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Analysis of intermolecular interactions of n-perfluoroalkanes with
circumcoronene using dispersion-corrected DFT calculations:
Comparison with those of n-alkanes

Yoshihiro Kikkawa*? and Seiji Tsuzuki*®

Understanding the interactions between the adsorbate and substrate is critical in basic and advanced scientific fields,
including the formation of well-organised nanoarchitectures via self-assembly on surfaces. In this study, the interactions of
n-alkanes and n-perfluoroalkanes with circumcoronene were studied using dispersion-corrected density functional theory
calculations as models of their adsorption on graphite. The interactions of n-perfluoroalkanes with circumcoronene were
significantly weaker than those of the corresponding n-alkanes, e.g. the calculated adsorption energies of n-perfluorohexane
and n-hexane were —9.05 and —13.06 kcal mol™, respectively. The dispersion interactions were the major source of attraction
between circumcoronene and the adsorbed molecules. Larger steric repulsion of n-perfluoroalkanes compared to those of
n-alkanes increased their equilibrium distances from circumcoronene and decreased the dispersion interactions, resulting
in weaker interactions. The interactions between two adsorbed n-perfluorohexane molecules and those of n-hexane
molecules were —2.96 and —2.98 kcal mol™, respectively, which are not negligible in the stabilisation of adsorbed molecules.
The geometries of adsorbed n-perfluoroalkane dimers revealed that the equilibrium distance between two n-
perfluoroalkane molecules did not match the width of the six-membered rings in circumcoronene, in contrast to that
between n-alkanes. The lattice mismatch also destabilised the adsorbed n-perfluoroalkane dimers. The difference in the
adsorption energy between flat-on and edge-on orientations of n-perfluorohexane was smaller than that of corresponding

n-hexane.

Introduction

Molecular adsorption on surfaces is critical not only in the
basic scientific fields, but also in various applications, such as
friction, lubrication, and self-assembled coating.! The
adsorption energies (E.g) of molecules on surfaces are actively
studied owing to their significance in these research fields. The
Ea.q values of various molecules on graphite surfaces have been
studied using temperature-programmed desorption (TPD)
measurements.? Tait et al.?® reported a linear relationship
between the desorption energies of short-chain n-alkanes (N <
10, where N is number of carbon atoms) on a graphene surface
and the alkyl chain length. Paserba and Gellman?*— measured
the desorption energies of n-alkanes with numerous chain
lengths (N = 5-60).

Molecular adsorption on surfaces is also crucial in the
formation of nanostructures via self-assembly on surfaces,
which exhibits considerable potential for application in the
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fields of nanoelectronics, molecular devices, lithography masks,
etc.® Various intermolecular interactions, such as hydrogen
bonding?, metal coordination®>, halogen bonding® and
dispersion forces’ are exploited in self-assembly. On the highly
ordered pyrolytic graphite (HOPG) surface, the alkyl chains are
critical in enhancing the stabilities of the adsorbed molecules.
The interactions of the alkyl groups with the surface are
important in the formation of self-assemblies on HOPG.

Various theoretical studies regarding alkane adsorption on
graphene have been reported.®® Thierfelder et al.>® reported
the interaction energies between methane and graphene using
van der Waals density functional (vdW-DF), dispersion-
corrected density functional theory (DFT), and second-order
Mgller-Plesset perturbation theory (MP2) level calculations of
the interaction energy between methane and coronene.
Londero et al.®® determined the interaction energies of n-
alkanes (N = 1-10) on graphene using vdW-DFT calculations,
and Kamiya and Okada® reported DFT calculations of the
interaction energies of n-alkanes on carbon nanotubes using
the local-density approximation functional. n-Alkane
adsorption has also been studied using force field calculations
and molecular dynamics simulations.8?

Fluoroalkane adsorption on surfaces is crucial in numerous
research fields. Polytetrafluoroethylene and perfluoropolyether
are used as fluorine-based lubricants, e.g. perfluoropolyether
was used as a lubricant in hard disk drives.'® Fluoroalkyl groups
were also used in scanning tunnelling microscopy (STM) studies
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of surface-adsorbed molecules. Partially fluorinated alkyl chains
were used as chemical markers because the fluorinated
moieties appear dark in STM images.!?

Although numerous experimental and theoretical studies
regarding alkane adsorption have been reported, few
investigate perfluoroalkane adsorption. Alkyl groups stably
adsorb on HOPG, but perfluoroalkyl groups do not.!! Parker et
al.12 reported that n-dodecane preferentially adsorbs as a
monolayer on graphite in a binary mixture with n-
perfluorododecane. However, the differences in the interaction
energies of n-alkanes and n-perfluoroalkanes with graphite and
their origins are not well understood. Only one theoretical study
with semiempirical quantum mechanical calculations of the
interactions between n-perfluoroalkanes and graphene is
reported.'3 The calculations suggest that the interactions of n-
perfluoroalkanes are slightly stronger than those of n-alkanes,
in contrast to the experimental results. Thus, perfluoroalkane
adsorption on graphite is not well understood, and several
critical fundamental issues remain unsettled: (1) The structures
of adsorbed n-perfluoroalkanes on graphite; (2) the differences
in the E,q values of n-alkanes and n-perfluoroalkanes on
graphite; (3) the origin of the attraction between graphite and
adsorbed molecules (n-alkanes and n-perfluoroalkanes); (4) the
origin of the differences in the E,4 values of n-alkanes and n-
perfluoroalkanes; (5) the contributions of the interactions
between the adsorbed molecules on graphite in their
stabilisation. Although the significance of the interactions
between adsorbed molecules in stable monolayer formation is
reported, the magnitudes of these interactions are not well
understood.

In this study, the stable structures of circumcoronene
complexes with n-alkanes and n-perfluoroalkanes and their
interaction energies were studied as models of adsorption on
graphite. The intermolecular interaction energies obtained via
coupled cluster calculations with single and double
substitutions with noniterative triple excitations (CCSD(T))*
using sufficiently large basis sets are generally consistent with
the experimental values in the gas phase.’®> However, the
computational time of a CCSD(T) calculation is proportional to
the seventh power of the number of basis sets used in the

calculation, and thus, the CCSD(T) calculations of
circumcoronene complexes with n-alkanes and n-
perfluoroalkanes are too computationally demanding.

Therefore, we studied the geometries and interaction energies
of the complexes using dispersion-corrected DFT calculations.
The interaction energies were calculated using a combination of
the functional and dispersion-correction methods, which can
yield similar interaction energies to those obtained via the
CCSD(T) calculations.*® We also analysed the contributions of
the electrostatic and dispersion interactions to elucidate the
origin of the adsorbate-surface attraction.

Computational details

Gaussian 16 (Gaussian, Wallingford, CT, USA) was used in the
DFT and ab initio calculations.!” Geometry optimisations were
performed at the B3LYP/6-31G* level’® with Grimme’s D3
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dispersion correction'® and basis set superposition error (BSSE)
corrections?® using the counterpoise method.?! The geometry
of optimised isolated circumcoronene was fixed, and only the
geometries of the adsorbed molecules were optimised. The
intermolecular interaction energy between circumcoronene
and an adsorbate molecule (Ei.:) was calculated using the BSSE
correction. E;q was calculated as the sum of Ejn and deformation
energy (Egef), Which is the increase in the energy of the adsorbed
molecule due to the deformation associated with adsorption.
Eine and Eger were calculated at the B3LYP/6-311G** level of
theory with Grimme’s D3 dispersion correction. Ejn¢ was
evaluated at this level because the calculated interaction energy
potentials of the benzene-methane and benzene-
perfluoromethane complexes at this level were very close to the
estimated CCSD(T)-level interaction energy potentials at the
basis set limit (Eccsp(m)(imit), Fig. S1). In addition, the calculated Eq
values of alkane adsorption on coronene at this level were close
to the Eccspmimiy Vvalues (Table S2). The details of the
comparison with the CCSD(T) calculations are provided in the
Supplementary Information. Computational methods for the
evaluations of each energy term (electrostatic, induction etc.)
are shown in ESI.

Results and discussion

The optimised geometries of the single n-alkanes adsorbed
on circumcoronene are shown in Figs. 1A and S3. Their
hydrogen atoms are located close to the centres of the six-
membered rings of circumcoronene, and the symmetry planes
of all-trans n-alkanes are almost parallel to the m-plane of
circumcoronene. The distances between the carbon atoms of
the adsorbed n-alkanes and the m-plane are approximately 3.5 A.
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Fig. 1 Optimised geometries of n-heptane and an n-heptane dimer adsorbed on
circumcoronene, as viewed from three directions. The carbon and hydrogen atoms
of adsorbed n-heptane are coloured in green and pink, respectively.

The calculated E,4 of n-alkane is plotted as a function of N,
as shown in Fig. 2(a). Eaq becomes larger (more negative) as N
increases, and the linear increase in E,q4 is consistent with the
results of TPD reported by Tait et al.?® (Fig. S4) and previous
theoretical studies.®®* The increase in Eag per CH; unit (AE,q) is
—1.85 kcal mol™, and this absolute value is almost identical to
the experimental value (approximately 1.90 kcal mol™, Fig. S4).
Therefore, our DFT calculations accurately evaluate the E.q

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Carbon number dependence of the adsorption energies (E.q) of a single n-
alkane and n-perfluoroalkane and the interaction energy between two adsorbed
molecules (Egim): (a) Eaq Of n-alkane (red circles), E.q = —1.85N — 1.64 (R? = 0.997);
(b) E,q of n-perfluoroalkane (blue rhombi), E,q=—1.20N—-2.22 (R*=0.995) for N = 1—
5, E.g = —0.65N — 5.09 (R? = 0.989) for N = 5-9; (c) Eqim of n-alkane (pink squares),
Egim =—0.50N + 0.05 (R? = 0.989); (d) Eqim of n-perfluoroalkane (purple triangles),
Egim =—0.49N + 0.09 (R? = 0.994). Numerical values are shown in Table S3.

values of n-alkanes on graphite. The interactions between the
adsorbed n-alkanes and circumcoronene are significant, and the
calculated E,q of n-CgH14 (—13.06 kcal mol™) is more than double
the interaction energy of the hydrogen bond of a water dimer
(approximately —5 kcal mol™).22

The Ein: values obtained via the DFT calculations with and
without the dispersion correction are shown in Fig. S5A. The Ejnt
values obtained without the dispersion correction are positive,
whereas those obtained using the dispersion correction are
large negative values, indicating that the dispersion interactions
are mainly responsible for stabilisation. The Ei,x between n-
pentane and circumcoronene calculated using the optimised
geometry, and contributions of the electrostatic (E.s), induction
(Eing), short-range (Ees), and dispersion (Egisp) interactions are
shown in Table 1. The dispersion and short-range interactions
(mainly exchange-repulsion) are the main contributors, and the
dispersion interactions mainly induce attraction. The
contributions of the electrostatic and induction interactions are
small compared to those of the dispersion interactions. The

Table 1 Calculated intermolecular interaction energies of complexes of n-pentane
and n-perfluoropentane with circumcoronene; and the contributions of
electrostatic, induction, short-range (orbital-orbital), and dispersion interactions.?

Complex Einl® Ee* Eina® Egor® Eais’
n-pentane -11.23 0.50 -0.05 4.64 -16.32
n-perfluoropentane -8.84 -0.18 -0.06 4.09 -12.69

2 Energy in kcal mol-L. b Total interaction energy. ¢ Electrostatic energy. ¢ Induction
Contributions of short-range  (orbital-orbital)
(Eshort = Ebaiyp = Ees = Eind). Evayp is the B3LYP/6-311G**-level interaction energy
without dispersion correction. f Dispersion energy (Egisp = Eint = Evaiyp)-

energy. ¢ interactions

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Interaction energy (Ei.;) potentials of the n-pentane- (red circles) and n-
perfluoropentane-circumcoronene complexes (blue rhombi). n-Pentane and n-
perfluoropentane molecules were moved vertically from their optimised
geometries, and R is the distance from the plane of circumcoronene.

details of the calculations of each energy component are shown
in the ESI. The calculated interaction energy potential of the
circumcoronene complex with n-pentane (Fig. 3) indicates that
the equilibrium separation is determined by the balance
between the exchange-repulsion and dispersion interactions.

In the optimised geometries, hydrogen atoms are located
close to the centres of the six-membered rings of
circumcoronene. These geometries are appropriate in reducing
steric repulsion between the aromatic carbons and hydrogen
atoms of the n-alkanes and decreasing the distance from
circumcoronene. A short separation is advantageous in
increasing stabilisation via the dispersion interactions.

To quantitatively evaluate the differences in the adsorption
of n-alkanes and n-perfluoroalkanes, the geometries of
adsorbed single n-perfluoroalkanes on circumcoronene were
optimised and their E,4 values were calculated. The optimised
geometries of the adsorbed n-perfluoroalkanes are shown in
Figs. 4A and S8. In contrast to the stable helical conformations
of isolated n-perfluoroalkanes (Fig. S9)?3, the optimised
geometries of the adsorbed single n-perfluoroalkanes are
almost planar (Fig. S8). The fluorine atoms of the n-

4.1A

Fig. 4 Optimised geometries of n-perfluoroheptane and an n-perfluoroheptane
dimer adsorbed on circumcoronene, as viewed from three directions. The carbon
and fluorine atoms of adsorbed n-perfluoroheptane are coloured in green and
cyan, respectively.
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perfluoroalkanes are located close to the centres of the six-
membered rings of circumcoronene, as in n-alkane adsorption.
The distances between the carbon atoms of the adsorbed n-
perfluoroalkanes and the m-plane are approximately 4.1 A,
which are higher than those of n-alkanes (3.5 A). This is
attributed to the larger steric repulsion of n-perfluoroalkanes.

The interactions of n-perfluoroalkanes with circumcoronene
are weaker than those of the corresponding n-alkanes. The
calculated E.q values of n-perfluoroalkanes (Fig. 2(b)) are
significantly smaller (less negative) than those of the
corresponding n-alkanes, e.g. the E,q values of n-CgF14 and n-
CeH14 are —9.05 and —13.06 kcal mol™2, respectively. The Ein
values obtained via the DFT calculations with and without the
dispersion correction are shown in Fig. S5B. The calculated Ejnt
of the optimised geometry of the circumcoronene complex with
n-perfluoropentane and the contributions of the energy terms
are shown in Table 1. The dispersion interactions are mainly
responsible for the attraction between an n-perfluoroalkane
and circumcoronene, as in n-alkane adsorption. The calculated
interaction energy potentials (Ei,:) of the circumcoronene
complexes with n-pentane and n-perfluoropentane were
compared, as shown in Fig. 3. The attraction in the n-
perfluoropentane complex is stronger than that in the n-
pentane complex when the vertical distances are large (R 2 4.1
A). Conversely, the calculated Ei,; of the n-pentane complex at
the equilibrium distance (3.51 A) is larger (more negative) than
that of the n-perfluoropentane complex (4.13 A) owing to the
shorter intermolecular distance, which increases the
stabilisation due to the dispersion interactions. Apparently, the
shorter intermolecular distances in the stable structures of the
n-alkane complexes compared to those of the n-
perfluoroalkane complexes result in the higher stabilities of the
adsorbed n-alkanes compared to those of the adsorbed n-
perfluoroalkanes.

In contrast to the n-alkanes, the calculated Eyq values of the
n-perfluoroalkane complexes do not increase linearly (Fig. 2(b)).
The increase in Eag per CF, unit (AEaq) is —1.20 kcal mol™ when
N = 1-5 and —0.65 kcal mol™ when N =5-9. The Ej, values of
the n-perfluoroalkane complexes increase linearly within the
entire range N = 1-9, as shown in Fig. S10D. Conversely, Eges is
negligible when N =1-5, whereas it increases as N increases
when N = 6-9. Apparently, the large conformational changes
associated with the adsorption of long n-perfluoroalkane chains
(Figs. S9 and S10C) induce the increase in Egef When N = 6-9
(Fig. 2(b)). In contrast to the adsorption of n-perfluoroalkanes,
the calculated Eg4ef values of the adsorption of long n-alkanes are
negligible (Fig. S10B), owing to the small conformational
changes associated with adsorption (Fig. S10A). The calculated
Eint values of n-perfluoroalkane complexes, which do not
include the effects of conformation changes (Eqef), are smaller
(less negative) than those of n-alkane complexes owing to the
longer intermolecular distances, as shown in Figs. S10B and
S10D. The smaller Ejnx values of the n-perfluoroalkane
complexes compared to those of the n-alkane complexes are
the primary causes of the smaller E,q values of n-
perfluoroalkanes, while the larger Eget values of long n-

4| J. Name., 2012, 00, 1-3

perfluoroalkanes is also one of the factors that destabilise their
adsorption.

The optimised geometries of adsorbed n-alkane dimers on
circumcoronene are shown in Figs. 1B and S6. The
intermolecular distances between the two adsorbed n-alkanes
are approximately 4.4 A, which are almost identical to the
equilibrium distance of n-alkane dimers in the same
configuration. These distances are also similar to the width of
two units of six-membered rings in circumcoronene (4.3 A,
Fig. 1B). The interaction energies between the two adsorbed n-
alkanes (Egim) were then calculated without circumcoronene by
changing the intermolecular distances (Fig. S7). The calculated
Edim values of C3Hg, CsH1a, and C7H1s exhibit minima at ~4.4 A.
The Egim plotted as a function of N (Fig. 2(c)) indicates that the
increase in Egim per CH; unit (4Eg4im) is —0.50 kcal mol™. Although
AE,q is more than three-fold larger than AEgim, the contributions
of the interactions between adsorbed n-alkane molecules in
stabilisation are not negligible.

The optimised geometries of the n-perfluoroalkane dimers
adsorbed on circumcoronene are shown in Figs. 4B and S11. The
distances between the corresponding carbon atoms of the two
adsorbed molecules are ~5.1 A. The interaction energies
between the two adsorbed n-perfluoroalkanes (Egim) were also
calculated by changing the intermolecular distances (Fig. S7).
These distances between two n-perfluoroalkanes in the
optimised geometries are slightly smaller than the equilibrium
distances (~5.3 A), although the differences in their Egim values
are almost negligible (<0.1 kcal mol™). Egim was plotted as a
function of N of a n-perfluoroalkane, as shown in Fig. 2(d). The
Egim values of n-perfluoroalkanes are similar to those of the
corresponding n-alkanes, e.g. the Eg4im values of n-CgF14 and n-
CeH14 are —2.96 and —2.98 kcal mol™, respectively. The increase
in Eqim per CF, unit (AEgim) is —0.49 kcal mol™, which is almost
identical to the AEgim of an n-alkane.

The intermolecular distances between the n-
perfluoroalkanes in the adsorbed dimers (~5.1 A) are longer
than the width of two units of six-membered rings in
circumcoronene (4.3 A). The positions of the n-perfluoroalkanes
in the optimised geometries of the adsorbed dimers (the
position of the molecule close to the centre of circumcoronene,
Fig. 4B) differ from those in the optimised geometries of
adsorbed single molecules (Fig. 4A) owing to the lattice
mismatch, which destabilises the adsorbed n-perfluoroalkane
dimers (Fig. S11), e.g. the calculated E,4 of one n-CgF14 using the
optimised geometry of the adsorbed dimer (—8.06 kcal mol™) is
smaller (less negative) than that calculated using the optimised
geometry of the adsorbed single molecule (—9.05 kcal mol™).
The higher N is, the larger the decrease in E;g owing to the
mismatch. Therefore, close-packed adsorbed n-
perfluoroalkanes on circumcoronene sacrifice E,4 to maintain
the larger equilibrium intermolecular distances between the n-
perfluoroalkanes.

Adsorbed structures of n-CgHia and n-CgFia in another
arrangement (edge-on) were optimised. The initial structures
used in the geometry optimisations were prepared by rotating
the flat-on adsorbed molecules by approximately 90° around
the long axes of the molecules. The calculated E,q4 values of the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Optimised geometries of edge-on oriented (A) n-CgHy4 and (B) n-C¢F14 ON
circumcoronene, as viewed from three directions. The carbon, hydrogen and
fluorine atoms of adsorbed molecules are coloured in green, pink and cyan,
respectively.

optimised structures of edge-on adsorbed n-CgH14 and n-CgF14
(Fig. 5) are —10.35 and —8.41 kcal mol™, respectively, which are
smaller (less negative) than those of the optimised flat-on
adsorbed structures. Therefore, the flat-on structures are more
stable than the edge-on structures. The calculated E,4 of the
edge-on adsorbed n-CgHy4 is 2.72 kcal mol= smaller than that of
the flat-on adsorbed n-C¢Hi4, whereas the difference in the
calculated E,q values of the edge-on and flat-on adsorbed n-
CeF14 is only —0.63 kcal mol™. This suggests that the energy
change of adsorbed n-perfluoroalkane associated with the
rotation is smaller than that of corresponding n-alkane.

Conclusions

The E.q values of n-alkanes and n-perfluoroalkanes on
circumcoronene were evaluated using dispersion-corrected
DFT calculations. The adsorbed n-perfluoroalkanes were flat, in
contrast to the stable helical structures of isolated n-
perfluoroalkanes. The n-perfluoroalkanes displayed smaller
(less negative) E.q values compared to those of the
corresponding n-alkanes. The dispersion interactions were the
major source of the attraction between adsorbed molecules (n-
alkanes and n-perfluoroalkanes) and circumcoronene. The
larger steric repulsion of n-perfluoroalkanes compared to those
of n-alkanes, which increased the equilibrium distance from
circumcoronene and decreased the dispersion interactions,
caused the smaller E,q4 values of n-perfluoroalkanes compared
to those of n-alkanes.

Although the interactions between adsorbed molecules
were weaker than those of adsorbed molecules with
circumcoronene, the contributions of the interactions between
adsorbed molecules in their stabilisation were not negligible.
The equilibrium distances between two adsorbed n-alkanes
were similar to the width of two six-membered rings in
circumcoronene, whereas the equilibrium distances between
two adsorbed n-perfluoroalkanes were larger, and thus, lattice
mismatch occurred, which destabilised the adsorbed n-
perfluoroalkanes. The difference in the E,q4 values between flat-
on and edge-on orientations of n-CgF14 was smaller than that of
n-C¢F14, suggesting that the energy change of adsorbed n-
perfluoroalkane associated with the rotation is smaller than

This journal is © The Royal Society of Chemistry 20xx
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that of corresponding n-alkane. These results explain the
experimentally observed preferential adsorption of n-alkanes
on graphite over n-perfluoroalkanes. Thus, we elucidated the
origin of the attraction between adsorbed molecules (n-alkanes
and n-perfluoroalkanes) and circumcoronene, and explained
the higher stabilities of adsorbed n-alkanes compared to those
of adsorbed n-perfluoroalkanes.

This study enhances our understanding of supramolecular
chemistry on surfaces, and can also prove useful in the
molecular design of building blocks that assemble into well-
ordered nanostructures for use in practical applications, such as
molecular devices and circuits. Quantitative studies based on
DFT calculations for plausible parts of the building blocks are
currently underway.
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