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ABSTRACT: Bending and twisting around carbon−carbon
single bonds are ubiquitous in natural and synthetic polymers.
Force-induced changes were so far not measured at the single-
monomer level, owing to limited ways to apply local forces.
We quantified down to the submolecular level the mechanical
response within individual poly-pyrenylene chains upon their
detachment from a gold surface with an atomic force
microscope at 5 K. Computer simulations based on a
dedicated force field reproduce the experimental traces and
reveal symmetry-broken bent and rotated conformations of
the sliding physisorbed segment besides steric hindrance of the just lifted monomer. Our study also shows that the tip−
molecule bond remains intact but remarkably soft and links force variations to complex but well-defined conformational
changes.

KEYWORDS: Atomic force microscopy (AFM), force spectroscopy, molecular dynamics (MD) simulations, pyrenylene chains,
nanoscale friction, mechanics

Rotation around a carbon−carbon single bond is at the
basis of conformational isomerism, catalytic reactions,

and photochromism. Such local changes can be activated by
heating, irradiation, or electrical potential which overcome
potential energy barriers, whereas mechanical force is
considered as invasive, i.e., capable of rupturing covalent
bonds in polymers.1,2 As recognized in rotaxanes3 and
catenanes,4 intramolecular stress from repulsions of non-
bonded atoms causes variations of bond lengths, angles, and
torsions of the molecular structure. This mechanical response
is relevant for the design, synthesis, and operation of molecular
switches or motors, capable of converting external stimuli into
specific movements.5,6 To date, it has been challenging to
apply and assess the effect of a local force within a single
molecule, since its dynamical behavior is usually affected by
thermal fluctuations.7−9

An elegant way to establish a connection between local
single-molecule deformations and an external force is the use
of a low-temperature atomic force microscope (AFM)
operated in an ultrahigh vacuum.10 Polycyclic aromatic
hydrocarbons (PAHs), such as graphene nanoribbons

(GNRs), can be synthesized in situ from evaporated precursors
on atomically clean surfaces.11 The formed structures are
directly characterized on the atomic scale by combined
scanning tunneling microscopy (STM) and dynamic AFM.12

In addition, tip-assisted manipulation experiments can control
their displacements.13−15

With the advent of cryo-force spectroscopy,16−18 the
detection of a molecule mechanical response is now possible
down to the submolecular level under tensions of a few tens of
pico-Newtons up to nano-Newtons. The selected end of a
single molecule or polymer chain is contacted by the tip apex
and pulled vertically from a surface.19−22 The recorded signal
reflects complex dynamical phenomena between the tip and
the sample, e.g., the adhesion and succesive detachment of
subunits, as well as the dynamics of the segment still sliding
over the surface. An in-depth theoretical understanding of the
dynamic behavior of detaching and sliding contacts as an
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ensemble requires careful modeling and extensive numerical
simulations.17,18,20,23−26

To benchmark the detection of molecular deformations and
motions, we investigated a long poly(2,7-pyrenylene) chain
adsorbed on Au(111) and its lifting response using cryo-force
spectroscopy. While pyrene27 stands as a paradigm PAH and
for the synthesis of long functional polymers,28 we extended its
synthesis to surfaces using Ullman reaction of 2,7-di-bromo-
pyrene precursors (Figure 1a and Supporting Figure S1). Our

measurements also complement recent studies using polymeric
chains and ribbons that revealed voltage-dependent con-
ductance,19 the detection of GNR bright luminescence,22 or
superlubric sliding behavior.17,25,29 While GNRs are more rigid
transverse to their growth direction, our system involves C−C
single bonds between monomers which lower in-plane and
out-of-plane chain stiffness. In contrast to dimethyl substituted
polyfluorene,16,19,24 unreacted precursors and polymerized
chains (Figure 1b and d) adsorb flat along face cubic centered
(fcc) valleys of the Au(111) reconstruction. AFM measure-
ments with CO-terminated tips12 confirmed single C−C bonds
between monomers (Figure 1d). Long poly(2,7-pyrenylene)
chains are aligned along the [112̅] and equivalent directions
but show in-plane bending (Figure 1c) that can be easily
modified by tip manipulations (Supporting Figure 2).
To rationalize the chain conformations, we employed a

multilevel computational approach30 combining quantum
mechanical (QM) and molecular dynamics (MD) simulations
(see Methods and Supporting Figures S3 and S4). The
computed length between adsorbed units is 0.86 nm compared
to the experimental AFM value (0.84 nm). Simulated
temperature quenching of a 35-unit chain initially aligned
straight along the [112̅] direction (Supporting Movie S1)
shows strong in-plane bending fluctuations which gradually

lead to bent final geometries (Figure 1e and Supporting Figure
S6). These deformations originate from bond angle variations
between adsorbed units favoring the polymer−surface registry
(see Supporting Information S3). A variety of adsorbed chain
configurations is obtained in both simulations and experiments
(Supporting Figure S6), in agreement with polyfluorene chains
on Au(111)16 but in stark contrast to armchair GNRs
adsorbed straight along [101̅] equivalent directions.17

A representative experimental trace of the effective system
stiffness keff(Z) versus lifting height Z (see the Methods) is
shown in Figure 2b for a chain of n = 35 pyrenylene units, as
determined by STM (Figure 2a). The detected signal exhibits
dips (dashed lines) attributed to single monomer detach-
ments.16 For Z ≤ 1.5 nm, keff dips below 1 N m−1 and then
rises, due to superimposed electrostatic and van der Waals tip−
sample interactions. The assignment of the first two detach-
ments is difficult until the signal becomes regular for Z ≥ 1.5
nm, with maxima of 0.2 N m−1 consistent with a remarkably
soft but intact tip−chain bond and a high stretch stiffness of
the chain which also favors nearly frictionless sliding on the
surface.16,17,25 The lifting is completed when Z = 27.9 nm,
corresponding to an average detachment spacing of L = Zoff/33
= 0.84 nm per unit, counting the detachments from n = 2.
Figure 2c shows the smoothed computed keff(Z) of a 35-unit
chain lifted from an unreconstructed Au(111) surface using
steered MD simulations (see Methods).18 The bond between
the tip and the molecule is modeled via a harmonic spring of
stiffness ktip connecting the first pyrenylene unit para-carbon
atom, whose motion is frozen along the X and Y directions, to
a virtual atom moved at constant velocity along Z (further
details are provided in the Methods). The trace reproduces the
detachment of n = 33 monomers attained for a relative lifting
height of Zoff = 28.6 nm, corresponding to L = 0.87 nm, in
agreement with experimental (0.84 nm) and computed (0.86
nm) values. Supporting Movies S2 and S3 confirm the
assignment of the dips to successive monomer detachments.
A closer inspection reveals two alternating detachment

spacings. As illustrated in Figure 3a for 7 ≤ n ≤ 13, long L+ ≈
920 pm and short L− ≈ 770 pm values alternate. Parts B, C,
and D of Figure 3 display the computed normal force F(Z), the
stiffness keff(Z) = dF/dZ, and the twist angle ϕ between the
planes of consecutive pyrenylene units. The twist angles of the
lifted even (green) and odd (purple) units (ϕn−1 = −20 or
+30° in Figure 3d) relative to still adsorbed units n do not
appear very different in the top views (Figure 3e vs Figure 3f).
Indeed, the −8° twist of even units prior to detachment is
expected to combine with −20° afterward. Actually (see
Supporting Information S4), both lifted units are rotated by
±30° with respect to their axes inclined by about 30° with
respect to the surface normal. As lifting proceeds, ϕ
approaches the equilibrium gas-phase values ϕeq = ±40°
(Supporting Figures S4 and S5) along the lifted segment which
then becomes straight and inclined by at most 10°. The
inclinations and incomplete twists of the just lifted units reflect
the competition between the energy gain from twisting
(Supporting Figure S4) and the remaining attraction to the
surface which causes steric hindrance (Supporting Table S1).
F(Z) exhibits ramps of nearly constant slope separated by

drops, consistent with the appearance of keff(Z). The force
maxima at the end of L+ ramps (0.40 nN on average) are
higher compared to L− ramps (0.38 nN on average). The
corresponding work increments on the pulled chain (areas
under the respective “sawteeth”), 180 and 146 kJ mol−1,

Figure 1. Poly(2,7-pyrenylene) chain adsorption on Au(111). (a)
Ullmann reaction of the 2,7-dibromopyrene precursor on Au(111).
(b) AFM image of the unreacted precursor using a CO-functionalized
tip. (c) STM overview of the reacted chains on Au(111) (It = 1 pA,
Vtip = −0.35 mV). (d) Close-up AFM image of the single and fused
double poly(2,7-pyrenylene) chains within the dotted rectangle in
part c (oscillation amplitude: A = 50 pm, Vtip = 0 V). (e) Equilibrium
configuration obtained from MD simulations of the 35-unit poly(2,7-
pyrenylene) chain initially adsorbed straight along the [112̅] Au(111)
direction.
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respectively, exceed by far the 8 kJ mol−1 maximum energy
gain from twisting each lifted unit (Supporting Figure S4) but
are comparable to the desorption energy per unit, e.g., (Echain −
Eads)/35 = 137 kJ mol−1 in the starting configuration of
Supporting Figure S6b according to Supporting Table S1. The

L−, L+ alternation arises from differences in the energy cost of
lifting odd vs even units which include the cost of bending C−
C bonds between units. This energy is mainly localized
between units n and n − 1, in analogy to mechanically
interlocked parts of molecular machines.4,5 As seen in Figure

Figure 2.Mechanical response of a poly(2,7-pyrenylene) chain during lifting. (a) STM images of a chain before and after the lifting experiment (I =
1 pA, Vtip = −150 mV). (b) Experimental retraction trace keff as a function of the lifting height Z with respect to the pickup point. The top axis
labels dips associated with single monomer detachments and marked by dashed lines with an average separation of L ≈ 0.84 nm. (c) Computed
keff(Z) shifted such that the n = 2 dips coincide; units are completely detached at Z = 28.6 nm, which corresponds to L ≈ 0.87 nm.

Figure 3. Assignment of detachment spacings and mechanical twists. (a) Experimental keff(Z) traces for 7 ≤ n ≤ 13 detachments revealing
alternating spacings L− = 0.77 nm (gray) and L+ = 0.92 nm (white). (b) Computed normal force F(Z), (c) associated stiffness keff(Z), and (d)
angle ϕ(Z) between consecutive monomer planes. (e and f) MD snapshots prior to clockwise and anticlockwise twists of odd and even units n
sterically hindered (red circles) by lifted units n − 1. (g and h) Projected trajectories of hydrogen atoms H2 (n = 9, purple) and H1 (n = 10, green)
before and after their detachments. Before detaching, the units slide along equivalent Au(111) directions with different offsets relative to the pulling
axis, leading to higher F maxima and hence longer L+ for odd n.
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3g and h as well as Supporting Movies S2 and S3, odd (n = 9)
and even (n = 10) units behave differently (see Supporting
Figures S7 and S8 and Supporting Information S7). Before
detaching, they move approximately along the [1̅01] and [01̅1]
directions of least corrugation along the Au(111) surface, away
from and toward the initial chain alignment axis, respectively.
This asymmetric motion induces lateral forces which modulate
the inclination of the n to n − 1 C−C bond. The normal
component of the tension sensed by the tip is only slightly
affected because the lifted segment becomes almost vertical
after the first unit is lifted (in contrast to fused armchair GNRs
which bend gradually17,25). The different force maxima and the
L−, L+ alternation are most likely caused by asymmetric C−C
bond bending. The stick−slip motion of the sliding chain
segment induces some friction, besides small dips atop keff(Z)
maxima16 which are better resolved in parallel pulling
studies.17

Parts a and b of Figure 4 show that the alternation also
appears for 22 ≤ n ≤ 30, besides irregularities near the ends
and the center of the pulling range. Supporting Movie S2
illustrates the underlying configurational changes. The sliding
segment develops a symmetry-broken rotated configuration,
while the first six units are lifted and the tail unit executes
stick−slip motion in the [1̅01] direction (Figure 4c). Later, the
motion switches between the two favored sliding directions,
also for other units. Together with transverse shifts of the
detachment point seen in Figure 4d, this induces fluctuations
in the mean orientation and in-plane bending of the sliding
segment as it adjusts to optimize its surface registry. Finally,
Supporting Movie S4 and Supporting Figure S9 show that the
rotation is triggered once the first unit is lifted, in the same
sense as it is twisted, e.g., downward if the twist is clockwise.
Assisted by dedicated numerical simulations, cryo-force

spectroscopy can recognize subtle conformational changes of a
pulled polymer at the single-bond level, thus opening new
avenues for the design of molecular components able to
convert mechanical energy into predefined motion.
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Methods; Supporting Information S1−S5; Figure S1,
polymerization of single 2,7-pyrenylene precursors;
Figure S2, tip-induced lateral manipulation of single
poly(2,7-pyrenylene) chains; Figure S3, Joyce force field
labels and internal coordinates; Figure S4, comparison
between QM and fitted classical FF vibrational modes
and torsion potential of the 2,7-pyrenylene trimer;
Figure S5, gas-phase configurations of the poly(2,7-
pyrenylene) chain; Figure S6, relaxed configurations of
poly(2,7-pyrenylene) adsorbed on Au(111); Figure S7,
different motions of even versus odd detaching units;
Figure S8, different motions of front versus tail hydrogen
atoms; Figure S9, correlation between adsorbed chain
dynamics and twist of lifted units; Table S1, JOYCE FF
energy components for the different adsorption
configurations in Supporting Figure S6 (PDF)
Supplementary Movie 1: MD quenching simulation of
the pre-adsorbed poly(2,7-pyrenylene). The initial
conguration is shown in Supporting Figure S6a and
the nal conguration of Figure 1e. The quenching
proceeds from 350 K to 5 K with a cooling rate of
0.0345 K ps−1 (MPG)
Supplementary Movie 2: Top view of the lifting
simulation starting from the conguration in Supporting
Figure S6b (pink underlying Au atoms) illustrating many
a priori unexpected conguration changes of the still
adsorbed chain segment which occur as successive
monomers twist as they are lifted. For clarity purpose,
only the just detached units are shown in the movie
(MPG)
Supplementary Movie 3: Side view of the same lifting
simulation illustrating the alternating twists of the lifted
units and the nearly vertical inclination of the lifted
chain segment which slightly changes as the following

Figure 4. Nontrivial surface dynamics of the 35-unit chain during lifting. (a and b) Experimental and computed detachment spacing versus n. (c)
Surface displacement of the tail C atom. For n ≤ 6, the chain spontaneously breaks its initial symmetric configuration. Monomers slide alternatively
along nominally equivalent [1̅00] and [1̅01] Au(111) directions toward the lifting axis (purple star) about a rotated mean direction. (d) Snapshots
of the chain conformation for selected n values. The crowded symbols identify the slightly inclined lifted segment and the shifting detachment
points.
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adsorbed units slide towards the lifting axis. Side view of
the lifting simulation of Supplementary Movies 2-3,
showing the pulled atom moving at constant XY while
the angle between the lifted segment and the pulling axis
remain small after the rst two units detach (MPG)

Supplementary Movie 4: Inuence of the in-plane
bending induced at the start of pulling on the twist of
the rst lifted unit and the subsequent symmetry-
breaking. The chain highlighted in black is the same as
in Supplementary Movie S2 and S3, whereas the chain
highlighted in purple exhibits an initial curvature and
subsequent changes that mirror the behavior of the chain
represented in black. This initial dierence of stochastic
origin gives rise to a downward/upward rotation of the
chain tail (MPG)
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