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Stability of polycyclic aromatic hydrocarbons on graphite: 
Resistance to horizontal displacement 

Yoshihiro Kikkawaa* and Seiji Tsuzukib*  

The stability of adsorbed molecules on surfaces depends on the magnitude of adsorbate–substrate interaction energies and 

the resistance of these molecules to horizontal displacement. Therefore, it is essential to analyse both interaction 

energy (Eint) and its change with horizontal displacement (ΔEint). In physisorbed monolayers at a highly oriented pyrolytic 

graphite (HOPG)/solvent interface, molecular building blocks often contain both aromatic and alkyl chain moieties, as 

aromatic molecules without additional substituents are difficult to observe via scanning tunnelling microscopy. This suggests 

that aromatic molecules have less adsorption stability on the HOPG than n-alkanes, though the underlying reason remains 

unclear. In this study, we performed dispersion-corrected density functional theory calculations to 

evaluate Eint and ΔEint of polycyclic aromatic hydrocarbons (PAHs) on a graphite model surface (C₉₆H₂₄). ΔEint was analysed 

for benzene, naphthalene, and anthracene. The maximum ΔEint (ΔEint(max)) is related to the barrier height for lateral 

migration. The ΔEint(max) per Nc showed directional dependence and ranged from 0.015 to 0.20 kcal mol⁻¹, with the largest 

value for PAHs being about two-thirds that of n-alkanes (0.30 kcal mol⁻¹), indicating greater mobility of the former. These 

findings demonstrate that aromatic and alkyl chain moieties in two-dimensional assemblies exhibit distinct resistance 

against horizontal migration. The preferential role of alkyl chains suggests that molecular assemblies align with the graphite 

lattice, prioritising alkyl unit positioning over aromatic orientation. 

Introduction 

Molecular self-assembly has been harnessed to create intriguing 

nanostructures with remarkable properties, often comparable to or 

surpassing those in nature.1 Noncovalent interactions play a crucial 

role in forming ordered molecular assemblies, which can be achieved 

through the rational design and synthesis of molecular building 

blocks.1 Supramolecular interactions include dispersion forces, metal 

coordination, hydrogen bonding, and halogen bonding. In two-

dimensional assemblies on surfaces, characteristic molecular 

arrangements in chemisorbed and physisorbed monolayers have 

been visualised using scanning tunnelling microscopy (STM).2 
 Physisorbed monolayers have been particularly prepared at the 

highly oriented pyrolytic graphite (HOPG)/solvent interface, where 

molecules with specific shapes and interaction sites facilitate the 

formation of diverse two-dimensional assemblies.3 Most molecules 

utilised in such assemblies contain both an aromatic core and alkyl 

chain units. These units interact not only with each other 

(intermolecular interactions) but also with the HOPG surface 

(molecule–substrate interactions) to form well-organised two-

dimensional structures. The flat-on orientation of alkyl chains (where 

the symmetry plane of the alkyl chain is parallel to the HOPG plane) 

is preferred over the edge-on orientation (where the symmetry 

plane is perpendicular) as it aligns with the lattice direction of HOPG.4 
The intermolecular interaction of n-alkanes on graphite surfaces 

has been investigated using experimental techniques such as 

temperature-programmed desorption (TPD) measurements⁵ and 

theoretical approaches such as density functional theory (DFT), 

second-order Møller–Plesset perturbation theory (MP2), force field 

calculations, and molecular dynamics simulations.6 In our previous 

study,6f we performed dispersion-corrected DFT calculations to 

examine the intermolecular interactions and stability of n-alkanes on 

C54H18 and C96H24 as graphite model surfaces. The interaction 

energies of n-alkanes on C54H18 increased with the number of carbon 

atoms in alkyl chains, consistent with the TPD results reported by Tait 

et al.5d The increase in interaction energy per carbon atom was 

approximately 1.9 kcal mol-1. Dispersion forces primarily 

contributed to the attractive interactions between n-alkanes and the 

graphite model surface. 
 The -stacked structure of polycyclic aromatic hydrocarbons 

(PAHs) has been observed in natural and artificial systems,7 with 

dispersion forces identified as the primary attractive force.8  

stacking plays a crucial role in stabilising the layered structure of 

graphite, whose interlayer cohesion energies (Ecoh) have been 

investigated using experimental9 and theoretical methods.10 The 

reported Ecoh per carbon atom is summarised in Table S1. 

Experimental methods for determining Ecoh include the 

characterisation of collapsed carbon nanotubes using transmission 

electron microscopy (TEM), cleavage energy measurements of 
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graphite layers via atomic force microscopy, and desorption energy 

measurements of PAHs from HOPG using TPD.9 The reported Ecoh per 

carbon atom ranged from 0.81 to 1.20 kcal mol-1. Theoretical 

calculations using van der Waals density functional theory (vdW-DFT) 

and dispersion-corrected DFT estimated Ecoh values between 1.11 

and 1.22 kcal mol-1.10 The Ecoh per carbon atom obtained from 

theoretical calculations closely aligns with the values determined 

through experimental methods. 
In two-dimensional assemblies of alkylated aromatic molecules 

on HOPG, the aromatic units within the molecular building blocks 

interact with the HOPG surface via  interactions, alongside 

interactions involving alkyl chains. Numerous STM studies have 

demonstrated that alkyl chain moieties preferentially align along the 

HOPG lattice direction, whereas aromatic moieties exhibit relatively 

low orientational sensitivity to the HOPG surface.2,3 Furthermore, the 

two-dimensional assemblies of aromatic molecules without alkyl 

chain moieties are difficult to observe using STM at the solid/liquid 

interface. This suggests that aromatic and alkyl chain moieties 

possess distinct adsorption stability characteristics. However, the 

fundamental mechanisms underlying these differences remain 

unclear. The magnitude of adsorption energies and the stability of 

the adsorbed molecules against horizontal displacement on the 

graphite surface are key factors influencing the stability and 

persistence of physisorbed two-dimensional assemblies. However, 

to the best of our knowledge, the stability of aromatic molecules and 

their resistance to horizontal displacement on graphite surfaces have 

not been systematically investigated. 
In this study, we performed dispersion-corrected DFT 

calculations to evaluate the interaction energies (Eint) of PAHs with 

graphite model surfaces (C54H18 and C96H24) and the changes in these 

interaction energies (Eint) with horizontal displacement. The validity 

of the calculated Eint values was confirmed by comparing them with 

previously reported values from TPD measurements.9b,9e Dispersion-

corrected DFT and MP2 calculations were performed to verify the 

accuracy of the Eint values. We then evaluated the Eint values of 

benzene, naphthalene, and anthracene to assess the effect of the 

carbon number (Nc) in PAHs on resistance to horizontal 

displacement. Additionally, we compared the Eint values of PAHs 

and n-alkanes to explore their distinct characteristics in the stable 

formation of two-dimensional assemblies. 

Computational details 

DFT and ab initio calculations were performed using the Gaussian 16 

software (Gaussian, Wallingford, CT, USA).11 The geometries of 

isolated molecules and complexes were optimised at the B3LYP/6-

31G* level12 with Grimme’s D3 dispersion correction13 (B3LYP-D3/6-

31G*). The optimised structures of isolated C54H18 and C96H24 were 

used to prepare the initial configurations for the geometry 

optimisations of the C54H18–PAHs and C96H24–PAHs complexes. 

During these geometry optimisations, the geometries of C54H18 and 

C96H24 were fixed. The Eint values for the complexes were calculated 

at the B3LYP-D3/6-311G** level unless otherwise specified. Basis set 

superposition error (BSSE)14 was corrected using the counterpoise 

method.15 The CCSD(T) level Eint at the basis set limit was estimated 

based on MP2-level Eint at the basis set limit, combined with CCSD(T)-

level Eint calculations using the 6-311G** basis set. The MP2-level Eint 

at the basis set limit was determined from MP2 calculations using 

the aug-cc-pVDZ and aug-cc-pVTZ basis sets. Details of this 

estimation method have been previously reported.4c 
Since the optimised structures of the C96H24–PAHs complexes 

formed approximately AB-stacked configurations, the Eint values for 

the complexes were calculated while horizontally displacing the 

PAHs from the AB-stacking position. The distance between the PAHs 

and the  plane of C54H18 or C96H24 was fixed at 3.40 Å, corresponding 

to the equilibrium distance in the optimised complexes. The change 

in Eint associated with horizontal displacement (Eint) was calculated 

using the equation6f 
 
ΔEint = Eint  Eint(0), 

 
where Eint(0) is the Eint calculated at the position of AB-stacking 

structure. 

Results and discussion 

Verification of B3LYP-D3 level interaction energies for PAHs on a 

graphite model surface. 

To confirm the accuracy of the B3LYP-D3/6-311G** level 

interaction energies, the Eint value for the benzene–pyrene 

complex obtained at this level was compared with the 

estimated CCSD(T) level Eint at the basis set limit, as CCSD(T) 

level Eint values at the basis set limit are generally close to 

experimental interaction energies in the gas phase.16 The 

optimised geometry of the benzene–pyrene complex is shown 

in Fig. S1. The Eint value for the complex at the B3LYP-D3/6-

311G** level was –5.75 kcal mol-1, while the CCSD(T) level Eint 

value at the basis set limit was –6.20 kcal mol-1. The difference 

(approximately 7.2%) is relatively small, indicating that B3LYP-

D3/6-311G** level calculations are sufficiently accurate for 

determining the Eint values of PAH stacks. 

To further verify the B3LYP-D3/6-311G** level interaction 

energies, the Eint values of the C96H24–PAH complexes were 

calculated. The optimised geometries of these complexes are 

shown in Fig. 1(a-k). The number of carbon atoms (Nc) in PAHs 

ranges from 6 to 42. In the optimised geometries, all -planes 

of PAHs are parallel to the -plane of C96H24, exhibiting AB-type 

stacking. Previous studies10 and our calculations in Fig. S2 

confirm that AB-type stacking structures are the most stable. 

The mean distances of the PAH carbon atoms from the -plane 

of C96H24 and their corresponding Eint values are presented in 

Table S2. The absolute Eint values (|Eint|) of the complexes were 

plotted as a function of Nc in the PAHs (Fig. 1(l)). The |Eint| 

increased linearly, and the plots closely overlapped with the 
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experimental Eint values obtained from TPD measurements,9b,9e 

as shown in Fig. 1(l). The slope of these plots represents the 

|Eint| per Nc in the PAHs. The slope obtained in this study (1.31 

kcal mol-1) is comparable to the experimentally determined 

values (1.22–1.37 kcal mol-1). 

Björk et al.10d proposed that the Eint values of the PAHs are 

the sum of the interaction energies of graphene-like carbon (Ecc) 

and benzene-like carbon (ECH) and can be expressed as follows: 

 

|Eint| = NcECC + NH(ECH – ECC)         

 

where NC and NH represent the number of carbon and hydrogen 

atoms in the PAHs, respectively. In PAHs, graphene-like carbon 

atoms are covalently bonded to three adjacent carbon atoms, 

while benzene-like carbon atoms are bonded to two carbon 

atoms and one hydrogen atom. The |Eint|/Nc versus NH/Nc plots 

yield the ECC value as the intercept, which corresponds to the 

graphite interlayer cohesion energy per carbon atom.9e,10d To 

perform the same analysis, we plotted |Eint|/Nc as a function of 

NH/Nc, as shown in Fig. 2. The calculated ECC is 1.19 kcal mol-1, 

which is consistent with previously reported cohesion energies 

obtained from both experimental methods9 and theoretical 

calculations,10 as summarised in Table S1. These results indicate 

that the B3LYP-D3 calculations employed in this study are 

reliable for analysing the intermolecular interaction energies 

(Eint) between PAHs and C96H24. 
 

Accuracy of B3LYP-D3 level interaction energies with respect to 

horizontal displacement 

The Eint values associated with the horizontal displacement of 

benzene in the C54H18–benzene complex along the y-axis from the 

AB-stacking position was calculated because AB-type stacking 

structure is most stable (Fig. S2).10 First, the basis set dependence in 

the B3LYP-D3 calculations was examined using the 6-31G*, 6-311G* 

and 6-311G** basis sets. The Eint and Eint values, along with their 

plots as a function of the horizontal displacement (d), are presented 

in Table S3 and Fig. S3, respectively. The Eint values obtained using 

B3LYP-D3/6-311G** were nearly identical to those using B3LYP-

D3/6-31G* and B3LYP-D3/6-311G*, indicating minimal basis set 

effects.  

The Eint values of the C54H18–benzene complex calculated using 

B3LYP-D3 were compared with those obtained using MP2 and 

dispersion-corrected double-hybrid DFT calculations (B2PLYP and 

mPW2PLYP).17 The calculated Eint and Eint values are summarised in 

Table S4. The Eint plots obtained using all calculation methods 

overlapped closely, as shown in Fig. S4. Additionally, DFT calculations 

using the BLYP18 and PBE19 functionals with D3 dispersion corrections 

yielded similar Eint values (Table S5 and Fig. S5). These results 

 

Fig. 1 (a-k) Optimised geometries of C96H24 complexes with PAHs. (l) Plots of |Eint| 

for C96H24–PAH complexes as a function of the number of carbon atoms in the PAHs 

(Nc): Red circles are plots of |Eint| obtained at the B3LYP-D3/6-311G** level, and 

their linear regression equation (red dotted line) is |Eint| = 1.31Nc + 4.14 (R2 = 

0.997); blue squares and black triangles are derived from the TPD experiments by 

Zacharia et al. with different analyses.9b The linear regression equation by 

Readhead analysis (blue square) is |Eint| = 1.37Nc + 2.92 (R2 = 0.941), while that by 

Falconer-Madix analysis (black triangle) is |Eint| = 1.22Nc + 6.03 (R2 = 0.984); purple 

rhombi are plots of TPD-derived |Eint| by Weippert et al.9e, and the linear regression 

equation is |Eint| = 1.31Nc + 5.09 (R2 = 0.997) : kcal mol-1. 

 

Fig. 2 |Eint|/Nc vs NH/NC plots for the C96H24 complexes with PAHs, where NC and 
NH are the number of C and H atoms in PAHs, respectively. The linear regression 
equation (red dotted line) is |Eint|/Nc = 0.58 NH/NC + 1.19 (R2 = 0.977) : kcal mol-1. 
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indicate that the choice of the calculation method has minimal 

impact on Eint, confirming that the B3LYP-D3/6-311G** calculations 

are reliable for analysing Eint associated with the horizontal 

displacement of PAHs in the complexes. Therefore, subsequent Eint 

and Eint calculations associated with horizontal displacement were 

performed at the B3LYP-D3/6-311G** level. 

 

Change in interaction energy between benzene and C96H24 

associated with horizontal displacement 

The Eint value for the C96H24–benzene complex was calculated by 

horizontally displacing benzene from AB-stacking position while 

maintaining a fixed distance of 3.4 Å between benzene and C96H24. 

The position of benzene was varied horizontally in increments of 0.2 

Å along four different directions at 30˚ intervals (Fig. 3(a-m)), 

corresponding to angles of 0˚, 30˚, 60˚, and 90˚ with respect to the x-

axis. The calculated Eint and Eint values are listed in Table S6, and 

Eint is plotted as a function of the horizontal displacement (d) in Fig. 

3(n). When benzene moves at an angle of 30˚, its centre follows a C-

C bond of C96H24. In this case, Eint increases, reaching a maximum at 

d = 0.8 Å. However, even this maximum value (Eint(max)) is relatively 

small (0.12 kcal mol-1). In contrast, when benzene moves at an angle 

of 90˚, Eint reaches a maximum (Eint(max) = 0.93 kcal mol-1) at d = 1.4 

Å and is approximately 7.8 times larger than the Eint(max) value along 

30˚. At this maximum (d = 1.4 Å), the projected positions of the six 

carbon atoms in benzene completely overlap with those of C96H24. As 

benzene continues moving at an angle of 90˚, Eint decreases to zero 

at d = 2.8 Å. For displacements along 0˚ and 60˚, the Eint(max) values 

are moderate, measuring 0.49 and 0.41 kcal mol⁻¹, respectively. 

These results indicate that the magnitude of Eint associated with 

horizontal displacement varies significantly depending on the 

direction of benzene movement. Furthermore, differences in 

Eint(max) appear to arise from the degree of overlap between the 

carbon atoms of benzene and those of C96H24. 

 

Fig. 3 Horizontal displacement of benzene in C96H24–benzene complex and plots of Eint associated with the horizontal displacement: (a) The AB-stacking structure (initial 
position) of the complex and the four directions of displacement of benzene; benzene was moved horizontally along the directions that resulted in angles of 0˚ (b-d), 30˚ (e-g), 

60˚ (h-j), and 90˚ (k-m) with the x-axis. (n) Plots of Eint for the complex calculated at the B3LYP-D3/6-311G** level associated with horizontal displacement of benzene. Black 

triangles, blue rhombi, green squares, and red circles correspond to Eint associated with horizontal displacements along the directions that result in angles of 0˚, 30˚, 60˚ and 
90˚ with the x-axis. 
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Origin of Eint associated with horizontal displacement 

The Eint plots associated with the horizontal displacement of 

benzene along the y-axis, calculated for the C54H18–benzene complex 

using the Hartree-Fock method (Table S7 and Fig. S6), exhibit a trend 

similar to that observed at the MP2 level. This similarity suggests that 

dispersion interactions have a negligible effect on Eint. Instead, the 

primary cause of Eint variations associated with horizontal 

displacement is short-range interactions, specifically the exchange 

repulsion resulting from the overlap between the carbon atoms of 

benzene and those of C54H18. 

 

Effect of the number of carbon atoms PAHs on Eint associated with 

horizontal displacement. 

We extended the analysis of Eint associated with the horizontal 

displacement from benzene to PAHs (naphthalene and anthracene). 

The four displacement directions for naphthalene and anthracene 

are illustrated in Figs. S7 and S8. The Eint and Eint values calculated 

for the C96H24 complexes of naphthalene and anthracene, associated 

with horizontal displacement, are summarised in Tables S8 and S9. 

The Eint plots for the C96H24 complexes of naphthalene and 

anthracene are compared with those for the C96H24–benzene 

complex in Fig. 4. Regardless of the displacement direction, Eint(max) 

increases with Nc. Additionally, naphthalene and anthracene exhibit 

a strong directional dependence in Eint associated with horizontal 

displacement, similar to benzene. Specifically, Eint(max) is the 

smallest and largest when displacement occurs along 30° and 90°, 

respectively, while intermediate values are observed along 

0° and 60°. For displacement along 30°, the Eint(max) values for 

benzene, naphthalene, and anthracene are 0.12, 0.19, and 0.24 kcal 

mol⁻¹, respectively. For displacement along 90°, the Eint(max) values 

are significantly larger: 0.93, 1.60, and 2.14 kcal mol⁻¹, respectively. 

These differences inEint(max), depending on the movement direction 

of aromatic molecules, arise from the varying degrees of overlap 

between the carbon atoms of the PAHs and those of C₉₆H₂₄ during 

displacement. The extremely small Eint(max) when aromatic 

molecules move along 30° suggests that an aromatic molecule 

adsorbed on graphite can migrate easily in this specific direction 

while remaining adsorbed. 

The dependence ofEint(max) on the direction of movement and 

Nc can be more clearly analysed using the Eint(max) versus Nc plot (Fig. 

5). The Eint(max)) value per Nc is smallest (0.015 kcal mol-1) when 

displacement occurs along 30˚ direction, while the Eint(max) values 

are 2.9, 4.6, and 10.1 times larger for displacements along 0˚, 60˚, 

and 90˚, respectively. For the displacement along 90°, the analysis of 

Eint(max) plots was extended to PAHs with larger Nc, and we 

investigated whether the molecular shape affects the Eint(max) or not. 

As shown in Fig. S9, PAHs with the same Nc but different molecular 

 

Fig. 4 Plots of B3LYP-D3/6-311G** level Eint associated with horizontal displacement for the C96H24 complexes with benzene, naphthalene, and anthracene along four directions 

resulting in angles of (a) 0˚, (b) 30˚, (c) 60˚ and (d) 90˚ with the x-axis: Red, blue, and green symbols indicate Eint calculated for benzene, naphthalene and anthracene complexes, 
respectively. 
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shapes (such as anthracene and phenanthrene; tetracene and 

triphenylene) showed no significant difference in the Eint(max) values. 

In addition, both linear and non-linear shaped PAHs provided nearly 

the same Eint(max) per Nc (0.20 kcal mol-1). This suggests that Eint(max) 

increases in proportion to Nc with little dependence on the shape of 

PAHs. As reported in our previous study,6f Eint(max) for the horizontal 

displacement of n-alkanes on C96H24 also exhibits Nc dependence. 

The value of Eint(max) per Nc for n-alkanes undergoing horizontal 

displacement was approximately 0.30 kcal mol–1. This value is nearly 

20 times larger than the Eint(max) value per Nc for PAHs moving along 

30˚ (0.015 kcal mol–1), where ΔEint(max) is the smallest. It is also two-

thirds as large as the Eint(max) per Nc for the PAHs moving along 90˚ 

(0.20 kcal mol–1), where ΔEint(max) is the largest. Since the Eint(max) 

values are expected to correlate with the barrier heights for 

horizontal displacement of adsorbed molecules,6f the extremely 

small value of Eint(max) per Nc for the PAHs along 30˚, compared with 

that for n-alkanes, suggests that PAHs can change their position on 

graphite surfaces more easily than n-alkanes at the same Nc. 

 

Change in interaction energy associated with rotation 

The change inEint for the C96H24–benzene complex associated 

with the rotation of benzene around its C6 symmetry axis at the AB-

stacking position is minimal, measuring less than 0.07 kcal mol-1 

(Table S10 and Fig. S10). Similarly, for the rotation of naphthalene 

and anthracene in the C96H24 complexes, Eint remains below 0.8 kcal 

mol-1. The magnitude of Eint variations with rotation appears to be 

related to the degree of overlap between the carbon atoms 

of PAHs and C96H24. Even for large Nc values, the Eint(max) associated 

with rotation is significantly smaller than those observed for 

horizontal displacement. 

 

Further comparison between PAHs and n-alkanes 

Not only PAHs have smallerEint(max) values associated with 

horizontal displacement than n-alkanes of the same carbon number, 

but they also exhibit lower |Eint| values than their corresponding n-

alkanes, as shown in Tables S2, S11 and Fig. S11. Although a linear 

increase in |Eint| accompanied with Nc is observed for both PAHs and 

n-alkanes, the increase in |Eint| per Nc for PAHs (1.37 kcal mol-1) is 

approximately 70% of that for n-alkanes (1.96 kcal mol-1). The 

interaction energy potentials for the C₉₆H₂₄ complexes with 

benzene, naphthalene, n-hexane, and n-decane were calculated by 

varying their distances from the -plane of C96H24 (Fig. S12). The 

distances at the potential minima for the PAH complexes (benzene 

and naphthalene) are 3.4 Å, while for the n-alkane complexes (n-

hexane and n-decane), the minima occur at 3.5 Å. When the distance 

exceeds the equilibrium value, Eint becomes less negative than that 

of their corresponding n-alkanes with the same Nc. Previous studies 

have reported that dispersion interactions are the primary source of 

attraction in -stacks of aromatic molecules8 and in n-alkane 

interactions with a graphite model surface.4c These results suggest 

that dispersion interactions between n-alkane and C96H24 are 

stronger than those between the corresponding PAHs and C96H24. 

This difference is likely due to the orientation of hydrogen 

atoms bonded to carbon atoms. In PAHs, the -planes of PAHs and 

C96H24 are parallel, and the C–H bonds in PAHs are also parallel to the 

-plane of C96H24. In contrast, in n-alkanes, one of the 

two methylene hydrogen atoms points diagonally toward the -

plane of C96H24. This difference between the hydrogen atom 

orientation in PAHs and n-alkanes likely influences the strength 

of the dispersion interactions with C96H24. 

Thus, we quantitatively revealed the differences between Eint 

and Eint of PAHs and n-alkanes against horizontal displacement. 
In two-dimensional assemblies, the aromatic core and alkyl chain 

moieties of molecular building blocks exhibit distinct characteristics 

in terms of adsorption energy and resistance to horizontal 

displacement. Although both aromatic and alkyl chain units 

contribute to adsorption on graphite, as discussed above, the 

adsorption energy and barrier height for horizontal displacement are 

greater for alkyl chains than for aromatic units. These findings 

suggest that alkyl chain units play a dominant role over aromatic 

units in determining the molecular orientation within two-

dimensional assemblies. In other words, molecules preferentially 

organise themselves in configurations that maintain the relative 

positions of the alkyl chain units with respect to the underlying 

graphite lattice, even at the expense of the orientation of the 

aromatic units. 

Conclusions 

 

Fig. 5 Plots of Eint(max) (maximum Eint associated with horizontal displacement) at 

the B3LYP-D3/6-311G** level as a function of Nc: (a) Eint(max) associated with 

displacement in the 0˚ direction (Fig. 4a) (blue circles), the linear regression 

equation is Eint(max) = 0.043Nc + 0.242 (R2 = 0.995); (b) Eint(max) associated with 

displacement in the 30˚. (Fig. 4b) (yellow rhombi), the linear regression equation 

isEint(max) = 0.015Nc + 0.033 (R2 = 0.991); (c) Eint(max) associated with displacement 

in the 60˚. (Fig. 4c) (green cross marks), the linear regression equation isEint(max) = 

0.069N + 0.029 (R2 = 0.962); (d) Eint(max)) associated with displacement in the 90˚ 

direction (Fig. 4d) (red squares), the linear regression equation isEint(max) = 0.151N 

+ 0.044 (R2 = 0.996): kcal mol-1. 
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Both intermolecular interaction energy (Eint) and its 

variation with the horizontal displacement (Eint) of PAHs on a 

graphite model surface (C96H24) were evaluated using 

dispersion-corrected DFT calculations. Benzene, naphthalene, 

and anthracene were selected to examine the effect of the 

number of carbon atoms (Nc) on Eint. The magnitude of Eint 

depended on the direction of horizontal displacement: the 

maximumEint (Eint(max)) was the smallest and largest 

along 30° and 90°, respectively. Furthermore, Eint(max) 

increased with increasing Nc in PAHs. When PAHs were 

displaced along 90˚, the value of Eint(max) per Nc (0.20 kcal mol-

1) was two-thirds that of n-alkanes (0.30 kcal mol-1), suggesting 

that the barrier height for the horizontal displacement 

of PAHs is lower than that of n-alkanes. Additionally, the |Eint| 

values of PAHs with C96H24 were smaller than those of n-alkanes 

at the same Nc. These findings indicate that PAHs exhibit lower 

adsorption stability and greater mobility on graphite than n-

alkanes. As a result, the aromatic moieties in molecules forming 

two-dimensional assemblies are less constrained by the 

position and orientation of the graphite lattice compared to 

alkyl chain units. 

 We demonstrated that estimations of Eint and Eint provide 

valuable insights into the stability of molecules in two-

dimensional assemblies on a graphite surface. These findings 

are expected to contribute to advancing surface molecular self-

assemblies with potential applications in coatings, lubrication, 

friction reduction, and molecular devices. 
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