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Cooperativity and Coverage Dependent Molecular Desorption in 

Self-Assembled Monolayers: Computational Case Study with 

Coronene on Au(111) and HOPG  

Bhaskar Chilukuri,*a Ursula Mazur,a and K. W. Hipps*a  

One of the common practices in the literature of molecular desorption is the comparison of theoretically (mostly using DFT) 

calculated single molecule adsorption energies with experimental desorption energies from studies like temperature 

programmed desorption (TPD) etc. Comparisons like those do not consider that the experimental desorption energies are 

obtained via ensemble techniques while theoretical values are calculated at the single molecule level. Theoretical values are 

generally based upon desorption of a single molecule from a clean surface, or upon desorption of an entire monolayer.  On 

the other hand,  coverage dependent molecule-molecule interactions add to and modify  molecule-substrate interactions that 

contribute to the experimentally determined desorption energies. In this work, we explore the suitability of an additive nearest 

neighbor model for determining general coverage dependent single molecule desorption energies in non-covalent self-

assembled monolayers (SAMs).  These coverage dependent values serve as essential input to any model attempting to 

reproduce coverage dependent desorption or for understanding the time dependent desorption from a partially covered surface. 

This method is tested using  a case study of coronene adsorbed on Au(111) and HOPG substrates with periodic DFT 

calculations.  Calculations show that coronene exhibits coverage and substrate dependence in molecular desorption. We found 

that intermolecular contact energies in the coronene monolayer are not strongly influenced by the HOPG substrate, while 

coronene desorption on Au(111) exhibits strong cooperativity where the additive model fails.       

Introduction 

Surfaces functionalized by self-assembled monolayers1 (SAM) 

have applications in molecular electronics,2,3 catalysis,4 

corrosion control,5 sensors,6 etc. Hence, the kinetics and 

thermodynamics of these systems is of immense interest.7,8,9-10 

One of the important quantities needed to determine both 

equilibrium and kinetic processes on surfaces is the 

adsorption/desorption energy of molecules forming the adlayer. 

Adsorption and desorption of SAMs from the vapor are directed 

by adsorbate-substrate, adsorbate-adsorbate interactions.11, At 

the solution-solid (SS) interface solvent-substrate, solvent 

adlayer, and solvent-solute interactions also influence the self-

assembly process. Molecular desorption involves the interplay of 

all the aforementioned chemical interactions. 

Conventionally, desorption of SAMs is studied 

experimentally using temperature programmed desorption 

(TPD),12-14 quartz crystal microbalance,15-17 ellipsometry,18,19 

surface plasmon resonance,20,21 harmonic generation,22 

chronoamperometry,23 or a variety of spectroscopic techniques 

like IR,24 XPS,25 mass,26 etc. But the desorption energies 

obtained through conventional techniques are at the ensemble 

level, where the energies obtained are averaged over  a large 

number of molecules, adsorption sites and variable surface 

coverages. For example,  desorption energies from TPD 

experiments are typically coverage dependent and most values 

reported in the literature includes a ‘forced compensation 

effect’27,28 which can lead to false pre-exponential factors and 

activation energies and hence false desorption energies. 

Coverage dependent measurements have been reported29,30 to 

provide a so called ‘complete analysis’27,31 of TPD spectra. Yet, 

these measurements are at an ensemble level. Perhaps the most 

insightful computational study was that of Nieskens et al27 who 

used Monte Carlo Modeling of a system with pair wise 

interactions to compute the TPD and then fit various models to 

that data.  They found that a coverage dependent contribution 

could be extracted from the adsorption energy provided their 

proposed analysis method was used.  Even in this case, however, 

the molecular interactions are not resolved, just their overall 

effect on the macroscopic surface. 

Scanning probe microscopy (SPM), is a technique available 

to study surface desorption characteristics of single 

molecules.7,8,32 Recently Hipps et al. reviewed measurement of 

desorption rates of non-covalent SAMs at the SS-interface.33 In 

the review, a typical potential energy surface (PES) of single 

molecule desorption is presented for a monocomponent network 

with single morphology. Unlike the PES in surface chemistry 

and catalysis34,35,36 which involves a reaction coordinate with 
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Fig. 1 Potential energy surface of a single molecule as it moves from 

vacuum to a solid substrate. The red dotted lines represent desorption 

energies and blue dotted line represents adsorption energy. 
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bond making and bond breaking, the PES in non-covalent SAMs 

involves physisorption, diffusion and desorption, mostly through 

van der Waals interactions. Based on PES of molecular 

desorption at SS-interface,33 a similar PES for molecular 

desorption at the vacuum-solid interface is shown in Fig. 1. In 

this PES, a single molecule in vacuum adsorbs onto a substrate 

from which the desorption energy is Ed1. Once the molecule is 

on the surface, it can diffuse across the surface and reach an edge 

of an island of an ordered network with an adsorption energy of 

Ea1. If the molecule must move from the edge of the island to 

being free on the surface, it requires a desorption activation 

energy of Ed2. Therefore, for a molecule to desorb from the edge 

of the island to vacuum, the desorption energy is Ed2+Ed1-Ea1. On 

the other hand, if the molecule must desorb from the inside of an 

island to vacuum, the desorption energy is Ed3. To complicate the 

issue, the details of the number (and possibly orientation) of 

molecules initially adjacent to the desorbing molecule will affect 

the desorption energy.  Similarly, the location of an edge 

molecule (number of contacts) will affect the activation energy 

Ed2.  Obtaining all the adsorption/desorption and activation 

energies implied by Fig. 1, using SPM is hard even for a 

monocomponent system with single morphology while in fact, 

an actual SAM can have multiple grain boundaries, step edges 

and morphologies.  Also, it is possible to have a 

multicomponenet network where the PES can be more 

complicated than Fig. 1. 

In this work, we present a simple model to determine the 

single molecule desorption energy of a specific molecule in a 

physisorbed non-covalent SAM at the vacuum-solid interface 

using density functional theory (DFT) calculations. Most 

theoretical studies in the literature37-44 usually calculate the 

adsorption energy of an isolated molecule where the calculated 

energy is only dominated by the molecule-substrate interactions. 

As one can see from Fig. 1, single molecule desorption energy 

varies based on the surface coverage. In other words, desorption 

energy is dependent upon the number of nearest neighbor 

molecules surrounding a specific adsorbate. While the 

desorption energy is also dependent upon the adsorption site 

relative to the substrate, in this study we restrict consideration to 

the site occupied by the optimized monolayer. Unlike earlier 

studies,40-44 here we use a combination of molecule-substrate 

binding energy and molecule-molecule contact energies to 

determine single molecule desorption energy. Our goal here is to 

determine the role and contribution of intermolecular contact 

energies to single molecule desorption energy from substrates. 

As representative systems, we choose a monocomponent 

network of coronene molecules adsorbed on Au(111) and HOPG 

substrates with single morphology to determine the desorption 

energies. This model is the one used by Nieskens et al.27 for the 

coverage dependent desorption energy, but they used an 

empirical parameter while we actually calculate the values here.  

We note that this model assumes all clusters of coronene on the 

surface have the same structure as the experimental equilibrium 

structure.  We realize this is a simplification that could be 

accounted for by including more representative systems.  Doing 

so, however, would not affect the primary purpose of this study 

– to show that the use of a single surface configuration for 

calculation of desorption energies is not realistic. 

Models and Methodology 

Geometries for DFT calculations 

Different geometries of coronene on Au(111) and HOPG for 

DFT calculations were developed using previously reported 

surface lattice structures from scanning tunneling microscopy 

(STM) experiments. Jahanbekam et al.,45 have shown that 

coronene can have multiple polymorphs on Au(111), but here we 

only consider the high-density surface structure for our 

calculations. The high-density epitaxial coronene/Au(111) 

lattice structure has a hexagonal symmetry with intermolecular 

spacing of 1.15 ± 0.04 nm.  This structure also matches with 

other STM studies of coronene/Au(111).46-48 Walzer et al.49 

reported the first STM study of coronene/HOPG interface which 

had a six-fold symmetrical lattice with intermolecular spacing of 

1.11 ± 0.01 nm. This structure also matches with other STM 

studies of coronene/HOPG.30,50 We use Jahanbekam’s45 and 

Walzer’s49 surface structures of coronene on Au(111) and HOPG  

respectively to develop our computational geometries.  

It is important to note that experimental STM sturctures 

show coronene binds epitaxially to Au(111)45 and HOPG49 with 

one coronene molecule per lattice. Using the step edge and the 

reconstruction lines on Au(111), Jahanbekam et al., determined 

the orientation of coronene molecules on Au(111) which has 

head-to-head coronene hydrogens configuration with its nearest 

neighbor. On the other hand, Thrower et al., showed that 

coronene molecules adsorb in a staggered configuration on 

HOPG.30 Hence, we used head-to-head and staggered coronene 

orientations on Au(111) and HOPG respectively for our 

computational modeling. Furthermore, these configurations are 

determined to be lowest energy configurations based on 

preliminary periodic DFT calculations (Section S1, Fig. S1 in 

supplementary information). For developing our computational 

geometries, we use 4x4 supercells of the optimized head-to-head 

configuration of coronene/Au(111) (Fig. S1-B) and staggered 

configuration of coronene/HOPG (Fig. S1-C). The 

corresponding initial (before optimization) geometries of 

monolayer of coronene on Au(111) and HOPG are shown in 

Figures S2 and S3 respectively.  

Fig. 2 Geometry of coronene/substrate (substrate = Au(111) or HOPG. 

Colors: Substrate-yellow, grey-coronene and white line represents 

hexagonal lattice. 
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For simplicity, we present Fig. 2 which represents a typical 

geometry (irrelevant of coronene orientation) of  

coronene/substrate (substrate = Au(111), HOPG) system based 

on 4x4 supercell of the respective STM lattice structures.45,49 

This geometry is a hexagonal lattice with 16 coronene molecules 

in the lattice representing complete surface coverage. The 

Au(111) substrate has 3 layers of gold, while the HOPG substrate 

has 2 layers of carbon. The lattice parameters for the 

coronene/Au(111) system are a = b = 46.14 Å and α = β = 90º, γ 

= 120º with intermolecular coronene separation of 11.54 Å. For 

the coronene/HOPG system, the lattice parameters are a = b = 

45.02 Å and α = β = 90º, γ = 120º with intermolecular coronene 

separation of 11.26 Å. This indicates that coronene molecules are 

packed more tightly by ~0.28 Å on HOPG than on Au(111). The 

coronene/substrate lattice parameters (Fig. 2, 3) match the 

experimental STM structures of Jahanbekam45 and Walzer.49 

The coronene/substrate geometries are fully relaxed with various 

DFT functionals (vide infra) before any further analysis. 

Using Fig. 2 as a template, multiple periodic geometries 

with variable surface coverage were developed as shown in Fig. 

3. The variation in surface coverage in all the geometries in Fig. 

3 is reminiscent of different locations on the PES in Fig. 1. For 

example, Fig. 3A represents an isolated molecule adsorbed onto 

the substrate, while Fig. 3B represents a monolayer from which 

a single molecule is desorbed from the inside of an island. Fig. 

3F-3H also represents molecules desorbed from inside of an 

island but with variable neighboring contacts. Fig.-

3C,3D,3E,3I,3J represents two or three molecules on the 

substrate with variable intermolecular distances while Fig.-

3K,3L represent molecules desorbing from the edge of the island. 

Two important variables should be noticed in all the geometries 

in Fig. 3. First, the number of contacts lost for each desorbing 

molecule and second the intermolecular separation between the 

molecules in each geometry. Using the geometries in Fig. 3, we 

will determine desorption energies that  vary with intermolecular 

contacts and molecule-substrate binding. Note that Fig.3 

represent typical models derived from Fig. 2 irrespective of the 

orientation of coronene molecules on substrate. As we have 

mentioned earlier if the substrate is Au(111), the coronene 

orientation is head-to-head (Figure S2), and if the substrate is 

HOPG, the coronene orientation is staggered (Figure S3) with 

respect to its neighbor. So, DFT optimizations performed on each 

model (Fig. 3) represent each of the respective coronene 

orientation on the corresponding substrate.  

Computational Methods 

Periodic DFT calculations were performed using VASP51,52 on 

all the models in Fig. 2 and 3 and on clean substrates and on the 

isolated coronene molecule. For all slab calculations a vacuum 

layer of 12 Å is used in the z-axis. Periodic calculations were 

performed using plane-wave density functional theory (PW-

DFT) within the projector augmented wave (PAW) method53,54 

to describe the core electrons and valence–core interactions. All 

calculations were performed with dispersion corrected vdW-

DF55 functional of Klimes which is based on work by Langreth 

and Lundqvist et al.56 which considers the nonlocal nature of 

electron correlation. We used two different vdW-DF GGA 

functionals, the optB88-vdW and the optB86b-vdW with PAW 

potentials optimized for the PBE functional having p, s semicore 

valence for Au atoms. It was previously reported57,58,59 that 

calculations with dispersion corrected vdW-DF functional yields 

better geometries and properties in contrast to experiment than 

with conventional hybrid DFT functionals. For all calculations, 

the electronic wave functions are sampled in a k-point grid of 

1×1×1 in the irreducible Brillouin zone (BZ) using the 

Monkhorst and Pack (MP)60 method. A plane wave cut off 

A B C D 

H G 

I J K L 

F E 

Fig. 3 Geometries of coronene/substrate (substrate = Au(111) or HOPG with variable surface coverage. Colors: Substrate-yellow, grey-coronene.  Note that A, 

C, D, E, I, and J represent the situation before desorption with a final state of all molecules desorbed, while the others represent an initial monolayer with the 

final desorbed state shown. 
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energy of 550 eV was used for all simulations which is chosen 

based on the energy convergence of primitive lattice structures 

of Au(111), HOPG and isolated coronene molecule. Methfessel–

Paxton smearing was used to set the partial occupancies for each 

wave function with a smearing width of 0.2 eV. All the 

geometries were fully optimized up to ~0.001 eV energy 

convergence with both optB88-vdW and optB86b-vdW 

functionals, while keeping the bottom layer of the substrate 

constant in each coronene/substrate (substrate = Au(111), 

HOPG) system. Hence for each coronene/substrate system, a 

total of 15 calculations with each functional yields a total of 60 

DFT optimized systems. 

Results and Discussion 

Upon optimizing all the geometries in Fig. 3, the desorption 

energy (Ei) of a coronene molecule in any given geometry ‘i’ is 

fitted to the following nearest neighbor interaction energy model, 

𝑬𝒊  =  𝑬𝟎 ∓  𝒂 ∙ ∑ 𝜹k j𝒌 𝒋         (1) 

where, E0
 = best fit desorption energy of single isolated coronene 

molecule on the substrate, δkj = 1 if each missing molecule ‘k’ 

has a nearest neighbor ‘j’ and ‘a’ = average coronene-coronene 

contact energy which is a fitting parameter. The parameter ‘a’ is 

equivalent to NN in reference 27, except they parameterized for 

4 nearest neighbors while we have 6.  The parameter ‘a’ is 

determined from the following least squares fitting (LSF) 

equations, where we minimize the difference between the DFT 

calculated energy associated with a given geometry (Ei) and the 

energy calculated from the nearest neighbor interaction model eq 

1. 

𝑭(𝒂)𝒊 =  𝑬𝒊 − (𝒏𝒊𝑬𝟎 + 𝒂𝒄𝒊)         (2) 

X(a) = ∑ (𝑭(𝒂)𝒊)
𝟐

𝒊      (3) 

where, ni = number of desorbed molecules in geometry ‘i’, and 

ci = total number of contacts lost in each geometry. F(a)i is the 

total error in desorption energy for each different geometry, ‘i’, 

shown in Fig. 3. X(a) is the sum of the squares of error F(a)i from 

which ‘a’ is obtained. Table 1 shows the number of desorbed 

molecules (ni) and total lost contacts (ci) for each geometry, ‘i’. 

The corresponding E0 and ‘a’ values obtained form LSF for 

coronene/substrate systems using optB88 and optB86b vdW-DF 

functionals are listed in Table 2.  

To determine the role of substrates on the intermolecular 

contact energies (‘a’), we performed similar PW-DFT 

calculations and LSF analysis on coronene only geometries 

without the substrate. For these calculations the substrates were 

removed and the geometries of the coronene only monolayers 

(ML) were kept intact and single point energies were determined. 

We refer to these geometries as “coronene ML only” systems 

(Table 2). Using the single point energies, analysis was carried 

out using equations 1-3 for all “coronene ML only” systems from 

HOPG and Au(111) and corresponding E0 and ‘a’ are listed in 

Table 2. Additionally, desorption energies (Ed) (obtained using 

equation-S1,S2 in supplementary information) of isolated 

coronene molecule on HOPG and Au(111) substrates were also 

listed in Table-2. The calculated Ed values listed in Table 2 are 

consistent with reported experimental and theoretical desorption 

energies of coronene on HOPG.30 Ed of coronene on Au(111) 

from experiment is not reported to the best of our knowledge. 

We attempted TPD experiments for coronene on Au(111) and 

found that the coronene monolayer does not completely desorb 

from gold. Based on the work by Talyzin et. al.,61 we think that 

coronene may have turned to graphene like structures on 

Au(111) at high temperatures. But, the calculated Ed of coronene 

on Au(111) (Table-2) matches with other DFT calculations in the 

literature.62,9 

Fig. 4 shows total error, F(a)i, in calculated desorption 

energy between the DFT results and the nearest neighbor model.  

Model energies were based on fitted contact energies, ‘a’ for 

each geometry, ‘i’ (Table 2). The F(a)i values range within 20 

meV for coronene on HOPG with both DFT functionals, while 

the errors range from 50-150 meV for coronene on Au(111). 

Also the ‘a’ values are 58 and 52 meV (Table 2) for 

coronene/HOPG systems while they change to 55 meV for 

Table 1. Parameters used in least squares fit analysis. Geometries listed 

in the table refers to Figure 3. 
Table 2. Parameters obtained from PW-DFT and least squares fitting 

calculations. E0 is best fit desorption energy of single isolated coronene on 

substrate. ‘a’ is the average contact energy between coronenes. Ed is the 

calculated desorption energy of an isolated coronene on a given substrate. 
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coronene/Au(111) system with optB88-vdW . Note that all these 

‘a’ values are positive which are indicative of attractive 

interaction/contact energies. The optB86b-vdW functional gave 

only -3 meV (repulsive energy) for the coronene/Au(111) 

system. That is, optB86b-vdW  predicted slightly repulsive 

interaction between coronenes on Au(111).  This is the origin for 

what appear to be very good fits in Figures 4 and 5. This could 

be due to the interplay of stabilizing and destabilizing 

interactions of each coronene molecule with the gold substrate 

and with its neighbors when optB86b-vdW  functional is used.63 

Similar observations for other physisorbed systems on metals 

have been reported.63-65  Gautier et. al.,63 have noted that there is 

no universal DFT functional that yields correct energies all the 

time and hence a combination of DFT functionals have to be 

checked to determine a trend. Due to significant differences in 

F(a)i and ‘a’ values for coronene/Au(111) systems with optB88 

and optB86b vdW-DF functionals, we performed an additional 

set of calculations with optPBE vdW-DF functional55,56,66 on all 

coronene/Au(111) geometries (Fig. 2 and 3) followed by fitting 

the data to our model. The corresponding F(a)i and ‘a’ value are 

shown in section-S3 and Fig. S4, S5 in the supplementary 

information. Coronene-coronene contact energies ‘a’ with 

optPBE-vdW functional are determined to be 78 and 64 meV 

with and without the Au(111) substrate (Table 2). These values 

are consistent with calculated values of coronene/Au(111) 

systems with optB88-vdW  functional (Table 2) indicating that 

optB86b-vdW  functional underestimates ‘a’ in the presence of a 

Au(111) substrate.  Calculations with various functionals (Table 

2) show that coronene-coronene contact energies for various 

geometries (Fig. 3) fluctuate less (~20 meV) when coronene is 

bound to HOPG. In contrast, coronene-coronene contact 

energies vary significantly (50-150 meV) when coronene is 

bound to Au(111). These results indicate that there may be a high 

degree of cooperative binding in coronene/Au(111) systems, 

where the site of desorption (like the edge of island or inside of 

island, see Fig. 1 and 3) plays an important role in the contact 

energies unlike the coronene/HOPG systems where the error, 

F(a)i is less than 25 meV (Fig. 4) regardless of the adsorption 

location.  

 Note that the data shown in Fig. 4 are total errors in 

desorption energy for each geometry. As one can see from Table 

2, the number of lost contacts and molecules desorbed vary from 

geometry to geometry. To determine if the number of lost 

contacts in each geometry is influencing the total error 

fluctuation in Fig. 4, we divided the total error, F(a)i, with the 

number of lost contacts (ci) and replotted them in Fig. 5. If the 

geometries do not have any lost contacts (geometries 3A, 3D, 

3E), then they are not shown in Fig. 5. The magnitude of errors 

has now been lowered significantly compared to Fig. 4. For 

coronene/HOPG systems the error per contact ranges within 5 

meV while the coronene/Au(111) systems the error ranges 

within 30 meV. Thus, the model “error” is less than 10% for the 

case of coronene on HOPG but can be as large as 50% for 

coronene on gold.  

As we discussed in Fig. 1, single molecule desorption in 

SAMs may be a multistep process which depends on the location 

of desorption. For example, if coronene molecules must desorb 

like ‘Geometry K’ (Fig. 3K), a total of 3 molecules must desorb 

(Table 1). The first coronene molecule desorbing has 6 

neighboring contacts, the second molecule adjacent to it has 5 

contacts and the third molecule has 4 contacts, giving a total of 

15 lost contacts (Table 1). If the DFT functional used is optB88- 

vdW  and substrate is HOPG, the first desorbing molecule should 

have a total desorption energy (Ed-Total) which is the sum of 

desorption energy of isolated coronene molecule on HOPG, Ed 

(2.12 eV, Table 2) and six times the coronene-coronene contact 

energy, 6*‘a’ = (6*(58 meV) = 348 meV (Table 2). Since the 

error per contact, F(a)i/ci, for coronene/HOPG ranges within 5 

meV (6*5 meV = 30 meV) (Fig. 5), the total desorption energy 

(Ed-Total) for first desorbing molecule in ‘Geometry K’ (Fig. 3K) 

should at least be 2.12 eV + 348 meV ± 30 meV = 2.47 ± 0.03 

eV. Consequently, Ed-Total for second desorbing molecule should 

be Ed+5*‘a’ = 2.41 ± 0.02 eV and Ed-Total for the third desorbing 

molecule is Ed+4*‘a’ = 2.35 ± 0.02 eV.  These should be 

compared to the Ed for an isolated molecule, 2.12 eV.  Thus, the 

Figure 4. Errors, F(a)i, in energy for each geometry (see Figure 3) of 

coronene/substrate (where, substrate = HOPG (orange, blue) or Gold (red, 

green) with optB88 and optB86b vdW-DF functionals. The error 

fluctuation (y-axis) in each plot is relative to energy (E0) of single isolated 

coronene molecule on substrate. Note that relatively weak error fluctuation 

of  optB86b-vdW  functional (green) on Au(111) is due near zero 

interaction energy (vide supra and Table 2). The line connecting points is 

solely meant to guide the eye. 

Figure 5. Errors per contact, F(a)i/ci, for geometries with contacts (see Figure 

3) of coronene/substrate (where, substrate = HOPG (orange, blue) or Gold 

(red, green) with optB88  and optB86b vdW-DF functionals. The error 

fluctuation (y-axis) in each plot is relative to energy (E0) of single isolated 

coronene molecule on substrate. Note that relatively weak error fluctuation of  

optB86b-vdW  functional (green) on Au(111) is due near zero interaction 

energy (vide supra and Table 2). The line connecting points is solely meant to 

guide the eye. 

Page 5 of 9 Physical Chemistry Chemical Physics



desorption energy can vary by ~0.4 eV depending upon the 

coverage. 

An interesting observation was made when we compare the 

coronene-substrate distances from DFT optimized geometries. 

Fig. 6 shows coronene-Au(111) and coronene-HOPG   distances  

from three geometries shown in Fig. 2, 3A and 3B which 

represent the complete monolayer, isolated molecule and a 

monolayer with single cavity respectively. These geometries 

were chosen to illustrate the effect of surface coverage on the 

adsorption distances. From Fig. 6, we can see that surface 

coverage has negligible effect for coronene-HOPG distances 

(3.36 Å). This indicates that intermolecular interactions between 

the coronene adsorbates does not affect the surface binding on 

HOPG. Contrarily, the coronene-Au(111) distances vary 

considerably with surface coverage and cavities. For example, in 

DFT optimized geometries with optB88-vdW functional,55,56 the 

coronene-Au(111) distance (Fig. 6) for an isolated molecule  

(Fig. 3A) is 3.11 Å, while it is 3.28 Å for a complete monolayer 

(Fig. 2) and 3.29 Å for the molecules in the immediate vicinity 

of a single cavity (Fig. 3B). From Fig. 6, we can see that the 

coronene monolayer moves up by ~0.2 Å relative to an isolated 

coronene molecule on a Au(111) substrate. This phenomenon 

can be attributed to cooperative binding in coronene-Au(111) 

system with variable surface coverage.   

In this study, we could not fully establish the reason for 

cooperative behavior of Au(111) substrate (Fig. 6), but our 

previous study9 of coronene on Au(111) showed that there is 

significant a charge redistribution at the interface upon the 

adsorption of coronene on Au(111). We think that charge 

redistribution may be one of the causes for cooperativity on Au 

substrate. Additionally, we also noticed adsorption cooperativity 

within the coronene-Au(111) geometry with a cavity (Fig. 3B). 

In this geometry, the adsorption distances vary mildly as you 

move away from the cavity. A detailed analysis of coronene 

adsorption distances in Geometry 3B (Fig. 3) is shown section 

S4 of supporting information. This phenomenon is consistent 

with our earlier observations of relatively higher error 

fluctuations, F(a)i, in coronene/Au(111) systems (Fig. 4, 5) due 

to cooperativity.  

Note that coronene molecules can vibrate, translate, and 

rotate on the substrate leading to further changes  in the 

calculated desorption energy. Thrower et al. calculated30 the 

electronic energies of rotation and translation of coronene on 

HOPG with DFT. Their work indicates that electronic energy 

component of rotational and translational energies for coronene 

on HOPG are in the order of 0 to 0.2 eV. Their study indicates 

that desorption of coronene molecules are affected by the 

translational and rotational energy components. However, a 

complete analysis requires consideration of nuclear motion in 

addition to electronic energies, which will be addressed in a 

forthcoming paper. Using all the data shown in Fig. 4, 5 and 

Tables 1, 2 we have shown that coronene molecule desorption 

exhibits coverage dependence. Thus, the simple model presented 

here may be useful for adsorbate-substrate systems exhibiting 

weak cooperativity but is less useful for systems with significant 

cooperativity. 

Fig. 7 shows F(a)i values for each “coronene ML only” 

systems obtained from optB88 and optB86b vdW-DF 

functionals. The F(a)i values range within 20 meV for “coronene 

ML only” from both HOPG and Au(111) substrates with both 

Figure 8. Errors per contact, F(a)i/ci, for geometries with contacts (see Figure 

3) of coronene only layer (where, substrate removed = HOPG (orange, blue) 

or Gold (red, green)) with optB88 and optB86b vdW-DF functionals. The 

error fluctuation (y-axis) in each plot is relative to energy (E0) of single 

isolated coronene molecule without the substrate. The line connecting points 

is solely meant to guide the eye. 

Figure 7. Errors, F(a)i, in contact energy (in meV) for each geometry (see 

Figure 3) of coronene only layer (where, substrate removed = HOPG (orange, 

blue) or Gold (red, green)) with optB88 and optB86b vdW-DF functionals. 

The error fluctuation (y-axis) in each plot is relative to energy (E0) of single 

isolated coronene molecule without the substrate. The line connecting points 

is solely meant to guide the eye. 

Figure 6. Average distance between coronene and substrate (HOPG or 

Au(111)) from DFT optimized structures with different functionals. The 

colored bars represent distances in Å for 3 geometries. Green: isolated 

molecule on substrate (Figure 3A), Orange: monolayer with one cavity 

(Figure 3B), Blue: complete monolayer (Figure 2).  
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DFT functionals. This indicates that regardless of the functional 

used the error in coronene-coronene contact energies is small 

compared to the coronene/substrate systems (Fig. 4). The error 

per contact is graphed in Fig. 8. For “coronene ML only” from 

both HOPG and Au(111) substrate geometries, the error 

fluctuation reduced from 20 meV (Fig. 4) to 10 meV (Fig. 5).  

The average intermolecular contact energies, ‘a’ values, are 

determined to be 54 meV for “coronene ML only from HOPG”, 

while ‘a’ = 40 meV for “coronene ML only from Au(111)” with 

both functionals. The higher ‘a’ for “coronene ML only” from 

HOPG (54 meV) than from Au(111) (40 meV) can be attributed 

to the denser coronene-coronene packing on HOPG substrate49 

(by ~0.28 Å) than on Au(111) substrate.45 Comparison of 

coronene contact energies (‘a’) with and without the substrate 

(Table 2), we notice that ‘a’ values are similar for coronene with 

or without HOPG (~55 meV). This indicates that HOPG 

substrate plays little role in the intermolecular contact energies. 

On the other hand, ‘a’ values for coronene with or without 

Au(111) substrate vary significantly indicating again that gold 

substrate plays a significant role in the intermolecular contact 

energies. Hence, coronene contact energies exhibit substrate 

dependence on Au(111) and HOPG. 

Conclusions 

To summarize, we performed PW-DFT calculations with 

vdW-DF functionals on coronene/substrate (substrate = 

Au(111), HOPG) systems to determine coverage dependent 

desorption energies at the single molecule level. We showed that 

single molecule desorption in a physisorbed SAM is a complex 

process (Fig. 1) and dependent on the coverage and substrate. 

Using multiple geometries (Fig. 2, 3) developed based on 

predetermined experimental STM images of coronene SAM on 

Au(111) and HOPG, we calculated the electronic contributions 

to the single molecule desorption energies and intermolecular 

1 Ulman, Chem. Rev. 1996, 96, 1533−1554. 

2 J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo and G. M. 

Whitesides, Chem. Rev. 2005, 105, 1103–1170. 

3 S. Casalini, C. A. Bortolotti, F. Leonardi and F. Biscarini, Chem. Soc. 

Rev. 2017, 46, 40–71. 

4 Schoenbaum, D. K. Schwartz and J. W. Medlin, Acc. Chem. Res. 2014, 

47, 1438–1445. 

5 G. K. Jennings and P. E. Laibinis, Colloids Surf., A 1996, 116, 105−114. 

6 R. Y. Lai, D. S. Seferos, A. J. Heeger, G. C. Bazan and K. W. Plaxco, 

Langmuir 2006, 22, 10796–10800. 

7 U. Mazur and K. W. Hipps, Chem. Commun. 2015, 51, 4737– 4749. 

8 K. S. Mali, N. Pearce, S. De Feyter and N. R. Champness, Chem. Soc. 

Rev. 2017, 46, 2520–2542. 

contact energies. The computational results were least squares fit 

(LSF) to a simple nearest neighbor model in order to account for 

intermolecular contact energies. Data (Fig. 4-8 and Tables 1 and 

2) from PW-DFT calculations and LSF analysis indicates that 

coronene molecules have contact energies of about 54 meV with 

or without the HOPG substrate indicating little substrate 

dependence in the monolayer packing. On Au(111), coronene 

exhibited cooperative binding with variable surface coverage. 

The adsorption distances, desorption energies and intermolecular 

coronene-coronene contact energies varied considerably with 

various amounts of coverage (Fig. 2, 3) for the coronene/Au(111) 

system. This study presents a simple model to determine 

approximate position dependent desorption energies that, for 

systems showing weak adsorbate-substrate cooperativity, can be 

used with Monte Carlo simulations to predict accurate desorption 

versus coverage data.  On the other hand, systems with 

significant cooperativity are not well reproduced by a nearest 

neighbor model.  In fact, attempts to use a quadratic dependence 

on number of neighbors gave equally poor results in the 

coronene/Au(111) case. 
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