
This is a repository copy of Thermodynamics of 4,4 '-stilbenedicarboxylic acid monolayer 
self-assembly at the nonanoic acid-graphite interface.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/81248/

Version: Supplemental Material

Article:

Song, W., Martsinovich, N., Heckl, W.M. et al. (1 more author) (2014) Thermodynamics of 
4,4 '-stilbenedicarboxylic acid monolayer self-assembly at the nonanoic acid-graphite 
interface. Physical Chemistry Chemical Physics, 16 (26). 13239 - 13247. ISSN 1463-9076 

https://doi.org/10.1039/c4cp01147c

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


 
 

S1 
 

Supporting Information: 

Thermodynamics of 4,4’-stilbenedicarboxylic acid monolayer 

self-assembly at the nonanoic acid-graphite interface 

W. Song,a,b N. Martsinovich,d,e W. M. Heckl,a,b,c and M. Lackingera,b,c 
a Department of Physics, Technische Universität München, James-Franck-Str. 1, 85748 Garching, Germany. 
b Center for NanoScience (CeNS), Schellingstr. 4, 80799 Munich, Germany. 
c Deutsches Museum, Museumsinsel 1, 80538 Munich, Germany. 
d Department of Chemistry, University of Warwick, Coventry CV4 7AL, U.K. 
e Department of Chemistry, University of Sheffield, Sheffield S3 7HF, U.K. 

1. STM Split image. 

 
Figure S1. STM split-image of a SDA monolayer at the nonanoic acid-graphite interface. In the lower part the graphite substrate was imaged with atomic resolution 

by decreasing the tunneling gap. Calibration with this internal standard yields precise lattice parameters for the SDA monolayer of A= (16.1 ± 0.1) Å, B= (7.5 ±0.1) Å, 

=52° ± 1°. The overlay indicates the arrangement of SDA molecules and the black lines mark the unit cell. (Image size 16.215.6 nm², I=50 pA, Vsample= -300.0 mV 

for SDA; I=200 pA, Vsample= -1.53 mV for graphite) 

Precise lattice parameters of SDA monolayers were obtained from several so called split-images where within the same frame 
both the adsorbate structure and the graphite lattice were imaged, an example is depicted in Figure S1. Based on the adsorbate 
lattice parameters and the orientation of the unit cell with respect to the graphite lattice, the closest commensurate superstructure 
corresponds to the following matrix (referring to the graphite lattice): ቀ ͳͲ ͵ቁ 

The match between experimental lattice parameters from STM images (A = (16.1±0.1) Å, B = (7.5±0.1) Å, Ȗ = 52°±1°) and 
those of the postulated commensurate lattice (A = 16.13 Å, B= 7.38 Å, Ȗ = 52.4°) is excellent.  
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2. Entropy estimation  

Similar to our previous study on terephthalic acid (TPA),1 the entropy change of self-assembly is estimated by using an approach 
proposed by Whitesides et al.,2 where ǻS is partitioned into translational, rotational, vibrational, and conformational entropy. 
SDA can in principle adopt both trans and cis conformations. Since the cis conformation is rather high in energy, this 
conformational freedom is neglected in the entropy estimation. Vibrational entropy does not change significantly upon 
self-assembly and is also disregarded.  
 
Rotational and translational entropy are both assumed to be 0 for molecules in the self-assembled monolayer. Accordingly, the 
change of rotational entropy is given by ǻSrot = Srot(adsorbed) – Srot(free) = 0 – Srot(free) = – Srot(free), where Srot(free) corresponds to the 
rotational entropy of the molecule or complex in solution. Similarly, the change of translational entropy is given by ǻStrans= 
Strans(adsorbed) – Strans(free) = 0 – Strans(free) = – Strans(free), where Strans(free) corresponds to the translational entropy of the molecule or 
complex in solution. 
 
The total entropy change upon adsorption is then given by the sum of rotational and translational entropy of the molecule or 
complex in solution: - (Srot(free) + Strans(free)). 
 
Translational entropies were estimated using the Sackur-Tetrode equation: S୲୰ୟ୬ୱሺ୰ୣୣሻ ൌ െR ln ቈଵୡ ቀଶ୫୩ాୣఱ యΤ୦మ ቁଷ ଶΤ       (1) 

Here R is the gas constant, c the solute concentration, T the temperature, kB the Boltzmann constant, h Planck’s constant, e 
Euler’s number, and m the mass of the molecule or complex. Since it is well known that in solutions actual concentrations 
overestimate Strans(free), free volume corrections were used. The free volume of 9A was estimated with the hard cube 
approximation, assuming that the solution consists of 9A dimers. Accordingly, a mass density of 9A of 0.906 g cm-3 and a van 
der Waals Volume of 346.9 Å3 for 9A dimers yield a free volume of 31.3 mL per liter 9A. For the evaluation of translational 
entropies, all concentrations were referred to this free volume, leading to an apparent concentration enhancement by a factor of 
~32. Translational entropies of SDA and 9A-SDA-9A complexes were evaluated using the experimentally determined critical 
concentration of 4.1 µmol L-1. For 9A-9A dimers a concentration of 2.86 mol L-1 was used, i.e. half of the concentration of 9A in 
9A. 
 
Rotational entropies were estimated using the rigid rotor model: 

 

S୰୭୲ሺ୰ୣୣሻ ൌ െR ln ቈభ మΤஓ ቀ଼మ୩ాୣ୦మ ቁଷ ଶΤ ሺIଵIଶIଷሻଵ ଶΤ          (2) 

 
I1, I2, and I3 are the principal moments of inertia. Ȗ is determined by the symmetry and was assumed 2 for all molecules and 
complexes considered, i.e. implying two-fold rotational symmetry. However, since rotational symmetry just reduces rotational 
entropy by െܴ݈݊ሺߛሻ, assuming asymmetric complexes (Ȗ=1) would not notably affect the rotational entropy change. For 
evaluation of the principal moments of inertia molecular mechanics optimized geometries of the corresponding molecules and 
complexes were used. 
 
As already stated in the manuscript, SDA molecules are solvated in solution and most likely form hydrogen bonded 9A-SDA-9A 
complexes. Thus adsorption of SDA is associated with dissociation of 9A-SD-9A complexes and recombination of the two 
released 9A solvent molecules into 9A-9A dimers. 

9A-SDA-9Asol     SDAads + 9A-9Asol   (3) 

Consequently, the total entropy change of SDA monolayer self-assembly tot is comprised of the loss of both translational and 
rotational entropy of the 9A-SDA-9A complex, the regain of both translational and rotational entropy of the newly formed 
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9A-9A dimer, and the dewetting entropy associated with the release of solvent molecules from the previously adsorbed solvent 
monolayer:  

Stot = Strans(9A-SDA-9A) + Srot(9A-SDA-9A) -Strans(9A-9A) -Srot(9A-9A) +Sdewet    (4) 

REFERENCES: 
1. W. Song, N. Martsinovich, W. M. Heckl and M. Lackinger, J. Am. Chem. Soc., 2013, 135, 14854-14862. 
2. M. Mammen, E. I. Shakhnovich, J. M. Deutch and G. M. Whitesides, J. Org. Chem., 1998, 63, 3821-3830. 
 
 

 


