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The end-to-end distance and the contour length of single polymers in dynamic adsorbate layers were
measured with a mechanical approach. Individual polysaccharide chains were covalently pinned to the
surface with one segment and picked up randomly with an atomic force microscope tip. The polymer
section between pinpoint and the pickup point was stretched by retracting the tip from the surface. The
pinpoint was derived by measuring the normal force while laterally scanning the surface at constant
height. For carboxy-methyl-amylose, a Kuhn length of 0.44 nm and a scaling exponent of 0.74 were found.
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Both conformation and dynamics of polymers govern
their function in numerous applications, e.g., as coatings,
adhesives, in composite materials, or the like. A rich body
of literature on both theory [1–4] and modeling exists
[5,6], and a wealth of experimental data is available [7].
Ensemble measurements, such as light scattering [8,9],
have in many instances corroborated theoretical predic-
tions on the scaling of the end-to-end distance of a polymer
hjRji andN, the number of segments which follows hjRji �
bN�. Here b is the Kuhn length and � the critical exponent,
which depends on the dimension of the system and has a
value of � � 1, 0.75, 0.588, and 0.5, for d � 1, 2, 3, and
d � 4, respectively [1]. If one expresses the number of
units N by the contour length Lc � bN, both the end-to-
end distance hjRji and Lc are linked by the simple relation
hjRji � Lc�b�1���. A double logarithmic plot of the end-to-
end distance hjRji against Lc should thus result in a linear
dependency and provide �.

Since ensemble experiments average over a large popu-
lation of polymers, individual details of the polymer mole-
cules remain hidden, and, in polydisperse samples, length-
dependent deviations are concealed. Single molecule ex-
periments overcome such obstacles. Conformational tran-
sitions (dextran [10], titin [11], or DNA) and solvent-
mediated supramolecular rearrangements were discovered
[12,13], and new models for the polymer elasticity based
on an interplay between backbone deformations and en-
tropic conformations were developed [14–16].

For polymers at surfaces, scanning probe techniques
were employed in situ and on dried samples [17–22].
However, under conditions where the lateral mobility of
the polymers exceeds the cantilever scanning speed, no
high-resolution imaging is possible. Recently, we and
others discovered that weakly adsorbed polymers might
exhibit an unexpectedly high in-plane mobility [23],
although their adhesion enthalpy per segment exceeds
several kBT resulting in a quasi-irreversible adsorption
already at short polymer lengths [24–26]. Because of the
high in-plane mobility, information on the conformation of
the polymers could not be gained up to date, even though

such adsorbate layers are ideal model systems for polymer
solutions with reduced dimensionality. In this Letter, we
develop a strategy to derive the key parameters for the
conformation, the Kuhn length b and the scaling exponent
�, by measuring the contour length and the end-to-end
distance of individual polymers. The experimental strategy
is outlined in Fig. 1.

Carboxy-methyl-amylose (CMA) was covalently pinned
to a glass slide [27,28] with such a low efficiency that the
probability to pick up a polymer with the atomic force
microscope (AFM) tip was less than 1%. The lateral den-
sity was confirmed by AFM imaging to be 12 molecules
per �m2 (see supplementary material [29]). This low
surface density of attachment sites also ensures that the
vast majority of the polymers are bound to the surface only
at one segment.

Pinning at one point just restricts the large-scale mobil-
ity but leaves the conformational freedom of the polymer
in 2D unaltered. Since the amino functionalized glass
surface is positively charged, the weakly negatively
charged CMA polymer is expected to absorb to the surface.
We confirmed this in single molecule desorption measure-
ments (see supplementary material [29]) where we found
long force plateaus between 8–9 pN. This value converts

 

FIG. 1. Schematics of the experimental strategy. Polymers
were covalently pinned onto a surface at very low density,
restricting only their overall diffusion, not their segment mobil-
ity. Individual polymers were randomly picked up with an AFM-
cantilever tip and stretched.
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into an adsorption enthalpy of �2kBT=nm or little more
than kBT for a polymer segment on the order of the Kuhn
length. According to different references [2,30], the poly-
mer is expected to be thus largely restricted to the surface.

We now lowered an AFM tip to the surface and picked
such a pinned polymer. We then stretched it upon retracting
the tip from the surface (see Fig. 1). Many studies have
shown that polymers may be attached to the tip of an AFM
cantilever if the contact force is increased above a certain
threshold [10,31]. Since the pickup of the pinned polymer
at the surface is random, we define with this process an
arbitrary section of the polymer between the pinning point
and the pickup point. The distance between these two
points on the surface and the contour length of this polymer
section obey the same scaling law as the end-to-end dis-
tance and the contour length of the entire polymer. In
particular, the scaling exponent �, which determines the
degree of swelling of the polymer, will be the same in both
cases, provided the section is much longer than the Kuhn
length b.

The task is thus to measure the two lengths Lc and
hjRji—the end-to-end distance, which the polymer had at
the moment of the pickup—by retracting the tip from the
surface in a suitable manner. Figure 1 highlights the ge-
ometry. Obviously, the polymer section is stretched at an
angle � when the AFM tip is retracted normal to the
surface, and the end-to-end distance is simply the projec-
tion of the stretched polymer onto the surface. An appro-
priate strategy would be to determine the position of the

pinpoint relative to the tip position. In principle, this could
be achieved by scanning the tip at constant force. The tip
would then move on a hemisphere with the pinpoint as the
center. To avoid permanent high load on the polymer, we
chose a scheme where the tip is scanned at constant height.
Nevertheless, also here a basic difficulty arises from the
fact that the cantilever geometry breaks the symmetry of
the experiment. The horizontal components of the force,
which act on the tip upon stretching a polymer, exert a
torque on the tip. This results in an additional bend of the
cantilever, which leads to a cross talk of the lateral forces
into the measured normal force. This effect needs first to be
evaluated in order to be able to correct for the asymmetric
bending effects of the cantilever.

To analyze this problem, the force acting on the canti-
lever was measured for different pulling geometries.
Figure 2(a) shows the force extension relation measured
for a single CMA polymer, which was picked up following
the procedure given above. The hump reflects the force-
induced lengthening of the pyranose rings from their
ground state chair conformation (4C1) to the boat confor-
mation [10,32,33]. In the following, we use this transition
as an internal sensor for the force acting along the polymer
backbone. The dashed line gives the best fit of the force
extension relation based on the freely jointed chain model
with enthalpic segment elasticity. The two conformations
of the segments are modeled by a two-level system ac-
cording to the following equation with Nground=Nboat �

exp��G=kBT� [13,34]:

 

FIG. 2 (color online). Force extension curve (a) for a long CMA polymer, with the two-state FJC fit (dashed black line). Between 200
and 300 pN, the pyranose rings change their conformation, which was used as an internal force sensor in the polymer. In (b), the
geometry of the cantilever is sketched. Normal forces acting on the cantilever tip result in an out-of-plane bend of the cantilever along
the east-west direction. This bend is measured with the reflected laser beam and after calibration converted into a force. Tangential
forces acting on the tip result in a torque and cause an additional bend of the cantilever. However, only the east-west components of the
lateral forces are picked up this way. The north-south components are not detected. This effect can be seen in (c) and (d), where this
bend is measured when pulled at an angle with respect to the surface. Whereas in the north-south direction (c) the transition force
decreases with the angle, the force additionally differs markedly, when pulled east or west (d).
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where Ns is the total number of segments, Lground and Lboat

are the length of the conformation of the stress-free and
under-stress pyranose rings, respectively. LK is the Kuhn
length (we use a different symbol for the Kuhn length as
before to distinguish that they were derived differently),KS
the segment elasticity, and �G the free energy difference.
For the CMA fit in Fig. 2(a), we used values from the
literature: Lground � 0:45 nm, Lboat � 0:54 nm, LK �
0:45 nm, KC � 28 N=m, and �G � 6kBT [35]. The only
free parameter is the contour length (Lc � LKNS) of the
polymer, which is extracted from the fit with an accuracy of
better than 1 nm [note: since hsin���i scales with Ng�1,
particularly long polymers were chosen to reduce the cross
talk of lateral forces]. As a control, we varied the Kuhn
length in the fitting procedure and found the literature
value to provide the best fit also for our curves. In
Fig. 2(b), a polymer was picked up and stretched obliquely
by retracting the tip at different angles towards the normal
and in different directions relative to the cantilever geome-
try [cantilever C from MLCT-AUHW; Veeco Instruments
GmbH, Mannheim, Germany. Deviations (for the west and
east directions) occur at all cantilevers, because of the
lateral asymmetry of the cantilever.]. As can easily be
seen in Figs. 2(c) and 2(d), the conformation transition of
the polymer occurs at different normal forces for different
angles. Whether the tip was moved north or south had a
negligible effect, as was to be expected.

The normal force acting on the cantilever decreases with
the factor of cos���. Figure 2(d) shows the same kind of
experiment. However, here the difference in torque be-
tween east and west alters markedly the force at which
the transitions occur. The torque increases (west) or re-
duces (east) the deflection of the cantilever caused by the
normal component of the backbone force. To summarize,
at the same backbone force, the measured deflection signal
of the AFM cantilever depends on angle and direction. For
a precise measurement of the polymer pinpoint, this needs
to be taken into account.

From the interpolation between many such curves [36]
as shown in Figs. 2(c) and 2(d), a force map was created
(Fig. 3), which gives the normal component of the force
acting on the sugar polymer that is pinned at the origin
when the tip is scanned parallel to the surface at a certain
height. The asymmetry of the cantilever results in marked
distortion, which is best notable at the hump ring of the
boat-chair transition. It should be pointed out here that a
shift of the pinpoint of the polymer results in a shift of the
force map relative to the zero position of the cantilever tip.
This means that this force map can now be used as a master
surface to analyze the force map measured on an arbitrary
pinned polymer such as the one shown in Fig. 4. In this

experiment, the tip was moved along the trace depicted in
Fig. 4(a). After the polymer was picked up, the tip was
lifted normal and then scanned parallel to the surface in
squares with increasing diameter. (By this approach, the
polymer is pulled from 2D in 3D conformation. However,
the anchor point of the polymer at one end, which is

 

FIG. 3 (color online). Master-force map of a CMA molecule
generated by interpolation between many force curves such as
the ones in Fig. 2. It gives the normal force component when the
tip is scanned above the surface at a constant height of 1=3 of its
total length. The asymmetry of the force map reflects the
cantilever asymmetry as described before.

 

FIG. 4 (color online). In (a), the protocol for the cantilever
motion is sketched. The cantilever is retraced and scanned
parallel to the surface while the force is recorded. (b) The
resulting force curve. Obviously, only a segment of the entire
force map was visited. In comparison with the master curve, the
pinpoint was localized southwest of the origin (see Fig. 3).
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determined by this step, is unaltered.) The measured nor-
mal force is shown in Fig. 4(b). As can be seen, the force
map is quite asymmetric. This is because the pinpoint of
the polymer is located southwest of the tip origin and so
only roughly a quarter segment of the ‘‘bowl’’ was visited.

A set of polymers was investigated following the proce-
dure given above; the distance between pinpoint and
pickup point and as such the end-to-end distance of the
polymer section were determined [37] by fitting the traces
to the master-force map. (All data analysis was done by
self-written procedures in IGOR 5.03.) Also determined was
the contour length by fitting the extension traces of the
polymer vertical to the surface.

In Fig. 5, the end-to-end distances (binned with
	10 nm) of 97 CMA-polymer sections were plotted
double logarithmically against their contour lengths.
From the slope, the scaling factor � was determined to
be 0:74	 0:04, which is close to the expected value for a
2D polymer (0.75). This signifies that the polymer rear-
ranges on the surface after adsorption [38] and is highly
dynamic [39].

If one would assume equality and not only proportion-
ality in the scaling law for the end-to-end distance, the y
intercept in Fig. 5 would provide the Kuhn length with a
value of b � 0:44	 0:14 nm, which is in very good agree-
ment with the Kuhn length LK derived from the freely
jointed chain (FJC) fits and the chemical structure for a
single pyranose ring [40].

We envision that this approach to measure conforma-
tional parameters of dynamic polymers in situ is applicable
to a broad spectrum of adsorbed, tethered, pinned, or
grafted polymers. As a side effect, this study here has
also shed light on the question of whether tangential con-
tributions to the normal force in single molecule force
spectroscopy experiments need to be considered.
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FIG. 5 (color online). End-to-end distance of CMA-polymer
sections plotted against their contour length. The red dashed line
is the fit with a scaling factor of 0:74	 0:04 and a segment
length of b � 0:44	 0:14 nm. The blue and black dotted lines
are plots with � � 0:588 and � � 1 with b � 0:44 nm, respec-
tively.
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