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I
onic bonds play a key role in many
natural macromolecular assemblies. They
facilitate DNA compaction,1,2 they con-

tribute to the extreme stability of enzymes
in thermophilic bacteria,3 and they deter-
mine the strength of many bioadhesives.4

Because of their strength and tunability,
ionic bonds see a growing interest for use
in man-made responsive materials,5,6 nano-
structures,7�10 and photovoltaic devices.11

For ions in a vacuum, Coulomb's Law gives a
precise value of the force, but the presence
of a medium such as water containing salt
ions leads to hydration, dielectric effects,
and screening of the charges. How the
combination of these effects modifies the
short-range attractive force;commonly called
“ionic bond”;is still poorly understood.
As a result, the strength of ionic bonds
between opposite hydrated charges is es-
sentially unknown, making predictions of
their stabilizing effect in charge-driven
materials impossible.
Here, we use atomic force microscopy

(AFM) to directly measure the strength of
single ionic bonds. AFM has proved to
be a successful method for measuring the
strength and rupture dynamics of single
covalent,12 hydrogen,13 metal�ligand co-
ordination14 and antibody�antigen15 bonds.
In all single molecule force measurements,
the sample molecules are covalently bound
to AFM cantilevers via a polymeric linker
molecule.12�16 The polymeric linker not
only separates the rupture of the investi-
gated complex from contact adhesion of
the tip to the substrate, it also exhibits a well-
defined relation between extension and the
applied force prior to the eventual complex
rupture, fromwhich the singlemolecule origin
of the measured force can be established.16

RESULTS AND DISCUSSION

Single Molecule Interactions between Oppositely
Charged Polyelectrolytes. To assess the strength

of ionic bonds between single molecules by
AFM, we covalently attach a cationic diblock
copolymer (poly(N-methyl-2-vinylpyridinium
iodide)-block-poly(ethylene oxide), PM2VP249-
b-PEO134) to a silicon nitride AFM cantilever,
following an adaptedmethod of Hinterdorfer
et al.16 Thepolymer is covalently bound to the
AFM tip with its PEO-end, which acts as a
neutral, flexible linker, while the PM2VP block
is positively charged. We then bring this
cantilever in contactwith a substrate onwhich
an anionic poly(3-sulfopropyl methacrylate)
brush (PSPMA40) is grown, according to a
previously described and calibrated proce-
dure.17,18 Upon contact, the oppositely charged
polyelectrolytes formcomplexes consisting of
one or multiple ionic bonds. We measure the
strength of these bonds in aqueous solutions
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ABSTRACT

The strength of ionic bonds is essentially unknown, despite their widespread occurrence in

natural and man-made assemblies. Here, we use single-molecule force spectroscopy to

measure their strength directly. We disrupt a complex between two oppositely charged

polyelectrolyte chains and find two modes of rupture: one ionic bond at a time, or cooperative

rupture of many bonds at once. For both modes, disruption of the ionic bonds can be described

quantitatively as an activated process. The height of the energy barrier is not only lowered by

added salt, but also by the applied force. We extract unperturbed ionic bond lifetimes that

range from milliseconds for single ionic bonds at high salt concentration to tens of years for

small complexes of five ionic bonds at low salt concentration.

KEYWORDS: single molecule force spectroscopy . AFM . ionic bond .
electrostatics . polyelectrolyte . polyelectrolyte complex . complex coacervate

A
RTIC

LE



SPRUIJT ET AL. VOL. 6 ’ NO. 6 ’ 5297–5303 ’ 2012

www.acsnano.org

5298

at various salt concentrations. The overall fraction of
force�distance (F�D) curves in which we find an
attractive interaction outside the region of contact
adhesion (closer than 30 nm) is 16 ( 5% for all
conditions. When we repeat experiments with tips
without any modification or with only physically ad-
sorbed polymers, we find such interactions in <0.2% of
all F�D curves. Figure 1a shows some examples of
force curves for a salt concentration of 1.0 M. The
measured interactions due to polyelectrolytes come
in two characteristic types.

In 8.5 ( 2% of all F�D curves we find a constant
force plateau (type I). Neither the frequency of these
events, nor the plateau height changes significantly in
the first 1000 F�D curves, indicating that no brush
erosion takes place. Similar plateau regions in other
polymeric systems have been observed for the detach-
ment of polymers adsorbed to a solid surface,20�22 and
for the unzipping of complementary DNA strands.23

They were attributed to the continuous disruption of
successive bonds, one by one, in a zipper-like fashion.
In our case, we expect to find such a zipper-like disrup-
tion of single bonds when the polymer on the AFM tip
binds to an oppositely charged polymer in the brush in
a parallel fashion as depicted in Figure 1a-I. Alterna-
tively, the polymer on the tip may form single ionic
bonds with several brush polymer chains, as if it was
adsorbed on top of the brush.When the tip is retracted,
the linker is stretched and a force is exerted on the first
ionic bond. Upon failure, partial relaxation of the stretched

polymer occurs and only part of the built-up load is
transferred to the next ionic bond.24 This bond in turn
breaks at a similar load, resulting in a plateau of con-
stant force during separation.

Another 8 ( 3% of all F�D curves display a char-
acteristic polymer stretching before a rupture event
(type II). These rupture forces are typically much larger
than the rupture forces of type I events at the same salt
concentration. This must mean that rupture involves
multiple ionic bonds between the same two polymers,
in such a way that the applied force is shared between
the bonds: a shear alignment of antiparallel polymer
chains (see Figure 1a-II). This clear distinction between
parallel and antiparallel orientations is well-known for
DNA andβ-sheets in proteins; the significant difference
in rupture force can in fact be used to selectively
deposit DNA onto a surface.25 In our experiments,
combinations of modes I and II are possible, since part
of the long polymer on the AFM tip can bind antipar-
allel to a brush polymer chain (II), while another part
can bind a second brush polymer in a parallel fashion (I).
Indeed, we find bothmodes combined in about 1% of all
curves (Figure 1a).

We have attributed both rupture modes to interac-
tions of single polymers with the brush on the sub-
strate. Indeed, the sharpness of the tip (Rtip = 20 nm)
and the low surface coverage obtained using our
modification method make it very unlikely that two
polymers have exactly the same pull-off distance.16

Occasionally we find a force curve with two separated
rupture events or a multistep desorption (0.5�0.7% of
all curves, see Supporting Information), but these are
not used in our analysis. Further evidence for the
single-molecule nature of the rupture evidence comes
from analyzing the polymer stretching curves that
precede type II rupture. All curves could be fitted to
an extensible freely jointed chain (EFJC) model that
includes the force-induced helical-to-planar transition
characteristic for PEO,19 with fit parameters (Kuhn
length b = 0.7 ( 0.1 nm, contour length Lc = 78 (
15 nm, and segment elasticity ks = 10 ( 2.9 nN/nm)
that are consistent with single PEO chains in water
(Figure 1c).19,26 Moreover, the distribution of the con-
tour lengths and rupture forces show no sign of
interactions of multiple polymers (Figure 1b).

Effect of Salt on the Interaction Forces. If the rupture
events shown in Figure 1a indeed correspond to the
breaking of ionic bonds between the oppositely
charged polyelectrolytes, then their magnitude should
be highly sensitive to the concentration of added salt.
In experiments on complex formation of the same
polyelectrolytes (PM2VP88 and PSPMA96) in bulk solu-
tions, we find that the driving force for complexation
decreases with increasing salt concentration and
vanishes completely above a critical salt concentration
of 1.4 ( 0.10 M (NaCl), in agreement with previ-
ous observations on complex coacervate formation.27

Figure 1. Disruption of ionic bonds between a single poly-
cation and a polyanionic brush measured by AFM. (a) Tip
retract curves show disruption of a zipper of ionic bonds,
one at a time (I) and simultaneous disruption of cooperative
complexes with multiple bonds (II). These curves are mea-
sured for the same tip�substrate combination at 1.0 M salt.
(b) Distribution of rupture forces and contour lengths of 200
type II events at 1.0 M salt. (c) Rescaled overlay of 30 F�D
curves with a type II event and fits to the extensible freely
jointed chain (EFJC) model (dotted line) and the EFJCmodel
with a helical to planar transition of the PEO block (solid
line).19
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Indeed, the rupture forces of both type I and II events
decrease with increasing salt concentration, as shown
in Figure 2. The critical point is reflected by a sudden
jump to a lower mean rupture force between 1.2 and
1.5 M for both types of events, after which the mean
rupture force remains approximately constant up to
3.0M. The nonzero residual rupture force beyond 1.5M
salt is attributed to nonelectrostatic interactions be-
tween the two types of polymers that do not depend
on salt concentration. Finally, referencemeasurements
with either bare tips or bare substrates (see Support-
ing Information) further support our conclusion that
the rupture events shown in Figure 1a correspond
to the breaking of ionic bonds between the two
polyelectrolytes.

Molecular Rupture Model for Ionic Bonds. For a quantita-
tive understanding of the ionic bond rupture processes
in Figure 1, we consider the energy landscape of the
disruption of an ionic bond (Figure 3a). When no
external force is applied, the energy barrier can be
estimated as the difference between the effective
electrostatic energy of an ion pair in contact (Eel) and
the energy of the separated polymeric chains, where

both ionic groups are surrounded by salt (Ecorr). For the
latter we use a Debye�Hückel approximation,28

Ea
kBT

¼ �Kl B þ l B
d

¼ �a ffiffiffiffiffiffiffiffi
csalt

p þ b (1)

where d is the contact distance of the charged groups
in an ion pair, which is of the order of a few Å,29 l B =
e2/4πεrε0kBT is the Bjerrum length, which is 7.1 Å in
pure water, and κ is the inverse Debye length, which
dependson the salt concentration (κ2=8� 103πNAl Bcsalt
for a 1:1 electrolyte, with concentration csalt in mol/L).
The parameters a and b follow from rearrangement
and are temperature-dependent constants: a = (8 �
103πNAl 3B)

1/2 and b = l B=d. We note that the Debye�
Hückel approximation assumes that ions are point
charges in a continuum dielectric, whereas we use
high salt concentrations to study the rupture of ionic
bonds, where these assumptions may not be entirely
valid. Nevertheless, we have previously found that this
simple expression adequately describes the effect
of competition between monovalent salt ions and
polymeric charges in complexes between oppositely
charged polyelectrolytes.30 Therefore, we apply it here
to the forced rupture of ionic bonds.

When an external force is applied, the energy land-
scape is distorted (Figure 3a). This leads to a lowering of
the energy barrier and an enhancement of the dis-
sociation rate.31 For a single rupture process,

k(f ) ¼ ω0g(f ) exp �Ea � fxβ
kBT

� �
¼ k0g(f )e

f=fβ (2)

where k is the dissociation rate, k0 the dissociation rate
in the absence of force (k0 = ω0 exp(�Ea/kBT)), xβ is the
distance from the energy minimum to the transition
state (see Figure 3a) and fβ = kBT/xβ. If the energy

Figure 2. Histograms of type I and II ionic bond rupture
forces at various salt concentrations. For each histogram at
least 1200 F�D curves are analyzed. The percentages
indicate the fraction of rupture events (I/II). Solid lines are
Gaussian (type I) and Gumbel (type II) fits of the data.
Dashed lines are model predictions of the distribution of
type II rupture forces by eq 6. Above the critical salt con-
centration the model and Gumbel fits mostly overlap. The
arrows indicate the most probable rupture force of type II
rupture events. The inset shows the Gumbel probability
distribution of the number of ionic bonds in a type II
complex we used in our model for the force distribution
data of type II rupture events.

Figure 3. (top) Schematic energy landscape of the disrup-
tion of an ionic bond. (bottom)When complexes ofmultiple
ionic bonds are disrupted, the longest sequence of ionic
bonds determines the maximum rupture force.
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barrier is sharp, an applied force mainly alters the
barrier height and g(f)≈ 1. In an AFM experiment with
a constant loading rate (f = rft), the probability of bond
rupture at a given force can be found from the product
of the rupture probability at that force and the survival
probability up to that force.

p(f ) ¼ 1
rf
k(f ) exp �

Z
f

0

1
rf
k(f 0) df 0

� �

�k0
rf
ef=fβ exp

k0fβ
rf

(1 � ef=fβ )

� �
(3)

For the rupture process described by eq 2, this leads
to a characteristic probability distribution with a max-
imum at f* = fβ ln(rf/fβk0), assuming a constant loading
rate.32 A combination of eqs 1 and 2 provides a
prediction for the effect of salt on the mean rupture
force of a single ionic bond.

f� ¼ fβ ln
rf

ω0fβ

 !
� fβa

ffiffiffiffiffiffiffiffi
csalt

p þ fβb (4)

In a complexwithmultiple ionic bonds (Figure 1a-I and II),
the relevant energy barrier and the effect of loading
depend on theway one applies the force to the complex.
As arguedabove, in thecaseof polyelectrolyte chains, the
bonding groups are located along a polymer backbone,
and we have two ways of loading the ionic bonds: as a
zipper (parallel, Figure 1a-I) and in shear (antiparallel,
Figure 1a-II).24

In the case of zipper-like disruption, the relevant
energy barrier is that of a single ionic bond. The plateau
we measure is the average force of many stochastic
single bond rupture events, each following eq 3. A
distribution of the plateau force is therefore expected
to be Gaussian, as shown in Figure 2. The width of the
corresponding energy barrier can be otained from
a plot of the most probable force versus ln v, where
v = rf/ks is the average tip velocity. We find that fβ does
not depend strongly on salt concentration, varying
from 26 pN at 1.0 M salt to 30 pN at 0.5 M salt (see
Supporting Information). Consequently, xβ = 0.144 nm,
which is similar to the barrier width of hydrogen bond
rupture13 and is in good agreement with the dimen-
sions of the ionic groups on the polymer chains. Using
this value for xβ, we can use eq 4 to describe the
effect of salt on the strength of single ionic bonds, as
shown in Figure 4. We find that a = 4.5( 0.5 M�0.5 and
B= fβ ln(rf/ω0)fβ)þ fβb= 170( 10 pN, corresponding to
an effective dielectric constant of εr = 53 at T = 293 K,
which is quite reasonable for a local ionic strength near
the complex of 1�2 M.33 If we assume the ionic bond
distance, d, to be 0.2 ( 0.03 nm, that is, slightly larger
than typical covalent N�O bond lengths, and inde-
pendent of salt concentration,34 we find that the
energy barrier varies from 6 kBT in salt-free aqueous
solutions to 1 kBT around the critical salt concentra-
tion (see inset in Figure 4). These values are in good

agreement with the computed energies for salt bridges
occurring in proteins.29

Disruption of multiple (N) ionic bonds in a shear
arrangement (Figure 1a-II) requires much larger forces
than disruption of a zipper of ionic bonds, because the
force is shared between all N bonds. The complex is
expected to fail at a force fN

* where ∂ ln p(f)/∂f= 0, which
leads to an implicit relation for fN

*24

kN f 0(f ) ¼ ∑
N

n¼ 1

1
nk0

exp � f

nfβ

 !2
4

3
5

�1

(5)

f
�
N ¼ Nfβ ln

rf

k0f
�
N

 !

¼ Nfβ ln
rf

ω0f
�
N

 !
� aNfβ

ffiffiffiffiffiffiffiffi
csalt

p þ bNfβ (6)

Further evidence for the proposed shear arrange-
ment in type II events comes from the nonlinear
relation between f* and ln rf, which we observe experi-
mentally (see Supporting Information). Before analyz-
ing the data, we note that an additional complication in
the disruption of polyelectrolyte complexes is that the
number of ionic bonds (N) formed when the tip-bound
polymer penetrates into the brush is not constant, but
can vary. Sequences of ion pairs alternate with more
loosely arranged parts of the chain (see Figure 3b). We
presume that the maximum rupture force measured in
experiments is determined by the longest sequence of
consecutive ion pairs. For a given probability of ion pair
formation, the probability distribution of this longest
sequence converges to the same distribution as the
longest run of heads in a series of coin flips: a Gumbel
extreme value distribution, with a tail at large N.35 We
can nowverify our ionic bond rupturemodel in eqs 1, 3,

Figure 4. Experimental (symbols) and theoretical (lines)
mean rupture forces for single ionic bonds (type I) and
complexes of multiple ionic bonds (type II) as a function of
salt concentration, measured at a tip velocity of 500 nm/s
(approximate loading rate at rupture 3� 103 pN/s). Close to
the critical salt concentration (ccrit) we experimentally find a
jump to lower forces and the model breaks down. The inset
shows the predicted energy barrier for single ionic bond
rupture.

A
RTIC

LE



SPRUIJT ET AL. VOL. 6 ’ NO. 6 ’ 5297–5303 ’ 2012

www.acsnano.org

5301

and 5 for the disruption of cooperative complexes of
ionic bonds. Since type II events are measured in the
same series as type I events, the values of xβ, a, and b

should not change. Indeed, we find excellent agree-
ment between our experimentally measured rupture
force distributions of type II events and the theoretical
predictions, as shown in Figure 2. The longest se-
quence of ionic bonds is given by the Gumbel distribu-
tion shown in the inset of Figure 2 (full expression in
Supporting Information) and the rupture force distri-
butions themselves can be approximated by a Gumbel
distribution. The mean rupture forces decrease more
strongly with increasing salt concentration than in the
case of single ionic bonds, as predicted by our model
(see Figure 4). Just like for single ionic bonds, ourmodel
breaks down close to the critical salt concentration,
where the energy barrier per ionic bond becomes of
order kBT.

Single Molecule Interactions with Multilayers. Ionic bonds
have a strongly salt-dependent strength and collec-
tively they can become as strong as covalent bonds,
even in water. These interactions and rupture mecha-
nisms can play an important role in protein�protein
and protein�ligand interactions.36 However, in nature
and inman-made applications using electrostatic com-
plexes, the relevant interactions often occur between
charged macromolecules and existing complexes of
oppositely charged macromolecules.5�8,11,37 Our ex-
perimental setup can easily be changed to measure
such interactions as well. Without changing the tips,
we simply increase the number of polyelectrolyte
layers on our substrates by subsequently dipping the
substrate with PSPMA brushes in 1 g/L solutions of
PM2VP88 and PSPMA96 in 1.0 M NaCl. In this way we
create substrates with one (only PSPMA brush), two
(PSPMAþ PM2VP), three (PSPMAþ PM2VPþ PSPMA),
or more “layers”, although complete mixing between
the nongrafted polyelectrolytes on the surface is ex-
pected at the applied salt concentration. We indeed
measure an increase in dry layer thickness from 13 to
16 to 19 nm using ellipsometry. For more than three
layers, we find a constant layer thickness of 20( 2 nm,
consistent with complete mixing of the layers.

Figure 5 shows the force histograms for type II
rupture events at 1.0 M NaCl for one, two, and three
layers on the substrate. With two or more layers cover-
ing the underlying silica, we no longer find type I
events, probably because a different rupture process
from the one depicted in Figure 3 takes place. Inter-
estingly, the rupture force of the type II rupture events
decreases significantly with the number of layers.
Moreover, the force distributions become narrower
and closer to a Gaussian distribution. For more than
three layers, we find no further change in the rupture
force distributions. Both effects can be explained by
considering the rupture mechanism between a single
polyelectrolyte and the substrate. In the case of one

layer, separation of the tip and the substrate involves
rupture of ionic bonds, as discussed above. However,
when the substrate is already covered with a stoichio-
metric polyelectrolyte complex (two layers: PSPMA þ
PM2VP), there is no longer a strong electrostatic driv-
ing force for formation of ionic bonds and either fewer
or weaker ionic bonds will be formed between the
cationic block copolymer and complex. Moreover, the
presence of a complex on the substrate increases the
local charge density and thus decreases the activation
energy for separation of the ion pairs (see eq 1). Indeed,
we find that the distribution resembles that of a higher
salt concentration than 1.0 M (see Figure 2). Finally,
when the substrate contains three or more layers, also
free PSPMA polymers are present that can (partly)
neutralize the cationic block copolymer when tip and
substrate are separated. Separation now occurs be-
tween two neutral complexes, and the energy barrier
involved in this process is determined by the interfacial
energy of the polyelectrolyte complex. Even for
strongly charged polyelectrolytes, these interfacial en-
ergies are relatively low.38 As a result, the rupture forces
measured for a substrate with three layers are lower
than that for one or two layers; they are even lower
than the expected rupture forces for single ionic bonds
at the same salt concentration (see Figure 2).

CONCLUSIONS

Ionic bonds are reversible and highly tunable con-
nections. For the N-methyl-2-vinylpydidinium/3-sulfo-
propyl-methacrylate bonds considered here, the
strength ranges from roughly 1 kBT close to the critical
salt concentration to over 6 kBT at low salt concentra-
tion. Cooperativity of the ionic bonds further amplifies
this difference. As a result, the lifetime of ionic bonds in
natural aqueous systems can range from milliseconds
for single ionic bonds at high salt concentration to tens

Figure 5. Histograms of rupture forces of a PM2VP249
cationic block from a substrate with a varying number of
polyelectrolyte “layers” at 1.0 M salt. One layer corresponds
to a PSPMA brush only, two layers indicate that free PM2VP
is adsorbed into the PSPMA brush, and three layers indicate
a second adsorption step with free PSPMA. Solid lines are
Gumbel fits to the data.
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of years for small complexes of five ionic bonds at low
salt concentration. This versatility offers many oppor-
tunities for use of ionic bonds in new man-made
materials. Under the right conditions a small complex
of ionic bondsmay be stronger than a covalent bond,12

yet remain completely reversible: it can be “unlocked”

at any time by addition of salt.10 In practical applica-
tions, the way charged groups are grafted to scaffolds
or surfaces will play an important role in the stability of
the complexes they form. When disassembly involves
separation of the charges, much higher forces are
required than for multilayer assemblies.

METHODS
Materials. Weuse triangular DNP siliconnitride probes (Bruker).

The cantilevers we use for force spectroscopy measurements
have a spring constant of k = 0.06( 0.01 N/m and a tip radius of
20 nm. Flat silicon wafers with a 3 nm layer of native oxide are
purchased from WaferNet. Before surface modification all can-
tilevers and substrates are cleaned by immersion in piranha
solution (70/30 96% H2SO4/35% H2O2) for 30 min, rinsing
thoroughly with Milli-Q water and ethanol and drying under
nitrogen.

Tip Modification. The dried cantilevers are modified by react-
ing in a solution of 2.8 g of 2-aminoethanol hydrochloride in
5mL of dry dimethylsulfoxide (DMSO) with 4 Åmolecular sieves
for 16 h. After 16 h, the cantilevers are rinsed with dry DMSO,
transferred into a 0.040 M p-phenylene-diisocyanate solution in
dry DMSO and left to react for no longer than 30 min, to avoid
precipitation of solution-polymerized isocyanates onto the canti-
lever surface. The cantilevers are rinsed once again and trans-
ferred to the final solution of 10 g/L hydroxy-EO-terminated
poly(N-methyl-2-vinylpyridium)-block-poly(ethylene oxide),
PM2VP249-b-PEO134�OH (Polymer Source; degree of quaterni-
zation, 86%) in dry DMSO and left for 1 h. After 1 h the canti-
levers are rinsed thoroughly with Milli-Q water and ethanol,
dried under nitrogen, and stored in a gel pack until use.

Substrate Modification. Polyelectrolyte brushes are synthe-
sized by surface-initiated atom transfer radical polymerization
(SI-ATRP). We modify 1� 1 cm2 cut silicon wafers by immersion
in a 5% (v/v) solution of 3-trimethoxysilylpropyl-2-bromo-2-
methylpropionate (Gelest Inc. UK) in hexane for 1 h. After 1 h,
the substrates are rinsedwith hexane, dried under nitrogen, and
transferred to a Schlenk tube under argon atmosphere. The
ATRP solution is prepared by dissolving 2.25 g potassium
3-sulfopropylmethacrylate (KSPMA), 25 mg 2,20-bipyridine,
and 3.5 mg of CuCl2 in 1.25 mL of Milli-Q water and 2.50 mL
of methanol, degassing by bubbling argon for 10 min and
subsequently adding 9.0 mg of CuCl. After bubbling argon for
another 5 min, the ATRP solution is transferred to the Schlenk
tube using a syringe. The ATRP reaction is quenched after 20 min
by opening the tube to oxygen; the substrates are rinsed with
Milli-Q water, methanol, and ethanol, dried under nitrogen, and
stored until use. All substrates have a dry brush thickness of
13 ( 2 nm (Sentech SE-400 ellipsometer), corresponding to a
number average degree of polymerization of Nneg = 40, at an
estimated grafting density of 0.8 ( 0.3 nm�2.17,18

Force Spectroscopy Experiments. All force curves are recorded
with the Force Robot 300 (JPK), using a small volume liquid cell
(70), sealedwith a rubber ring at a temperature of T = 293( 2. In
all experiments the liquid cell is filled with an aqueous solution
of NaCl (various concentrations) in Milli-Q water at pH 7 ( 0.5.
The cantilevers are calibrated (deflection sensitivity from the
slope at f>1nN, spring constant using the thermal tunemethod
with corrections for nonideality and cantilever support39) at 3.0 M
NaCl, where the brushes are collapsed and no attraction is
recorded.We verify that this procedure yields correct calibration
values (difference <2%) from a calibration against bare silica
and a brush with and without modification. Typical F�D curves
are recorded for an approach range of 500 nm, a tip velocity (v)
of 500 nm/s, no surface delay, and a sampling rate of 4 kHz. In
every cycle of approach and retract the tip is lowered to a
constant load of 1�2 nN. The actual loading rates at rupture are
calculated from EFJC fits of the stretching events (see Figure 1a).
Every 100 F�D curves, the substrate is moved by 1.2 and the
photodiode is realigned. In total 1000�10 000 F�D curves are

recorded for every tip�substrate�solvent combination. For
every salt concentration, we measure at least two independent
tip�substrate combinations. In the analysis we combine the
results for different tip�substrate combinations. Because in-
evitably some physically adsorbed polymers are present on the
AFM tips after modification and thorough rinsing, we discard
the first 100 F�D curves from our analysis and start collecting
the data after moving to a second location on the substrate. We
then make a raw selection of all F�D curves using a custom-
madeMatlab routine, selecting only those curves that exhibit (1)
a jump in the force averaged over three subsequent points that
is larger than three times the typical variations in averaged force
in the baseline, with (2) a location of the jump that is further
than 50 nm from the wall (where the force turns repulsive). We
then discard the force curves that show interactions originating
from two tip-bound polymers. We sort the remaining force
curves in two types: curves with a plateau of constant force and
curves with a stretching event. All curves with a force standard
deviation smaller than 1.1 times the baseline standard deviation
over more than 10 nm from the previously established jump in
force are automatically classified as plateau. Wemanually check
the classifications to rule out obvious errors. Finally, the selected
F�D curves are further analyzed using the JPK data processing
software.
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