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Abstract
Curvature and size effects in halogen interactions with extended aromatic species have been
evaluated, employing computational methods, in dimers formed by the dihalogens Cl,, Br, and
I, with both planar (coronene and circumcoronene) and curved (corannulene, sumanene and
Ceo) aromatic systems. The main controlling factor in these interactions is dispersion, so they
become stronger as the size of the halogen growths. The nature of the interaction with the
halogen changes depending on the curvature and the extension of the aromatic system. As the
aromatic species becomes larger, parallel stacked structures are favoured by dispersion
increases over halogen bonded ones. Parallel dimers by the concave side are also favoured as
the curvature of the aromatic species increases, while the effect is the opposite by the convex
side. Overall, halogen bond interactions are not favoured for large planar or curved aromatic
systems; only by the convex face of the most curved structures the dispersion contribution
decreases enough as to make halogen bonded structures competitive with parallel stacked ones.



1. Introduction

Aromatic systems display a great versatility when it comes to establishing interactions with
another species. Non covalent interactions involving 1t systems are a frequent and crucial motif
in a variety of fields in chemistry, biology and materials science,’? controlling the behaviour of
extended 1t systems of interest such as fullerenes, carbon nanotubes and graphene flakes.* >
Typically, aromatic systems participate in ri-t, XH-Tt, or ion-mt interactions.> ® -t interactions are
controlled by dispersion and are usually referred to as -t stacking. The term has been recently
revised,’ since it seems that the interactions between aromatic systems only have a certain
special character when the aromatic system is extended.®! The ion-1t interactions between
charged species and aromatic systems are among the most intense in the gas phase. The
interaction between a cation and an aromatic species is normally controlled by the electrostatic
contribution, although with important contributions of induction.’* 1* In the case of anion-it
interactions, the contribution of dispersion is usually larger.’* > With regard to the XH-it
interactions, these are similar to a hydrogen bond with the aromatic species acting as an
acceptor, though in general they have a greater dispersive component. 617

In addition to these typical kinds of interactions involving aromatic systems, other interacting
motifs have been identified in recent years. Among these interactions is the halogen bond or,
more generally, interactions by means of a 6-hole, that have shown a great potential for multiple
applications, from new anionic receptors to catalysts.’®?! In many species, a partially positive
region is generated due to a relative deficiency in electron density, normally located in a region
opposing a bond.?*?6 For instance, in dihalogen molecules X,, a region with positive Molecular
Electrostatic Potential (MEP) is created, which becomes larger and more positive as the halogen
size increases (maximum values of 26, 28 and 30 kcal mol™ for chlorine, bromine and iodine,
respectively.?? This positive region can interact favourably with negative regions in a different
molecule, leading to interactions with an important electrostatic component. Studies on the
interaction between halogens and aromatic species are less frequent, but they seem to indicate
that dispersion plays a major role, even surpassing electrostatics.? -3 However, the size of the
aromatic system is relevant, as shown by Kim et al. in previous work on the interaction of
halogens with a series of aromatic systems of increasing size.3! The authors raise a warning
about how the use of small aromatic species as models can distort the predictions made for
more extended aromatics. In fact, there is a change in the orientation of the halogen when the
size of the system increases; while in small systems a halogen bond is formed, in the larger ones
a parallel stacked structure seems to be preferred.

An interesting aspect of the interactions with aromatic systems has arisen from the
appearance of aromatic species with curved surfaces, such as fullerenes, nanotubes or
buckybowls.3*3* The curvature of the aromatic surface in these species alters the characteristics
of their interactions. In a previous study,®®> Kennedy et al. have considered the effect of the
curvature upon the stacking interaction in coronene and corannulene dimers. The results show
that the curvature always strengthens the interaction because a permanent dipole is generated
in the curved species, but also because curvature allows atoms to be closer together, increasing
the contribution of dispersion. In fact, this complementarity between curved aromatic surfaces

(concave-convex m-Tt interaction) is the main design parameter of many fullerene receptors,> 3¢
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such as Sygula’s tweezer,*” buckybowls and cycloparaphenylenes.*>3 Also, the curvature



produces a greater dispersive component in the interaction with anions and cations by the

concave face of buckybowls, so that it can even dominate over the electrostatic component in
complexes with polyatomic ions.**>’

Considering the importance of these species with curved surfaces, it is crucial to have a deep
knowledge of their interactions and how they differ from their flat analogues. This paper
presents a study on the interaction of the dihalogen molecules Cl;, Br; and |, with curved and
flat extended aromatic species (see Figure 1). Complexes with the planar coronene (Cx4H12) are
employed as a reference system to check curvature effects in the similarly-sized buckybowls
corannulene (CyHi10) and sumanene (Ca1H12). The effects of extending the aromatic surface are
checked by considering complexes with the larger circumcoronene (Cs4H1s) and fullerene Ceo.
The results will hopefully provide information on how curvature affects the interaction between

halogen molecules and curved surfaces, and which are the factors determining the
characteristics of this type of interactions.
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Figure 1. Aromatic species considered in this work. Corannulene also shows the lines crossing a
carbon atom (A) and a C-C midbond (B) employed for the potential energy scans (see text). C
and X indicate the conCave and conveX faces of curved systems. Also included (bottom, right)
there is a schematic representation of the orientations employed for the dihalogen molecules.



2. Computational Details

The geometry of each of the species considered in this work has been optimised by using the
TPSS functional empirically corrected to take account of dispersion with the D3BJ model by
Grimme,>®% together with the def2-TZVP basis set.?! In l,-containing species the def2-ECP
pseudopotential has been employed as implemented in Orca 4.1.52 Dimers have been
constructed by putting the geometrical centre of X, (X = Cl, Br, 1) on top of a carbon atom (A)
and on top of a C-C midbond (B) belonging to the innermost ring of each aromatic species (Figure
1). In the latter case two orientations have been considered, with the halogen o-hole pointing
towards the aromatic system (T) and with the halogen molecule parallel to the aromatic surface
(P). With these three orientations (AT, BP and BT, see Fig. 1 and Fig. S1) potential energy scans
are carried out by changing the distance between X; and the aromatic molecule, always keeping
the geometry of the molecules frozen at the values obtained at the TPSS-D3BJ/def2-TZVP level.
In the case of the planar species, the halogen is simply displaced along the z coordinate (the
aromatic species is in the xy plane), but in the case of the curved systems the procedure is
somewhat more involved. To perform scans in the curved species, the carbon skeleton of
corannulene and sumanene has been fitted to a sphere, and the scanning directions are defined
by lines going from the centre of the sphere to a carbon atom (A) or to a centre of a C-C bond
(B) (See Figure 1 for a representation of the scanning directions in corannulene). Since
buckybowls have two different surfaces, the scans have been performed for both the concave
and convex surfaces.

For each of the dimer structures, the interaction energy has been obtained by using the
supermolecule method applying the counterpoise correction to correct from basis set
superposition error.®* % As indicated by Kim et al.,*! the preference for the T-shaped or parallel
orientations in coronene complexes is subtle, with almost isoenergetic structures. Thus, even
though in a previous study TPSS-D3BJ has shown to provide reasonable results for the
interaction in buckybowl! dimers,%® the interaction energy has been obtained with several other
methods for dimers formed with coronene, corannulene and sumanene; namely, B3LYP-
D3BJ/def2-TZVP, SCS-MP2/CBS,%¢% MP2.5,5° MP2.X7°7? and SAPTO/jun-cc-pVDZ.7* 74

The interaction energy has been estimated at the complete basis set limit (CBS) using the
MP2 method. To this end, extrapolation of the correlation energy following the scheme
proposed by Helgaker’> 7 has been done by using the aug-cc-pVDZ and aug-cc-pVTZ basis sets.
Thus, the MP2/CBS interaction energy is obtained as:

X3

_ AVTZ (x-1)°
AESES = AEAYTZ + -0 LEcorrMP2 ~ 33 _(x_1p

AEZo R f1p2; X=3 (eq. 1)
However, MP2 tends to overestimate the interaction energy in this kind of systems, so a higher-
order correction must be included. A cheap way to do this is by scaling the contributions from
equal and different spin electron pairs in the so-called SCS-MP2 method proposed by Grimme.%®
% |n this method, the contributions to the correlation energy from electron pairs with the same
spin are scaled by 1/3, while those with antiparallel spin are scaled by 6/5. The SCS-MP2/CBS
interaction energy has been obtained by using an expression like equation 1 with the proper
scaling factors.



In the MP2.5 method,®® 7° a higher order correction obtained at the MP3/aug-cc-pVDZ level is
added to the MP2/CBS interaction energies. Thus:

AEypas = 4 Ejpz + 0.50 (AECA(X‘]I)‘,%/[P3 - AE?(Yr[r),%/Ipz (eq.2)

and the correction is simply half the contribution of the third order energy to the interaction
energy. The cheaper MP2.X approach is similar but using a smaller basis set for the MP3
calculation and a scaling parameter (0.72 instead of 0.50 in eq. 2 with the cc-pVDZ basis set).”

The interaction energies have also been obtained applying Symmetry Adapted Perturbation
Theory (SAPT) methods.””””® SAPT methods not only provide the interaction energy but also its
different components. Thus, the SAPT interaction energy is obtained as a sum of contributions
that can be identified with electrostatic, induction, exchange-repulsion and dispersion
contributions. Considering the size of the systems studied, the simplest SAPT level, SAPTO,”* 78
will be applied, including the following terms:

ESAPTO = Eelloectr + Eely(c)ch + Eiznod + Eezy(c)ch,ind + Eglpsp + Eeza(c)ch,disp + 6HF
with OHF being a term trying to represent induction to higher orders. The contributions are
usually grouped as follows: Eele=E%iectr; Erep=E'%exch; Eind=EZexchind + E?%ind + SHF; Edis=E?%exch,dis +
E2%;, corresponding to electrostatic, repulsion, induction and dispersion contributions to the
interaction. In this work, the SAPTO method will be applied together with the jun-cc-pVDZ basis
set, which has been shown to provide appropriate results for a variety of complexes at a
moderate computational cost.”*

DFT and MP3 calculations have been performed with Orca 4.1%2 by using the resolution of
the identity approach (Weigend def2/)” auxiliary basis set) and the chain of spheres approach
(RIJCOSX)® 81 in B3LYP and MP3. MP2 and SAPT calculations have been carried out with Psi4
v1.3.2.8 For iodine, the pseudopotential (aug-cc-pVXZ), orbital (aug-cc-pVXZ) and jkfit basis sets
(def2-universal JKFIT) have been taken from the EMSL,2* 8 while auxiliary basis sets for MP2
were obtained from Hattig.®

3. Results
3.1. Complexes with coronene, corannulene and sumanene
3.1.1. Performance of the different methods employed

The whole set of potential energy curves is listed in Supporting Information (Figs. S2 to S7;
Tables 1 and S1 to S6 for values at the minima of the curves). Taking the MP2.5 results as a
reference, all the methods perform fairly well, though showing deviations that in several cases
are significant. The best behaviour is obtained with SCS-MP2/CBS, which closely reproduces the
values obtained at the MP2.5 level avoiding the costly MP3 calculation. The deviations barely
reach 0.1 kcal mol?, and the equilibrium distances are also well reproduced. Both DFT methods
roughly reproduce the MP2.5 values, but it can be observed that TPSS-D3BJ shows some
problems for complexes with the convex side of corannulene and sumanene, leading to
somewhat too short equilibrium distances. B3LYP-D3BJ offers a better description of the



interaction energies, but in turn shows deviations for complexes by the concave side of the
buckybowls, leading to too large equilibrium distances. Quite surprisingly, SAPTO gives a very
good estimation of the equilibrium distances in all complexes. Also, the interaction energies are
pretty good, with a performance better than TPSS and just slightly worse than B3LYP (mostly in
I, complexes). MP2.X behaves worse than SCS-MP2/CBS despite needing extra MP3/cc-pVDZ
calculations, so it offers no advantage for studying larger systems. Therefore, to study larger
complexes the best approach could be to obtain the equilibrium geometries with SAPTO, and
then to refine the interaction energies at the SCS-MP2/CBS level, if necessary.

3.1.2. Characteristics of the complexes at the MP2.5 level

Once the scans are performed for the different complexes, the equilibrium geometry for each
orientation is obtained by interpolation of the potential energy curves. The results are
summarised in Table 1 for the 45 dimers considered. In the case of corannulene and sumanene
there are two possibilities depending on whether the interaction takes places by the concave or
the convex side of the bowl, which will be denoted as C and X respectively in the following (see
also Figure 1).

Table 1. Equilibrium distance R (A, to the centre of the X, bond) and interaction energy E (kcal
mol?) for the complexes of Cl,, Br, and I, with coronene (coro), corannulene (cora), and
sumanene (suma) as obtained by interpolation of the MP2.5 potential energy curves. C and X
refer to the concave and convex sides of the bowls, respectively.

AT BP BT
R E R E R E
Cl; coro 4.03 | -4.57 3.35 -4.80 4.05 -4.45
cora-X 3.95 | -3.84 3.29 -3.41 4.02 -3.65
cora-C 420 | -5.98 3.61 -6.66 4.15 -6.04

suma-X 3.96 | -3.74 3.30 -3.23 3.98 -3.91
suma-C 4.23 | -6.42 3.71 -6.46 4.19 -6.45

Br; coro 4.21 -5.97 3.46 -5.83 4.24 -5.80
cora-X 4.10 -5.26 3.38 -4.22 4.18 -4.93
cora-C 4.43 -7.43 3.76 -7.80 4.38 -7.51

suma-X 411 | -5.13 3.37 -4.05 4.12 -5.40
suma-C 446 | -7.96 | 3.89 -7.46 4.42 -8.00

I, coro 4.53 -7.38 3.63 -7.09 4.55 -7.22
cora-X 4.40 -6.48 3.50 -5.26 4.49 -6.11
cora-C 4.77 -9.12 4.02 -8.64 4.72 -9.21

suma-X 4.41 -6.32 3.46 -5.16 4.42 -6.60
suma-C 4.80 -9.77 4.17 -8.08 4,76 -9.83




The dihalogens considered show a o-hole on the molecular axis displaying a positive
Molecular Electrostatic Potential (MEP). The maximum value for the MEP on an isodensity
surface of 0.001 a.u. at the TPSS-D3BJ/def2-TZVP level amounts to 26 kcal mol?, 30 kcal mol?
and 32 kcal mol for Cl,, Br, and I, respectively, in agreement with published data (see Fig. S8).2
As expected, the size and magnitude of the o-hole increases with the size of the halogen. Thus,
if the o-hole is oriented toward the m surface (AT or BT orientations), it is expected that the
complex will be more stabilised by electrostatic interactions as the size of the halogen grows.
This larger interaction is in competition with an increment in dispersion as the halogen grows,
which is maximised if the halogens are parallel and therefore closer to the i surface (BP).

The results indicate that the interaction strengthens as the halogen size increases, both in P
and T orientations. For instance, complexes of Cl, with coronene show interaction energies
around -4.5 to -4.8 kcal mol?, slightly favouring the BP structure. In Br, complexes, though, the
interaction increases to around -5.8 to -6.0 kcal mol?, being AT slightly favoured. The trend is
confirmed in I, complexes, with interaction energies around -7.1 to -7.4 kcal mol?, also favouring
AT structures. Therefore, the increase in the value of the o-hole somehow outweighs the
possible increase in dispersion in BP structures (in any case, energy differences are small and
barely reach 0.3 kcal mol™? among the different orientations).

The behaviour can be more clearly seen in Figure 2, showing the energy profiles of complexes
with corannulene (coronene and sumanene in Fig. S9). It can be observed that, as the halogen
increases its size, the complexes formed become more stable while the equilibrium distance also
increases. In the case of the complexes by the convex face (Figure 2, left) the trends are similar
to those observed in coronene, though the AT complex is the most stable one in the three
complexes with corannulene, while BT is the most favoured orientation in sumanene complexes.
The situation is different by the concave side; corannulene BP complexes with Cl, and Br; are
the most stable ones because by this face there is an increase associated to dispersion since the
carbon atoms surround and somewhat encapsulate the X, molecule. Due to its larger size |, does
not fit well into corannulene, so the most stable minimum is BT. Sumanene complexes behave
similarly, but BT is favoured, except in the case of Cl.. It is worth noting that by the concave face
the distinction between AT, BT and BP somewhat fades, because X, can also interact with other
regions of the bowl far from the atoms employed for defining the scan directions.

Considering the complexes with Cl; as a reference, it can be observed (Table 1 and Figure 2)
that by the convex side the presence of Br; implies an increase in the interaction of -1.4 to -1.5
kcal mol?, while changing to I, the increment is between -2.5 and -2.8 kcal mol™. Changes are
similar, or even larger, in complexes formed by the concave side of the bowls. These variations
can be expected to be related to the sigma-hole value of the halogen, which becomes more
positive as its size increases. This effect should be responsible for the changes in the interaction
of AT and BT structures, with the c-hole pointing towards the bowl. However, the intensity of
the interaction also increases in BP structures, associated with an increase in dispersion due to
the larger size of the molecules. The interaction becomes more intense with the concave face
than with the convex one despite the latter having a more negative MEP (see Fig. S2). Hence, it
is not the electrostatic interaction the one controlling the interaction, but other aspects
determine the final stability. In fact, the structures by the concave face are around -2 to -3 kcal



mol! more stable than by the convex face, and the difference seems to increase with the size of

the halogen, especially in BP structures.
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Figure 2. Potential energy curves obtained at the MP2.5 level for the different complexes with
corannulene. X and C refer to the convex and concave sides of the bowls, respectively.

Figure 3, showing the energy curves obtained for Br, with different aromatic species, helps
to compare the behaviour of the different bowls (see Figs. S10 and S11 for Cl; and I3). The first
aspect that attracts attention is the differentiated behaviour between the concave and convex
faces. In all cases, the complexes with corannulene and sumanene by the convex face are less
stable than the complexes with flat coronene. These are relatively small differences, which
barely reach 1 kcal mol* except in BP structures. This behaviour is also observed in chlorine and
iodine complexes with similar values. However, the observed behaviour is the opposite by the
concave face; in this case all the complexes are more stable than those formed by coronene,
and the effect is even greater than by the convex face, reaching variations of -1.5 to -2.0 kcal

mol™.

The observed behaviour clearly shows the effect of curvature on the interaction between
halogens and aromatic species. A priori one might expect that in the curved species the
electrostatic interaction would be stronger (more negative MEP), but simultaneously the
curvature causes the distances between the halogen atoms and the carbon atoms to change
with respect to the flat configuration, causing variations in dispersion. Probably, the balance of
these two factors determines the trends finally observed. Adding to this effects, there is a



change in equilibrium distances as we go from planar to curved species. All complexes by the
concave face show larger distances than analogous dimers with coronene, while the opposite is
observed by the convex face, leading to shorter equilibrium distances. This is probably related
to a decrease on the steric hindrance that allows X, to come closer by the convex face of the
bowl, because the curvature puts the carbon atoms further away from the X, molecule.
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Figure 3. Potential energy curves obtained at the MP2.5 level for the different complexes with
Br,. X and C refer to the convex and concave sides of the bowls, respectively.

3.1.3. SAPT analysis

SAPTO not only provides appropriate values for the equilibrium distances of the studied
complexes as well as reasonable interaction energies. The main characteristic of the SAPT
methods is that the interaction energy is not obtained as a difference but by adding
contributions to the interaction energy which are physically sound. Depending on the type and
number of the contributions, different SAPT levels can be defined.”*”® In this work, the SAPTO
model has been used, consisting in contributions to second order using the HF wavefunctions.
Despite not including (costly) intramonomer correlation effects, Parker et al. have shown that
the combination of SAPTO with the jun-cc-pVDZ basis set provides good results for a variety of
complexes.” In fact, the comparison of the values obtained with SAPTO/jun-cc-pVDZ and the
MP2.5 reference values is really good. Therefore, SAPTO/jun-cc-pVDZ has been used to obtain
potential energy curves as with the rest of the methods, but also to compute the different
contributions to the interaction energy. The whole set of SAPTO results in the minima obtained



by interpolation of the potential energy curves is listed in Supporting Information (Tables S7 and
S8).

Overall, the behaviour of all complexes is qualitatively similar. The greatest contribution to
the stabilization of the complexes comes from dispersion, that contributes about 60% of the
stabilization, followed by the electrostatic contribution that is usually much smaller,
contributing around 30%. Therefore, regardless of the type of halogen and its orientation, these
complexes are dominated by the dispersive component. Although the overall behaviour is
similar, there are differences among the complexes depending on the type of bowl, dihalogen

or face by which they interact.
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Figure 4. SAPTO contributions for AT complexes formed by halogens and corannulene. Dotted
lines correspond to Cl, complexes. Origin at the minima. X and C refer to the convex and concave

sides of the bowls, respectively.

The effect of the nature of the halogen on the interaction is shown for AT dimers with
corannulene in Figure 4. The origin is at the position of the minima though, as expected, the
equilibrium position shifts to longer distances as the halogen size increases. While in the
complexes with Br, the change is relatively small (around 0.1-0.2 A larger than Cl, complexes)
in the complexes with I, the equilibrium distances increase by 0.4-0.5 A. As it can be seen in
Figure 4, when switching from Cl to Br; to I, all contributions to the interaction energy become
more intense. There is an increase in repulsion of 5-10 kcal mol™ by the convex face while by the
concave face the increase is somewhat smaller (3-7 kcal mol?). The attractive contribution that
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varies the most when changing the halogen is dispersion, which increases with increasing size
and always to a larger extent by the concave face. The electrostatic contribution also increases
significantly and there is also a significant increase in the induction contribution by the convex
face (the larger magnitude of the o-hole causes larger polarisation as the halogen size increases).
This behaviour is already observed in the complexes with coronene (Fig. S12 with AT results for
coronene and sumanene; Figs. S13 and S14 for results of BP and BT dimers), being enhanced in
the curved systems by the convex face and weakened by the concave one. Thus, as the halogen
size increases all contributions to the interaction energy increase resulting in more stable
complexes. It is mainly a dispersive effect due to the increase in halogen size, combined with an
increase in electrostatic contribution due to the more positive c-holes.

Figure 5 shows the effect of the Br, molecule interacting on either side of the two curved
species, corannulene and sumanene (See Figs. S15 and 516 for Cl, and |,). It can be observed
that the complexes are always more stable by the concave face than by the convex side, as
already commented for the MP2.5 results above, but the final behaviour is the result of a
balance between the different contributions to the interaction energy.
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Figure 5. SAPTO contributions for complexes formed by Br, and corannulene and sumanene.
Dotted lines correspond to the convex face. Origin at the minima.
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Considering the AT complexes, in which the o-hole is oriented directly towards a carbon
atom, it can be observed that there are hardly any changes in the repulsion component, since
the halogen can be placed without any steric hindrance from the other atoms of the bowl. The
changes in the electrostatic contribution are relatively small and favour the convex face, since
the pyramidalisation of the carbon atoms creates a dipole in that direction (in addition, the X,
molecule can approach more closely). The dominant factor, as expected, is dispersion, which
undergoes a significant increase by the concave face, since the curvature of the molecule puts
more carbon atoms close to the dihalogens by this face. More surprising is the important
contribution of the induction energy, which is usually the least contributing to the stability of
neutral complexes. This is a result of the o-hole directing towards the aromatic surface and
polarising the bowl. Induction undergoes a significant decrease when the halogen is located by
the concave face, in a similar way as the electrostatic contribution. Therefore, while the concave
face is clearly favoured by the increased dispersion, the effect is counterbalanced by the
electrostatic and induction terms, which favour the formation of AT complexes by the convex
face. The BT complexes have very similar characteristics, since the orientation of the halogen is
pretty much the same, only slightly displaced towards the centre of a C-C bond. The case of the
BP complexes is different, since the o-hole is not oriented towards carbon atoms. Although
dispersion continues to dominate, the change in the electrostatic component is greater than in
the T structures, favouring the concave face. This must be related to the greater proximity
between atoms by the concave face producing a greater charge overlap between the halogen
and the inner face of the bowl (electrostatic penetration). In BP structures the trends are more
complex to analyse since there is a larger steric hindrance by the concave face and the halogen
can interact with other regions of the bowl. The repulsion increases significantly by the concave
face, as it is the case with dispersion. In this type of complexes, the change in induction is much
smaller than in the previous cases, since such an effective polarization cannot be produced. The
behaviour described is similar for the rest of the X; molecules.

The effect of the bowl on the interaction is represented in Figure 6 for complexes of Br, in AT
orientation. As a first approximation to the curvature effects on the interaction, the values
obtained with corannulene and sumanene are analysed taking coronene as a reference. Overall,
there is a clear effect of the face where the halogen interacts, so there is a behaviour clearly
differentiated by the concave and the convex face. Thus, the interaction always decreases for
complexes with corannulene and sumanene by the convex face compared to similar complexes
with coronene, while the opposite is true for the concave face. In Figure 6 the reason for this
behaviour can be understood. Considering AT complexes by the convex face (Figs. S17 to 19 for
BP and BT), there is a slight increase in repulsion compared to coronene, probably because the
equilibrium distance is somewhat shorter. On the other hand, from an electrostatic point of view
the curvature favours the interaction, with appreciable increases in both electrostatics and
induction. However, the term that determines the final result is the decrease on the contribution
of dispersion, which falls in all the complexes and which, together with the increase in repulsion,
makes the complexes less stable by the convex face than those formed with coronene. This is
due to the fact that the curvature puts the atoms of the bowl! further away from the halogen
and therefore dispersion decreases. In the case of the complexes by the concave face the effect
is the opposite. The repulsion increases, but the curvature puts carbon atoms closer to the
halogen molecule and therefore the dispersion increases greatly, being the dominant effect and
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the cause that makes the complexes with corannulene and sumanene more stable than with
coronene.
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Figure 6. SAPTO contributions for complexes formed by Br; and the different bowls. AT dimers.
Dotted lines correspond to coronene complexes. Origin at the minima. X and C refer to the
convex and concave sides of the bowls, respectively.

In summary, the curvature causes changes in the different contributions to the interaction
energy, but it is a matter of dispersion overall. The concave face is favoured due to a larger
dispersion contribution that overcomes the increase in repulsion and the loss of electrostatic
and inductive stabilization. Dispersion decreases by the convex side and therefore the
complexes are less stable. Thus, compared with a similar planar species, curved aromatic
systems form more stable complexes with dihalogens by the concave side, while curving the
aromatic surface leads to a loss of stability by the convex face.
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3.2. Larger it systems. Complexes with circumcoronene and Cgo

As already indicated by Kim et al.,3! coronene complexes are at the limit of undergoing a
change on the orientation of the halogen, passing from the most stable T structures with small
aromatic systems to the P ones for larger surfaces. It has already been commented above how
in coronene complexes the three orientations considered in this work differ in stability by a small
amount (0.1-0.3 kcal mol?), so they can be considered to be practically isoenergetic (Table 1).

To study the effect of employing more extended aromatic systems, complexes of X, with
circumcoronene and Cg have been considered. Circumcoronene complexes allow analysing the
effect of enlarging the planar t surface, while Cso complexes can be taken as an example of a
curved aromatic surface without an edge. Due to the larger size of these species, the calculation
of the potential curves with MP2.5 is too expensive. Taking into account the behaviour observed
for smaller systems, it has been decided to obtain the potential energy curves with SAPTO/jun-
cc-pVDZ and to estimate the interaction energy at the minima at the SCS-MP2/CBS level, which
provides results practically identical to the MP2.5 ones for the systems already considered.

Table 2 shows the values obtained for the interaction energy of the complexes formed with
circumcoronene. There are no major stability differences, although in all cases the BP structure
is favoured. Therefore, as Kim et al. suggested,® there is a change in the orientation of the
halogen molecule as the size of the aromatic system increases. In any case, the results indicate
that the BP structure is favoured for all the halogens considered, and the differences in stability
among structures are similar in all cases, so that the T structures are approximately 0.5 kcal mol
less stable than the BP ones (still, greater differences than in coronene complexes). T structures
are stable and could be formed, though they become less favourable compared to P ones as size
increases. In the complexes with Cgo (Table 2) the curvature of the surface is more pronounced
than in other systems considered and there is an appreciable decrease on the interaction
energy, so that the complexes with Cgo are the least stable among those considered in this work.

Table 2. Results obtained for complexes with circumcoronene (circum) and Cgo. The equilibrium
distance (A) is obtained with SAPTO. Energies in kcal mol™.
AT BP BT

R SCS? | SAPTO R SCS? | SAPTO R SCs? SAPTO
circum | Cl, | 4.03 | -5.35 | -5.25 | 3.31 | -5.92 | -5.85 | 4.03 | -5.30 | -5.23
Br, | 4.18 | -7.07 | -7.46 |3.36 | -7.44 | -8.07 | 4.19 | -6.99 | -7.41
I2 445 | -8.88 | -9.81 | 3.53|-9.54 | -10.55 | 4.46 | -8.79 | -9.74
Ceo Cl; | 4.03|-3.18 | -3.05 | 3.31 | -3.25 | -3.11 | 4.10 | -3.12 | -2.93
Br, | 4.13 | -4.43 | -457 |3.33|-4.17 | -4.43 | 4.23 | -4.27 | -4.28

I, |4.40|-552| -6.02 |339|-541| -6.00 | 449 | -535 | -5.63
a) SCSindicates SCS-MP2/CBS interaction energies ate the SAPTO minima.
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Figure 7. Comparison of the contributions to the interaction energy in larger complexes.

Figure 7 shows the contributions to the interaction energy for these complexes (see values
in Table S9). It can be observed that for each structure the stability increases with the size of the
halogen in a similar way. In the case of circumcoronene complexes, the increase in stability is
associated with increments in all the contributions to the interaction, so that the final balance
of attractive contributions overcomes the increase in repulsion and therefore the stability
increases. The electrostatic contribution increases significantly with halogen size in the T
complexes, but also in the BP ones, with an only slightly smaller magnitude. On the other hand,
the variation in the dispersion contribution is the most pronounced one, while induction, as
already mentioned above, is only important in T complexes. Comparing among different
structures, it is observed that the electrostatic contribution is similar in the three orientations,
while repulsion and specially dispersion are more favourable in BP complexes. Only the
induction contribution clearly favours the T structures, but to a smaller extent than the
combination of repulsion and dispersion in BP ones. In the complexes with Ce the situation is
similar; electrostatics together with induction favour the T structures, but the effect is practically
cancelled out with the changes in repulsion and dispersion, so that the three structures are

practically isoenergetic.
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Figure 8. Size effect. Comparison of the contributions to the interaction energy in larger
complexes. Circumcoronene complexes (solid lines) vs. coronene ones (dotted lines). The origin
corresponds to the equilibrium distance of the circumcoronene complexes.

Comparing the results obtained with circumcoronene with those of coronene (Figure 8, BT
in Fig. S20) an estimation of the effect of the extension of the aromatic cloud on the interaction
can be obtained. There is a significant increase in electrostatic contribution when going from
coronene to circumcoronene, so that the interaction increases by -0.5 kcal mol? for Cl, but
already -1.2 kcal mol™ for Br, and -1.5 kcal mol™ for I,. This increase in electrostatic interaction
is accompanied by an increase in repulsion, probably due to the shortening of equilibrium
distances (0.05-0.08 A). This increment is larger than that of electrostatics and reaches 1-3 kcal
mol?. However, the most significant change corresponds to dispersion; similarly to m-mt
interactions®!! there seems to be a combined effect of a greater polarizability of the aromatic
system that is reflected in greater dispersion as well as a side effect because the repulsive wall
softens and allows a decrease in the equilibrium distance. Therefore, going from coronene to
circumcoronene an effect associated to the extended size of the aromatic cloud is observed,
originating almost exclusively in dispersion. It can be expected that the same trend would be
followed in larger similar systems, though caution should be taken in near metallic species,
where the behaviour could be different.

Considering the interaction curves without putting the origin at the equilibrium distance (see
Fig. S21), it can be clearly observed that the only contribution that varies between coronene and
circumcoronene complexes is dispersion. When the change on the position of the minima is
considered (the equilibrium distance in circumcoronene complexes is shorter) the differences in
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dispersion increase and are accompanied by a greater electrostatic contribution, but this is a
consequence of the shorter equilibrium distance and not of the nature of the interacting species.

3.3. Curvature effects in circumcoronene complexes

Finally, the effect of the curvature on the interactions in large aromatic systems has been
estimated using circumcoronene as a model. For doing this, circumcoronene has been curved
following a cylindrical symmetry (as in a nanotube, Figure 9) using different radii of curvature
between 5 and 40 A. For each radius, the atoms are located accordingly and subsequently
optimized at the TPSS-D3BJ/def2-TZVP while keeping all dihedral angles fixed. For each of these
curvatures a SAPTO scan has been made and the minimum of each curve has been determined
(set of values in Table S10).

As in planar complexes with circumcoronene, the stacked BP structure is the most stable one
in the complexes with the curved system, independently of the X, molecule considered.
However, the results indicate that, in accordance with those discussed above for corannulene
and sumanene complexes, as the curvature increases complexes by the concave face are
favoured while those by the convex face are weakened. Since the BP structure is the one that
takes more advantage of dispersion, as the curvature increases it undergoes a larger increase in
the interaction by the concave face, which gains greater relative stability with respect to the T
structures. Similarly, by the convex side the dispersion decays more rapidly in BP structures and,
therefore, as the curvature increases the stabilities become closer to those of the AT ones. While
for the planar aromatic species the BP structures are around 0.6-0.7 kcal mol™ more stable than
the AT ones, in the most curved circumcoronene complexes by the convex face this difference
vanishes, so in the case of Br, and I, AT complexes become slightly more stable. The effect of
the curvature by the convex face is relatively small, reaching around 1 kcal mol? (much larger
by the concave side), though capable of tuning the stability of the complexes and even changing
their relative stability.

Figure 9. Procedure employed to curve circumcoronene following cylindrical symmetry. R is the
radius of the cylinder.

The changes undergone by the complexes as circumcoronene is curved can also be
appreciated in Figure 10, showing the changes relative to the planar species (BT complexes in
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Fig. S22). As commented above, the stability of the complex decreases by the convex face as the
curvature increases, though the changes observed with the curvatures tested are not large and
barely reach 1 kcal mol™. Figure 10 also shows that BP structures are more sensitive to curvature
than AT ones. This could be expected for the concave face, since the halogen molecules in BP
structures are more effectively surrounded by the curved surface than AT ones; however, BP
structures are also more affected by curvature on the convex side.
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Figure 10. Changes on the interaction energy as the circumcoronene molecule is curved.
Negative values correspond to the concave face.

All contributions to the interaction energy change, though induction is almost unaffected
except for the largest curvatures. A similar behaviour is observed for electrostatics, so the final
stability changes seem to depend on the interplay of dispersion and repulsion. It is worth
noticing that electrostatics changes are somewhat larger in BP structures, specially by the
concave side, and in fact they seem to be relevant in the stabilization of I, complexes as the
curvature increases. It can be expected that this increase in electrostatic contribution is related
with the larger overlap between the charge distributions of circumcoronene and the halogen.
The contributions that change most sharply are repulsion and dispersion, which in some ways
are related to the number of nearby atoms.

As the system becomes more curved, repulsion decreases by the convex face, while it
increases more rapidly by the concave face due to enhanced steric hindrance. Similarly, the
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dispersion contribution decays by the convex face because the carbon atoms move away from
the halogens, whereas it raises more rapidly by the concave face due to the closer proximity of
the carbon atoms to the dihalogen inside the bowl. Overall, dispersion is the term that
dominates the final energy changes and in fact the interaction energy roughly follows the
changes on dispersion. However, this behaviour appears to be the consequence of several
effects, and electrostatics seems to have a more significant role If the changes are obtained
while keeping the intermolecular distances fixed on the value obtained for the planar systems
(Fig. S23). When the system is curved, the equilibrium distance slightly changes to larger values
by the concave face and to shorter ones by the convex one. Along with these changes in
equilibrium distance, the contributions to the interaction energy also change. The changes on
electrostatics are decreased, while repulsion changes are surpassed by dispersion ones so the
total stability change is mainly controlled by the latter.

4. Conclusions

The intermolecular interaction in complexes formed by the dihalogens Cl,, Br;, and I, with
planar and curved aromatic systems has been studied in order to check the effects of the
curvature and extension of the aromatic surface upon the interaction with halogens. The results
indicate that the interaction strengthens as the size of the halogen atoms grows, with a larger
effect when the dihalogen is located by the concave face of curved systems. In coronene
complexes, structures showing a halogen bond (T) are similarly stable as others with the
dihalogen stacked onto the aromatic surface (P). T structures are favoured by electrostatics and
induction associated to the interaction with the c-hole, while P dimers take advantage of
enhanced dispersion. In complexes with corannulene and sumanene, the balance of these
factors results in T structures being more stable by the convex face while P ones are favoured
by the concave one. In any case, the most stable complexes are formed when the dihalogen is
located by the concave face of curved aromatic species.

The changes on the interaction with curvature are mainly controlled by changes on
dispersion despite other possible contributions: by the convex face dispersion decreases relative
to planar coronene and the complex is less stable; by the concave face dispersion increases and
so it does the stability of the complex. Enlarging the size of the aromatic species favours stacked
structures because the presence of a larger number of atoms increases dispersion contributions.
A systematic study in complexes with curved circumcoronene confirms that the stability is
indeed affected by the curvature of the aromatic surface, with dispersion being the main
controlling factor.

Overall, the results indicate that dihalogens do not interact with large aromatic systems by
means of halogen bonds, stacked structures being more favourable. Curvature of the aromatic
surface favours stacked structures even more when interacting by the concave face, while
halogen bonded dimers become relatively favoured by the convex face. However, only for the
complexes involving aromatic systems with the largest curvatures tested, halogen bonded
dimers become the most stable ones. Thus, it can be expected that except in very curved
surfaces as those of small fullerenes or nanotubes, dihalogens will not establish halogen bonds
with extended aromatic surfaces but will form stacked dimers.
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Curvature of aromatic systems strengthens the interaction by the concave face while it
weakens by the convex one. Parallel structures are favoured over halogen bonded ones.
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