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ABSTRACT: AFM-based single molecule force spectroscopy has been applied to study the detachment of poly-
(acrylic acid) (PAA) chains preadsorbed onto a silicon nitride tip surface at varied pH. In particular, monolayers
of end-grafted chains prepared by nitroxide-mediated polymerization initiated from silica substrates were brought
into close contact with the silicon nitride tip of an AFM. The detachment of PAA chains from the tip surface is
reflected by a set of constant-force plateaus in the AFM force spectra. From those, comprehensive information
about the molecular length distribution of surface-grafted polymers, about their conformation, and about their
interaction with the tip as a function of pH is deduced. At neutral pH, the plateau-length distribution well reproduces
the molecular weight distribution of the grafted polymers as obtained by GPC. At high pH, increasing electrostatic
repulsion between PAA and the tip surface reduces the strength of adsorption, which is manifested in a decrease
of average plateau lengths and measured detachment forces. At low pH, complex force spectra and a bimodal
distribution of apparent molecular lengths are obtained, reflecting the poor solubility of protonated PAA chains
in water as well as polymer-substrate interactions.

Introduction

Polymers anchored to solid interfaces are in the focus of
materials science, as they offer a broad range of applications,
from tribology to biomedicine, where specific properties of the
interfaces are tuned by proper surface modification. In general,
water-based systems offer the best opportunity to combine a
multitude of independently tunable interactions, in particular,
hydrophobic and electrostatic ones. Hereby, polyelectrolytes are
of particular importance, as their electrostatic interactions can
be affected, and thus tuned, by ionic strength as well as by pH
(in the case of pH-sensitive polyelectrolytes and surfaces).

For the creation of end-grafted polymer layers on solid
substrates, one most prominent method is the so-called “grafting-
from” technique. Because of its proficiency to lead to macro-
molecules with well-defined architecture and macromolecular
dimensions, controlled/living radical polymerization (CRP) and
in particular nitroxide-mediated polymerization (NMP) has been
extensively described for almost 10 years.1-8 Hereby, post-
modification and/or copolymerization enable to create grafted
amphiphilic (co)polymer layers with controlled hydrophilic/
hydrophobic balance, ionic groups, gradient of properties along
the chemical sequence, etc. This opens a large perspective for
the design of polymeric monolayers with predetermined and
responsive features adjustable for different applications.

For a better understanding of the structure-property relation-
ships in these polymer layers, which is necessary for the tuning
of the materials’ properties, there is need for characterization
at the molecular level. Several techniques, such as SFA and
AFM, have been employed to study the conformation of surface-
attached polymers in ensemble measurements. The interpretation

of these experiments was based on well-established theories for
end-grafted polymers and polyelectrolytes.

Among the experimental methods for the studying of
conformations and interactions of macromolecules, AFM-based
force spectroscopy is one of the most powerful and sensitive
ones. At the level of individual polymer chains, it has been
successfully used to measure intra- and intermolecular forces
with high precision.9-12 The method enables to elucidate
collective effects arising from confinements and interactions
between substrate-grafted chains subjected to extensional de-
formation,13 and it was proved useful in the investigation of
polymer conformations and molecular bond strengths at the
single molecule level.9,14-16

Finally, and most importantly for the context of this work,
the interactions of individual macromolecules with solid-liquid
interfaces have been successfully studied by AFM force
spectroscopy.17 The loop-size distribution of adsorbed polymer
chains at the solid substrate18 and the forces, which are necessary
to pull them off the substrate,18-20 were measured. For poly-
electrolytes on oppositely charged substrates, it was found that
the magnitude of these desorption forces depends linearly on
the Debye screening length and on the linear charge density of
the polyelectrolyte chains.17,21 Further details of non-Coulomb
contributions to the desorption force as well as the influence of
the solvent were revealed.22

In a paper by Li et al.,23 the elastic behavior of poly(acrylic
acid) adsorbed on a glass substrate was studied by AFM force
spectroscopy. Hereby, a distribution of “extension lengths” was
given. However, as the adsorbed layer consists of an entangled
network of polymer chains, this distribution rather reflects the
lengths of those polymer segments in the interfacial layer, which
are accessible for stretching, but not the full contour lengths of
the poly(acrylic acid) chains.
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In a paper by Walker et al.,24 a layer of poly(dimethylsilox-
ane) grafted to a silica substrate was investigated by AFM in
water. Again, the elastic profiles of single polymer chains were
recorded, and the distribution of contour lengths of the polymer
segments between the tip and the surface was given, merely
reproducing the expected polymer length distributions. However,
since poly(dimethylsiloxane) is not water-soluble, these mea-
surements were performed under bad-solvent conditions, where
the tethered polymers are present in a collapsed conformation.

Here, we show the applicability of AFM-based measurements
for the investigation and structural characterization of pH-
sensitive polyelectrolyte chains on solid substrates. In particular,
we are using poly(acrylic acid) grafted from silica substrates
by controlled radical polymerization, which physically interact
with an AFM tip, namely adsorbing upon approaching and
desorbing upon retraction of the tip from the substrate. The
measurement of the interaction forces during the desorption of
individual polymer chains yields the full lengths of the adhering
chains as well as their adhesion forces.

Since the conformation of poly(acrylic acid) depends on the
pH of the aqueous buffer, we were able to study the effect of
the solvent condition on the accuracy of the determined
molecular length distributions.

The scope of this paper therefore is to investigate the
experimental regimes under which the correlation of length
histograms from AFM experiments with the molecular structure
of the grafted polymer layers is possible.

For this purpose, the AFM data will then be compared to
those obtained by standard methods, namely, gel permeation
chromatography (GPC) and X-ray photoelectron spectroscopy
(XPS). Our results promise the implementation of the AFM
method as an analytical tool for the analysis of chain length
distributions and grafting densities of substrate-grafted polymer
layers.

Materials and Methods

Sample Preparation and Characterization. The covalently
attached polymer monolayers were synthesized via controlled/living
radical polymerization using immobilized initiators. The concept
is shown in Figure 1. NMP was applied for the preparation of well-
defined polymer monolayers end-grafted onto silica surfaces (vinyl
and acrylic monomers).25-30 For this purpose, preformed function-
alized azoic25,26,30,31or alkoxyamine26-29 initiators were synthesized
and covalently attached to silica substrates. The initiator used in
this study consists of an azo group, which is structurally similar to
AIBN, and two monochlorosilane headgroups (SiMe2Cl) that

connect the initiator through silanol moieties (SiOH) to the surface
of the substrate. The ester group connecting the initiating group
and the anchor group can act as a break-seal group under
transesterification conditions. Hence, this ester can be cleaved after
completion of the layer formation, and the polymer can be removed
from the surface for bulk characterization.25-31

In the second step, radical polymerization was initiated from the
surface under controlled conditions. Hereby, the acrylic monomer
reacts with the surface-attached initiator. Briefly, to an initiator-
grafted wafer was added a mixture of the monomer acrylic acid
(AA), the initiator 2,2′-azobis(isobutyronitrile) (AIBN, ratio [AA]/
2[AIBN] ) 2000), and the counter radical SG1 ([SG1]/[AIBN])
2.1). This mixture was thoroughly degassed and heated to 120°C
for chosen periods of time. After the polymerization time, the silicon
wafer was continuously washed free of any adsorbed polymer
(PAA) with water and 1,4-dioxane. Then, the wafer was dried and
stocked under nitrogen.

In preliminary experiments, the free polymer chains were
characterized with gel permeation chromatography (GPC) in THF
after methylation of PAA to poly(methyl acrylate), yielding an
organo-soluble polymer. GPC characterization was performed using
a 2690 Waters Alliance System with THF as the eluent. It was
equipped with four Styragel columns HR 0.5, 2, 4, and 6 working
in series at 40°C, a 2410 Waters refractive index detector, and a
996 Waters photodiode array detector. A calibration curve estab-
lished with low-polydispersity polystyrene standards was used for
the determination of the molecular weights. The GPC data indicate
that the (average) contour length of the chains is∼590 nm with a
polydispersity (PD) of 1.3. At low grafting densities (<0.01 chain
nm-2) values of the polymer surface density cannot be measured
with sufficiently high accuracy. Therefore, the X-ray photoelectron
spectroscopy (XPS) data had to be compared to the data from
samples with known high grafting densities.32 Analyzing the
intensities of the carbon and silicon peaks in the XPS spectra, the
grafting density could be estimated as∼0.005 chain nm-2. For
further details on polymerization and characterization, the reader
is referred to previous publications by Billon33 and Charleux.34

AFM Force Spectroscopy.The force spectroscopy experiments
were conducted on a home-built AFM instrument using silicon
nitride cantilevers (Microlever) purchased from Veeco Instruments.
Nominal spring constants were calibrated using the thermal
oscillation method35 before the first force-extension curve was
measured.

The experimental strategy adopted in the present study assumes
that substrate-grafted polymers reversibly adsorb onto the AFM
tip when the tip approaches the substrate surface and desorb from
the AFM tip when it retracts from the substrate. The force acting
on the AFM tip upon retraction was measured. The corresponding
force-extension profiles exhibit a set of characteristic plateaus
resembling those obtained in earlier AFM studies on polymer
desorption of tip-attached polymers from bare substrates,21,22 in
which the difference in the heights of the plateaus reflects the
magnitude of the desorption force of a single polymer chain (Figure
2), and the plateau length is proportional to the contour length of
the adsorbed chain segments.

All AFM measurements were performed in an aqueous environ-
ment. The samples of substrate-grafted poly(acrylic acid) were
investigated at varied pH in aqueous solution containing 100 mM
NaCl. As we intended to focus on the pH-dependent properties of
poly(acrylic acid) here, a NaCl concentration of 100 mM was used
in order to reduce the force contribution of electrostatic interactions
between the tip and the polymer chains. To select a set of individual
polymer chains, which represent the molecular weight distribution
of the substrate-grafted ensemble, data were collected at different
spots on the surface and thus for different poly(acrylic acid) chains.

The tip positions were chosen randomly on a 4× 3 mm2 area
on the surface. Typically, 100 force-extension curves were
measured for each investigated pH value and for each of 10 different
spots of the sample. Repeated measurements on the same spot
resulted in reproducible force-distance curves, indicating that no
polymer chains were worn off from the substrate. Also, before and

Figure 1. Concept for the synthesis of covalently attached polymer
monolayers via controlled/living radical polymerization using im-
mobilized initiators (grafting from technique).
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after each set of experiments (in which different surface spots were
investigated), control measurements were made, in which the
interaction of the AFM tip with bare silica substrates was recorded
to make sure that no polymers were transferred to the AFM tip
during the course of the experiment. It was found that the tip-
silica interaction profile was not altered after the experiment.

The plateaus were analyzed in respect of desorption forces and
plateau lengths. The results were plotted as histograms showing
the statistical distributions, i.e., the number of events observed for
certain desorption forces or desorption lengths, respectively.
Thereby, all histograms presented in the following constitute
superpositions of measurement series at different surface positions
carried out under the same conditions, representing the ensemble
of the surface-grafted poly(acrylic acid) molecules.

Note that because of the “unspecific” interaction of the silicon
nitride tips with the substrate, force-extension curves may show a
high unspecific adsorption peak at short tip-substrate distances,
which under certain conditions may extend to a few hundred
nanometers. Thus, only desorption events extending beyond this
range can be detected in such cases. In our measurements, most of
the polymer chains exhibit sufficiently large contour lengths, so
that the unspecific adsorption peak does not affect the measured
length distribution. (For shorter chains, the influence of the
unspecific adsorption peak would manifest itself in an artificial
cutoff of the distribution at shorter chain lengths.)

Results

Distribution of Detachment Lengths at pH 6: Comparison
with GPC. The comparison between AFM measurements
(plateau length distribution) at pH 6 and GPC experiments is
shown in Figure 3. Very narrow molecular weight distributions,
e.g., instantaneous MWD, can be well characterized by Flory
or Poisson distributions. A broader MWD can be described by
log-nor distributions:36

The maximum of the distribution is characterized byz0,
corresponding to the number-average of the apparent polymer
chain lengths within the interfacial layer. The width of the curve
is given by t, which is related to the polydispersity overt )
log(PD). The factorP0 ensures normalization of the distribution.
For the distributions shown in Figure 3, the fitting process
determinesz0 ) 592 nm for the GPC data andz0 ) 572 nm for
the AFM data.

Figure 3 shows that the molecular length distributions
obtained by GPC and single molecule force spectroscopy are
in good agreement. Hence, single molecule force spectroscopy
can be successfully applied as a tool for molecular weight
determination of surface-grafted poly(acrylic acid) chains under
the conditions of neutral to slightly alkaline pH. In contrast to
GPC, the chains do not have to be cleaved from the substrate
(cf. experimental section) but can be analyzed unaltered. In
addition, unprecedented by other methods, polymer length
distributions at the surface can be spatially resolved at the level
of individual molecules. Further studies are required to define
grafting densities and chain lengths accessible by single
molecule force spectroscopy characterization.

pH Dependence of AFM-Determined Length Distribution.
The distribution of the apparent polymer chain lengths of the
surface-grafted poly(acrylic acid) molecules as observed in the
desorption profiles depends on the pH (Figure 4). Thus, different
measurement series were conducted for various pH values
between pH 2.5 and 11. Figure 5 shows the experimentally
obtained average apparent polymer lengthsz0 as a function of
pH. While the maximum in the length distribution,z0, remains
merely constant at 570 nm for pHe 7, z0 decreases significantly
between pH 8 and 11 toz0 ) 430 nm. It was further observed
that the desorption forces recorded at alkaline pH were lowered
by an average of∼3 pN as compared to the desorption forces
at pHe 6 (i.e., the average desorption force of 73 pN at pH 6
drops to∼70 pN at pH 10).

Figure 2. (A) Typical force-distance curve obtained in a single
molecule desorption experiment with a surface-grafted polymer mono-
layer and a nonfunctionalized AFM tip. Upon contacting the tip with
the substrate, surface-grafted polyelectrolyte chains are allowed to
adsorb on the tip. Upon retracting the tip, typically, a strong adhesive
peak is observed at small tip-substrate separation. Upon further
increasing the tip-substrate distance, the continuous desorption of
successive chain segments is reflected by a plateau of constant force,
whereas the complete desorption of the entire polymer chain results in
a sudden drop of the adhesive force. (B) In rare cases, single
nonadsorbed (bridging) segments between tip and substrate may still
exist, which are reflected by a nonlinear increase in the stretching force
before the successive desorption of adsorbed monomers sets in.

Figure 3. Molecular weight/length distributions obtained by single
molecule force spectroscopy at pH 6 (histogram) and by GPC (black
curve). Both data sets were fitted with a log-nor distribution with
constant width () log(PD) ) 0.26), resulting in maxima positionsz0

of 572 nm (solid curve) and 592 nm (dotted curve).

P(z) ) P0 exp[-0.5(log(z/z0)/t)
2]

Macromolecules, Vol. 39, No. 1, 2006 End-Grafted Poly(acrylic acid) Monolayers283

CDV



The experimental data can be well fitted by the following
empirical equation:

Therein,z0 is the observed average polymer length at a certain
pH andc1, c2, and pK* are adjustable (fitting) parameters. The
best fit gavec1 ) 566 nm, c2 ) 140 nm, and pK* ) 9.3.
However, note that pK* is a fit parameter, which does not
necessarily correspond to the effective pK value of the acrylic
acid chains in the grafted layer (which mainly depends on
intermolecular Coulomb interactions).37,38

The frequency of desorption events may also be deduced from
the measured desorption traces and can be given as the number
of observed plateaus per curve (i.e., the number of different
individual polymer chains involved in the desorption process
upon retraction of the tip). This frequency was also found to
depend on the pH of the buffer solution: increasing pH yields
an increased number of observed plateaus per curve as seen in
Figure 4 by the larger number of overall counts for the same
number of analyzed desorption traces.

As the frequency of desorption events is related to the total
number of chains adherent to the tip during the desorption
events, one may estimate this number from the distributions:
the number of chains within the contact area between tip and
substrate is obtained as the integrated frequency of events
divided by the number of analyzed desorption traces. For the
curves shown in Figure 4, the number of analyzed traces isN
) 1000. The average number of polymer chains,n, adherent to

the tip throughout all AFM experiments on surface-grafted poly-
(acrylic acid) layers synthesized under the same conditions (as
given in the experimental section) was calculated as ap-
proximatelyn ) 3.

Bimodal Plateau Length Distribution at pH < 6. Upon
decreasing the pH from pH 6 to pH 4, the plateau length
distribution becomes bimodal. That is, the histograms of the
recorded plateau lengths exhibit an additional peak at shorter
lengths (Figure 6), which was not considered for the above
determination of the average chain lengthsz0.

While still negligible at pH 6, the second peak at lower
plateau length (z1 ≈ 400 nm) becomes more pronounced at pH
5, where both maxima have almost the same intensity (i.e., the
same frequency of events). When further decreasing the pH
(Figure 7a), the lower length peak broadens but can still be
distinguished from the higher length peak (which keeps its
position atz0). At pH 2.5 (Figure 7b), a broad distribution is

Figure 4. Molecular length distributions measured by single molecule
force spectroscopy in aqueous buffer containing 100 mM NaCl at pH
6 and 11. The number of analyzed curves is identical (N ) 1000) for
both conditions. At higher pH, the maximum position of the distribution
z0 is shifted to smaller values, and the number of observed plateaus in
the force-distance traces is increased.

Figure 5. Plot of the maximum positionz0 taken from the experi-
mentally obtained length histograms against the pH of the buffer
solution.

z0 ) c1 - c2× 10pH-pK*

Figure 6. Molecular length distributions measured by single molecule
force spectroscopy at pH 5 and 6. The number of analyzed curves is
identical (N ) 1000). At pH 5, a bimodal distribution is observed
(maximum positions are notedz1, z0).

Figure 7. Molecular length histograms observed under acidic condi-
tions: (a) pH 4; (b) pH 2.5 (each plotted in comparison to the molecular
length distribution for pH 6).
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observed which may be viewed as a continued broadening of
the lower length peak, finally merging with the higher length
peak. Hereby, the frequency of events found atz0 ) 570 nm
appears to remain merely unchanged.

Estimation of Polymer Grafting Density. The characteriza-
tion of surface-grafted polymer layers in terms of grafting
densities with single molecule force spectroscopy requires the
knowledge of the AFM tip size and the number of grafted
polymer chains under the tip area. For the microlever tips used
in our experiments a tip curvature radius of 20-40 nm is
reported by the distributor. It can be assumed that the area on
the substrate in contact with the tip during the experiment is of
approximately the same size (i.e., a contact area of ap-
proximately 1000-5000 nm2 may be assumed). The number
of grafted molecules within that range should in the ideal case
be equal to the number of adherent chains as observed in the
experiments. That is, by measuring the average number of
grafted chains adhering to the tip, the grafting density of polymer
chains at the surface may be estimated. For example, when
assuming a curvature radius of the silicon nitride probe of 20
nm, a grafting density ofσ ) 0.002 chain nm-2 is calculated
(cf. Discussion of Figure 4 above: an average of three chains
is observed within the contact region; thus,σ ) 3 chains/(π(20
nm)2).

For comparison, the grafting density was also estimated from
the signal intensities of carbon and silicon peaks in the XPS
spectra. The obtained value ofσ ) 0.005 chain nm-2 is of the
same order of magnitude as the value obtained by AFM. Taking
into account the average contour length of the chains estimated
both from GPC data and from the plateau length distribution,
we can conclude that the average area per grafted chain is
comparable to, or larger than, the square gyration radius of the
polymer coil. Hence, intermolecular interactions between neigh-
boring grafted chains are weak, at least in the neutral or weakly
acidic pH range. (Note that in 100 mM sodium chloride solution
the Debye screening length is∼1 nm so that long-range
Coulomb intermolecular interactions are screened off.)

Discussion
The interpretation of the force-extension spectra may be

based on a set of established theoretical models. The pulling-
off of a neutral polymer chain from an adsorbing substrate in
good or theta-solvent was theoretically analyzed in refs 39 and
40. It was demonstrated that the progressive detachment of a
preadsorbed chain from the adsorbing surface occurs when a
constant pulling force,fc, is applied to one end of the chain.
The magnitude of this pulling force,fc, which is necessary to
induce desorption of the chain, is proportional to the “binding
energy” (per monomer) divided by the monomer size. This force,
which is directly measured in the AFM experiment, increases
with increasing adsorption strength.

Upon the desorption process, the polymer chain can be
envisioned as partially desorbed, i.e., consisting of an adsorbed
segment (comprisingNadsmonomers) and a uniformly extended
segment (comprisingNbridgemonomers), bridging the chain end
to the adsorbing surface.

The elastic tension in the bridging segment is equal to the
desorption force,fc. Therefore, the degree of extension of the
bridging segment,z/(aNbridge) ∼ fca/kBT, increases with increas-
ing strength of adsorption (here,z is the distance between the
tip and the substrate, i.e., the apparent length of the extended
bridging segment of the chain, to which the forcefc is applied;
a is the monomer length under “zero force”). At strong
adsorption, fca/kBT > 1, the bridging segment is almost
completely extended, that is,z/(aNbridge) ≈ 1.

The net free energy of the entire polymer chain comprises
the (negative) contribution of the adsorbed segment and the
entropic penalty for the extension of the bridging segment. If
the retreat of the chain end from the surface occurs at an
infinitely slow rate, the system can be considered in perfect
equilibrium. As the successive detachment of monomers of the
adsorbed segment from the tip surface continues, the number
of monomers in the extended bridging segment,Nbridge, in-
creases, while the number of monomers in the adsorbed chain
segment,Nads, decreases. Hereby, the total free energy of the
polymer chain continuously increases, as the increasing fraction
of monomers in the bridging segment contributes an increasing
conformational entropic penalty, while the free energy gain of
the adsorbed segment continuously decreases in proportion to
the continuously decreasing number of adsorbed monomers. In
perfect equilibrium, the resulting net increase of the desorbing
polymer chain upon increasing the tip-surface separation by
∆z is equal to the stretching energy,fc∆z.

At a certain tip-surface distance (i.e., certain length of the
extended polymer segment), the free energy gain in the adsorbed
segment is exactly counterbalanced by the conformational
entropy penalty in the bridge; this distance may be termedzb.
At this point, the adsorbed state of the polymer chain is no
longer energetically favored over the desorbed state of the
polymer chain, which would thermodynamically favor the full
desorption of the remaining adsorbed chain segment atzb.

However, for complete desorption, the adsorbed segment has
to overcome a potential barrier (activation barrier), the height
of which is proportional to(fca)2Nads/kBT and thus much larger
thankBT. This activation barrier provides a kinetic hindrance
for the full desorption of the remaining adsorbed chain segments.
In perfect equilibrium (i.e., under conditions of infinitely slow
stretching), the activation barrier would be overcome by the
adsorbed chain segments at a natural off-rate, and full desorption
of the entire polymer chain from the tip would be observed at
zb. zb thus reflects the lowest limit of the experimentally
measured “apparent” polymer chain length.

In a real experiment, the stretching rate is finite. Thus, for a
sufficiently high activation barrier, the continuous desorption
of successive monomers from the tip may continue even upon
an increase inz > zb. Hereby, the necessary pulling force,fc,
remains constant, and the system follows a sequence of
metastable states with decreasing number of monomersNads in
the adsorbed segment. Hereby, the (unfavorable) elastic free
energy in the bridge continues to rise asNbridge increases and
the (favorable) adsorption energy of the adsorbed segment
continues to fall asNads decreases. Simultaneously, asNads

decreases, the height of the free energy barrier decreases as well
and will become of the order ofkBT at a point, which may be
termedz ) zs > zb. That is, the barrier separating the adsorbed
state of the polymer chain from the desorbed state of the polymer
chain becomes of the order ofkBT. zs therefore reflects the
maximum “apparent” chain length, which may be observed
under the real experimental conditions of finite stretching rates,
which will not always be reached as stochastic fluctuations may
naturally drive the system also over activation barriers larger
thankBT.

However, the larger the adsorption strength of the adsorbed
monomers at the tip surface is, the larger will be, both, the free
energy contribution of the adsorbed monomers and the potential
barrier between the adsorbed and the desorbed state of the
polymer chain (i.e., the activation barrier for full desorption).
As a result,zs will become larger, too. Namely, the experimen-
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tally observedzs will become comparable to the actual polymer
chain length,L.

It should be noted that, in contrast to the unbinding of single
molecular bonds, such as ligand-receptor bonds, which have
been extensively studied by force spectroscopy,9,41,42 in the
continuous desorption process of polymer chains two different
types of unbinding events need to be considered: the successive
unbinding of individual segments (which repeatedly occurs in
a zipper-type mechanism) and the instantaneous and complete
desorption of the adsorbed polymer chain end (in which,
ultimately, all remaining adsorbed segments detach at once).
The unbinding of an individual segment occurs at a much higher
speed than the pulling rates accessible in the AFM experiment.
Thus, no dependence of the plateau force, which resembles the
unbinding force of individual segments, is observed. However,
there is a rate dependence of the observed unbinding length
originating from the second “unbinding event”. As discussed
above, during the desorption process, the remaining adsorbed
chain end continuously shortens. As a result, the “bond” between
the adsorbed polymer chain end and the substrate becomes
continuously weaker until, at a critical length, its unbinding rate
becomes comparable to the experimental pulling speed. Upon
varying the pulling speed, this critical length of the remaining
adsorbed polymer end naturally varies as well. Thus, the
observed critical length is a function of pulling speed, and thus
is the “apparent” chain length, while the unbinding force isnot
rate-dependent (as it is always limited by the unbinding force
of the ongoing process of the continuous desorption of the
individual segments). Note that if the adsorption strength is high,
the critical point is reached very close to the actual chain end.

While our model neglects excluded-volume interactions and/
or finite extensibility of the chain, the following main trends
remain valid: (i) the detachment distancezs is proportional to
the contour lengthL of the chain,zs ) æL, and (ii) the
proportionality coefficientæ increases with increasing adsorption
strength, approaching unity for strong adsorption.

Hence, the distribution of the detachment lengths,zs, mea-
sured in the AFM experiment can be directly related (with a
rescaling factor that depends on the adsorption strength) to the
molecular weight distribution in the ensemble of the polymer
chains probed in the pulling-off experiment. For strong adsorp-
tion, the distribution of desorption lengths measured by AFM
should directly resemble the distribution of the polymers’
contour lengths (i.e., their “real” molecular weight distribution).

The adsorption of poly(acrylic acid) chains onto the negatively
(that is, similarly) charged silicon nitride (effectively, silicon
oxide) surface of the tip is nonelectrostatically driven. Moreover,
the fraction of charged monomers (equal to the degree of
ionization) and the surface charge density are simultaneously
affected in the present system by the variation of the pH. For a
PAA chain interacting with the tip surface, both, the repulsive
intramolecular Coulomb interaction and the polymer-surface
interaction are pH-dependent via the pH-dependent degrees of
ionization of AA monomers and Si-OH functions on the tip
surface. The observed pH dependence of the measured plateau
lengths may therefore be interpreted in terms of decreasing
strength of adsorption at high pH, resembling a decrease in the
force-dependent proportionality factoræ. Indeed, upon an
increase in pH, the negative ionic charge of both the adsorbed
segments of the PAA chains and the tip surface are known to
increase. Therefore, the Coulomb repulsion between the polymer
and the surface becomes stronger and the adsorption strength
between the tip surface and the PAA chains becomes weaker,
which is also reflected in the decrease of the measured

desorption forces at high pH.
PAA is a weak acid; the pKa for individual AA monomer is

∼5.5. In the polymer, the dissociation of AA units results in an
intramolecular Coulomb repulsion between dissociated, and thus
negatively charged, neighboring carboxylic groups. Therefore,
the effective pK of AA units in a polymer is larger and depends
on the salt concentration (the pK decreases with increasing ionic
strength of the solution due to screening of intramolecular
Coulomb interaction). Moreover, segments of PAA chains
adsorbed onto the negatively charged surface are ionized less
than those far from the surface due to the lower local
electrostatic potential (lower local pH) in the vicinity of the
negatively charged surface.38

At pH > pK, most of the monomers are ionized, and
intramolecular Coulomb repulsion (partially screened by salt)
acts as an excluded-volume interaction ensuring the swelling
of the grafted polymer chains. This scenario therefore holds true
for the above discussion of our results in neutral to alkaline
aqueous buffer, which thus constitutes a good solvent for PAA.

Below approximately pH 5.5, when the carboxylate groups
become protonated and thus uncharged, the quality of water as
a solvent for PAA significantly decreases. The variation of pH
in our experiments therefore has a similar effect as the variation
of the solvent strength in the case of nonionic polymers.

The high polymer density in the collapsed PAA chain
suppresses the ionization of monomers due to the lowering of
the local electrostatic potential and the decreasing of the effective
dielectric constant of the medium. As a result, the collapse
transition within individual chains occurs discontinuously, so
that collapsed (weakly ionized) and swollen (ionized) states may
coexist.43

If a collapsed polymer globule (with dominating attractive
monomer-monomer interactions under poor solvent conditions)
is brought into contact with the adsorbing tip surface, the
following scenarios can be distinguished:44 (i) Monomer-
monomer attraction is stronger than the monomer-surface
attraction. Then, no significant perturbation in the globule
conformation (no adsorption to the tip) takes place. (ii)
Monomer-surface attraction is stronger than monomer-
monomer attraction. Then, the globule spreads on the surface
(strong adsorption) and the detachment of the adsorbed chain
by the applied pulling-off force occurs similarly to the scenario
described above. (iii) Monomer-monomer and monomer-
surface attraction are comparable, and the globule adsorbs onto
the surface (“wets” the surface with a finite contact angle). In
this “transition regime” more sophisticated patterns in the
detachment force-extension spectra are to be expected. The
distribution of the plateau lengths can no longer be directly
recalculated into a molecular length distribution.

In the pH range around pH 5, the PAA chains in the solution
(and the bridging segments) are slightly protonated (marginally
good solvent quality of water), while the surface charge density
is still large (pK of the surface OH groups is around 2-3). As
a result, the local pH in the vicinity of the surface may drop
below the pK of PAA. This may cause the collapse of the chain
segments proximal to the surface.

A second important effect in this pH regime is the possible
adsorption of the grafted polymer chains on the substrate. In
this context, it is important to note that the silica substrate is
modified by silanization prior to polymerization, which means
that it has a different, i.e., more hydrophobic, character than
the bare silica tip. It is therefore reasonable to assume that
adsorption of the (slightly protonated) grafted poly(acrylic acid)
chains becomes more favorable and thus competes with tip
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adsorption. As has been demonstrated earlier,45 an enhanced
attraction to the grafting surface generally leads to a segregation
of grafted chains into two populations: adsorbed and extended
ones. These different chain conformations may result in the
appearance of the bimodal plateau length distribution. Further
analysis, including the study of grafted polymer layers with
higher grafting density, will help to elucidate this effect.

When the pH is further lowered (pH 4-pH 2), the acrylic
acid groups become fully protonated. In addition, the SiOH
groups on the tip surface also get protonated; i.e., both the intra-
molecular and polymer-surface Coulomb repulsion vanish. The
distribution of the measured plateau lengths flattens off, while
the average length decreases as compared to that measured at
high pH. This reflects a variety of different metastable states
upon pulling-off the collapsed PAA chain from the tip surface.
Hence, in this pH range, there is no simple relation between
observed distribution of the plateau length and molecular weight
distribution of grafted polymers.

Note that, generally, a quantitative prediction of the desorption
force magnitude is not possible since the relevant adsorption
energy comprises several contributions, which cannot be
calculated unambiguously. For example, the magnitude of short-
range van der Waals attractions depends strongly on the
polymer-substrate distance (which cannot be predicted), while
the Coulomb repulsion depends on the unknown surface charge
density or surface potential. Nevertheless, our results qualita-
tively support our theoretical model, as we have demonstrated
that an increase in pH, which is expected to lower the net
adsorption strength, indeed results in decreasing plateau length
and force magnitude.

Figure 8 shows a summary of our observations. It illustrates
the effects of poor solvent quality (splitting of the desorption
length distribution at low pH) as well as the effects of weak
polymer-tip adsorption (decrease of the average desorption
length at high pH). In the intermediate regime, the desorption
length distribution measured by AFM reflects the molecular
length distribution of PAA as determined by GPC. On the basis
of our discussion above, it is thus concluded that AFM
desorption measurements allow for the analysis of the molecular
length distribution of substrate-grafted polymers in the regime
of good solvent quality and strong tip adsorption.

Summary

We have applied AFM-based force spectroscopy for the
characterization of monolayers of end-grafted poly(acrylic acid)
(PAA) chains, which were obtained by means of surface-
initiated nitroxide-mediated polymerization from a silica surface.
The distribution of the characteristic desorption lengths of the

polymer chains in the measured force-extension curves and
their corresponding desorption forces were recorded under
conditions of varying pH of the aqueous buffer solution. Hereby,
the plateau length distributions were found to depend not only
on the real chain length of the grafted polymers but also on the
chain conformation governed by intramolecular interactions and
solvent quality as well as the strength of adsorption of AA
monomers on the AFM tip. This relationship follows from
known theories, and it is confirmed by comparison to the GPC
data on free polymers. For sufficiently good solvent quality and
strong adsorption of the polymer chains to the AFM tip, the
desorption length distribution coincides with the molecular
length distribution of the substrate-grafted polymers. The latter
can thus be directly measured in AFM desorption experiments.
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