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Understanding the energetics of molecular adsorption at nanostructured carbon materials 
opens up to outstanding applications in the postgraphene era. The accurate determination of 
the adsorbate binding affinity remains however a challenging task both experimentally and 
computationally. In this work, we report on the determination of the desorption energy of 25 
chemically diverse compounds from graphite using computational methods at different levels 
of theory: empirical Force Fields (FF), Semiempirical Quantum Mechanics (SQM), and 
Density Functional Theory (DFT). By comparing the computational predictions with 
literature Temperature Programmed Desorption (TPD) experiments we found that the 
dispersion corrected semiempirical method PM6-DH+ yields desorption energies in 
quantitative agreement with experiments with an average error of 1.25 kcal mol–1, see Fig. 1a. 
 
The discovery of a fast and accurate approach to molecular adsorption at surfaces prompted 
us to search the chemical space of the adsorbate to optimize the binding affinity for graphene. 
We found that polarizable groups containing sulfur and halogens atoms significantly enhance 
the interaction strength with the substrate. In particular, we predict that perchlorination of 
aliphatic hydrocarbons doubles the desorption energy from graphene in vacuum; see Fig. 1b. 
The efficiency of the PM6-DH+ calculations, which allows for screening libraries of 
compounds, guided the design of potentially improved graphene surfactants, which are 
commercially available. [1] 
 
 

                 
 

Figure 1: a) Correlation between the experimental and calculated desorption energy from graphene using the 
PM6-DH+ semiempirical method. The different colors represent different classes of molecules: alkanes in blue, 
aromatic compounds in red, and small molecules in orange. The fit is clearly very close to the ideal one to one 
correlation (dashed line). b) Effect of chlorination on undecane. The ratio between the desorption energy of 
partially chlorinated molecules and undecane is plotted as a function of the number of chlorine atoms added. 
While full chlorination allows a two-fold increase in the affinity for the surface, even partial chlorination with 
only 8 chlorine atoms significantly increase the desorption energy (up to 60%). 
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ABSTRACT: Understanding the energetics of molecular
adsorption at nanostructured carbon materials opens up to
outstanding applications in the postgraphene era. The accurate
determination of the adsorbate binding affinity remains however
a challenge both experimentally and computationally. Here, we
report on the determination of the desorption energy of 25
chemically diverse compounds from graphite using computa-
tional methods at different levels of theory: empirical force fields
(FF), semiempirical quantum mechanics (SQM), and density
functional theory (DFT). By comparing the computational
predictions with literature temperature-programmed desorption
(TPD) experiments we found that the dispersion-corrected semiempirical method PM6-DH+ yields desorption energies in
quantitative agreement with the experiments with an average error of 1.25 kcal mol−1. The discovery of a fast and accurate
approach to molecular adsorption at surfaces prompted us to search the chemical space of the adsorbate to optimize the binding
affinity for graphene. We found that polarizable groups containing sulfur and halogen atoms significantly enhance the interaction
strength with the substrate. In particular, we predict that per-chlorination of aliphatic hydrocarbons doubles the desorption
energy from graphene in vacuum. The efficiency of the PM6-DH+ calculations, which allows for screening libraries of
compounds, guided the design of potentially improved graphene surfactants, which are commercially available.

I. INTRODUCTION
Providing a chemical understanding of the energetics under-
lying the interaction of small molecules with nanostructured
carbon materials is of fundamental importance and finds
technological applications in nanoelectronics,1 catalysis,2 gas
sensing,3,4 energy storage5 and conversion.6 For instance, the
extraordinary surface area of graphene has been recently
exploited for the design of smart materials for hydrogen
storage7 or the extraction of aromatic pollutants from chemical
waste.8,9 In addition, because the strength of the adsorbate/
substrate interaction determines the probability of binding at
equilibrium, the energy of adsorption microscopically governs
supramolecular processes such as molecular self-assembly at
surfaces10 and the liquid-phase exfoliation of multilayered
materials.11

Over the past decade, graphene has emerged as an exciting
material with potential of impact in many areas of science and
technology.12 The rise of graphene as a disruptive technology,
however, strongly relies on the development of inexpensive
strategies to produce high-quality material.13 Among the
available methods, the liquid-phase exfoliation of graphite
stands out as a versatile and potentially up-scalable approach to
obtain high-quality graphene at low cost.11 Recently, it has been
demonstrated that the yield of exfoliation in organic media is
significantly enhanced by the addition of dispersion-stabilizing
agents such as linear alkanes14 and long-chain fatty acids,15

which form tightly packed self-assembled monolayers on the
dispersed graphene sheets. The design of improved surfactants,
whose binding affinity for the basal plane of graphene is
optimized in a given solvent, appears as a promising strategy to
shorten and simplify the production of graphene for
technological applications.
Despite its unquestionable importance, the accurate

determination of the interaction energy of an isolated molecule
with graphene remains a challenging problem both exper-
imentally and computationally. Experimentally, the desorption
energy from graphite can be accessed by temperature-
programmed desorption (TPD) under ultrahigh vacuum
conditions.16 Assuming that desorption kinetics are of first
order in the adsorbate coverage, accurate determination of the
adsorbate/substrate interaction strength can be obtained from a
series of spectra recorded at different heating velocities17 or
initial coverages.18 Multiple measurements are required to
uncouple the height of the activation barrier from the pre-
exponential factor of the rate constant, whose value is used for
an indirect determination of the desorption energy.18 Although
quantitative, this approach is indirect, time-consuming, and
commonly limited to small-molecule adsorbates. Moreover,
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Motivated by the computational predictions, the adsorption energy on graphite of coronene 
(C24H12) was compared to that of its perchlorinated analog (C24Cl12) by temperature 
programmed desorption (TPD) in ultra-high vacuum in collaboration with the group of 
Manfred Kappes at KIT (Karlsruhe). The results show a significant increase in the desorption 
temperature for the chlorinated derivative of 47 K, which corresponds to an increase in the 
desorption energy of about 5 kcal mol-1; see Fig. 2a. In addition, the use of perchlorinated 
versus hydrogenated coronene as dispersion-stabilizing agent in liquid-phase exfoliation of 
graphite was explored in collaboration with the group of Paolo Samorì at ISIS (Strasbourg). 
The result show that perchlorination improves the quality of the dispersed graphene, 
increasing the yield of single over multiple layers graphene sheets as shown by HRTEM; see 
Fig 2b. Consistently, micro Raman analysis of centrifuged graphene dispersions showed an 
increase in the percentage of monolayers from 36% with coronene, to 51% with 
perchlorocoronene. [2]  
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Figure 2: a) TPD of coronene and perchlorocoronene from graphite. The clear shift to higher temperatures of 
47K for the desorption peak of the chlorinated compound indicates a significant increase in the desorption 
energy of about 5 kcal mol-1. b) Distribution of graphene flakes obtained upon liquid phase exfoliation with 
coronene in DCB (red), and perchlorocoronene in DCB (green). It is apparent how the use of the chlorinated 
surfactants enhances the formation of monolayers, decreasing significantly the formation of flakes of 7 or more 
layers. 
 
 
In conclusion, low-cost computational methods were found to be useful to explore the 
Chemistry on graphene. Our joint computational and experimental results demonstrate that 
chlorine substitution significantly increases the binding affinity of small molecules for 
graphene. By taking advantage of the enhanced adsorbate/substrate interaction energy 
archived by perchlorination, we developed from first principles an improved dispersion 
stabilizing agents for the liquid phase exfoliation of graphite. [3] 
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