
Lecture 12: AFM measurement of chemical bonding forces 
                    (and … molecule weight) 

•  Chemical bonding (Atomic force) measured by atomic force 
microscope; 

•  What are the challenges? 
•  Direct measurement of single-covalent bonding; 
•  Evaluation of inter-chain interaction (H-bonding) of DNA. 

☺ Measuring molecule weight? 



AFM vs. atomic resolution imaging  

•  Although originally invented based on atomic force, but not commonly 

used for atomic resolution imaging because of the additional forces 

brought in between the tip and sample surface including the adhesion, 

friction, etc.. 

•  The major factors limiting the high resolution are “fat-tip” effect, thermal 

agitation at room temperature, and surface contamination. 

•  Some representative literatures for atomic imaging: 



Chemical bonding: strong, short-range force between two atoms  

•  Chemical bonding --- attraction between two atoms when they are in proximity (bond formation), 

leading to formation of chemical compounds, which contain two or more atoms. For the chemical 

bonding in molecules, its strength of bonds varies considerably, and can be classified as "strong 

bonds" such as covalent bonds and "weak bonds" such as hydrogen bonding (e.g. the interaction 

holding water molecules together in water, and the base-paring holding the DNA double strands 

together). 

•  When AFM tip is in proximity with the sample surface --- attraction occurs --- that is covalent bonding 

between a single-pair of atoms! --- one atom is the outmost atom on tip, and the other is from the 

sample surface. Draw two schemes on board: atomic force vs. distance, tip over the sample. 

•  Stiffness of a cantilever can be as small as 10-3 N/m --- considering an oscillation of 1 nm, the force 

acted to the tip is around 10-3 nN, or 1 pico-Newton, sensitive enough to measure the chemical 

bonding, which is normally around a few nN. 

•  AFM is just perfect for measuring the chemical bonding (short-range force) due to the highly controlled 

tip-sample (i.e., the inter-atomic) distance. 

•  However, it turns out to be quite challenging: see the later slide for reasons. 



Long range atomic force: van der Waals  force and electrostatic 
interaction 

•  The van der Waals force (or van der Waals interaction), named after Dutch scientist 

Johannes Diderik van der Waals, is the sum of the attractive or repulsive forces between 

atoms or molecules (or between parts of the same molecule) other than those due to 

covalent bonds or to the electrostatic interaction of ions with one another or with neutral 

molecules. 

•  The electrostatic interaction can be repulsion or attraction between two charged species, 

which, in the AFM imaging, could be the tip and the sample surface.  It is typical long 

range force.  



Comparison between short and long range atomic force: 

Force type strength distance Dissociation 
energy 

Covalent bond Strong, a few nN ~ 0.1 nm ~ 100 kcal/mol 

Hydrogen bond Weak, ~ 10% of 
above 

In between 1-10 kcal/mol 

Van der Waals force Even weaker, ~ 10% 
of above 

~> 0.3 nm < 1 kcal/mol 



      The measurement of short-range bonding forces with the AFM has 
been difficult to achieve for several reasons:  

 

1.  At room temperature, thermal drift and piezoelectric scanner creep make it difficult to 
reliably position the tip above a specific lattice position.  

2.  Most atomic-resolution AFM images have been obtained using a dynamic technique in 
which the tip-bearing cantilever is driven on its fundamental resonant frequency with a 
typical amplitude of several nanometers. When the cantilever tip comes close to the 
sample surface, the force acting on the tip weakly perturbs the cantilever oscillation, 
giving rise to a small shift Δf in the resonance frequency. The frequency shift is used 
as a feedback parameter to control the tip-sample spacing, and images therefore 
correspond to contours of constant frequency shift. Because of the large tip excursion, 
the relation between the measured frequency shift and the force acting on the tip is not 
straightforward. Recently, however, progress has been made in quantitatively 
understanding and inverting this relation.  

3.  In general, both short-range forces (such as covalent bonding forces) and long-range 
forces [such as van der Waals (vdW) and electrostatic forces] act on the tip. 
Separating these contributions in order to isolate the short-range chemical bonding 
force is a nontrivial problem.  

4.  It is difficult to determine whether the measured chemical force involves more than just 
a single pair of atoms.  

•  (Keep this list on board till the slide of how to solve these problems) 



Non-contact vs. tapping mode 
•  Both are based on a Feedback Mechanism of constant oscillation amplitude. 

•  Contact mode: amplitude set as ~ 100% of “Free” amplitude; 
•  Tapping mode: amplitude set as ~ 50 -60% of “Free” amplitude. 

•  Tapping mode provides higher resolution with minimum sample damage. 

•  Most of times, non-contact mode is operated as tapping mode. 



Atomic interaction 



Scanner Creep 



Quantitative Measurement of Short-Range Chemical 
Bonding Forces  
 

M. A. Lantz,* H. J. Hug, R. Hoffmann, P. J. A. van Schendel, P. 
Kappenberger, S. Martin, A. Baratoff, H.-J. Güntherodt  

 
Institute of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 
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Lantz,Science,
2001,291,2580 



      The measurement of short-range bonding forces with the AFM has 
been approached through some technical improvements: 

  

1.  Measured at low temperature (like 7.2 K) and UHV, to minimize or eliminate thermal 
drift and piezoelectric scanner creep,  and remove the tip-sample interaction caused 
by the surface contaminations.   

2.  Using a well developed procedure (ref. 7 cited therein) to convert the frequency-
distance data to force-distance results --- frequency shift  (Δf) is now quantitatively 
converted to the force acting on the tip, i.e., the interatomic force between the atom on 
tip and the atom on the sample.  

3.  Measuring the force-distance over a non-specific site (like a defect-hole on a crystal 
surface of silicon, draw on board) as a control base-line to correct (subtract) the van der 
Waals (vdW); by applying bias to the sample (here +1.16 V) to correct the electrostatic 
forces.  

4.  How to confirm --- the measured chemical force involves only a single pair of atoms? 

•  Repeated measurements over the same site (atom) --- if it is due to multiple atoms, 
there should be no good reproducibility due to the damage to the tip by the scanning; 

•  Fitting the data --- good agreement to the first principle calculations designed to model 
the same situation; 

•  Evidenced by the atomic topographic image scanned by the same tip --- only after the 
real atomic image is obtained, is the force-distance measurement started. 



(A) Dimer adatom stacking-fault model of 
the Si(111) 7×7 surface. The unit cell 
is outlined by a black diamond. The 
adatoms are shown as gray circles; 
the side view shows the positions of 
the corner holes (ch), corner adatoms 
(ca), and center adatoms (cta).  

(B) Constant frequency shift image 
(Δf = -38 Hz, root mean square error 
1.15 Hz, scan speed 2 nm/s, image 
size 6 nm by 6 nm). The labels 
1, 2, and 3 indicate the position of 
frequency distance measurements 
(see text).  

(C) The white line indicates the position 
of the line section. The corner hole 
position labeled 1 and the corner 
adatom labeled 2 in the line section 
are equivalent by trigonal symmetry 
to sites 1 and 2 in (A).  
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1.  UHV.  

2.  Tip cantilever was heated at 150 oC for 2 hours to remove contaminants.  

3.  Tip was covered with native SiO2.  

4.  Temperature of measurement system, 7.2 K. 

5.  AFM scanning at constant Δf (frequency) dynamic mode. 

•  The high resolution image was only obtained after couple times of preliminary 
scanning (low resolution) --- this might be due to the polishing of the tip or transfer 
of silicon atoms from sample surface to the tip. 

•  A general measuring procedure:  

1.  Getting a set-point from the high-resolution scanning; 

2.  From the set-point (in feedback), retract the tip from the sample surface, say 
63.07 A, then slowly pull back the tip even further, say 64.33 A , at a rate 6 A/s. 
now, the tip is 1.26 A further to the sample --- falling into the regime of long range 
force (van der Waals). 

3.  From there, retract the tip again by 15.77 A, then very slowly pull back the tip by 
17.03 A, at a rate of 1.7 A/s. Now the tip is 1.26 A closer to the sample --- falling 
into the short range force (covalent bonding). 

Some experimental conditions: 



(A)  Frequency shift Δf and normalized frequency shift  
versus distance, as measured above the positions 
labeled 1, 2, and 3 in the last figure. The inset adjusts 
the scales for  Δf and distance to give a better picture 
of the data acquired above the two inequivalent 
adatoms. 

(B)  Force-distance relation determined above the corner 
hole (blue symbols) and a fit to the data using a 
sphere-plane model for the vdW force (black line).  

(C)  Total force (red line with symbols) and short-range 
force (yellow line) determined above the adatom site 
labeled 2 in the last figure. In the inset, the measured 
short-range force is compared with a first-principles 
calculation (black line with symbols).  
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(A) Frequency shift measured above 
the corner hole (symbols) and 
extrapolated from the model fit to 
the data of last figure (blue line). 
For comparison, the data 
acquired above adatom site 
2 from last figure are also plotted 
(red line).  

(B) Short-range force and interaction 
energy (inset) measured above 
the sites labeled 2 and 3 in Fig. 1.  

Lantz,Science,2001,291,2580 

For the hole atom (lower than the 
adatom #2), larger displacement is 
needed to reach the same amount of 
force. 
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Watson-Crick base pairing: H-bonding 

Adenine; 
 
Thymine; 
 
Cytosine; 
 
Guanine. 



Colton, Science, 1994,Vol266, 771-773 



Colton, Science, 1994,Vol266, 771-773 



Colton, Science, 1994,Vol266, 771-773 

20 base DNA single strand immobilized on tip and substrate surface. 

The surface immobilization is much stronger than the H-bonding force, so, 
the measurement will not break up the surface binding. 

ACTG-ACTG-ACTG-ACTG-ACTG 

TGAC-TGAC-TGAC-TGAC-TGAC 



Colton, Science, 1994,Vol266, 771-773 

Measurement procedure (see next figure): 
 
a.  As the tip approaches the sample surface, non-specific attraction (due to 

the inter-chain interaction and the like) appears when the tip-sample 
distance falls below 5 nm. 

b.  Further approaching reaches the repulse force region. 
c.  A hysteresis is observed when retracting the tip out-of contact with surface 

--- this is a result of adhesion force, ca. 1.56 nN. 

Measurement statistics: 
 
a.  Repeated measurements showed that the magnitudes of the adhesive 

forces fall into 4 distinct populations centered at 1.52, 1.11, 0.83, 0.48 nN. 
b.  The 0.48 nN force is due to the non-H-bonding force, as evidenced by the 

measurement for the non-complimentary DNA strands, where a similar 
force of 0.38 nN was obtained . 

c.  The three distinct forces are due to the H-bonding between 20, 16, and 12 
base pairs within a single-pair of DNA strands --- approximately linear 
dependence.  



Colton, Science, 1994,Vol266, 771-773 



Further readings:  

Protein interaction force measured by AFM 



Single Complexation Force of 18-Crown-6 with 
Ammonium Ion Evaluated by Atomic Force 
Microscopy  
 
 
Shinpei Kado and Keiichi Kimura*  
 
the Department of Applied Chemistry, Faculty of Systems Engineering, Wakayama 
University, Sakae-dani, Wakayama 640-8510, Japan  

Kimura, JACS, 2003,125,4560 



Direct Measurement of Interaction Forces between 
Colloidal Particles Using the Scanning Force Microscope 
 
 
 
Y. Q. Li, N. J. Tao, J. Pan, A. A. Garcia, and S. M. Lindsay 
 
 
 
Department of Physics and Astronomy and Department of Chemical, Biological 
and Materials 
Engineering, Arizona State University, Tempe, Arizona 85287 

 

N.J. Tao, langmuir,1993, 9, 637-641 



Atomic force microscopy: A forceful way with single 
molecules  
 
 
 
 
 
 
Andreas Engel ,  , 1, Hermann E. Gaub2 and Daniel J. Müller3  
 
 
 
1 M.E. Müller-Institute for Microscopy, Biozentrum, University of Basel, 
Klingelbergstrasse 70, CH-4056, Basel, Switzerland 
2 Lehrstuhl für Angewandte Physik, Amalienstrasse 54, D-80799, München, 
Germany 
3 M.E. Müller-Institute for Microscopy, Biozentrum, University of Basel, 
Klingelbergstrasse 70, CH-4056, Basel, Switzerland  
 
 

Müller,CurrentBiology,1999,9, R133-136 



Measuring Molecular Weight by Atomic Force Microscopy  
 
 
 
Sergei S. Sheiko,*  Marcelo da Silva,   David Shirvaniants,  Isaac LaRue,  
Svetlana Prokhorova,   Martin Moeller, # Kathryn Beers,   and Krzysztof 
Matyjaszewski   
 
 
Contribution from the Department of Chemistry, University of North Carolina at Chapel 
Hill, North Carolina 27599-3290, USA,  
 
Organische Chemie III/Makromolekulare Chemie, Universität Ulm, D-89069 Ulm, 
Germany,  
 
Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, 
Pennsylvania 1521  

Sheiko, JACS, 2003, 125, 6725 
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•  Absolute-molecular-weight of cylindrical brush molecules were determined 

using a combination of the Langmuir Blodget (LB) technique and Atomic 

Force Microscopy (AFM).  

•  The LB technique gives mass density of a monolayer, i.e., mass per unit 

area, whereas visualization of individual molecules by AFM enables 

accurate measurements of the molecular density, i.e., number of molecules 

per unit area.  

•  From the ratio of the mass density to the molecular density, one can 

determine the absolute value for the number average molecular weight. 

•  The length distribution can be virtually identical to the molecular weight 

distribution.  

•  The polymers used are four kinds of PBA brushes with different lengths. 



Sheiko, JACS, 2003, 125, 6725 

Measurement procedure: 
 
1.  Prepare a solution of PBA (precise weighing of total mass); 
2.  Certain amount of solution poured into LB trough to form monolayer 

over water --- mass per unit area (mLB) is known, where c is the 
concentration, V is the volume transferred, and SLB is the area, 

3.  Transfer the monolayer onto a substrate for AFM measurement, 
4.  The area size changes after transfer, SAFM = SLB/T, T is the transfer 

ratio, 
5.  Molecule per unit area measured by AFM, 

6.  So, the averaged molecular weight Mn, where mam is the atomic mass 
unit, 1.6605x10-24 g 



Sheiko, JACS, 2003, 125, 6725 

 

(a) The higher resolution AFM 
image demonstrates details of 
the molecular conformation 
including crossing molecules 
indicated by arrows. The larger 
scale image.  

(b) demonstrates the uniform 
coverage of the substrate.  

Individual molecules of polymer B were 
clearly resolved by tapping mode AFM.  



Sheiko, JACS, 2003, 125, 6725 

Good agreement 

multi-angle laser light-scattering (MALLS) 

gel permeation chromatography (GPC) 

Static light scattering (SLS) 

e Number average length measured for an ensemble of 300 molecules with a statistical deviation of 5 nm.  
f Polydispersity index of the molecular length obtained from AFM images. 



Sheiko, JACS, 2003, 125, 6725 

Comparison between 
molecular weight 
distribution and 
molecular length 
distribution measured 
by AFM for an 
ensemble of 3060 
molecules.  

• Statistics offers evaluation of 
the homogeneity of molecular 
weight; 

• Also evaluates the linear chain 
structure of polymers --- 
uniform vs. branched?  



  



Leo Gross, et al. Science,  28 August 2009: Vol. 325. no. 5944, pp. 1110 - 1114 

Molecule's Atoms, Bonds Visualized by AFM:   
Enhanced tip resolution by attaching a CO molecule 



CO-tip AFM image (C, D) reveals atoms and bonds of pentacene (A) on Cu(111), whereas 
conventional STM image (B) cannot. Scale bars are 5 Å. 



Also using CO-functionalized tip  






