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Supramolecular Polymers

Stretching and Rupturing Individual
Supramolecular Polymer Chains by AFM**

Shan Zou, Holger Schonherr,* and G. Julius Vancso*

Dedicated to Professor Helmut Ringsdorf
on the occasion of his 75th birthday

Inspired by nature, supramolecular chemistry utilizes multi-
ple, reversible cooperative intermolecular interactions, such
as hydrogen bonding, to fabricate self-organized structures
with a very rich structural hierarchy.! The corresponding
intermolecular interactions (forces)®? govern the interplay of
order and mobility,”! as well as the properties and function-
ality (recognition, reaction, transport, regulation etc.) in such
systems.4

In recent years, supramolecular polymers™® (also called
reversible polymers) comprised of bifunctional monomeric
units that are reversibly aggregated through relatively strong
noncovalent interactions were described.””] A prime exam-
ple are the supramolecular polymers formed through self-
complementary recognition of the quadruple hydrogen-
bonded 2-ureido-4[1H]-pyrimidinone (UPy) motif, intro-
duced by Sijbesma, Meijer et al.>!*!"!! Owing to the highly
dynamic character of the aggregation, these materials show a
truly unique combination of tunable properties, such as
viscosity, composition, or effective chain length on one hand,
and short equilibration times on the other hand.! Even
though these properties are a direct consequence of the
presence of multiple weak interactions, typically the equili-
brium complexation constants and complex lifetimes serve as
measures for the strength of the interactions."’ Recently,
theoretical work by van der Gucht et al.™*! shed some light on
the forces between surfaces in the presence of reversible
polymers. From an experimental point of view, however, little
is known about the actual underlying inter- and intramolec-
ular forces.!™"

AFM-based  single-molecule  force  spectroscopy
(SMFS)>181 appears to be suitable to address interaction
forces and to directly probe individual supramolecular
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polymer chains. As illustrated in Scheme 1, such experiments
involve the probing of a dynamic “macromolecule” that
comprises reversibly aggregated self-complementary building
blocks. As we will show herein, the interactions between
individual surface-immobilized UPys!"”! and the stretching of
reversible supramolecular polymer chains were probed in
AFM force-displacement (fd) measurements in hexadecane
(HD) and DMSO/propan-2-ol mixtures. Our results open the
pathway to elucidate the properties of these dynamic,
reversibly aggregated polymers as a function of various
external parameters on the molecular scale.

The systematic investigation of the single-chain mechan-
ical properties of supramolecular UPy polymers was based on
the measurement of the individual molecular interactions
present in these supramolecular polymers. For this purpose,
we first prepared the monolayer architecture 3 on Au(111),
which comprised surface-immobilized w-hydroxy PEG
chains, by coupling UPy isocyanate 2 to the terminal alcohol
functionalities of a layer of 1 (Scheme 1).%"! Similar to 5,
this architecture ensures that the UPy units are available for
complexation in a solution-like environment, as indicated by
differential pulse voltammetry experiments with the ferro-
cenyl-labeled UPy derivative 6 (see Supporting Information).
Layers of 3 thus expose chemically accessible UPy units
tethered by PEG spacers to gold surfaces. As the mechanical
properties of these spacers are known,?!! we can identify and
verify the stretching of single macromolecules in SMFS
measurements.

Force displacement curves were measured in HD between
3, which was immobilized on Au(111), and AFM tips that
were functionalized with 5. The data were converted into
force—extension curves and fitted with the m-FJC model
(Figure 1; see also the Experimental Section, Equation (1)).
The observed stretching is attributed to the stretching of the
PEG segment of 3. The Kuhn length of PEG was found to be
0.65 4 0.08 nm and the segment elasticity is 6.2 +0.6 nNnm .
These fit parameters agree well with reported data® and thus
confirm the successful stretching of single PEG chains. The
observed extensions agree favorably with the contour length
of the linker (=~ 1243 nm; PEG chain is 9.5+ 1.0 nm). As
single PEG chains are stretched, the rupture forces of a single
UPy-UPy complex can be directly determined as 180 + 21 pN
in HD (7'=301 K, loading rate: 35 nNs™!, see also Supporting
Information).

To probe the single-chain mechanical properties of UPy-
based supramolecular polymers, AFM measurements were
carried out with tips and substrates that were both modified
with the short-chain UPy disulfide 5 in the presence of
bis(UPy) 4in HD (10~* mm). Owing to the high complexation
constant of >10°m ! and a complex lifetime greater than
15,1112 big(UPy) forms supramolecular polymers with an
effective degree of polymerization of approximately 40 in
solution.”? Figure 2 shows a typical force-extension curve
measured under these experimental conditions.

A significant restoring force is observed only for exten-
sions greater than 50 nm. Fits to Equation (1) yielded values
for the Kuhn length of 0.68 £+ 0.08 nm and a segment elasticity
of 7.6 +2.5 nNnm . The elasticity parameters are within the
error margins for the data measured for a single PEG chain
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Scheme 1. Molecular thin layers of w-hydroxy-terminated PEG are obtained by self-assembly of disulfide 1 from solution in chloroform onto
Au(111) surfaces, followed by reaction with isocyanate 2 to form a layer 3 that exposes UPy moieties. Supramolecular polymers, which are formed
by self-complementary association of the telechelic PEG derivative 4 in hexadecane solution, can be probed by AFM (right) by utilizing gold-
coated AFM tips that are functionalized with a self-assembled monolayer of the asymmetrically substituted UPy disulfide 5 in hexadecane.

extension/nm ———*

Figure 1. Force—extension curve measured between a gold-coated AFM
tip, which is functionalized with a SAM of UPy disulfide 5, and a
Au(111) sample that is functionalized with a layer of 3 in hexadecane.
The fit of the data to the m-FJC model is shown as a solid line.

which thus indicates that also in the current experiment a
single PEG “chain” is being stretched. The significantly
longer stretching length (> contour length of a single PEG
segment) indicates that indeed supramolecular polymers
were stretched, which appears to be reasonable if the lifetimes
of UPy complexes in HD are considered. By contrast, fd
curves recorded in 15% DMSO in propan-2-ol showed a
markedly different stretching length distribution. In this case,
only very short chains were stretched, in a similar fashion to
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Figure 2. Force—extension curve measured between a gold-coated AFM
tip and a Au(111) sample that are both functionalized with layers of 5

in the presence of the bifunctional bis(UPy) derivative 4 in hexadecane.
The fit of the data to the m-FJC model is shown as a solid line.

the data observed for the dimer experiment in HD. A very
similar reduction in stretching length was observed in block-
ing experiments with a trifluoromethyl-functionalized UPy
derivative (see Supporting Information).

The mean value of the rupture forces observed for the
supramolecular polymers in HD of 172 + 23 pN lies within the
error margins for the rupture force of the dimeric complex.
Our data suggests, however, that the rupture forces decrease
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slightly with increasing lengths of the stretched supramolec-
ular polymer chains (see Supporting Information). This
observation is in agreement with the theory developed by
Evans et al.,*?! who predict a decrease in the magnitude of
the single-complex rupture force with increasing spacer
length and an increasing number of consecutive bonds along
one molecule.”!

Stretching lengths of more than 150 nm were detected in
HD (Figure 3a) which corresponds to a “degree of polymer-
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Figure 3. a) Histogram of extension lengths observed for the dimeric
interactions and the supramolecular polymers in hexadecane. Inset:
Frequency of extension events (f) versus the number of repeat units
(n) in stretched supramolecular polymers calculated on the basis of
the length of one repeat unit. b) Histogram of extension lengths
observed for the supramolecular polymers in 15% DMSO in propan-2-
ol. Inset: Frequency of extension events versus the number of repeat
units n in stretched supramolecular polymers.

ization” of up to 15, assuming a “monomer length” of 12 nm.
The probability of stretching a supramolecular polymer chain
that bridges the gap between the substrate and the tip appears
to be an exponential function of the chain length (Figure 3a,
inset). In the presence of DMSO, the hydrogen bonds are
disrupted®'” and consequently the stretching and rupture of
long supramolecular polymers is not observed (Figure 3b).
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We observed in the AFM experiments that the chain
lengths obtained for supramolecular polymers are shorter
than predicted. However, independent of the length, an
exponential decay of the distribution of effective length
versus the degree of polymerization is expected on the basis
of the model.” The sampling of the rupture length in the
AFM experiment may lead to an underestimate because the
attachment sites for the UPy telechelic derivatives on the
AFM tip are not restricted to the very end of the tip, while the
supramolecular polymer “chain” may also be attached to the
substrate at a location outside the tip—sample contact area.
Furthermore, possible effects of the tip-substrate gap dis-
tance (the polymer may form after the tip and the substrate
may become detached) and the rate of the loading have not
yet been addressed systematically. A systematic investigation
of the frequency of successful stretching events probed versus
independently adjusted tip-sample separation distances and
equilibration times would open the path to elucidate the
kinetics of polymerization at a single-molecule level.

In conclusion, the AFM data show that supramolecular
polymers can indeed be investigated on the single-molecule
level. In PEG-based telechelic bis(UPy) materials, the
individual reversible linking sites along a supramolecular
polymer chain, that is, the complexes based on self-comple-
mentary recognition of 2-ureido-4[1H]-pyrimidinone, act as
independent bonds in series. As the material properties
including viscosity, composition, or chain length are functions
of various external parameters and stimuli, which can be
investigated in situ, highly useful information for the design
and construction of nanometer scale devices and stimuli-
responsive systems will now become directly accessible from
SMEFS experiments.

Experimental Section

Materials: Isocyanate 2! was coupled to PEG derivative 1, which
was immobilized through disulfide moieties to Au(111) (5-mm CHCl,
solution, RT),'™" to yield surface-immobilized 3 (Scheme 1).
Bis(pyrimidinone) 4 was synthesized according to a procedure
adapted from Ref. [26] (for details see Supporting Information).
AFM: The AFM measurements were carried out with a NanoScope
Illa multimode AFM (Digital Instruments, Santa Barbara, CA)
utilizing a liquid cell and functionalized tips prepared as described
previously (see also Supporting Information)."® The temperature
inside the liquid cell was 28°C. The cantilever spring constants were
calibrated by using the thermal noise method.”” The fd curves were
fitted by using IGOR PRO software (version 4.07) to the modified
freely jointed chain model (m-FJC), [Eq. (1)], with the extension of
the polymer chain x, applied force F, Kuhn length I, contour length
Leonowr» number of segments n, segment elasticity Ks, Boltzmann
constant kg, and temperature 7.1'")

_ FIK kBT n
X(F) - |:C0th<k]37T>7ﬁK:| |:Lcomour +K78F:| (1)
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