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ABSTRACT: Complementary interaction force measure-
ments between an atomic force microscope (AFM) tip or
colloid probe and a weak polybasic brush have been shown to
yield a number of fundamental characteristics of the brush and
its response to the presence of specific anions in aqueous
solution. Stretching of the poly(2-diisopropylamino)ethyl
methacrylate (PDPA) chains physisorbed to the AFM tip
and modeling the resultant force curves allowed the
persistence and contour lengths, molecular weight, and thus
grafting density of the brush to be determined. In kosmotropic
acetate, high osmotic forces associated with the swollen PDPA
brush repelled the colloid probe during both approach and
retraction. For mildly chaotropic nitrate the behavior was
similar, but at high ionic strength and during retraction, the interaction was strongly adhesive partly because of decreased brush
solvation. For strongly chaotropic thiocyanate, the interaction was adhesive over the entire concentration range studied. Here,
physical contact between the poorly solvated brush and the colloid resulted in an attractive force.

■ INTRODUCTION

Stimuli-responsive surface coatings have attracted considerable
attention owing to their diverse physicochemical behavior
leading to a wide range of current and potential applications.1

One robust approach has been the fabrication of polymer
brush-coated surfacesassemblies of flexible polymer chains
tethered by one end to a surface.2 Brush behavior is in part
controlled by the chain grafting density σ, with σ = s−2 where s
is the average distance between the end-tethered chains.3 At
low grafting densities each end-tethered polymer chain is
isolated from neighboring chains occupying a volume
characterized by the free solution radius of gyration, Rg, of a
single grafted chainthe mushroom regime. As σ increases the
chains begin to overlap, and the resulting steric forces cause
them to stretch normal to the substrate into the brush
conformation. The transition between these two regimes is
commonly discussed in terms of the reduced grafted density: Σ
= σπRg

2, with Rg being dependent on the solvent quality. In
theory, the mushroom-to-brush regime crossover occurs at Σ =
1, with real systems showing intermediate behavior up to Σ = 5.
Σ is therefore a useful parameter for judging the brushlike
character of a polymer film.3 One common class of responsive
brushes are those prepared using pH- and salt-responsive
annealed (weak) polyelectrolytes composed of weakly acidic or
basic functional monomers. The fraction of charged monomer
units along a weak polyelectrolyte chain varies as a function of
environmental pH and ionic strength is dependent on the
polymer’s apparent pKa value.

4 This ionizable behavior creates
the distinction between weak and strong polyelectrolytes with

number and position of charged monomers fixed in the latter.
Weak polyelectrolyte brushes can also be thermoresponsive.5−7

For all these reasons, weak polyelectrolytes are ideal polymers
for the fabrication of stimuli-responsive surface coatings and
have found use in, for example, protein adsorption,8

antimicrobial,9 and biosensing10 applications.
An important subclass of responsive brushes is that

composed from weakly basic polymers. Typically, these brushes
consist of polymers with monomer units containing a tertiary
amine functional group including poly(2-vinylpyridine)
(P2VP)11−13 and three poly(2-(dialkylamino)ethyl methacry-
late) polymers: the 2-dimethylamino (PDMA),5−7,14−16 2-
diethylamino (PDEA),15−18 and 2-diisopropylamino
(PDPA)15,16,19,20 analogues. Weak polybasic brushes become
protonated at pH values below their apparent pKa and the
associated electrostatic repulsion between charged residues
causes them to extend and swell via the uptake of solvent.
While at higher pH values, hydrophobic interactions prevail as
the polymer becomes uncharged and the brushes desolvate and
collapse.15

Brush response to solution ionic strength is considerably
more complex.21−23 At very low ionic strengths, brush
ionization is highly suppressed as the brush charging
mechanism is down-regulated toward the uncharged state.
Here the affinity of the substantially uncharged polymer for the
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solvent dictates brush conformation.16 Furthermore, the Debye
screening length, κ−1, is large, so electrostatic interactions are
important. Gradually as more salt is added to solution
additional salt counterions are taken up by the brush. This
consequently reduces the electrostatic penalty imposed during
brush charging as counterions assist in screening the charge; the
local acid−base equilibrium shifts, allowing an increase of the
charge within the brush.21 Each salt ion within the brush
contributes on the order of kBT to the osmotic pressure leading
to an osmotic swelling of the brush via the concomitant uptake
of water, known as the osmotic brush regime. Here brush
height increases with salt concentration21 while also being
dependent on the inherent hydrophobicity of the polymer.16,17

At a given solution ionic strength the brush reaches a maximum
thickness and from thereon screening of the brush electrostatic
charge by further increases in the amount of added salt
becomes significant (i.e., decreasing values of κ−1)the salted
brush regime. As the hydrophobic polymer−polymer inter-
actions begin to dominate the diminished electrostatic repulsive
and hence osmotic swelling forces, brush height decreases as
the polymer chains collapse. The salt-responsive behavior of
weak polyelectrolyte brushes was initially predicted in theories
developed by Israel̈s et al.24 and Zhulina and co-workers25,26

with expansions on their seminal works published since.21−23

These predictions have been supported by experimental work
on the salt response of weak polyacid brushes27−30 as well as for
a range of weak polybasic brushes.16,17

Previously, we have reported on the ionic strength
dependent and anion-specific behavior of three weak polybasic
tertiary amine methacrylate brushes of increasing inherent
polymer hydrophobicity, PDMA, PDEA, and PDPA, respec-
tively.16 These experiments were performed at constant pH,
where the brushes were fully swollen at intermediate salt
concentrations. Ellipsometry and quartz crystal microbalance
with dissipation monitoring measurements showed that weak
polybasic brush solvation, conformation, and viscoelasticity
varied not only with ionic strength, as suggested by theory, but
also with the identity of the salt anion with potassium acetate,
nitrate, and thiocyanate studied. These anions reside at different
locations within the well-known Hofmeister series.
Ion-specific or Hofmeister effects are ubiquitous in soft

matter and biological systems and concern phenomena that are
dependent on not only the concentration but also the identity
of added salt.31,32 Anions typically exhibit stronger effects than
cations due to their greater range in ion polarizability.32

Hofmeister series ions are historically classified based on their
kosmotropic or chaotropic nature, which defines their location
within the series. Kosmotropic ions (kosmotropes) are
characterized by their strong hydration and high charge
density32,33 whereas chaotropic ions (chaotropes) are more
charge-diffuse ions32 and are weakly hydrated.32−34 Chaotropes
have been shown to partition favorably toward the air−water
interface35,36 as well as toward poorly hydrated or hydrophobic
surfaces,37−40 with a strong correlation between their relative
affinities and the ion’s position within the Hofmeister
series.36,41 In our previous study,16 kosmotropic acetate anions
exhibited low affinity for the weak polybasic brushes in the
salted brush regime, meaning that the brushes remained highly
solvated and in an extended conformation toward high acetate
concentrations. Significantly, the mildly chaotropic nitrate and
strongly chaotropic thiocyanate anions showed a polymer
hydrophobicity-dependent affinity for the brushes. The three
weak polybasic brushes collapsed at higher ionic strengths due

to the increased screening of the repulsive electrostatic
interactions and possible ion−polymer specific interactions
with the response being most pronounced for the most
hydrophobic (PDPA) brush.
In situ force measurements of polyelectrolyte brush-coated

surfaces can provide insight into brush conformation, thickness,
and physicochemical properties like interfacial adhesion and
lubricity, all as a function of environmental conditions like pH
and ionic strength, with surface force apparatus,42−44 surface
force balance,45,46 optical tweezers,47−49 and most commonly
sharp tip50−52 and colloidal probe11−13,53−56 atomic force
microscopy (AFM) measurements reported. When two
identical polyelectrolyte brush surfaces are brought close
together they repel each other, and the range of these repulsive
predominantly steric but also electrostatic forces reveals
information about brush thickness, charge, and conformation
at varying environmental conditions.44−46,54 For potential
applications like particle stabilization, molecular binding, and
biosensing, understanding the interaction forces between
polyelectrolyte brushes and dissimilar colloidal bodies is of
great importance. Recently, the interaction of unmodified silica
microparticles with both strong and weak polyelectrolyte
brushes has revealed that both attractive and repulsive forces
exist between the two, dependent on the pH and ionic strength
of the surrounding medium.11−13,53,56

Herein we present in situ AFM force measurements between
a silica−colloid probe and a hydrophobic, weakly basic PDPA
brush at pH 4.5 as a function of a range of potassium acetate,
nitrate, and thiocyanate electrolyte solutions with overall ionic
strength values between 0.04 and 100 mM (4 × 10−5 and 0.1
M). These measurements were performed at ∼1.5 units below
the apparent pKa of the PDPA brush where the brush is
significantly swollen at intermediate salt concentrations.15,16

The force−distance curves upon approach of the colloid toward
the brush surface are quantitatively modeled using the
Alexander−de Gennes (AdG) and Milner−Witten−Cates
(MWC) polymer brush theories to obtain insight into the
influence of ionic strength and salt identity on overall brush
thickness. Analysis of the retraction data gave the energy
dissipated by the brush during each approach−retraction cycle
as well as an understanding of the adhesive properties of the
brush in the presence of specific anions. We also present single-
molecule force spectroscopy measurements of a solvated PDPA
brush using an AFM tip which allowed for physical
quantification of chain persistence and contour lengths together
with brush molecular weight and hence grafting density,
comparing this value to the grafting density values obtained
from the AdG and MWC fitting.

■ MATERIALS AND EXPERIMENTAL METHODS
Materials. Silicon wafers with a native oxide layer were purchased

from Silicon Valley Microelectronics, Santa Clara, CA. Surface-bound
initiator functionalization reagents including (3-aminopropyl)-
triethoxysilane (APTES), α-bromoisobutyryl bromide (BIBB), trie-
thylamine (Et3N), and tetrahydrofuran (THF) were purchased from
Sigma-Aldrich. The tetrahydrofuran was dried over 4 Å molecular
sieves before use (for at least 1 day). 2-(Diisopropylamino)ethyl
methacrylate (DPA) monomer was purchased from Sigma-Aldrich.
The monomethyl ether hydroquinone inhibitor was removed from the
DPA monomer immediately prior to use by gravity feeding the
monomer through a 10 cm high by 2 cm diameter alumina, activated
basic, column. Polymerization reagents including copper(II) bromide
(CuBr2, 99.999%), 2,2′-bipydridine (bipy, ≥99%), and L-ascorbic acid
(≥99%) were purchased from Sigma-Aldrich and used as received.
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Polymerization solvent isopropyl alcohol (IPA, 99.7%) was purchased
from Chem-Supply Pty Ltd. and used as received. Measurements were
performed in potassium nitrate (KNO3, Asia Pacific Specialty
Chemicals Ltd. Pty., >99%), potassium acetate (KCH3CO2, Alfa
Aesar, >99%), and potassium thiocyanate (KSCN, Alfa Aesar, >98%)
electrolyte solutions in the concentration range of 0.01−100 mM.
Solution pH was controlled at the desired value (pH 4.5 for all colloid
probe experiments), accurate to within ±0.1 of a pH unit. For the pH
adjustments of the nitrate and thiocyanate solutions a minimum
amount of 10 mM nitric acid (RCI Labscan Ltd.) or potassium
hydroxide (Chem-Supply Ltd. Pty., >99%) was used. For the acetate
electrolyte solutions, acetic acid was used for the pH adjustments.
Milli-Q water (18.2 MΩ·cm at 25 °C, Millipore) was used throughout.
Surface Preparation and Brush Synthesis. The wafer surfaces

were prepared for brush synthesis following our established
protocol.15−17 Briefly, oxidized silicon wafers were cleaned by UV/
O3 treatment for 20 min (Bioforce UV/O3 cleaner, ∼9 mW cm−2 at
254 nm), followed by sonication in Milli-Q water for 15 min with the
water replaced at 5 min intervals. The wafers were then immersed in
10 wt % sodium hydroxide for 30 s before being rinsed with copious
amounts of Milli-Q water and dried with nitrogen gas. Cleaned wafers
were then amine-functionalized by exposure to APTES vapor at <5
mbar vacuum pressure for 30 min at room temperature (23 °C) before
the APTES monolayer was annealed in air at 110 °C. The amine-
functionalized wafers were subsequently reacted with a solution of
BIBB (0.26 mL), Et3N (0.3 mL), and THF (10 mL) for 60 min at
room temperature, converting the amine moieties to bromine initiator
moieties. Poly(2-diisopropylamino)ethyl methacrylate (PDPA)
brushes were synthesized from the bromine-initiator-functionalized
wafers following an established surface-initiated activators regenerated
by electron transfer atom transfer radical polymerization (ARGET
ATRP) methodology.15−17 Brush polymerization was carried out in a
solvent mixture of IPA/H2O at 9:1 v/v using an ARGET ATRP recipe
composed of DPA/CuBr2/bipy/ascorbic acid in the molar ratios of
2500/1/10/10. CuBr2 was the catalyst, bipy was the ligand, and
ascorbic acid was the reducing agent. The ratio of solvent mixture to
DPA monomer was 1:1 v/v. For more detailed synthetic steps please
see the Supporting Information.
Dry Ellipsometry. Dry brush thickness measurements were

performed using a Nanofilm EP3 single wavelength (532 nm green
laser) imaging ellipsometer controlled using EP3View software. The
ellipsometric parameters ψ and Δ were modeled using WVASE
software based on the following optical model: a 1 mm (optically
infinite) silicon layer topped by a 1.8 nm (measured) silica layer then
an uppermost PDPA brush layer, with the thickness of the brush layer
the only unknown parameter. The values for the real n and imaginary k
components of the refractive indices of each material were n = 4.15, k
= 0.0439 for silicon, n = 1.461, k = 0 for silica, and n = 1.517, k = 0 for
PDPA. Measurements were made at three angles of incidence (60°,
50°, and 42°) and reported dry brush thickness measurements are an
average of three measurements made at three distinct locations on the
wafer surface. The dry brush thickness values for the PDPA brushes
studied are given in Table 1.
Surface Zeta Potential. A Malvern Zetasizer Nano ZSP

instrument equipped with a Malvern surface zeta potential cell was
used to determine the surface zeta potential of an oxidized silicon
wafer, an APTES-functionalized, initiator-functionalized, and PDPA
brush-coated surface. The measurements were performed at 23 °C in

the presence of 0.01 mM KNO3 electrolyte adjusted to pH 4.5 using
dilute nitric acid (making the ionic strength of the solution 0.04 mM).
Reported values and uncertainties are the average of at least two
individual measurements. The tracer particles used were either silica
particles (∼120 nm, −27.3 ± 2.1 mV), for the negatively charged
surfaces, or alumina particles (∼50 nm, +30.0 ± 3.2 mV), for the
positively charged surfaces. At high salt concentrations the tracer
particles aggregated, and this together with increased brush swelling
and charging made these surface zeta potential measurements difficult.

In Situ Atomic Force Microscopy. Normal force measurements
were performed using a Bruker Multimode VIII AFM with a vertical
engage EV scanner in contact mode equipped with a closed fluid cell at
23 ± 2 °C (Bruker, USA). Single-molecule force spectroscopy
measurements were performed using a V-shaped silicon nitride
cantilever with a manufacturer quoted tip radius of 20 nm and a
reflective gold-coating on the backside (DNP-10, Bruker, USA). The
colloid probe was prepared by gluing (using a two-component epoxy
resin) a single, dry native silica microsphere (Bangs Laboratories Inc.,
USA, diameter 4.7 μm as measured using a Zeiss Axioskop 40 light
microscope) onto a tipless rectangular silicon nitride cantilever with a
backside coating of aluminum (HQ:NSC36/tipless/Al BS, Mikro-
masch, USA). The spring constant (an average of five discrete
measurements) of the two cantilevers used was determined via the
built-in thermal noise method. A 0.08 N m−1 spring constant cantilever
was used for the single-molecule force spectroscopy (SMFS)
measurements, and a 1.86 N m−1 spring constant cantilever was
used for the colloid probe normal force measurements. For the colloid
probe, the spring constant was measured before gluing of the silica
microsphere. Immediately prior to in situ measurements, the fluid cell
and O-ring were cleaned by careful rinsing with ethanol and Milli-Q
water and drying under nitrogen. Cantilevers were cleaned by
thorough rinsing with ethanol and Milli-Q water before being dried
with nitrogen; afterward, the SMFS cantilever was exposed to UV/O3
for 15 min. Before any in situ measurements, the PDPA brush samples
were hydrated in pH 4.0, 10 mM KNO3 electrolyte for at least 60 min.
After mounting of the gently dried (by nitrogen) brush sample and
appropriate cantilever, the AFM fluid cell was filled with the desired
electrolyte solution, being careful to remove all air bubbles. Between
each environmental condition 10−15 mL of the new electrolyte
solution was flowed through the fluid cell. The brushes were allowed
to equilibrate in the desired electrolyte solution for at least 15 min
before any force measurements were performed. Our studies revealed
that this equilibration time was sufficient, with no drift observed in the
measured force curves over time. The colloid probe measurements
were performed over approximately 12 h with the PDPA brush
immersed in solution throughout. Cantilever deflection vs displace-
ment data of the resultant force curves were converted to normal force
vs apparent separation curves using standard methods as outlined by
Ralston et al.57

Single-Molecule Force Spectroscopy (SMFS) Study. SMFS
measurements were performed on a PDPA brush with a dry thickness
of 18.0 ± 0.6 nm. These experiments were made in 10 mM KNO3
electrolyte solutions at pH values of 5.5, 5.0, and 4.0. The force
measurements were performed over a ramp size of 600 nm, at a tip
velocity of 500 nm s−1, with no surface dwell and at a constant
maximum indentation load (trigger threshold: the maximum force
applied to the brush sample), which was set sufficiently high that the
region of constant compliance was reached for all environmental
conditions. In our previous work, quartz crystal microbalance
measurements have shown that a PDPA brush is in its most solvated,
extended conformation at pH values ≤5.15 Consequently, these
conditions provide the best chance to stretch (i.e., interact with)
individual polymer chains. On approach the tip penetrated the brush
until the trigger threshold was reached. During tip retraction from
within the swollen brush ideally single chains, but more likely multiple
chains adhere to the tip, stretch, and then detach from the tip. The
corresponding force as a function of separation distance was recorded.
Force measurements were repeated at various locations on the brush
surface, covering an area of 0.75 μm by 0.75 μm. For each pH
condition at least 450 single force−distance curves were obtained. The

Table 1. Dry Brush Thickness Values for the PDPA Brushes
Studied

AFM experiment
ellipsometric dry brush thickness

(nm)a

single-molecule force spectroscopy
study

18.0 ± 0.6

ionic strength and specific ion study 11.0 ± 0.5

aUncertainties are the standard deviation from multiple, distinct
measurement areas on the wafer.
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elastic behavior of a stretched single chain can be well-described by the
wormlike chain (WLC) model in which the force, Fchain, to stretch a
polymer chain characterized by its persistence length Lp and contour
length Lc, to an end-to-end distance x in a solvent is defined as58

= −
−

−

⎛
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⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟( )
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k T
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1
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1
4x

L

chain
B

p c
2

c (1)

where kB is the Boltzmann constant and T is the absolute temperature.
To best evaluate the molecular weight of the brush, only the final
detachment event for each retraction curve was analyzed as this
represented the highest probability for stretching of a single chain. The
value of x at the point of detachment is referred to as xmax, the
maximum chain extension. These final detachment events were fitted
to the WLC model with Lp and Lc as free parameters in the fit using a
custom Matlab script. It was assumed that the tip penetrated very close
to the substrate such that x ∼ D,59,60 where D is the surface separation.
Fits were constrained such that x < Lc. Fits with a high mean-square
error, low number of data points (<10), or a fitted persistence length
less than the length of the monomer unit were rejected from statistical
analysis. A low fitted persistence length typically corresponded to fits
with deep attractive minima (<∼−0.35 nN). This suggested multiple
chains of similar Lc were stretched by the tip. Examples of the types of
curves included and excluded from the analysis are discussed and are
discussed in more detail later. From the distribution of measured
contour lengths the molecular weight, Mi, can be determined using

=M
M L

ai
0 c

(2)

where M0 is the monomer molar mass (213 g mol
−1 for DPA) and a is

the length of the monomer unit (0.30 nm which is calculated based on
the projected C−C bond lengths in the DPA monomer). The grafting
density can be calculated by

σ
ρ

=
h N

Mi

d A

(3)

where hd is the measured dry brush thickness, ρ is the estimated
polymer density (1.035 g cm−3), and NA is Avogadro’s number. As the
polymer chains are significantly swollen and should also be highly
charged at the chosen solution conditions (low pH at intermediate salt
concentration), their radius of gyration, Rg, when in a good solvent is
given by61

∼R
N

6g
p

3/5

(4)

where Np is the number of statistical chain segments (Lc/Lp). This
allows the calculation of the reduced grafting density Σ, where Σ =
πσRg

2.
Ionic Strength and Specific Ion Study. These force measurements

were performed on an 11.0 ± 0.5 nm dry thickness PDPA brush using
the colloid probe AFM technique. Overall 15 different electrolyte
conditions were studied: KNO3, KCH3CO2, and KSCN solutions with
concentrations of 0.01, 0.1, 1, 10, and 100 mM at controlled pH of 4.5
± 0.1. Because of the pH adjustment to 4.5, the ionic strength of the
solutions was ∼0.03 mM higher. This is only significant at low salt
concentrations, i.e., at 0.01 and 0.1 mM, becoming negligible for the
higher concentrations. Where possible, the anion released by the acid
and anion in solution were matched. For example, the KNO3 solutions
were actually 0.01 and 0.1 mM KNO3 with an additional 0.03 mM
HNO3, corresponding to an ionic strength of 0.04 and 0.13 mM. For
safety reasons, the KSCN solutions were pH adjusted with nitric acid.
Additionally, at such low ionic strengths, trace quantities of salt are
often present which would result in a slight increase the overall
solution ionic strength. Force measurements were performed from low
to high ionic strength in the order of KNO3, KCH3CO2, and then
KSCN. When changing between salt types, 15 mL of Milli-Q water
was flowed slowly through the fluid cell before the new electrolyte

solution was injected. Force−distance curves were obtained over a
ramp size of 500 nm, at a tip velocity of 500 nm s−1 during both
approach and retraction, with no surface dwell and at a constant trigger
threshold (chosen so that constant compliance was reached for all
environmental conditions). A total of 25 curves were collected at each
condition. Average approach and retraction curves were determined
using a custom MATLAB script. First, curves were linearly
interpolated in 0.05 nm increments such that the nth point of each
curve corresponded to the same apparent separation value. Average
and standard deviation values were then determined at each separation
and were found to be highly reproducible. The most representative
curve was then chosen for plotting, which was the curve with the
smallest squared error compared to the generated average curve (see
Figure 1 for an example). The energy dissipated by the system during

each cycle was calculated by trapezoidal integration of the area
between corresponding interpolated approach and retraction curves.62

The minimum of each retraction curve was also determined and
corresponds to the maximum adhesion force.

For soft surfaces like swollen brushes, the region of constant
compliance essentially corresponds to a layer of compressed polymer
and not zero surface separation as is the case for contact between two
incompressible surfaces. The thickness of this compressed layer could
not be determined within the experimental design but could be
estimated by fitting the approach component of the force−distance
curves using the Alexander−de Gennes (AdG) and Milner−Witten−
Cates (MWC) neutral polymer brush models (described below). This
is possible as these fits go to infinity as the surface separation
approaches zero, and so inevitably an offset value exists between the
theoretical and measured force curves that reflects the true surface
separation. This fitting procedure resulted in a horizontal shift of the
force−distance curves known as the Doffset, which was dependent on
the solution environment in which the brush was immersed. This
distance also depends on the stiffness of the cantilever, and since a
quite stiff cantilever (high spring constant, ∼2 N m−1) was used in this
study, the brush was compressed close to its dry thickness.

The Alexander−de Gennes63 and Milner−Witten−Cates64 polymer
brush theories were developed to describe the repulsive steric force
acting between two identical uncharged polymer brushes as they
approach each other. By employing a slight variation to the original
theories highlighted by O’Shea et al.65 and using the Derjaguin
approximation, the geometry-independent interaction force between a
brush and colloid probe can be modeled (eqs S5 and S6 for AdG and

Figure 1. Average approach (black) and retraction (gray) curves (from
25 measured curves) with overlaid most representative curves (blue
diamonds and red triangles, respectively), for a PDPA brush and the
selected 0.04 mM potassium nitrate case. The black and gray curves
correspond to 2 standard deviations from the interpolated average
curve; for a normal distribution this corresponds to about 95%
confidence. The inset plot highlights the region over which the
dominant adhesive force observed during retraction becomes repulsive
and overlays the approach data toward larger separations.
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MWC models, respectively). Both the AdG and MWC force profiles
can be well approximated at intermediate surface separations by an
exponential function with a characteristic decay length which reflects
the range of the steric repulsive interactions. The decay lengths were
determined by fitting eq S7 to each approach curve. For further details
on these theories and the exponential modeling please refer to the
Supporting Information. Even though these theories are for neutral
(uncharged) brushes and so do not consider long-range electrostatic
interactions, they can be approximately applied to polyelectrolyte
brushes. This is because under certain solution conditions the brush
charge is substantially screened by confined (adsorbed) counterions
that reside in the vicinity of the brush, i.e., at higher ionic strengths,
hence low Debye lengths, where the spatial range of the electrostatic
interactions is small.21

The AdG, MWC, and exponential fits were implemented in
MATLAB for every approach curve using the trust-region-reflective
algorithm to minimize the mean-squared error. Confidence intervals of
95% were extracted from the Jacobian. The SMFS analysis was used to
fix Lp and provide initial estimates for Lc and σ. At a fixed grafting
density the contour length scales linearly with degree of polymer-
ization and hence dry brush thickness. Fitting was performed for data
between 5 and 50% of the maximum measured force. As discussed
earlier, Doffset was used as a fit parameter to convert apparent
separation to an estimated true surface separation, D. Values for Doffset
used to produce the presented curves are taken from the MWC fitting
as these fits had, overall, the lowest mean-squared error.

■ RESULTS AND DISCUSSION

Single-Molecule Force Spectroscopy Measurements.
For polymer brushes prepared via surface-initiated polymer-
izations on planar substrates, quantifying polymer molecular
weight and hence grafting density is a considerable challenge.
Direct characterization through gel permeation chromatog-
raphy of the cleaved polymer is often inaccurate due to the low
amount of recoverable polymer.66 Indirect quantification of
molecular weight by measuring free polymer synthesized
simultaneously in the bulk is unsuitable since the polymer-
ization conditions in the bulk are generally substantially
different to those experienced during a surface-initiated
polymerization.67 Advances in AFM-based high resolution
single-molecule force spectroscopy (SMFS) have demonstrated
the capacity to accurately measure brush molecular weight
under appropriate conditions.59,60,68−70 This measurement
involves the stretching of multiple (or ideally individual)
polymer chains, which physisorb to the AFM tip, away from the
substrate. Contour length and persistence length are estimated
from the chain stretching events through application of the
wormlike chain model (eq 1).
In this study, the retraction component of the force−distance

curves were rigorously analyzed to ensure the results have high
statistical significance. Figure 2a shows a typical retraction
curve. Multiple attractive force peaks, arising from chain
stretching, were observed in the single retraction cycle. Figure
2b presents the wormlike chain fit of the final detachment event
for the same data on a smaller y-axis scale. To avoid
complexities associated with multiple chain pull-offs, we only
consider the final chain stretching events. Here, only those pull-
offs in which the attractive force returns to zero force, the
baseline, after detachment of the measured chain were
considered. This situation best reflects the stretching of a
single chain.59 Fitted values of Lp smaller than the length of
monomer unit (0.30 nm) were rejected as being physically
unrealistic. These correlated with adhesion forces greater than
∼0.35 nN, which were not observed with physically reasonable
fits. The large attractive forces are most likely the result of

multiple chains with similar contour length being stretched
simultaneously by the tip which cannot be accounted for by the
WLC model. Figures 2c and 2d show two typical examples of
rejected curves. In Figure 2c, the magnitude of adhesion force is
much greater than −0.35 nN, while in Figure 2d the WLC
model can only be fitted to a limited number of measured data
points (<10) which is unsuitable.
To maximize the chance of adsorption at the end of the

chain, the force measurements were performed at environ-
mental conditions where the PDPA brush adopts its maximally
swollen conformation, i.e., where the chains are most stretched.
This increased the likelihood that the fitted contour length
represented the true value of each individual chain. From our
previous work this was shown to be between pH 4 and pH 5 of
10 mM potassium nitrate electrolyte.15 At pH 4.0, a total of 450
curves were collected with 75 of those curves accepted for final
WLC statistical analysis (17% acceptance). The percentage of
accepted curves obtained at pH 5.0 was similar at 15% with 128
curves analyzed from the 879 measured. At pH 5.5, the swelling
of the brush was reduced, and accordingly over 90% of the
measured curves were unsuitable for WLC analysis (see Figure
S1 showing that the relative penetration of the tip into the
brush was on average substantially less at pH 5.5 compared to
pH 5.0 and 4.0). The WLC fitting gave a distribution of
persistence length and contour length values with further
calculations providing additional information. These results are
summarized in Table 2 for the pH 4 and pH 5 cases.
The results obtained at both conditions are very similar. This

is not unexpected, since at pH 5.0 and 4.0 PDPA brushes are
highly swollen.15,20 The persistence length of the PDPA chains
was found to be on average approximately 0.57 ± 0.29 nm. This
value is greater than the monomer length and is close to the
value recently reported for a poly(2-(dimethylamino)ethyl
methacrylate) (PDMA) brush,70 the 2-dimethyl analogue of
PDPA. The average chain contour length was 217 ± 27 nm.
Overall, the chains were stretched to about 85% of their

Figure 2. Typical force−distance curves from SMFS measurements of
an 18.0 nm PDPA brush in pH 4.0 10 mM KNO3, shown in blue. The
wormlike chain (WLC) fits are shown in red. (a) A typical example of
an accepted curve with a low mean square error for the WLC fit and
(b) showing the magnified final detachment event, with xmax identified.
(c) An example of an excluded curve due to a low fitted value of
persistence length; detachment of multiple chains with similar contour
length. (d) An example of an excluded curve because the WLC fit was
over fewer than 10 data points.
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contour length, i.e., on average xmax ≈ 0.85Lc. That is, for the
analyzed chain detachment events, on average the chains were
stretched to approximately 85% of their length. Figure 3 shows

the molecular weight distribution histograms for both the pH
4.0 and pH 5.0 conditions. The distributions are similar, giving
an average molecular weight of 156 ± 19 kg mol−1. This value
is an upper estimate of molecular weight because the SMFS
analysis is biased toward longer chains in two ways: (1) there is
an increased likelihood that these chains will adsorb to the
AFM tip, and (2) our methodology only considers final
detachment events as this is the situation most likely to involve
the stretching of only one chain. Using eq 3, the grafting
density was estimated to be approximately 0.073 nm−2,
meaning that on average the distance between chains is ∼3.7
nm. Because the molecular weight is an upper estimate, the
calculated grafting density is therefore a lower limit. The
brushlike character of the polymer layer was confirmed via
calculation of the reduced grafting density for a good solvent
which was ∼13, where values of Σ > 5 confirm a brush.3

Influence of Ionic Strength. All the force measurements
discussed in the next two sections are from a single PDPA
brush and silica−colloid probe system. Figure 4 shows the most
representative normalized force versus surface separation curves
for the five different solution ionic strength values of potassium
nitrate studied. Here, the approach and retraction curves are

plotted separately with the force upon approach plotted on a
logarithmic scale. Figure S2 presents the collated average force
data. The main results of the AdG, MWC, and exponential
fitting of the approach data are summarized in Table 3, with all
of the fitted data presented in Table S1. As described in the
Experimental section, these fits applied to charged polyelec-
trolyte brushes are approximations. Since the AdG and MWC
theories do not consider the long-range electrostatic
interactions present at low ionic strengths (at large κ−1 values)
and assume classical brush profiles (steplike and parabolic for
AdG and MWC, respectively), the estimated brush thickness
and grafting density values must be approached with caution.
Indeed, the fits deviate considerably from the experimental
force data for the low ionic strength cases (see Figure 5 for
comparison of the quality of fits at 0.04 and 10 mM potassium
nitrate).
Starting with the 0.04 mM case, upon approach of the colloid

probe toward the PDPA brush the onset of the repulsive
interaction occurs at about 160 nm (Figure 4a). This is greater
than the estimated average contour length of the polymer
chains of ∼130 nm (a scaled estimate based on the value of Lc
obtained from the SMFS study), suggesting the presence of an
electrostatic repulsive force. With increasing ionic strength up
to 100 mM the onset of the repulsive force moves to shorter

Table 2. SMFS Results for PDPA Brush at pH 4.0 and pH 5.0, 10 mM KNO3

pH Lp (nm) Lc (nm) % extension (xmax/Lc × 100) Mi (kg mol−1) σ (nm−2) Σgood solvent

4.0 0.57 ± 0.28 219 ± 29 85 ± 5 158 ± 20 0.072 ± 0.009 13.2 ± 1.3
5.0 0.57 ± 0.30 214 ± 24 85 ± 5 154 ± 17 0.074 ± 0.008 13.2 ± 1.3
mean 0.57 ± 0.29 217 ± 27 85 ± 5 156 ± 19 0.073 ± 0.009 13.2 ± 1.3

Figure 3. Molecular weight distribution histograms for the PDPA
brush. The measurements were performed at (a) pH 4.0 and (b) pH
5.0 in a background electrolyte of 10 mM potassium nitrate.

Figure 4. Most representative normalized force profiles on (a)
approach and (b) retraction between an unmodified silica microsphere
and a PDPA brush. Measurements were performed at five different
ionic strengths of potassium nitrate electrolyte: 0.04, 0.13, 1, 10, and
100 mM, at a fixed pH of 4.5. Note that the 0.04 and 0.13 mM cases
consist of 0.01 and 0.1 mM KNO3, respectively, with an additional
∼0.03 mM HNO3 from the pH adjustment. The normalized force
upon approach of the colloid probe toward the brush is plotted on a
logarithmic scale.
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separation distances and the shape of the force profile changes.
This behavior can be the result of two essentially indistinguish-
able phenomena. First, as the solution ionic strength is raised,
the Debye screening length becomes smaller and hence the
range of electrostatic interactions decreases. Second, after
reaching its maximum degree of ionization the weak polybasic
brush enters the salted brush regime where brush thickness
decreases with increasing added salt as screening effects are
predominant.16,21 Consequently, physical contact between the
brush and the colloid probe (steric interaction) will now occur
at shorter separation distances.
In the 0.04 and 0.13 mM cases, the PDPA brush is expected

to be collapsed as hydrophobic polymer−polymer interactions
are dominant because the brush possesses a low degree of
charge.25 However, at these low ionic strength conditions, κ−1 is
large and so is the range of any electrostatic interactions in the
system. As seen in Table 3, the theoretical κ−1 values are greater

than the fitted exponential decay lengths, which suggests that
electrostatic interactions are a dominant factor and not physical
compression of the brush. Intriguingly, this interaction is
repulsive even though at pH 4.5 the PDPA is expected to be
positively charged and the silica colloid negative. It is unlikely
that this repulsion would result from nitrate counterions
associating with the weakly charged cationic polymer leading to
charge inversion, with such behavior not predicted in weak
polyelectrolyte brush theory.21

An alternative explanation is that the repulsion arises from
the negative charge of the underlying silica-coated substrate.
However, attachment of the initiator moieties to the silanol
groups on the silica surface should result in a decrease in the
overall silica charge. Surface zeta potential measurements reveal
that for the 0.04 mM case and at pH 4.5 the silica-coated
substrate is highly negatively charged, with a measured surface
zeta potential of −43 ± 3 mV. Amine-functionalization of the
surface resulted in charge reversal with a surface zeta potential
of 32 ± 3 mV measured. Upon conversion of the amine
moieties to the initiator moieties, the measured surface zeta
potential was negative again at −29 ± 2 mV. This value is less
negative than that measured for the unmodified silica surface,
suggesting that the charge is screened by the attachment of
initiator layer, yet the surface remains negatively charged. For a
PDPA brush surface of similar dry thickness and at the same
electrolyte conditions the measured surface zeta potential was
−23 ± 3 mV, confirming the strong influence of the silica
surface charge. As the charge of the silica colloid is expected to
be highly negative at pH 4.5 and at low ionic strengths,71 the
long-range repulsion in the AFM force measurements most
likely results from an electrical double layer repulsion between
the silica colloid and the brush surface. At much shorter
separation distances, the repulsive force increases more steeply
due to steric repulsion as the polymer chains become physically
compressed by the colloid probe.
At 0.04 and 0.13 mM, the fitted brush thickness values

correspond closely with the onset of the repulsive interaction
(compare values in Table 3 with Figure 4a). However, because
this interaction is predominantly electrostatic the brush
thickness values are meaningless since electrostatic interactions
are not accounted for within the AdG and MWC models. At
these solution conditions, ellipsometric brush thickness
measurements reveal that a PDPA brush is actually substantially
collapsed.16 A better estimate of brush thickness was achieved
by fitting the approach force profiles at low ionic strength as the
summation of two exponential curves (see Table 3): one with a
fixed decay length equal to the theoretical Debye screening

Table 3. Results from the Alexander−de Gennes, Milner−Witten−Cates, and Exponential Fitting for the Influence of Potassium
Nitrate on PDPA Brush Behavior

Alexander−de Gennesb Milner−Witten−Catesb exponentialb

salt type

ionic
strengtha

(mM)

brush
thickness
(nm)

grafting density
(nm−2)

brush
thickness
(nm)

grafting density
(nm−2)

brush
thicknessc

(nm)

brush
thicknessd

(nm)
decay length

(nm)
theoretical Debye
length κ−1 (nm)

KNO3 0.04 118 ± 4 0.022 ± 0.003 149 ± 4 0.043 ± 0.002 144 ± 2 51 ± 3 23.0 ± 0.3 48
0.13 74 ± 2 0.023 ± 0.004 87 ± 3 0.034 ± 0.003 88 ± 2 40 ± 1 14.0 ± 0.3 27

1 69 ± 3 0.024 ± 0.004 75 ± 1 0.038 ± 0.005 76 ± 2 12.1 ± 0.3 9.6
10 47 ± 1 0.033 ± 0.006 50 ± 1 0.047 ± 0.007 50 ± 1 7.9 ± 0.1 3.0
100 49 ± 3 0.033 ± 0.009 58 ± 2 0.047 ± 0.007 56 ± 1 8.9 ± 0.2 1.0

a0.04 and 0.13 mM correspond to 0.01 and 0.1 mM KNO3 with 0.03 mM HNO3 from pH adjustment to pH 4.5. bFitting was performed for all
measured curves and presented values are the average values. cFitted with single exponential. dFitted with double exponential without error function
(see Figure S3 and supporting explanations).

Figure 5. AdG, MWC, and exponential fitting of measured force data
on a PDPA brush in (a) 0.04 mM KNO3 and (b) 10 mM KNO3. At
low ionic strength the fits deviate considerably from the measured
data, shown in red, suggested the repulsion is electrostatic in origin,
while at higher ionic strength the fits reflect the measured data much
more closely; a steric-dominated interaction.
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length and the other free, which changes to reflect the steric
component of the approach curve (see Supporting Information
for a description of this analysis, with examples shown in Figure
S3).
At 1, 10, and 100 mM, the fitted exponential decay lengths

are now greater than κ−1, indicating that a steeper steric
repulsion is now dominant over electrostatic repulsion, i.e.,
repulsion from compression of the brush.54 Previous work
showed that at these higher ionic strengths a PDPA brush
undergoes swelling and extends normal to the substrate, thus
increasing the likelihood of a longer-range steric repulsion.16

The diminishing influence of electrostatics on the force curves
as ionic strength is increased is also reflected in the improving
quality of fit of the AdG and MWC models to the experimental
data. At higher ionic strengths Zhulina et al. show that the
unique polymer density profiles predicted for weak polyelec-
trolyte brushes at low to intermediate salt concentrations,
characterized by a protruding edge of polymer density that
decays slowly out to the bulk solution, transition to more
parabolic-type profiles, closer to the assumed parabolic profile
within the MWC model.32 The combination of the reduced
influence of electrostatics and the theoretically predicted
changes in polymer density profile at higher ionic strength
means that the fitted brush thickness values obtained from
especially the MWC modeling are more reasonable. Here,
Table 3 shows that brush thickness decreases as expected for a
PDPA brush in the salted brush regime.25 Modeling of the force
curves at high ionic strength, therefore, also gives more accurate
values of brush grafting density, with order of magnitude
agreement with the value determined from the SMFS
measurements, described earlier. The grafting density values
obtained from the MWC modeling are greater (closer to the
SMFS value) than those from the AdG modeling because a
parabolic polymer density profile is more realistic than a

steplike profile. The values for grafting density are lower than
the expected value from the SMFS study, which perhaps reflects
the lower density of PDPA chains toward the periphery of the
brush rather than the grafting density at the substrate.13

Now we consider the retraction data shown in Figure 4b. For
the 0.04 mM case, the interaction is strongly adhesive. During
approach of the colloid probe, at short separations the brush is
physically compressed. At this point, attractive interactions
between the weakly positively charged brush and the negative
silica colloid occur after physical contact is made. These are
most probably weak electrostatic or van der Waals attractive
forces, but they may also be hydrophobic in origin. However,
the silica colloid is strongly charged,71 so direct hydrophobic
interactions are less likely. A hydrogen bonding interaction is
also possible; however, the hydrogen bond accepting nitrogen
site of the tertiary amine residues is sterically hindered by the
isopropyl groups of the DPA monomers. During retraction of
the probe, the attractive force reaches a maximum value
(maximum adhesion of ∼1.2 mJ m−2 and overall ∼1600 nJ of
energy dissipated) before returning to the baseline at a
separation of approximately 65 nm. Interestingly, the
interaction between ∼65 and ∼140 nm is slightly repulsive
and closely overlays the approach force curve from ∼80 nm
onward, all of which can be seen more clearly in the inset of
Figure 1 and also in collated force curve data in Figure S2. Here
we propose that at approximately 65 nm the PDPA chains
physically detach from the silica colloid probe, and then the
electrostatic force, discussed earlier, takes over and the silica
colloid is repelled. We believe that this repulsive force observed
during retraction between ∼65 and ∼140 nm strongly supports
the presence of a dominant electrostatic force present at low
ionic strength, most probably resulting from the negative
charge of the underlying silica substrate.

Figure 6. Most representative normalized force profiles on approach (upper plot, a and c) and retraction (lower plot, b and d) between an
unmodified silica microsphere and a PDPA brush. Measurements were performed at five different ionic strengths of potassium acetate (left, a and b)
and potassium thiocyanate (right, c and d), 0.04, 0.13, 1, 10, and 100 mM, at controlled pH of 4.5. Note that the 0.04 and 0.13 mM cases consist of
0.01 and 0.1 mM, respectively, of the desired salt with an additional 0.03 mM of salt from the pH adjustment. The normalized force upon approach
of the colloid probe toward the brush is plotted on a logarithmic scale.

Macromolecules Article

DOI: 10.1021/acs.macromol.5b02656
Macromolecules 2016, 49, 2327−2338

2334

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.5b02656


From the 0.13 mM case and up to 10 mM potassium nitrate,
the retraction curves directly overlay the approach curves, as
shown in Figure S2. Now as the PDPA brush becomes
increasingly more solvated, as shown by quartz crystal
microbalance measurements in our previous work,16 the
osmotic pressure associated with the adsorbed counterions
and water molecules repels the silica colloid probe, preventing
any attractive interactions between the brush and colloid. In
100 mM potassium nitrate, the force during retraction is
adhesive again. At this ionic strength and at pH 4.5 the charge
on the silica colloid is close to zero.71 Substantial screening of
the electrostatic interactions means that hydrophobic inter-
actions between the silica colloid and the hydrophobic PDPA
brush are now more likely to cause the adhesive interaction
observed. Here, the adhesion force is greater (maximum
adhesion of ∼3.4 mJ m−2 and dissipation of ∼2400 nJ, Figure
S2) than at low potassium nitrate concentration, and this may
suggest a different type of interaction, i.e., a hydrophobic force,
or perhaps there were simply more adhesive contacts made
between the colloid and brush. Similarly, an attractive force has
also been observed by Drechsler et al. for the interaction of a
silica colloid probe with a weakly basic poly(2-vinylpyridine)
brush at pH 2.5 (below the apparent brush pKa) and in 100
mM potassium chloride.12

Influence of Anion Identity: Specific Anion Effects.
Figure 6 presents the most representative normalized force−
distance curves measured for the potassium acetate (left) and
thiocyanate (right) solutions. For the approach data, the
behavior for both salts follows a similar trend to that of the
potassium nitrate. Overall, as the ionic strength is increased
from 0.04 up to 100 mM, the onset of the repulsive interaction
moves to shorter distances. At 0.04 and 0.13 mM potassium
acetate and thiocyanate, the PDPA brush is expected to be
collapsed with similarly low degrees of solvation;16 however,
the repulsive interaction is much more long-ranged than this
expected collapsed brush thickness. Comparing the fitted
exponential decay lengths with the expected Debye lengths for
the given solutions, presented in Table S1, it is clear that a long-
range electrostatic force must be the primary cause of this
repulsion at high separations. As is the case for nitrate, this
behavior is a result of the unscreened underlying silica charge
repelling the silica colloid. At smaller separations the force
profiles are steeper due to the steric forces present during
physical compression of the polymer brush by the probe. As
seen for the nitrate case, by fitting the data at 0.04 and 0.13 mM
potassium acetate and thiocyanate with two separate
exponential curves, one to account for the electrostatic
interactions and the other for the steric interactions, more
reasonable brush thickness values were obtained, reflecting the
collapsed brush (see Table S1). At higher ionic strengths (1, 10,
and 100 mM) the influence of electrostatics on the force
profiles diminishes and the steric forces dominate, as reflected
by the steepness of approach curves.
The most obvious anion-specific behavior is evident in the

retraction data (compare Figure 4b with Figures 6b and 6d).
For thiocyanate, at all ionic strengths studied the interaction is
adhesive. Starting at 0.04 mM, a strong adhesive interaction is
present for all salts studied. The similarity of this behavior is
not unexpected since the brush is expected to be substantially
collapsed at all these conditions.16 The adhesion most likely
arises from an electrostatic or van der Waals interaction
between the weakly charged brush and silica colloid. This is
only possible after direct physical contact between the two

surfaces which is experienced during approach as the brush is
compressed. Again, like the nitrate data, the interaction
becomes repulsive at larger separations (which is presented
more clearly in Figure S2). After the PDPA chains detach from
the probe (around 70−90 nm), repulsive electrical double layer
forces dominate and the probe is repelled. At 0.13 mM
potassium acetate, very similar behavior is observed.
At higher concentrations of potassium acetate, like nitrate,

the adhesive interactions disappear, and the force profiles
become completely repulsive and directly overlay the approach
data. Here, as the brush becomes more solvated, the associated
osmotic forces repel the colloid probe, thus preventing direct
contact between the brush and the silica colloid. However, a
significant difference is observed at 100 mM ionic strength.
Unlike in nitrate, in potassium acetate the interaction remains
repulsive. At this ionic strength the PDPA brush is expected to
be more extended and solvated when in acetate than in nitrate,
thus leading to higher osmotic forces in the acetate case.16

Moreover, acetate anions being kosmotropic in nature are more
strongly hydrated than the mildly chaotropic nitrate anions.32,33

What is clearly visible in Figure 6d is that at all potassium
thiocyanate concentrations the force measured during
retraction is adhesive. Unlike in the potassium acetate and
nitrate solutions the PDPA brush remains substantially
desolvated and collapsed over the entire range of ionic
strengths of potassium thiocyanate.16 Consequently, at higher
thiocyanate concentrations, any repulsive osmotic forces are
weak and are not strong enough to prevent physical contact
between the probe and brush, and therefore the attractive
electrostatic or van der Waals forces prevail. Thiocyanate
anions are weakly hydrated33,34 and consequently have been
shown to preferentially interact with hydrophobic surfaces
rather than water via weak dispersion interactions.37−40

Recently, thiocyanate has been shown to strongly interact
with poly(2-methacryloyloxy)ethyl trimethylammonium chlor-
ide (PMETAC) brushes via proposed direct ion-pairing
interactions with the positively charged quaternary ammonium
monomer groups of the polymer, inducing brush collapse at
higher thiocyanate concentrations.72 Interactions between
thiocyanate and charged DPA monomer units would decrease
the hydration of the bound anions and therefore result in a
decrease in the solvation of the grafted chains.73 With
increasing concentrations of thiocyanate the magnitude of the
adhesive force decreases, with the adhesion values presented in
Figure S2. Here, as the brush becomes more collapsed and
desolvated with increasing thiocyanate concentration,16 fewer
chains from the now flatter interface make contact with the
silica colloid and hence fewer are stretched during retraction.

■ CONCLUSIONS
Normal force measurements between a silica colloid probe and
a weakly basic PDPA brush have been used to investigate brush
response to the varying solution ionic strength and the specific
nature of the salt anions present in solution, with potassium
acetate, nitrate, and thiocyanate studied. At low ionic strength
and for all salts, electrostatic interactions are dominant. As the
silica colloid approaches the brush surface, it is predominantly
electrostatically repelled due to the unscreened charge of the
underlying silica substrate, with a steric contribution at small
separations as the brush is physically compressed. Upon
retraction of the probe, attractive van der Waals or weak
electrostatic forces result in an adhesive interaction between the
colloid and the uncharged hydrophobic brush. At increased

Macromolecules Article

DOI: 10.1021/acs.macromol.5b02656
Macromolecules 2016, 49, 2327−2338

2335

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02656/suppl_file/ma5b02656_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.5b02656


ionic strengths of kosmotropic potassium acetate and mildly
chaotropic potassium nitrate, the brush swells by solvent
uptake, and the associated high osmotic forces prevent physical
contact between the two surfaces. Now the interaction over the
entire approach-retraction cycle is repulsive. In 100 mM
potassium nitrate, however, the decreased solvation of the
PDPA brush together with the lower charge on the silica colloid
causes the interaction to be attractive once more. The most
dramatic specific anion effects are observed in the presence of
the strongly chaotropic thiocyanate anions. The poorly solvated
thiocyanate anions partition toward the hydrophobic PDPA
brush by dispersion forces, and as a consequence the brush is
collapsed and desolvated. Now, at all thiocyanate concen-
trations, the interaction of the hydrophobic brush with the silica
colloid is adhesive.
Additional single-molecule force spectroscopy measurements

using a sharp AFM tip have allowed a number of fundamental
characteristics of the brush to be quantified. The persistence
and contour lengths and molecular weight of the brush chains
were determined. This was achieved by modeling hundreds of
individual chain stretching events, using the WLC model,
measured between a sharp tip and an extended and solvated
PDPA brush. We show that studying a highly swollen brush is
very important for accurate measurements to be made. This is a
nondestructive and physical measurement technique. Signifi-
cantly, this procedure allowed the brush grafting density to be
calculated. These values were of similar order to those obtained
from MWC modeling of the approach curves from the colloid
probe measurements. Application of MWC theory, originally
developed for uncharged brushes (as well AdG theory), was
successful at conditions where the influence of electrostatic
interactions on the measured force profiles was substantially
diminished (i.e., at higher ionic strengths).
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