone number, Δf is the frequency change, and C is
a characteristic constant for the sensor used, and for these sensors it is
0.177 mg/m2/Hz.
To employ the Sauerbrey model at first may appear surprising since

the pentablock copolymer is expected to form loops at the surfaces
due to the presence of the PIPOZ block, and thus, such adsorbed
layers could be expected to show viscoelastic properties. However, we
found that the Sauerbrey model is appropriate for this system and we
will return to this finding in the Results section.
X-ray Reflectivity Measurements. X-ray reflectivity, XRR,

measurements allow the determination of the laterally averaged
structure of thin films in the perpendicular direction of an interface.
The measurements reported herein were performed at a custom-built
laboratory reflectometer at the NanoLab, DESY Hamburg, with a
molybdenum anode providing an X-ray energy of 17.6 keV. A
reflectivity sample cell that allowed the use of a silicon wafer in
solution was employed. The X-ray path length was 1 cm and the
window thickness was 0.1 mm. The sample cell was printed with a
three-dimensional printer, Ultimaker 2+, and consisted of acryloni-
trile, butadiene, and styrene monomers (ABS plastics). The samples
were studied at 22 °C. The sample cell and the silicon wafers (10 mm
× 10 mm) were cleaned using 2% Hellmanex solution, followed by
rinsing with Milli-Q water. The polymer was dissolved in a 0.1 mM
NaCl solution. This solution was adjusted to pH 9 by adding NaOH
(1 M) and HCl (0.6 M).
In an XRR experiment, the specular reflected intensity I of the X-

ray beam is recorded as a function of the incident angle θ. The
reflected intensity is determined by the average electron density (ρe)
of the sample perpendicular to the surface and given by

∫ρ
ρ

=
→ ∞ −∞

∞
I q R

z z
( )

1
( )

d

d
ez

iqz
F

e

e

2

(2)

where q denotes the modulus of the wave vector transfer
perpendicular to the surface and is given by

π
λ

θ=q
4

sin( )z (3)

where RF denotes the Fresnel reflectivity, which is the reflectivity of a
perfectly flat Si surface in water, λ is the wavelength of the X-rays, and
z gives the position perpendicular to the surface of the sample. The
XRR experiment gives information on the laterally averaged vertical
electron density profile within the layer structure. The background
was determined by measuring the diffusely scattered intensity, which
was subtracted from the specular reflected scattering.
Theoretical scattering curves were fitted to the experimental data

using the Parratt algorithm by using the software package LSFit.19

The interfacial roughness was accounted for by applying the effective-
density model.20 The electron density profiles used for the modeling
of the polymer adsorption consisted of one layer, which was sufficient
to fit the data. The dispersion values for the water subphase and the
silicon wafer were taken from the literature. During the fitting
procedure only the roughness of the silicon interface, the dispersion,
the roughness and layer thickness of the pentablock copolymer layer
were varied.
Force and Friction Measurements. The surface force and

friction measurements between a silica surface and a silica spherical
particle attached to the AFM cantilever were conducted in 100 ppm
pentablock copolymer solution (1 mM NaCl at pH 9) and at 23, 40
°C (below the lower critical solution temperature (LCST)), and 55
°C (at the LCST). The measurements were performed with a
Nanoscope Multimode 8 Pico Force AFM (Bruker) in a fused silica
liquid cell. A spherical silica particle (Thermo Scientific) with a
diameter of about 10 μm was attached to a HQ:CSC38

(MikroMasch) tipless cantilever. The actual size of each particle
was measured to be within ±0.1 μm with a microscope using a 50×
objective. The cantilever spring constant was determined using the
built-in thermal tune method and was typically around 0.1 N/m. The
cantilever with the attached silica particle was placed in a UV−ozone
chamber (ProCleaner 220, Bioforce Nanosciences) for about 15 min
for cleaning prior to measurements. All glassware, tubing, and the
liquid cell were cleaned using 2% Hellmanex (Hellma GmbH)
solution and then extensively rinsed with Milli-Q water and dried
using filtered nitrogen. The deflection sensitivity was evaluated from
force measurements in NaCl solution between the silica colloidal
probe and a silica surface in the absence of the polymer. The cut
silicon wafers were also cleaned by immersing them into 2%
Hellmanex solution. They were then rinsed sequentially with Milli-
Q water and ethanol before being dried using filtered nitrogen gas.
The cleaning procedures and assembling were carried out in a laminar
flow hood. The force curves in the NaCl solution and in the
pentablock copolymer solution were measured at a constant piezo
expansion rate of 1 μm/s. The equilibration time after each
temperature change was about 20 min. The friction measurements
were conducted with the slow scan direction disabled using a sliding
speed of 4 μm/s and a scan length of 2 μm. The normal load during
friction measurements was increased stepwise up to about 23 nN,
with a step size of about 2.9 nN. The friction force was evaluated
using the AFM Friction IT v2.5 software (Force IT, Sweden) by first
calculating the difference between the friction signals for the trace and
retrace directions for each scan line. More information can be found
in ref 21.

■ RESULTS AND DISCUSSION
Copolymer Adsorption on Silica. In a previous study, we

showed that the cationic block has a high surface affinity,
whereas the PIPOZ block has low affinity to silica13 and, thus,
to achieve a strong binding of the pentablock copolymer to the
surface we carried out experiments at low ionic strength. The
adsorption of the pentablock copolymer onto the QCM silica
sensor surface led to a marked decrease in the sensor
resonance frequency and an increase in dissipation, as shown
in Supporting Information Figure I1. At 25 °C, it was observed
that a copolymer concentration of 10 ppm was sufficient for
reaching maximum adsorption, and further increase in the
copolymer concentration (Figure 2a) did not result in
additional adsorption, even then the concentration was
increased to 100 ppm (Supporting Information Figure I1).
This is a sign of high affinity adsorption, which is typically
observed for polyelectrolytes on oppositely charged surfaces,22

and the presence of the nonionic PIPOZ blocks does not alter
this generic behavior. After reaching a stable reading after each

Figure 2. Sensed mass on silica calculated using the Sauerbrey model
as a function of the PAMPTMA15−PIPOZ50−PAMPTMA30−
PIPOZ50−PAMPTMA15 concentration at 25 and 50 °C (a).
ΔD−Δf plots recorded during adsorption from a 10 ppm pentablock
copolymer solution (b). The data are shown for the 7th overtone.
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increase in the pentablock copolymer concentration, buffer
NaCl solution at pH 9 was injected. This did not lead to any
detectable copolymer desorption, which is consistent with the
high affinity nature of the adsorption isotherm as discussed by
Stuart et al.23

Injection of a more acidic NaCl solution (at pH 3), which
lowers the silica surface charge density, resulted in desorption
as evidenced by the decrease in the magnitude of the frequency
shift (see Supporting Information Figure I1). This provides
further evidence for the predominant role of electrostatic
forces in the adsorption process. Theoretical studies have
shown that if the polyelectrolyte charge density is not too low
and the salt concentration is not too high, adsorption proceeds
until the charges of the adsorbed polyelectrolyte closely
matches the surface charge density.24 Note, however, that
when the surface has ionizable groups (silanol groups in the
case of silica), adsorption of the polyelectrolyte leads to an
increase in ionization of these groups.24,25

The measured frequency shifts and changes in dissipation,
due to the adsorption of the pentablock copolymer, are lower
than those obtained for the diblock copolymer PIPOZ60−
PAMPTMA17,

13 a branched bottle-brush block polymer,26 and
other diblock and triblock copolymers.27 This means that the
pentablock copolymer layer is thin and rigid, and similar to
what has been observed for polyelectrolytes with moderately
high charge density.28 This rationalizes the use of the
Sauerbrey model when evaluating the QCM-D data, and in
ref29 it is suggested that when the change in dissipation is less
than 2 × 10−6 per 5 Hz, then eq 1 can be used to calculate the
sensed mass. The evaluated sensed mass at 25 and 50 °C are
shown in Figure 2a. At 25 °C, it was around 1.7 mg/m2 in the
concentration range of 10−100 ppm (see also Supporting
Information Figure I1). We note that the sensed mass includes
the mass of the polymer and any coupled solvent. The mass of
the coupled solvent can be large, but it has been found to be
small for thin polyelectrolyte layers.28 At 50 °C, where the
solvent quality for the PIPOZ blocks are reduced compared to
at 25 °C, the sensed mass increased with the increasing
copolymer concentration from 1.8 mg/m2 at 10 ppm to 2.0
mg/m2 at 50 ppm. These findings are consistent with the
general trend for other copolymers13,30 where an increase of
the sensed mass with decreasing solvent quality has been
observed.
To gain additional information on the adsorbed copolymer

layer ΔD−Δf plots evaluated at 25 and 50 °C are presented in
Figure 2b. At both temperatures the dissipation change is
increasing sublinearly with the frequency change. This is a sign
of stiffening of the adsorbed copolymer layer, as previously
observed for diblock copolymers and bottle-brush copoly-
mers.13,26 This is due to the increased interactions between the
polymer chains. We note that for any given frequency shift,
larger than 5 Hz in magnitude, the dissipation shift is lower at
higher temperatures. This is an effect of the worsening of the
solvency conditions for the PIPOZ blocks, leading to partial
dehydration and more favorable segment−segment interac-
tions. In contrast, the linear dependence between the
frequency and dissipation shifts is, up to about 5 Hz, similar
at both temperatures, i.e., when the adsorbed layer consists of
separated, and thus weakly interacting polymer chains.
X-ray Reflectivity. The XRR curves along with the fits are

shown in Figure 3a. The electron density profiles are given in
Figure 3b.

The data show no pronounced oscillation, which suggests
the formation of nondistinct layer−solution interface with high
intrinsic roughness. By comparing the XRR curves from the
interface with no adsorbed polymer (0 ppm) to the data in the
presence of the polymer, we note a stronger decay of the
reflected intensity in the presence of the adsorbed polymer
layer. This indicates a significantly rougher layer system. Fitting
is achieved by using a model with one layer in the presence of
the polymer and without any layer for the NaCl solution. The
overall parameters resulting from the fitting are summarized in
Table 1.
The silicon wafer has a roughness that varies between 0.62

and 0.77 nm, which is reasonable considering that the
roughness of the silicon wafer can vary depending on the
manufacturer and treatment. In particular, the use of the
alkaline Hellmanex solution for cleaning can induce changes in
the surface roughness. The thickness of the adsorbed
copolymer layer was determined to be 2 ± 0.2 nm. This is
in good accordance with the observations from QCM-D
measurements, where no significant difference of the adsorbed
mass could be detected for the two concentrations. The
thickness can also be estimated from the QCM-D data, and
here, we obtain a layer thickness of 1.7 nm (assuming a density
of the layer of 1 g/cm3). The XRR data show that the
roughness of the adsorbed films is around 0.9 nm, indicating
the formation of a nondistinct polymer−solution interface as
expected.
The electron density profiles reported in Figure 3b provide

information on the layer structure. The layer shows a mass
gradient from the interface into bulk solution, where most
adsorbed mass is found in close proximity to the silica
interface. We note that the fitting predicts a layer thickness of 2
nm, but neither QCM-D nor XRR is sensitive to the presence
of a dilute tail and a loop region, and it is reasonable to suggest
that some tails and loops extend further from the surface.
Indeed, this is observed in the AFM surface force study, which
is sensitive to the dilute polymer region, but does not provide
information on the layer thickness.

Surface Forces. The forces acting on approach between a
silica particle and a silica surface across a 1 mM NaCl solution
at pH 9 containing 100 ppm of the pentablock copolymer are

Figure 3. (a) X-ray reflectivity curves of the adsorbed PAMPTMA15−
PIPOZ50−PAMPTMA30−PIPOZ50−PAMPTMA15 polymer layer at a
silicon wafer surface. The copolymer concentration was 10 and 100
ppm, respectively. For comparison, a solution without a copolymer
was used (0 ppm). The experiments were performed at 22 °C. The
curves are shifted vertically for clarity. Black lines denote the fits to the
data. (b) Electron density profiles obtained from the data fitting. The
profiles clearly show the formation of a layer with a nondistinct
boarder to the solution, with the decreasing polymer mass away from
the silica surface.
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shown in Figure 4. The force curve has two distinct regions.
The long-range force is due to a double-layer force. A

Derjaguin, Landau, Vervey, and Overbeek (DLVO) model,31,32

using solutions to the nonlinear Poisson−Boltzmann equation
and a nonretarded Hamaker constant of 6.3 × 10−21 J,33

describes the long-range force satisfactorily. The DLVO model
based on constant surface potential conditions predicts a
slightly lower force at short separation below 10 nm than the
measured force, whereas the DLVO model based on constant
surface charge density conditions predicts slightly higher force
values. This suggests charge regulation leading to a decrease in
the surface charge density and increase in the surface potential
with decreasing separation. The fit shown in Figure 4 provides
a Debye length of 4.2 nm, corresponding to a 1:1 electrolyte
concentration of about 5 mM, which is slightly higher than
expected, even considering that some NaOH and HCl were
added to the 1 mM NaCl solution to adjust the pH. Thus, it
seems likely that the cationic pentablock copolymer contrib-
utes to the Debye length. The magnitude of the surface
potential at large separations was found to be about 14 mV,
and the corresponding surface charge density is 7 mC/m2. At
distances less than 3 nm the slope of the force curve becomes
steeper, suggesting the predominance of the steric forces that
are not captured within the DLVO model.
The forces measured on approach and separation across a

100 ppm pentablock copolymer solution (pH 9) at different
temperatures are shown in Figure 5. A repulsive double-layer
force is observed at all temperatures below the phase transition
temperature, and we concluded that there is no evidence for
long polymer loops or tails, and we estimate the range of the
steric force to be about 3 nm from hard wall contact. This
contrasts to what was reported for a poly(N-isopropylacryla-
mide) (PNIPAM)−PAMPTMA diblock copolymer (range of
steric force around 95 nm27) and for a methoxy poly(ethylene
glycol)−PNIPAM−PAMPTMA triblock copolymer (range of

steric force around 10 nm27). We note that in the work
reported in ref,27 the double-layer force and the electrostatic
polyelectrolyte-surface attraction was slightly more screened
than in our case (10 mM salt concentration). It has previously
been shown that the addition of salt that reduces the
electrostatic surface affinity leads to a strongly increased
range of the steric force between polyelectrolyte-coated
surfaces,34 but it is unlikely that such an effect rationalizes
the difference between the data reported here and in ref.27 Our
data is more similar to that reported for a PIPOZ60−
PAMPTMA17 diblock copolymer, where a steric force became
predominant at separations below 5 nm,12,14 which still is
larger than the 3 nm found for the pentablock copolymer in
this study. This reflects that the tails formed by the PIPOZ60−
PAMPTMA17 diblock copolymer extends further from the
hard wall contact than the loops formed by the PAMPTMA15−
PIPOZ50−PAMPTMA30−PIPOZ50−PAMPTMA15 pentablock
copolymer. This is consistent with the XRR and QCM-D
results proposing a thin and stiff pentablock copolymer layer
on the silica surface.
A small kink at distances of around 2−3 nm can be seen in

the force curve on approach, see the insets in Figure 5a,b,
suggesting a pressure induced change in the polymer

Table 1. Fitting Parameters for the XRR Curves

copolymer concentration (ppm) Si interface roughness (nm) copolymer layer dispersion copolymer layer roughness (nm) copolymer layer thickness (nm)

0 0.62 ± 0.05
10 0.77 ± 0.05 0.96 ± 0.01 0.96 ± 0.05 2.0 ± 0.2
100 0.77 ± 0.05 0.95 ± 0.01 0.94 ± 0.05 1.9 ± 0.2

Figure 4. Typical force curve normalized by the colloidal probe radius
measured on approach between a silica sphere and a silica surface
across a 1 mM NaCl solution containing 100 ppm PAMPTMA15−
PIPOZ50−PAMPTMA30−PIPOZ50−PAMPTMA15 at pH 9 and a
temperature of 23 °C. The solid lines are calculated DLVO forces
using constant surface charge density (upper line) and constant
surface potential (lower line) boundary conditions.

Figure 5. Force normalized by the colloidal probe radius measured on
approach (open pink squares) and retraction (open circles) at
different temperatures of 23 °C (a), 40 °C (b), 55 °C (c), and 28 °C
on cooling (d). The interactions are probed across a 1 mM NaCl
solution containing 100 ppm PAMPTMA15−PIPOZ50−PAMPT-
MA30−PIPOZ50−PAMPTMA15 at pH 9. The temperature 55 °C is
at the LCST. The black solid lines are the DLVO fits. The axis labels
in the insets are the same as in the main figure. The filled gray
triangles in (b) show the retraction curve on cooling at 40 °C. The
red solid line in (c) represents a capillary force calculated using in the
constant condensate volume model.
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conformation. We assign this to the collapse of the extended
loops formed by the PIPOZ blocks. The forces measured on
approach at 55 °C are of a much longer range, appearing
already at a distance of around 60 nm. We note that this force
is attractive and several small steps can be seen in the force
curve. This temperature is at the LCST and the deposition of
aggregates is predicted to initiate just below the LCST.35−37

Our data is consistent with this, and thus interpreted as being
due to the rearrangement of copolymer aggregates formed on
the silica surfaces, as previously reported for a PIPOZ−
PAMPTMA diblock copolymer.13

On separation, a very weak attractive force is observed at 23
°C, suggesting a weak bridging attraction. This attraction is
amplified at 40 °C as the solvent quality of the PIPOZ blocks is
reduced. At both temperatures the attraction persists to rather
large distances, providing evidence for stretching of polymer
chains attached to both surfaces during separation.
At 55 °C, the attraction is significantly larger and extends to

more than 100 nm, which is a too large range to be explained
by bridging. We conclude that a capillary condensate of a
polymer-rich phase has formed in the gap between the two
interacting surfaces, as also has been observed in other
studies.12,38 With the AFM technique, the formation of a
capillary condensate is only inferred from the force measure-
ments. However, with the use of a surface force apparatus the
change in the refractive index due to the formation of a
capillary condensate is readily detected also from the shape of
the interference fringes. Indeed, this has been reported for a
phase separating surfactant system.39

A fundamental description of capillary condensate for-
mation, resulting in a polymer-rich and polymer-poor phase, is
given in a theoretical work40 employing density functional
theory to elucidate surface forces in polymer solutions.
Furthermore, Butt and Kappl have provided a quantitative
description of the capillary forces, employing continuum
theory with an AFM-based experimental verification.41 The
red solid line in Figure 5c is a fit of capillary forces to the
experimental data. Here, we considered the case with a
constant capillary volume (the full equilibrium case that allows
variation in the capillary volume with separation did not agree
well with the data), as described by eq 4
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where γ is the interfacial tension and the subscripts s, c, and b
stands for surface, capillary condensate, and bulk, respectively.
Rk is the Kelvin radius of the capillary condensate and D is the
separation distance.
The Kelvin radius was found to be about 42 ± 2 nm at 55

°C, and the interfacial tension difference was about 0.1 ± 0.01
mN/m, as calculated from 10 different force curves. The
obtained interfacial tension difference is less than 0.26 mN/m
found for the PIPOZ−PAMPTMA diblock copolymer,12 and
slightly larger than found for a microemulsion system, where a
value of less than 0.05 mN/m was reported.38

We note that long-lived trapped states are common when
polyelectrolytes are adsorbed to oppositely charged surfaces
due to their strong surface affinity. In particular, for a PIPOZ−
PAMPTMA diblock copolymer it has been reported that
adsorption readily increases when the temperature is increased,

but desorption due to a subsequent temperature decrease is
slow.12 We notice long-lived trapped states also for the
pentablock copolymer investigated here. The capillary
condensate that was present at 55 °C readily disappears as
the temperature is decreased back to 40 °C, but some of the
additional polymers that have adsorbed directly to the surface
appears to remain, leading to reduced adhesion. Furthermore,
the adhesion found at 28 °C on cooling is lower than that
found at 23 °C prior to heating, as shown in Figure 6. We note

that the variation in the measured adhesion force in the
presence of a capillary condensate at 55 °C is significantly
larger compared to lower temperatures when no capillary
condensate is present.

Friction Forces. The friction force is a measure of the
energy dissipation during sliding, and any mechanism that
provides energy dissipation will contribute to the friction force.
There are many such mechanisms that may act between
polymer layers, as discussed in a recent review article and
references therein.42 It is understood that the friction increases
with the increasing degree of chain interpenetration between
the opposing surface layers, and modeling has shown that
chain interpenetration increases with worsening solvent
conditions.14 Disruption and reformation of attractive seg-
ment−segment contacts and bridging chains also provide
important energy dissipation mechanisms.
The friction force as a function of normal load is shown in

Figure 7. The very low friction force expected at low loads due
to the presence of a long-range double-layer force is not
captured. This is due to the fact that already at an applied load
of 3 nN (F/R ≈ 0.6 mN/m) a steric force predominates (see
inset Figure 5a,b). At 23 °C, the polymer layer becomes
strongly compressed and the hard wall repulsion is
encountered at normal loads at and above 7 nN, corresponding
to F/R = 1.4 mN/m (see Figure 5a). In our case, the standard
Amontons’ rule does not hold, but the data were fitted to
Amontons’ rule modified by considering the effect of surface
adhesion

μ= +F F Ff adh n (5)

here Ff is the friction force, Fadh is the adhesion force, Fn is the
normal force, and μ is the friction coefficient.
We note that the adhesion force during sliding may differ

from the adhesion force determined during normal force
measurements,43 but in our case good fits were obtained using
adhesion force values determined from the force measure-

Figure 6. Adhesion force as a function of temperature. The dotted
lines are guides to the eye and the arrows show the direction of the
experiment where the solution is first heated and then cooled.
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ments in the absence of a capillary condensate, as reported in
Figure 6. At 23 °C, there is a good fit up to a normal load of 12
nN, above which the friction force increases strongly. This is a
sign of wear of the adsorbed layer as the polymers are dragged
along the surface due to the combined action of load and shear,
which results in energy dissipation. The friction coefficient
obtained from the fitting is 0.62 ± 0.02, which is slightly higher
than that that obtained for a PNIPAAM−PAMPTMA diblock
copolymer at 25 °C.44 Thus, no significant lowering of friction
was observed for the loop-dominated pentablock layer
compared to the tail-dominated diblock copolymer layer.
This is most likely due to the relatively short length of the
PNIPAAM loops, resulting in only short-range steric forces. In
other cases, friction reduction has been noted for loop-
dominated copolymer structures.10,11

At 40 °C, the layer is more resistant towards wear due to the
worsening of the solvent conditions for the PIPOZ blocks. In
this case, the modified Amontons’ rule described the results

well over the whole range of applied loads. Thus, we see no
evidence for wear of the adsorbed layer at this temperature. A
similar effect, with the decreasing wear as the solvency
conditions was becoming worse, has previously been reported
for surfaces coated with methylcellulose.45 The friction
coefficient was slightly higher at 40 °C, 0.69 ± 0.02, than at
the lower temperature. This is consistent with previous
measurements using preadsorbed PIPOZ60−PAMPTMA17
diblock copolymers14 and the same diblock copolymer in
solution.12

As the temperature was further increased up to the phase
transition temperature at 55 °C, the modified Amontons’ rule
does not accurately fit the data when the measured adhesion
force reported in Figure 6 is used, but a higher adhesion force
is required (red line in Figure 7c). This is not surprising
considering that we now have a capillary condensate present
between the surfaces, and the size of the condensate may
change during the time it takes to perform the friction
measurements. The evaluated friction coefficient using eq 5
was 0.55, lower than in the absence of the capillary condensate.
This was unexpected considering that during sliding the
capillary condensate has to move across the surface, which
should cause additional energy dissipation. It may suggest that
the additional adsorption that occurs at the higher temperature
results in less chain interpenetration and that this lowers the
friction, as observed for the effective friction coefficient for
PIPOZ60−PAMPTMA17 adsorbed on the silica surfaces.12

Furthermore, a marked hysteresis, with a higher friction on
loading than on unloading, is observed at 55 °C. This could be
due to additional polymer adsorption or due to the propensity
of PIPOZ chains to crystallize at high temperatures.
When the temperature was subsequently lowered from 55 to

40 and 28 °C, respectively, we observe an effect of long-lived
trapped states. The additional adsorption that occurred at
higher temperatures resulted in (i) slightly lower friction forces
than observed at similar temperatures on heating, which
correlates with the lower adhesion force (Figure 6), and (ii) no
evidence for shear induced wear even at 28 °C. On cooling,
there was no measurable hysteresis in the friction force
measured on loading and unloading, so this feature was only
observed in the presence of the capillary condensate at 55 °C.

■ CONCLUSIONS
We have elucidated the adsorption of a pentablock copolymer,
PAMPTMA15−PIPOZ50−PAMPTMA30−PIPOZ50−PAMPT-
MA15, on silica surfaces and the effects on the surface and
friction forces as a function of temperature up to the phase
transition temperature. The copolymer layer is thin and rigid,
as concluded from XRR, QCM-D, and surface force measure-
ments. XRR data provide a layer thickness of 2 nm, which is
consistent with the QCM-D data, and the surface force data
suggest that some loops or tails extend about 3 nm from hard
wall contact, less than for the corresponding diblock
copolymer.12,14

At a temperature of 50 °C the sensed mass registered by
QCM-D is higher than at 23 °C due to worsening of the
solvent conditions, in agreement with general trends for
polymers with a LCST.13,30 At a temperature of 55 °C,
corresponding to the cloud point temperature, a strong
attraction due to the formation of a capillary condensate of a
polymer-rich phase was observed, as was also the case for the
PIPOZ60−PAMPTMA17 diblock copolymer at the correspond-
ing cloud point.12,14 Fitting of a capillary force model,

Figure 7. Friction force as a function of applied normal load as
measured between a silica sphere and a silica surface across a 1 mM
NaCl solution at pH 9 containing 100 ppm of the PAMPTMA15−
PIPOZ50−PAMPTMA30−PIPOZ50−PAMPTMA15 pentablock co-
polymer. The measurements were performed as the temperature
was first increased stepwise from 23 to 40 °C and to 55 °C (a−c) and
subsequently cooled to 40 and 28 °C (d, e). The filled spheres show
data obtained when increasing the load, whereas the open circles
show data obtained during the subsequent decrease in load. The red
dotted lines are the fits obtained by using the modified Amontons’
rule (eq 5).
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assuming the constant capillary volume, to the force data at 55
°C gave a Kelvin radius of 42 ± 2 nm and an interfacial tension
difference of 0.1 ± 0.01 mN/m, which was smaller than the
0.26 mN/m found for the PIPOZ60−PAMPTMA17 diblock
copolymer.12

At temperatures below the cloud point, the Amontons’
modified rule was found to adequately describe the friction
force versus load data using measured adhesion forces.
However, in the presence of the capillary condensate at 55
°C a higher adhesion force was observed during sliding
compared to during force measurements. This could be due to
a growth of the capillary condensate with time. At 23 °C, the
wear resistance of the layer was relatively low, and the friction
force increased significantly above a load of 15 nN as the
polymer chains were dragged along the surface. No similar
wear was observed at higher temperatures due to increased
adsorption and more favorable segment−segment interactions.
Unexpectedly, the friction coefficient was found to be lower in
the presence of the capillary condensate (at 55 °C) than at
lower temperatures. We propose that this is due to increased
adsorption that reduces chain interpenetration and possibly
due to the propensity of PIPOZ chains to crystallize from
water at high temperatures. Long-lived trapped states were
noticed, and gave rise to lower friction and lower adhesion at a
given temperature on subsequent cooling than observed
originally at that temperature. This is attributed to no or
slow desorption of additional polymers adsorbed at high
temperatures. Low friction forces, as observed for other loop-
forming polymers10,11 was not detected in this investigation.
Presumably, the PIPOZ blocks were too short to favor
extended loops, as also suggested by the XRR data.
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