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Probing single molecules with the 
AFM: Force, dynamics, and function 



1952   Erwin Schrödinger wrote that we would never experiment  
  with just one electron, one atom, or one molecule 

  
E. Schrödinger, Br. J. Philos. Sci. 1952, 3, 233  

 

1959  Richard Feynman told us that there are no physical limitations 
 to maneuvering things atom by atom 

    
    

December 29th 1959, annual meeting of the American Physical Society at Caltech 

There's Plenty of Room at the Bottom 
An Invitation to Enter a New Field of Physics 



1981: Invention of the STM 

G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel 
App. Phys. Lett. 1982, 40, 178 

Photos: Copyright © The Nobel Foundation  

1986: Binnig, Quate, and Gerber proposed the AFM 

Phys. Rev. Lett. 1986, 59, 178, 930 



1990: Positioning single atoms with the STM 

D. M. Eigler, E. K. Schweizer,  
Nature 1990, 344, 524 



AFM 

AFM as a microscope: 
Imaging & Characterization 

Science 2003, 302, 1002 

AFM as a tool: 
Manipulation of 
molecules 

Science 2008, 319, 594 

atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms andmole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (C22H14, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, EF, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near EF, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1Å, as
pointed out byGiessibl (13). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffness of the
tuning fork [spring constant k0 ! 1.8 ! 103 N/m
(15), resonance frequency f0 = 23,165 Hz, and
quality factor Q ! 5 ! 104] allows stable opera-
tion at oscillation amplitudes down to 0.2 Å. A
metal tip (16) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached tomeasure the tunneling current (17).
The bias voltage V was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (10, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
andAFM (Fig. 1, C andD)modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a COmolecule was deliberately picked up
with the tip (16), which led to an increased resolu-
tion in the AFMmode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (10). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Df was being recorded (16). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Df is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C andD), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

We observed local maxima of Df(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Df images with
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Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point I = 110 pA, V = 170 mV; (C) tip
height z = –0.1 Å [with respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 Å; and
(D) z = 0.0 Å, A = 0.8 Å. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at
the tip apex.
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Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (A) Ag tip, z= –0.7 Å, A= 0.6 Å; (B) CO tip, z=+1.3 Å, A= 0.7 Å; (C) Cl tip, z= –1.0 Å, A= 0.7 Å; and
(D) pentacene tip, z=+0.6 Å, A=0.5 Å. The z values are given with respect to a STM set point of I=2 pA, V=
200 mV above the NaCl(2 ML)/Cu(111) substrate.
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Single molecule force spectroscopy 



Single molecule force spectroscopy 
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In solution  



From H. E. Gaub et al. 
Current Opinion in Chemical Biology 2000, 4, 524 
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Single Molecule Force Spectroscopy 



!    It’s always the weakest link that breaks 
 
à  The interaction of interest must be the weakest link of the system 

à  The design of the tip/molecular species/surface is of prime importance 



Why manipulating single entities? 



Miniaturization 

Ultimate limit ? 
 

A day will come when a tiny piece 
of matter will be too small to 

fabricate a device or a machine 

Single molecule/atom 
constructions  

A single molecule =  
an ultra-miniaturized 

device/machine 

To advance the frontier of the 
control of individual molecular 
architectures on surfaces 

Technological applications 



Exploration of single entities 
 

Do the phenomena observed at this scale obey the laws we 
know for ensemble of species or will force us to rethink our 
understanding of physics and chemistry?  

Fundamental applications: Exploration of single entities 

Classical chemistry   Average behaviour on 
         billions of molecules 

spectroscopy. Whereas the larger Confused and Frustrated
rotaxanes produce intractably complicated spectra, the 1H NMR
resonances of the single-isomer Happy rotaxanes can be
assigned in full.

Solution-state structure and dynamics of the Happy
oligorotaxanes

We turn our attention now to an analysis of the 1H NMR spectra
of the Happy series of oligorotaxanes. The symmetry of the
DNP3CBPQT4+ complexes are important with respect to how
we interpret their 1H NMR spectra, especially in regards to the
timescale of the molecular dynamics, i.e., which protons are
undergoing rapid site exchange on the NMR timescale versus
which environments are ‘frozen out’ in a slow exchange regime.
Consider the conceptual structures in Fig. 4. When a DNP unit
is locked within a CBPQT4+ ring and does not undergo any
rearrangements on the NMR timescale, its C2 symmetry is
imposed on the more symmetrical (D2h) CBPQT4+ ring and
causes the a and b signals – each single resonances in the 1H
NMR spectrum of CBPQT4+– to separate into pairs. When DNP
is further desymmetrized by appending inequivalent R groups
at the 1- and 5-positions, the complex is reduced to Cs

symmetry, where a plane of re!ection is the highest remaining
symmetry operation, and the number of a and b signals are
doubled once again. This Cs scenario applies to, minimally, the
peripheral DNP3CBPQT4+ subcomplexes in any oligorotaxane
with two or more CBPQT4+ rings, since their DNP units connect
to the stoppers on only one side. Finally, if the two glycol chains
that commonly accompany DNP units each wrap around
opposite BIPY2+ subunits by way of their characteristic [C–H/
O] hydrogen bonding interactions (denoted with dashed lines in
Fig. 4), the plane of re!ection is broken and the symmetry is
reduced to the C1 point group. With no symmetry operations
that can equate any of the a or b protons of CBPQT4+, a total of
eight a and eight b signals would be expected in this "nal case.
The literature suggests17e that, at least inmonomeric complexes,
the C1 scenario does not apply to NMR interpretation because
the glycol chains exchange sites rapidly. It was unclear at the
outset, however, if the same behavior would arise in oligor-
otaxanes stabilized by extended D–A stacking. Inspection of the
a and b signals in the 1H NMR spectra at 233 K in CD3CN of any
of the Happy oligorotaxane reveals the answer. Taking the

Fig. 4 The symmetry and expected number of a and b 1H NMR signals for
complexes between CBPQT4+ hosts and DNP guests with various symmetry
elements, assuming the structures are static on the timescale of a 1H NMR
experiment.

Fig. 5 The 1H NMR spectrum (CD3CN, 600 MHz, 233 K) of [3]3NPR8+.

1476 | Chem. Sci., 2013, 4, 1470–1483 This journal is ª The Royal Society of Chemistry 2013
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Unit: mole 



Exploration of single entities 

Different behaviour of the same molecule 

Sub-groups of molecules 

Unit: 1 single molecule 

Fundamental applications: Exploration of single entities 



Molecular interactions 

Single molecule 
patterning 

Single molecule force 
spectroscopy 

Molecular sensors 

Stimulus 

Molecular elasticity and 
Interactions with surfaces 

Molecular machines 

F

Nature Nanotech. 2006, 1, 122 
Nature Nanotech. 2008, 3, 188 

J. Am. Chem. Soc. 2007, 129, 8410 
Anal. Chem. 2007, 79, 6488  
 Langmuir 2012, 28, 7233 

Small 2008, 4, 1101   

 Langmuir 2010, 26, 12165 
 Langmuir 2012, 28, 2971 

Adv. Funct. Mater. 2012, 22, 5271   

Nature Nanotech. 2011, 6, 553 
Chem. Sci. 2014, 5, 1449 



  
 

•  Single molecule patterning 

•  Molecular interactions 

•  Molecular machines 

 



à build complex functional structures molecule 
by molecule 
 
Three main challenges:  
•  to position every single molecule in the right place 

•  to make the molecule form bonds as required 
•  and to achieve high-throughput fabrication 

Single molecule patterning 



Strategy: 
  

•  Use AFM tips as reservoirs of single molecules 

•  The molecules can be linked to a substrate by a chemical reaction 

•  When the AFM tip is pulled away from the surface, the resulting 
mechanical force causes the bond between the tip and molecule (the 
weakest one) to break 

The AFM can deliver and immobilize single molecules, one at a time, 
on a surface during a single molecule force spectroscopy experiment 

Single molecule patterning 



Single molecule patterning 

 
Nature Nanotechnology 2006, 1, 122 



Selective breaking of chemical bonds 

18% of the cases 

Single molecule patterning 



Targeted Delivery of Single Molecules 

Original deposited 
chains are post-
decorated by a branched 
polymer to increase their 
diameter and make them 
visible 

 
Nature Nanotechnology 2006, 1, 122 

Single molecule patterning 



Major disadvantage:  
 
The tip serves as a reservoir: a limited number 
of molecules can be deposited 

 à High-throughput impossible 

Single molecule patterning 



Single molecule patterning 



Single molecule patterning 

Gaub and co-workers used their molecular 
cranes to transport fluorophores and biotin 

molecules to the target site and, as a proof of 
concept, they wrote the letter M with 400 

fluorescently labelled molecules 



 
•  A single AFM tip can transport and deliver more than 5 000 units, 
one by one 

à  Significant step towards high-throughput 

Drawbacks:  
 

•  Precision of the delivery: ~10 nm 

•  Some issues still need to be resolved:  

 the AFM tip picks up just 1 unit only 35% of the time, 
 à  more likely to pick up zero, two or more units 

•  DNA oligomer used as a 'handle molecule' to transport objects 
à complicated chemical transformations to attach the object on DNA 



• Single molecule patterning 
 
•  Molecular interactions 
 

 
 
 
  

• Molecular machines 
 



Molecular Interactions 



Molecular Interactions 
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Probing a metallo-supramolecular interaction 

=	  Fe2+,	  Ni2+,	  Co2+	  = 

Molecular Interactions 



Thermodynamic binding constants in water 
 

Terp-Ni2+   5.0 x 1010 M-1 
 

Terp-Co2+  2.5 x 108 M-1 
 

Terp-Fe2+  1.3 x 107 M-1 

 
 

Force (pN) in water 
(8 nN s-1) 

PEO-Ni-PEO 64 ± 10 

PEO-Co-PEO 45 ± 8 

PEO-Fe-PEO 38 ± 8 

Molecular Interactions 



Metal exchange in a metallo-supramolecular chain 
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 After exchange with NiCl2 

Exchange of Fe2+ with Ni2+ 

Molecular Interactions 
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Molecular Interactions 
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•  Single molecule patterning 
 
•  Molecular interactions 

•  Molecular machines 

 
 



Molecular machines are ubiquitous in nature and are essential in controlling 
and performing numerous biological functions 

 
They are able to rectify random motion to generate directional force and carry 
out macroscopic tasks 

Molecular machines 



Inspiration for the design of synthetic systems able 
to use biased Brownian motion to perform work  

  

Rotaxane: a molecular ring threaded onto a molecular axle 

Molecular machines 



Can sub-molecular Brownian motions in a single 
synthetic small machine be harnessed to generate 
forces ? 
 
Can we measure the mechanical work done by the 
molecule?   

Molecular machines 



Fumaramide station:  
the preferred binding site (> 95% occupancy) 

Succinic amide ester station 

Hydrogen-bonded rotaxane 

Disulfide for 
grafting onto Au PEO tether 

on the rotaxane–PEO molecule that could explain the observed
force profile. The progressive stretching of the PEO tether gives
the characteristic parabolic profile (I) of a random coil, which
loses entropy on stretching, inducing a restoring force. Once the
force exerted on the tether exceeds the strength of the hydrogen
bonds between the macrocycle and the fumaramide group, the
hydrogen bonds break (II). The macrocycle is now free to move
along the thread up to the succinic amide-ester site, the tension in
the PEO backbone is reduced, and the force decreases (III)
until the displacement of the cantilever again increases the tension
in the PEO tether. Further cantilever displacement continues the
stretching of the PEO until the force exceeds the interaction strength
of the chain with the tip, which leads to detachment (IV). The
detachment force never exceeds 150 pN. The rotaxane is attached
to the surface through Au–S bonds and the PEO adheres to the
tip through weaker non-covalent interactions, so the detachment
occurs between the tip and the PEO, well below the maximum
force that a Au–S bond can withstand (1–1.5 nN)24,25.

The peak characteristic of the rupture of the hydrogen bonds
appears at 27+8 pN in DMF and at 45+10 pN in TCE (Fig. 3b).
This difference is consistent with the relative strengths of solute–
solute hydrogen bonding in the two solvents26, intercomponent
hydrogen bonds being stronger in TCE, the less polar solvent. To
further support the hypothesis that this peak is the signature of
the breaking of the intercomponent hydrogen bonds, we fitted
the pulling profiles using entropic elasticity models27, such as the
worm-like chain (WLC) model that predicts the relationship
between the extension of a linear polymer and the entropic restoring
force. Fits of this function to force–extension curves adequately
described their elasticity (Fig. 3c). The force curves could be
fitted using the same persistence length, that is, 0.35+0.05 nm,
close to the theoretical persistence length of PEO (0.37 nm)28.
The fits of the profile before and after the rupture peak give the
increase in length (DLc) of the molecule after rupture of the inter-
component hydrogen bonds (Fig. 3c). The average DLc obtained,
3.9+0.5 nm, is consistent with the theoretical length of the fully
extended thread between the two binding sites, !4.5 nm, providing
further evidence that the small peak is due to the rupture of the
interactions between the macrocycle and the fumaramide
binding site.
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Figure 1 | Chemical structure of the rotaxane-based molecule shuttle. The rotaxane consists of a benzylic amide molecular ring (blue) mechanically locked
onto an axle (black) by bulky diphenylethyl ester groups situated at either end. The axle contains a fumaramide group (green) and a succinic amide-ester
group (orange), and the ring can bind to either of these sites through up to four intercomponent hydrogen bonds. The affinity of the ring for the fumaramide
site is much higher than for the succinic amide-ester site, so the fumaramide:succinic amide-ester occupancy ratio is !95:5. Next to the fumaramide binding
site, a disulphide group (red) was introduced to enable the grafting of the molecule onto gold substrates. A 4,600 Mn PEO tether (blue) is attached to the
ring so that it can be linked to an AFM probe, which allows the motion of the ring along the axle to be tracked.
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Figure 2 | Single-molecule force spectroscopy of the rotaxane. a, The
rotaxane is grafted onto gold and the PEO tether is caught by the AFM tip and
stretched by moving the tip away from the surface. The black arrow shows the
direction of the cantilever displacement. b, Force–extension curve (red trace,
approach curve; blue trace, retraction curve) of an individual rotaxane–PEO
molecule in TCE. The arrow indicates the peak characteristic of the rupture of
the hydrogen bonds between the fumaramide site and the ring. c, Force–
extension curve of an individual PEO polymer chain in TCE for comparison.

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2011.132
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Molecular machines 

In collaboration with David A. Leigh, Univ. Manchester 
and Charles-André Fustin, UCL 



Interfacing molecular machines with the AFM 

In collaboration with David A. Leigh, Univ. Manchester 
and Charles-André Fustin, UCL 
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Interfacing molecular machines with the AFM 

Rupture of 
H-bonds 

Nature Nanotech. 2011, 6, 553 
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Molecular machines 



Pulling-relaxing cycles 
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Shuttling against 30 pN 

Work done by the ring:   
~ 6 kcal mole-1 

Force generation against 
load 

Molecular machines 



à Yes, sub-molecular Brownian motions in a single 
synthetic small machine can be harnessed to 
generate forces 

à For a loading rate of 500 pN s-1, the rotaxane is able to 
utilize almost all the energy available from hydrogen 
bonding to perform work along the direction of the 
applied load 

 

Molecular machines 



Nature Nanotech. 2011, 6, 553 
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The principles of thermodynamics describe processes of energy exchange 
(work and heat) of macroscopic systems with their environment  

 
Nonequilibrium systems are characterized by irreversible heat losses 

between the system and its environment, typically a thermal bath 

A single molecule can save 
heat loss to produce work 

Molecular machines 
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MAY THE FORCE BE WITH YOU … 
 

From Ch. Gerber and H. P. Lang, Nature Nanotech. 2006, 1, 3 


