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Collapse from the top: brushes of poly-
(N-isopropylacrylamide) in co-nonsolvent
mixtures†

Qi Chen,a E. Stefan Kooij,b Xiaofeng Sui,a Clemens J. Padberg,a Mark A. Hempenius,a

Peter M. Schöna and G. Julius Vancso*a

Using a combination of ellipsometry and friction force microscopy, we study the reversible swelling,

collapse and variation in friction properties of covalently bound poly(N-isopropylacrylamide) (PNIPAM)

layers on silicon with different grafting densities in response to exposure to good solvents and co-

nonsolvent mixtures. Changes in the thickness and segment density distribution of grafted films are

investigated by in situ ellipsometry. Based on quantitative modelling of the ellipsometry spectra, we

postulate a structural model, which assumes that collapse takes place in the contacting layer between

the brush and the co-nonsolvent and the top-collapsed brushes remain hydrated in the film interior.

Using the structural model derived from ellipsometry spectra, we analyse the AFM based friction force

microscopy data, which were obtained by silica colloidal probes. Results show a large increase of the

friction coefficient of PNIPAM grafts when the grafts swollen by water are brought in contact with co-

nonsolvents. For instance, the value of the friction coefficient for a medium density brush in water is four

times lower than the value observed in a water–methanol (50% v/v) mixture. This increase of friction is

accompanied by an increase in adherence between the PNIPAM chains and the silica colloidal probes,

and is a result of chain collapse in the graft when contacted by a co-nonsolvent mixture in agreement

with the model postulated on the basis of ellipsometric characterisation. The kinetic behaviour of the

collapse is assessed by measuring the temporal variation of friction in situ as a function of elapsed time

following contact with the co-nonsolvent as a function of graft density. In conclusion, the effect of co-

nonsolvency influenced both the thickness of the PNIPAM brushes and the tribological behavior of the

brush surfaces.
Introduction

Stimuli responsive polymer gras can be used for a wide variety
of applications in the areas of actuation, sensing, cell culture
regulation, controlled drug delivery, micro- and nanouidics,
and in many other elds.1–8 Poly(N-isopropylacrylamide) (PNI-
PAM) gras have been widely studied due to the reversible
phase transition they exhibit in aqueous solutions at the lower
critical solution temperature (LCST) of 32 �C. PNIPAM chains
show strong hydration behaviour below the LCST, while above
the LCST, they adopt a collapsed conformation (coil-to-globule
transition).9,10 Changes in the external environment
ology of Polymers, University of Twente,

. Box 217, 7500 AE Enschede, The

; Fax: +31 53 489 3823; Tel: +31-53-

, MESA+ Institute for Nanotechnology,

Enschede, The Netherlands

ESI) available: Analysis of ellipsometry
ion. See DOI: 10.1039/c4sm00195h
(e.g. temperature, solvent composition) can trigger a sharp and
large response in the structure and properties of graed PNI-
PAM polymer lms. For example, it was shown that the value of
the LCST depends on the chain length and graing density.11

Interestingly, single chain PNIPAM AFM force spectroscopy
experiments did not carry a ngerprint of the LCST.12 PNIPAM
gras are interesting candidates for applications in, e.g.
permeation-controlled lters, tissue engineering and as actua-
tors and valves in uidics, among other areas.13,14 The inuence
of temperature on the polymer structure and hydration of
surface graed PNIPAM lms is well documented in the
literature.11,15–27

PNIPAM is also known to exhibit co-nonsolvency behavior,
i.e. solvation responsiveness to the variation in the composition
of mixed solvents consisting of water and certain water-miscible
organic solvents such as alcohols.28–37 Napper et al. reported
coil-to-globule transitions in mixed dispersion media of PNI-
PAM chains at latex interfaces.38 The authors noted that upon
isothermal addition of lower alcohols to PNIPAM in aqueous
systems the chains collapsed and then became swollen again
upon further increase of the alcohol concentration. The
This journal is © The Royal Society of Chemistry 2014
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reversible collapse and re-swelling has been referred to as re-
entry transition. Brushes exhibiting co-nonsolvency behaviour
in certain solvent mixtures are highly swollen in either of the
pure solvents but collapsed in their mixtures between two
specic solvent compositions. As is well known, both pure water
and methanol are good solvents for PNIPAM. To understand
PNIPAM solubility one must consider the delicate balance in
the various contributions to molecular interactions including
formation of H-bonds between water or methanol and the
amide groups in the polymer, as well as solvent cluster effects.
For the occurrence of LCST, hydrophobic effects are also
important.28 For instance, in a water–methanol (50% v/v) PNI-
PAM ternary system at room temperature, the solvent–solvent
interaction due to the formation of water–methanol complexes
is stronger than the solvent–polymer interactions, leading to the
desolvation of PNIPAM.33

In a previous study,39 we measured adhesion of PNIPAM
gras to an atomic force microscope (AFM) colloidal probe
during the collapse of the brush induced by the addition of a
co-nonsolvent. Young's moduli values of PNIPAM gras under
different solvent conditions were estimated based on the Hertz
model using AFM force–distance curves.

However, detailed studies on swelling, collapse and expected
related variations on the friction properties of PNIPAM layers
with different graing densities under varied solvent conditions
have not been reported. In view of the applications of PNIPAM
as a designer stimulus responsive gra polymer platform in
surface engineering, it is of great interest to perform in-depth
studies aiming at variations of lm morphology, and as a result
tribological properties of such layers that accompany the
thickness changes when the graed lms are brought into
contact with co-nonsolvents.

In this work, the thickness changes due to the swelling and
collapse of PNIPAM layers are studied by in situ spectroscopic
ellipsometry.40 Subsequently, AFM based lateral force micros-
copy41–43 is employed to investigate the friction coefficient in
response to changing the solvent environment from a good
solvent (water) to a non-solvent (water–methanol) under iso-
thermic (room temperature) conditions. The structural model
derived from the ellipsometry measurements provides the basis
for the analysis and interpretation of the AFM results.

Ellipsometry comprises a powerful, non-invasive optical
probe enabling characterization of bulkmaterials as well as thin
lms and provides information on structural and optical
properties of surface bound lms. As such, it has been widely
used for studies of polymer gras under different solvent
conditions.44–50 As an example, Edmondson et al.44 performed
in situ spectroscopic ellipsometry measurements to study the
co-nonsolvency effect, i.e. the collapse in a mixed water–meth-
anol solvent, of high density poly(2-(methacryloyloxy)ethyl-
phosphorylcholine) (PMPC) brushes. Their results show that
the judicious selection of the model used to describe the
structure of surface bound lms is essential for extracting
meaningful structural information. These authors found that
the best ts to the data were obtained using an exponential
decay of polymer density as a function of distance from the
substrate surface. Recently, we have described a similar model
This journal is © The Royal Society of Chemistry 2014
to account for the temperature-induced conformational
changes in ‘graed from’ PNIPAM brushes, obtained by surface-
initiated polymerization.50 To adequately account for the optical
response at temperatures below and above the LCST, we adop-
ted a two-layer model with a dense layer near the substrate and a
more dilute layer on the side of the lm exposed to the liquid.

Since the pioneering work of Klein et al., showing that
polymer brushes dramatically reduce friction, tribological
properties of gras have attracted tremendous attention.69 For
brush lubrication studies the surface forces apparatus (SFA) has
been used with great success. However, measurements by AFM
based friction force microscopy (FFM) provide quantitative
tribological information concerning polymer gra properties,
accompanied by surface morphology imaging.41–43,51,52 For
instance, greatly enhanced lubrication for poly(2-(dimethyla-
mino)ethyl methacrylate) was observed at low pH, which was
attributed to the formation of a repulsive, highly charged,
hydrated cushion.53 In a recent study,54 the frictional properties
of high density PMPC brushes under co-nonsolvency conditions
were described and substantially increased friction coefficients
were observed in ethanol/water (90% v/v) mixtures.

Combination of a detailed characterization of the reversible
change of lm thickness with the friction force enables a
quantitative discussion of the collapse dynamics in relation to
the graing density. Based on the optical response, a model is
proposed to explain variations in the brush segment density in
the surface-normal directions of the gras, which agrees well
with the observed variation of the friction coefficients when
hydrated, swollen brushes are brought in contact with co-non-
solvent mixtures.
Experimental
Materials

PNIPAM gras with three different graing densities, termed
high, medium and low density (hereaer HD, MD and LD)
surfaces, respectively, were synthesized via surface-initiated
atom transfer radical polymerization (SI-ATRP; see Scheme 1).
The preparation of the PNIPAM gras on silicon was carried out
as described in detail in our previous study.39

Dry brush thicknesses were 10 nm for LD, 100 nm for MD
and 240 nm for HD surfaces as determined from AFM height
measurements. The estimated corresponding graing densities
were 0.03 [chains nm�2] for the LD, 0.27 [chains nm�2] for the
MD and 0.69 [chains nm�2] for the HD surface, respectively.39
Measurements

All experiments were performed at room temperature. The
optical characteristics of the brush lms were obtained using a
Woollam variable angle spectroscopic ellipsometer (VASE)
system. Measurements were performed as a function of photon
energy in the range of 1.5–4.5 eV with a step size of 0.1 eV; this
corresponds to a wavelength range of 275–827 nm. All
measurements were performed in situ using a custom-built
dedicated liquid cell. Optical access to the sample was achieved
through two windows at a xed angle of incidence q ¼ 63�. A
Soft Matter, 2014, 10, 3134–3142 | 3135
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Scheme 1 Schematic representation of grafting PNIPAM films from
silicon substrates.

‡ The lateral photodetector sensitivity was attempted to be determined by
pressing the colloidal probe against a vertical rigid step of �650 nm height
microfabricated on a silicon substrate. This procedure was successfully applied
to large beads of �70 mm diameter, for instance.55,56 However, in our case,
various factors hindered the application of this procedure. These factors
include the small colloidal probe size (�900 nm diameter), and uncertainties of
sample tilt and of the contact point between the colloidal probe and the step
edge which lead to an unknown length of the torsional moment arm.
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third window enabled alignment of the sample at normal
incidence and allowed visual inspection of the sample during in
situ experiments. The ellipsometry spectra, i.e. J and D as a
function of wavelength, were analysed using CompleteEASE
(Woollam), employing tabulated dielectric functions for bulk
silicon, silicon dioxide and water.55 Details pertaining to the
data analysis and optical modelling are provided in the ESI.†

A Dimension D3100 AFM (Digital Instruments, Veeco-
Bruker, Santa Barbara, CA) was operated in the tapping mode to
obtain the thickness and surface morphology of PNIPAM
brushes. The PNIPAM gras were scratched by tweezers and the
height differences between the unscratched and the scratched
regions were measured to determine the layer thickness.

Force measurements were performed in the liquid environ-
ment using a NanoScope IIIa multimode AFM (Digital Instru-
ments, Veeco-Bruker, Santa Barbara, CA) equipped with a
standard liquid cell. A silica colloidal probe (Novascan Tech-
nologies, Inc. Ames, IA, USA) with a spring constant of 0.050 �
0.003 Nm�1 (determined using the thermal tune method)56 and
a diameter of 0.9 mm (as determined by SEM and scanning a tip
array57) was used in the experiments. Quantitative friction
measurements were taken from friction loops acquired by
obtaining forward–reverse scan cycles along a single line with
the AFM employed in scope mode. The friction signal was
obtained by subtracting the mean signals in both directions,
giving a resultant force that was twice the frictional force. In
each measurement, the vertical signal (deection setpoint) was
rst minimized to zero and then increased stepwise up to 10 V.
Multiple repeat measurements were made at different locations
on the samples to verify that the system was stable and provided
reproducible data. The maximum range for the photo-detector
is �10 V to +10 V. The maximum force (�80 nN) we recorded in
3136 | Soft Matter, 2014, 10, 3134–3142
our experiments corresponded to a signal readout of �600 mV.
This is well within the linear range of the detector; we did not
observe any non-linearities.

The torsional spring constant (kf ¼ 5.24 � 10�10 Nm rad�1)
of the colloidal probe was calculated from the geometry,
dimensions and material properties of the V-shaped cantilever
and the SiO2 bead according to the analytical approach of Sader
et al.58 This corresponds to a lateral spring constant of kL ¼
380 Nm�1. Dimensions of the cantilever and the SiO2 bead were
determined from SEM measurements. An elastic modulus of
185 GPa and a Poisson ratio of 0.25 for Si3N4 was used for the
calculation of the lateral spring constant.59 The torsional
sensitivity (Sf ¼ 0.29 mrad V�1, or its reciprocal value 3.45 �
103 V rad�1) was derived from the lateral photodiode sensitivity
(0.34 nm V�1), which in turn was determined from the
measured vertical photodiode responsivity (73.3 nm V�1) in
aqueous buffer and the dimensions of the cantilever. Here the
assumption was made that under identical small displacements
in normal and lateral directions a linear relationship between
the corresponding normal and lateral voltage signals can be
approximated.59 Further details on the torsional sensitivity and
spring constant calculation are provided in a separate para-
graph in the ESI.†‡

The solvent environment was varied by gently injecting Milli-
Q grade water or a water–methanol mixture (50% v/v) into the
AFM liquid cell from the outlet within 5 s using a syringe.

Optical characterization by ellipsometry: variation of the
brush morphology across the re-entry transition

In order to assess changes in the morphology of the gra layers,
we monitored the lm thickness variation in different solvents
(water and water–methanol, 50% v/v) by in situ ellipsometry. In
reection ellipsometry, the change in the polarization state of
linearly polarized light is measured upon reection at an
interface. The complex reection coefficient r is dened as:

r ¼ rp

rs
¼ tan J expðiDÞ

where rp and rs are the complex reection coefficients for the
parallel and perpendicular polarizations, respectively. Histori-
cally, the quantity r is expressed in two angles J and D.60

Ellipsometry spectra for the PNIPAM layers with different
graing densities are shown in Fig. 1. Spectra are shown for dry
samples (squares), samples in contact with a mixture of water–
methanol (50% v/v) (circles) and in pure water (triangles). For
the LD sample, the spectra clearly exhibit substrate-related
features at wavelengths below 400 nm (see ESI; Fig. S1†), indi-
cating the limited thickness of these PNIPAM lms. For the MD
and HD samples, the spectra for dry samples show large
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Ellipsometry spectraJ andD as a function of wavelength for PNIPAM brusheswith different grafting densities in various solvents. The solid
lines represent fitted spectra as described in the text.

Fig. 2 Density profiles as a function of distance from the substrate for
HD (left) and MD (right) PNIPAM brush samples, as determined from
the refractive index gradient model as described in the text. Results are
shown for brushes immersed in pure water (blue, dashed lines) and in
co-nonsolvent mixtures of methanol and water (green, solid lines) at
room temperature.
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variations of bothJ andD. These originate from interference of
light reected at both sides of the PNIPAM lm, i.e. at the
substrate–brush and brush–air interfaces. For the HD sample,
even multiple oscillations in the spectra are observed, indi-
cating a larger thickness of this lm as compared to the
MD lm.

For all PNIPAM gras, the spectra changed considerably
when brought into contact with a liquid. One obvious cause is
the higher refractive index of the liquid as compared to that of
air. The spectral changes upon immersion show a signicant
contribution from polymer chain rearrangement within the
PNIPAM lm with respect to the dry state. For example, for the
HD sample, oscillations inJ and D are still observed, although
their amplitude is markedly reduced as compared to that of the
dry lm. For the lms in water, the interference is vaguely
discernible.

For all graing densities, the spectra of lms in water exhibit
marked similarities to those of the bare silicon substrate (see
ESI; Fig. S1†). Owing to the large swelling of the gras in water,
in combination with their reduced density, the contribution of
the PNIPAM to the optical spectra becomes hard to distinguish
from that of the solvent. In other words, the refractive index of
the swollen samples is a combination of the refractive index of
the solvent, i.e. water, and the dissolved PNIPAM macromole-
cules. Owing to the low segment density in the highly swollen
brush, its effective refractive index is close to the value of the
pure solvent. We nally note, that a detailed analysis of the
temperature-dependent ellipsometric response of PNIPAM
gras in contact with a good solvent (water) was described in
considerable detail in our previous article.50

To adequately model the optical properties of the gras in
the water–methanol (50% v/v) mixed solvent, we start with the
graded prole of the optical parameters, i.e. the refractive index
corresponding to a PNIPAM density gradient, for water-swollen
This journal is © The Royal Society of Chemistry 2014
lms; the density proles for HD and MD lms in water are
represented by the dashed lines in Fig. 2.

Upon replacing the liquid with the co-nonsolvent mixture we
assume that the dense layer at the substrate–brush interface
remains collapsed and essentially unchanged; we only consider
changes in the prole of the diluted layer. Although it turns out
to be not entirely unambiguous to discriminate between various
models, a good t to the ellipsometry spectra (solid lines in
Fig. 1) was obtained by taking into consideration a symmetric
segment density prole for the outer layer.

For larger distances in the surface-normal direction (from
the substrate side), the segment density in the lm interior rst
exhibits a decay, but rises markedly toward the outer part of the
layer. The proles for HD and MD brushes are shown in Fig. 2
by the solid lines; specic details pertaining to the model
including t parameters are provided in the ESI.†
Soft Matter, 2014, 10, 3134–3142 | 3137
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Table 1 Swelling ratios (i.e. (dimm � ddry)/ddry where ddry and dimm are
the thicknesses of the dry and immersed films) for the different PNI-
PAM brushes in water and in the mixed solvent

Solvent HD MD LD

Water 2.67 4.50 3.07
Water–methanol 0.77 1.03 1.26
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In addition, we would like to stress here that the collapse in
mixed solvents is denitely different as compared to the
temperature-induced collapse. In our previous publication50 in
which we describe the optical transition during the thermally
induced collapse, ellipsometry spectra throughout the transi-
tion were analysed. The collapse induced by the mixed solvent
as we studied in the present work gives rise to ellipsometry
spectra which are markedly different than any of those
measured during the temperature scan (see the ESI; Fig. S7†).

Thickness values for dry lms, hydrated brushes in water
and partially collapsed layers in co-nonsolvent mixtures, as
derived from the analysis of the spectra, are summarized in
Fig. 3. As mentioned, details of the analysis as well as specic t
parameters are given in the ESI.† For dry lms, the ability to
model the optical response using a single homogeneous Cauchy
model indicates that the lms consist of densely packed,
collapsed layers. Upon immersion into liquids, the thickness
values clearly reveal that the PNIPAM gras in water exhibit
considerable swelling. We note that the thickness values were
obtained in sequence by measuring rst dry lms, then lms
swollen in water, and nally, when these swollen lms were
brought in contact with a 50–50% v/v water–methanol mixture.
As data show, the values of the swelling ratios are strongly
dependent on the graing density. Actual values are summa-
rized in Table 1; the swelling ratio is dened as the relative
thickness increase with respect to the dry thickness. Gras
immersed in a mixture of water–methanol (50% v/v) still exhibit
swelling in comparison with the corresponding dry lms, but
less pronounced as compared to lms swollen in pure water.

Based on the above assumptions we reason that the water-
swollen brushes, when brought into contact with a large excess
of co-nonsolvent exhibit quick collapse in the brush contact
zone with the co-nonsolvent. This collapsed layer forms a
densely packed zone in the brush, which acts as barrier for the
further diffusion of methanol into the water-swollen lm.
Eventually, a static situation is established within the partly
swollen PNIPAM gra. We stress that this most likely does not
correspond to an equilibrium but constitutes a kinetically
stabilized conformation of the layer; however, within the
Fig. 3 Thickness of PNIPAM layers with different grafting densities
plotted as a function of solvent conditions (determined from ellips-
ometry measurements).

3138 | Soft Matter, 2014, 10, 3134–3142
time-frame of our experiments, typically 10–30 minutes, we
have not been able to detect any evolution with time.

It is interesting to consider the question of solvent compo-
sition within the lms, and the solvent–segment clustering
within the lms. Solvents, or solvent mixtures in polymer–
solvent systems oen exhibit non-random partitioning and
cluster formation.61 The Kirkwood–Buff (KB) theory provides a
framework to describe the solvent structure and molecular
clustering by so-called KB cluster integrals (KBI)62 in terms of
molecular pair correlation functions. In water–methanol
mixtures KBI-s were calculated as a function of composition and
excess (or decit) number of molecules around a central
molecule were determined.63 By the presence of bonding sites
on PNIPAM chains preferring bonding of water (or methanol)
the equilibrium in the solvent mixture is perturbed by polymer
segment–solvent partition. Although an issue of still some
debate, a widely accepted view assumes that preferential
adsorption of methanol to polymer chains in the mixed water–
methanol system is the main contributor to the re-entrant coil-
globule-coil transition in the mixed solvent of water–methanol.
Solvation of PNIPAM is then related to the formation of
competitive hydrogen bonds between polymer segment–water
and polymer segment–methanol. Macromolecular crowding in
the brush thus breaks up the solvent cluster structure, and free
unclustered water molecules become available, which can swell
the brush. We speculate that this residual water causes the
partial de-swelling of the lms in contact with the co-non-
solvent, observed by ellipsometry. We note that when the lms
are dried following contact with co-nonsolvents, the swelling
behaviour (high swelling rst in contact with water, and partial
collapse when in contact with water–methanol) is fully
reproducible.
Film surface nanotribology across the re-entry transition: AFM
friction measurements

Following the discussion of the ellipsometry results, we shall
now focus on friction characterization of the PNIPAM brushes,
comparing swollen and top-collapsed lms. We note, that in our
previous work39 we discussed the variation of friction force for
swollen and temperature collapsed brushes, and showed that
the temperature collapse proceeds from the contact area with
the substrate (high segment density), whereby the segment
gradient is decreasing towards the free side of the gras.

Friction–load plots of the polymer gras in different liquids
were recorded by friction force microscopy (FFM). FFM is a
variant of AFM in which lateral deections of the cantilever are
measured as the probe attached to the cantilever slides across
This journal is © The Royal Society of Chemistry 2014
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the sample surface.64 Here, microsphere probes were employed
to avoid the extreme contact pressures encountered with typical
sharp probes.65 Friction images of the MD PNIPAM sample were
recorded using a SiO2 microsphere under different solvent
environments by disabling the slow scan axis, thereby contin-
uously scanning a line prole. As the brush layers are very
uniform in height and lateral homogeneity revealing low
roughness,39 we assume that effects due to lateral dri of the
AFM can be neglected and that the obtained line scans are
representative for the friction properties of the brush layer.

The friction increases with increasing applied load in both
cases, albeit to a different extent revealing a �20 fold larger
friction for the collapsed brush layer (Fig. S8, in the ESI†). Based
on the friction data, friction-load plots were constructed and are
shown in Fig. 4. The lateral photo-detector signal, transferred
into a value for the frictional force as outlined in the calibration
section in the ESI,† was plotted as a function of the applied
load. The friction force exhibited a linear relationship with the
load, indicative of Amontonian behavior:66

FF ¼ mN

where FF is the friction force, N is the normal contact force
which includes the applied load and the adhesion force
between the sample and the probe, and m is the coefficient of
friction. In this paper all the friction force vs. load graphs have
already taken the adhesion between the colloidal probe and the
lm surface into account and the whole curves were offset to the
origin position. We found that the friction coefficient of the MD
PNIPAM sample in water (m ¼ 0.23 � 0.01) is ve times lower
than the value of the friction coefficient in the water–methanol
(50% v/v) mixture (m¼ 1.07� 0.06),67,68 indicating a much better
lubrication of the gras in water. The excellent lubrication
properties of surface tethered polymer gras in good solvents
has been reported and demonstrated to facilitate sliding
between two contacting planar surfaces.69,70 In our case, swollen
PNIPAM gras in the pure solvents water and methanol also
show lubricating properties, as reected by the low friction
coefficients. In contrast, we observed high friction coefficients
of m ¼ 1.55 � 0.05 and m ¼ 1.07 � 0.06 for high (HD)
and medium (MD) brush densities (Fig. 5), exclusively in the
Fig. 4 Friction of the MD PNIPAM sample as a function of load in
different solvents as indicated in the legend.

This journal is © The Royal Society of Chemistry 2014
water–methanol (50% v/v) solvent mixture. For collapsed high
density PNIPAM brushes Tsujii et al. found a friction coefficient
m of �2 at T ¼ 40 �C by colloidal probe AFM.71 Zauscher et al.
investigated PNIPMAM gels by rheometry.34 They found that
gels in a collapsed conformation above the LCST revealed
signicantly more friction than swollen gels below the LCST at
low shear rates. In a previous study,39 we found that the inter-
action between the SiO2 colloidal probe and the PNIPAM
surface was repulsive when the polymer was swollen, while it
became attractive and jump-to-contact behavior was observed
when the solvent environment was changed to a water–meth-
anol (50% v/v) mixture. Strong adhesion forces were recorded
for all brushes in the co-nonsolvent, ranging from �11 nN (LD)
to �16.5 nN (MD) to �18 nN (HD). These ndings support the
high friction coefficients in the co-nonsolvent, in particular for
the HD brush. In general, the effect of solvent on the tribolog-
ical properties of polymer gras has been studied by various
groups.53,65,72,73 It has been suggested that a high coefficient of
friction is associated with the collapsed conformation of poly-
mer gras, while extended conformations confer a signicantly
reduced friction force due to the changes in adhesion and
energy dissipation.53,65,72,73 In the solvent mixture brushes
collapse and stiffen accordingly. Consequently they lose their
lubrication properties and this causes viscoelastic losses during
friction and the high friction coefficients. On rubbery materials
lubricated and non-lubricated friction was studied in great
detail. Non-lubricated friction caused high viscoelastic losses
leading to high friction coefficients [1.74,75 The data shown in
Fig. 4 are in good qualitative agreement with these studies. In
conclusion, for the collapsed gras the layer contains disor-
dered chains in which the molecular conformational changes
may readily be induced during “ploughing”. In contrast, the
swollen gras retain substantial lubricity because the bound
solvent molecules prevent signicant deformation of the
extended chains and reduce the extent of energy dissipation at a
given load.

Friction measurements were then carried out on LD and HD
PNIPAM gras as well. For the HD PNIPAM sample, the coeffi-
cient of friction increased by a factor of 4 on switching from
water to water–methanol (50% v/v). In contrast, for LD PNIPAM
the friction coefficient remained almost the same. As can be
seen in Fig. 3, the thickness of the LD brush is substantially
lower (one order of magnitude) as compared to those of the HD
and MD brushes. We previously found signicant adhesion
between the colloidal probe and the LD brush surface in the
co-nonsolvent.39 We believe that the ultrathin PNIPAM lm also
exposed parts of the silicon substrate, resulting in contact area
heterogeneity.

As mentioned earlier, the frictional properties of PNIPAM
gras depend strongly on the extent of swelling. To demon-
strate the reversibility of the conformation change corre-
sponding to the swelling and determine the transition kinetics,
the solvent environment of the HD PNIPAM sample was
changed in situ while the friction image was recorded in real-
time. The obtained friction image and cross-section analysis
are shown in Fig. 6a. The photodetector response of the HD
PNIPAM sample shied between the two states as the solvent
Soft Matter, 2014, 10, 3134–3142 | 3139
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Fig. 5 Friction of PNIPAM layers with different grafting densities as a function of load in (a) water and (b) water–methanol (50% v/v). Solid lines are
least square fits to the data.
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environment was cycled between water and water–methanol
(50% v/v), indicating the reversibility of the process. The slight
offset between the rst and the second cycle could be induced
by the piezo-movement as resulted from the brush height
difference. From the cross-section analysis (Fig. 6b) we can see
that the friction increased gradually when the co-nonsolvent
Fig. 6 (a) AFM friction image of the HD PNIPAM sample. The solvent wa
image. (b) Cross-section of the white vertical line in (a). Cross-sections o
indicate the equilibrium time between the solvent exchanges. The solid

3140 | Soft Matter, 2014, 10, 3134–3142
was introduced (grey bar). The increase was t to an expo-
nential function and a typical decay time s ¼ 26.7 � 2.4 s was
found. The same experiments were carried out on MD (Fig. 6c)
and LD (Fig. 6d) samples. The MD brush showed behaviour
similar to that of the HD brush, the decay time for the MD
sample was determined to be 23.1� 2.9 s. No change in friction
s changed from water to water–methanol 50% v/v as indicated in the
f the (c) MD and (d) LD PNIPAM samples are also shown. The grey bars
lines in (b) and (c) are exponential decay fits to the data.

This journal is © The Royal Society of Chemistry 2014
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was found in the case of the LD sample. The transition
dynamics of PNIPAM gras from the swollen to the collapsed
state was previously followed by monitoring the adherence
change with AFM. The results obtained in this study were well
in line with the timescale observed by following the variation of
adherence in the previous paper.37 This indicates that the
change in friction due to variation in solvent composition has
likely the same mechanism as in the change of adherence. This
change is attributed to the diffusion of solvent molecules into
(or out of) the PNIPAM brushes in the previous paper. In the
case of a thicker polymer layer, more time is needed for solvent
exchange to take place as the collapsed outer layer serves as a
diffusion barrier. Here by the complementary study of friction,
solvent diffusion is further proven to be related to the change
in the properties of the PNIPAM layers. We believe that the
transition kinetics of polymer gras responses to solvent
change as demonstrated here provides important
information for the use of these kinds of materials and
applications.
Conclusions

PNIPAM layers with three different graing densities were
synthesized via surface-initiated atom transfer radical poly-
merization (SI-ATRP). The response of these gras to immer-
sion in a good solvent and in co-nonsolvent mixtures was
studied. Variations in the layer thickness and segment density
distribution due to changes in the solvent environment were
monitored by in situ ellipsometry. Quantitative analysis yields
an adequate model to describe the ellipsometry spectra. The
swelling ratio was found to be strongly dependent on the
graing density. Gras immersed in the co-nonsolvent, i.e. a
mixture of methanol and water, still exhibited swelling, but less
pronounced as compared to pure water. In fact, the ellipsometry
model suggests a limited collapse of the lm interior, which
partially remains hydrated, combined with a more densely
collapsed outer layer on the solvent side.

Analysis of the AFM based lateral force measurements, using
the structural model as derived from the ellipsometry
measurements, revealed low friction forces in water, which
greatly increased in water–methanol (50% v/v) for the medium
and high density brushes; friction coefficients values exceeding
1 were found. The observed friction response was fully revers-
ible, while the quantitative friction characterization is in
agreement with the structural model proposed on the basis of
the optical response. The collapse dynamics of the PNIPAM
gras was also investigated by monitoring the change of friction
between the gra surface and the colloidal probe with the
introduction of the co-nonsolvent.
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