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A B S T R A C T   

A detailed understanding and interpretation of chiral properties of molecular systems, especially in condensed 
phase, often requires computational models that allow their structural and electronic features to be connected to 
the observed experimental spectra. The present paper is focused on modelling the circular dichroism spectra of 
chiral buckybowls, combining topological aspects and the density functional theory. For the first time Ball Piv
oting Algorithm was proposed to hook up the chemical topology to the DFT through the surface reconstruction. 
Particularly, the gaussian curvature of a constructed probe set of corannulene and sumanene derivatives was 
used as discriminant parameter to benchmark a list of 10 functionals (B3LYP, B97D, M06-2X, HSEH1PBE, 
wB97XD, CAM-B3LYP, LC-wPBE, TPSSTPSS, mPW1PW91 and APFD). The latter provide to be noticeably ac
curate to reproduce the curvature effect of the considered molecules. A TD-DFT/BOMD mixed approach provided 
a comprehensive overview of the spectral chiral pattern prediction trends when multiple DFT functionals are 
scanned. The preliminary topological analysis efforts were then recompensed with the very precise computed CD 
spectra, again APFD confirmed as the leader functional, this time for TD-DFT vertical transition calculations. 
Therefore, we strongly recommend the use of the of dispersion embedded APFD functional coupled with the 
6–311++G(2d,2p) basis set for the computation of the functionalized chiral buckybowls ECD spectra. 

© 2017 Elsevier Inc. All rights reserved.   

Introduction 

Carbon is probably the most versatile element in the periodic table in 
terms of its unrivalled ability to form a large number of allotropes [1]. 
De facto, there is a virtual alphabet of possible structures made exclu
sively of sp3- and sp2- hybridised carbon atoms, in these terms the 
absolutely well-known archetypal examples are diamond and graphene 
[2]. Focusing on sp2- carbon allotropes, it is possible to find exotic 
surface topologies by means bending or spherifying a single sheet of 
graphene, obtaining three-dimensional hexagonal lattice composed of 
fused benzenoid rings such as nanotubes, fullerenes and their de
rivatives [3]. Recently, a number C60 and C70 subunits have emerged in a 
variety of concave/convex fragments named buckybowls which can be 
considered as a polar cap of fullerene [4]. Within this premise, cor
annulene and sumanene undoubtedly occupy a venerated position 
among the nonplanar polycyclic aromatic compounds (Fig. 1). 

Their characteristic bowl-shaped surfaces are caused by incorpora
tion of five-membered rings into a sheet of benzenoids, consistent with 
Euler’s rule [5], these geodesic polyarenes are considered to have 

positive Gaussian curvature [6]. In positively curved systems the fusion 
pattern becomes crucial to obtain unique inherent chirality, so-called 
bowl chirality for convenience, basically this kind of asymmetry is 
reached in four cases (Fig. 2). 1) The π-extended buckybowl structure 
itself owns the chirality, i.e. hemifullerene (Fig. 2A); 2) Introducing one 
or more substituents on the rim of the bowl, i.e. trimethylsumanene 
(Fig. 2B), trimethylsumanenetrione; 3) Embedding heteroatoms into the 
conjugated carbon skeleton, i.e. triazasumanene(Fig. 2C); 4) A combi
nation of the previous ones i.e. trithiomethyltriazasumanene (Fig. 2D). 

Beyond the fascinating and complex stereodescriptor systems [7], 
the main obstacle to experimentally investigate the bowl chirality is the 
bowl inversion energy barrier that regulates the racemization process 
[8]. In this framework, despite the synthetic difficulties, many efforts 
were made to access to high bowl inversion barrier buckybowls [9–11]. 
When the flipping of curvature is thermally blocked an interesting chi
roptical behaviour appears, leading to the different absorption of left- 
and right-handed circularly polarization light and exhibiting an opposite 
Cotton effect. Until now, a limited series of chiral buckybowls enantio
selective resolved possessing stable CD spectra is present in literature 
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[12], (it should be noted that buckybowls, as common molecules, can 
also include structures with substituents bearing stereogenic carbons 
[13,14]). In this regard, due to the multiplicity and complexity of the 
factors coacting in determining the spectral frame, the interpretation of 
spectroscopic data based on experimental measurements alone can lead 
to uncertainties and ambiguities. On the following this ground, theo
retical calculations turn into a powerful tool for analysing the connec
tion between structure and spectroscopic diagnostic signals both for 
chiroptical and not-chiroptical spectroscopic techniques[15–17]. To 
accomplish this task, time-dependent density functional theory (TD- 
DFT) can guide the rational elucidation of complex CD spectra by 
providing insight in the chirality of the ground state, although such 
theoretical works based on buckybowls result still rare in the literatures 
[18]. In this article we propose a new approach to model the topologies 
of positively curved aromatic compounds through the atom by atom 
gaussian curvature in order to capture the compelling relationship be
tween the molecules curvature and the absorption of circularly polarized 
light. At this point, it is useful to precise that our modus operandi will 
divide the manuscript into four levels: 1) Reconstruction of molecular 
surfaces starting from their atomic cartesian coordinate. 2) Calculation 
of local gaussian curvature for each atom belonging to the buckybowl 
skeleton. 3) Benchmark of functionals to choose the best level of theory 
to predict a reliable molecular curvature. 4) Reproduction of CD spectral 
shapes exploiting the selected configurations retrieved from Born- 
Oppenheimer molecular dynamics trajectories. For our goals, a 

heterogeneous set enclosing five representative chiral buckybowls was 
drafted, for technical necessity just x-ray collected structures were 
contemplated and the bowl chirality was privileged, compound 2 was 
inserted because it is a unicum since it brings a stereogenic carbon on the 
hub (Fig. 3.). 

Results and discussion 

Surface reconstruction 

Since the time of birth of chemistry, chemists are used to thinking 
about molecules as geometric entities in which atoms have a certain 
spatial arrangement. In the last century the introduction of new physical 
theories has revealed difficulties in bringing the concept of molecular 
geometry in harmony with the basic principles of quantum theory [19]. 
The drawback of the geometric approach is that the geometric param
eters provide a local characterization of the molecule (i.e. they establish 
relations between two, three or four atoms) but certain spatial relations 
in molecules depend on the molecular architecture as a whole. In these 
cases, we should not focus on bond lengths and angles but rather the 
embedding of the molecule as a whole in three-dimensional space. 
Instead of conventional geometric structures (which are sets of atoms in 
the two- or three-dimensional space, whose distances are determined by 
the Euclidean metric), modern topology investigates sets with much 
more general properties. Changes in the molecular geometry, caused by 
intramolecular motions or by any kind of external influence (i.e. light 
absorption), but in which no chemical bond has been broken or formed, 
are therefore called topological properties. With this in mind, in order to 
evaluate a topological concept like curvature it is necessary to have a 
surface, and strictly speaking a molecule is more like a graph. Never
theless, curved platforms like buckybowls offer the possibility to 
mathematically transform a point cloud into a surface. To date, there is 
no a standard method to convert a set of 3D points given by atomic 
coordinates into a single mesh, indeed there is large space of interpre
tation for connecting molecules with mathematics. Considering the lack 
of bibliographic proliferation in this regard, for our purposes we decided 
to adopt the Ball Pivoting Algorithm [20] (BPA) for finding a triangle 
mesh that interpolates a chemically organized set of points. This heu
ristic process can be traced back to the Delaunay triangulation, and it is 
abridged as follow: let the manifold M be the surface of a three- 
dimensional object embedded in ℝ3 and P a sampling point set 
included in M, a φ-ball (where φ is the radius) can now lie on M without 
“falling” between sample points (P should be dense enough). The algo
rithm starts by locating a φ-ball in contact with three sample points (ηi, 
ηj, ηk) generating a seed triangle (green point in the third image of A 
series, Fig. 4), now we proceed by rotating the ball of radius φ from its 
initial position maintaining the contact with two initial points (i.e. two 

Fig. 1. (A) Corannulene (C20H10) subunit. (B) Sumanene (C21H12) subunit.  

Fig. 2. Classification of chiral buckybowl derivatives: (A) Hemifullerene. (B) Trimethylsumanene. (C) Triazasumanene. (D) Trithiomethytriazasumanene.  
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vertices of the seed triangle, an edge) until it meets another point η on M. 
The walking of the ball along each edge will define triplets of points that 
form new triangles till the surface is completely mapped and an inter
polating mesh is delineated. During the iterations a condition must al
ways be true: the circumference must be in contact with sample points 
but the φ-ball must be empty. Translating this abstracted paradigm to a 
chemical problem we can treat the molecule as the 3D object, its scaffold 
as the manifold M and the atomic positions as the point-sampling, (Fig. 4 
A). It is worth noting that atomic positions out of the bowl (i.e. non-fused 
substituents) were not appraised because carbon, sulphur and oxygen 
linkers do not form a continuous surface but rather a graph. It is clear 
that in computational topology the density of the points cloud is a 
discriminant parameter for processing a detailed mesh, in spite of the 
extremely limited number of points analysed (due to the very small list 
of buckybowls cartesian coordinates) BPA was able to finely recreate the 
bowl-shaped features both for sumanene and corannulene skeleton. 
Compound 2,3,4 and 5 produced a mesh with a very similar triangula
tion pattern, interpolating 21 vertices and 25 faces. The main difference 
is related to tetrahedral carbon pinned down on the bowl of compound 
2, in fact in this case the central benzenoid ring is not flat (as opposed to 
compounds 3,4 and 5) but pyramided, the result is a convergence of the 
lines toward the stereogenic carbon (asterisk in B series, Fig. 4). The 
exchange of heteroatoms between sumanene and triazasumanene does 
not alter the triangulation scheme. Focusing on compound 1, the map
ped mesh clearly covers a more extended surface with 36 vertices and 39 
faces, both corannulene and helical motifs are properly designed. 

Curvature analyses 

Speaking with the language of differential geometry we can sche
matize the molecular topologies employing the concept of gaussian 
curvature, which can be positive, negative or zero. In this situation, the 
real examples of different types of gaussian curvature are comfortably 
discussed mentioning the sheet, the bowl and the saddle structures ob
tained as sp2 carbon allotrope derivatives (Fig. 5A). Unfortunately, the 
non-zero curvature molecules (i.e. corannulene, circulene, etc.) are not 
approximable, except for significant errors, to the notorious spheres, 
spheroids, and regular saddles for which the curvature is analytically 
calculated. Physical systems as molecules often display unusual shapes 
with geometrical irregularities, hence local curvature must be investi
gated. Applying our attention on buckybowls in bibliography, the pyr
amidalization angle (linked to the π-Orbital Axis Vector), the spherical 
curvature and the bowl-depth are the most used quantities to charac
terize the local geometry[21–24]. However, despite their direct use in 
trivalent ordinary systems, they fail for generic geometries, showing 
limitations and criticalities[25], on the other hand the apparently less 
intuitive discrete gaussian curvature furnishes an accessible way to 
scrutinize the local curvature atom by atom. Below the mathematical 
formalism used in this manuscript. 

Let S be a two-dimensional manifold immersed in the 3-dimensional 
Euclidean space E3, the gaussian curvature is the exact value of the in
tegral of KG over a finite-volume region on a triangulated surface. 
Applying the Gauss-Bonnet theorem to such a surface, a simple equality, 

Fig. 3. Corannulene, sumanone, sumanene and triazasumanene units currently in our computational set.  

Fig. 4. (A) Ball pivoting algorithm to compute triangulated meshes. (B) Constructed surfaces of our target compounds in Fig. 3.  
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valid over any surface patch, is attained: 
∫∫

S
KGdA = 2π −

∑

i
λi (1)  

where the λi are the external angles of the boundary. If we implement 
this expression to a Voronoi region, the external angle at a circumcenter 
is simply equal to ϕi, the angle of the triangle at the vertex P (Fig. 5 B), 
therefore: 
∫∫

S
KGdA = 2π −

∑k

n=1
ϕi (2)  

where ϕi is the angle of the n-th face at the vertex Pi and and k indicates 
the number of faces around this vertex, the term on the right of the 
equality is usually called the angle deficit. The last equation defines the 
local contribution of the gaussian curvature (positive, negative or zero) 
at Pi, depending on the sign of angle deficit. If we are interested in 
estimating the local spatial average of the gaussian curvature (also 
called discrete gaussian curvature) the total gaussian curvature must be 
divided by the effective area (the area of the faces having Pi as a vertex): 

Aeff =
∑

P∊k
Area(P) (3) 

Then the discrete gaussian curvature operator can be expressed as: 

KG(Pi) =

∫∫

SKGdA
Aeff

(4)  

DFT functionals benchmark of curvature 

When the absorption of circularly polarized light is computationally 
studied, the CD spectrum fingerprint is strongly dependent on the 
location of the molecular system within the hypersurface of potential 
energy[17]. In such terms, in density functional theory, the quality of 
the simulated structures is heavily affected by the choice of the 
exchange-correlation functional[26], and it is a commonly accepted 
practice to benchmark functionals, targeting on the accurate determi
nation of x-ray geometrical parameters such as bonds and angles[27]. 
However, buckybowls, due to the excessively similar bonds and angles 
values in their motifs, are not the best candidates for this kind of 
approach, from this viewpoint a shift of evaluation criterion from the 
structural parameters to the topological ones is urgent. The atom by 
atom discrete gaussian curvature reveals a new elegant way to democ
ratize which functional acts better in imitating the curved topology of 
corannulene and sumanene fragments. In sight of this, a list of func
tionals (10) was tested to optimize compounds 1–5 (Fig. 3) in gas phase, 
to cover multiples categories some hybrid, pure and dispersion- 

embedded functionals were analyzed. Pople basis set was adopted as it 
proves to be quite accurate in defining the second-period elements 
[28,29]. The mean absolute error (MAE) is the chosen parameter in 
order to evaluate the gaussian curvature goodness between the DFT- 
calculated and the x-ray data: 

|ΔKGave| =
1
N

∑N

i=1

⃒
⃒KGiexp − KGical

⃒
⃒ (5)  

where N is the total number of discrete gaussian curvature values, 
KGiexp and KGical are the ith DFT-calculated and the x-ray computed 
discrete gaussian curvatures, respectively. 

The topological preferences of our test set (Fig. 3.) were verified 
through the following chronological workflow: 1) optimization process 
(functional/6–311++G(2d,2p)). 2) BPA surface reconstruction from xyz 
optimized cartesian coordinates. 3) Computing of the discrete gaussian 
curvatures. 

Fig. 6 and the relative Table 1 give some insights on the accuracy of 
the DFT functionals to model the discrete gaussian curvature of bowl 
skeleton atoms, from a first glimpse it can be noted that the presented 
functionals perform differently for the five corannulene/sumanene cores 
examined. Indeed, it is not possible to identify a general trend, each 
compound has its own best performer: compound 1 is excellently 
described by LC-wPBE, compounds 5 and 2 share their first-rate func
tional (M06-2X). For the latter compound, B97D dramatically ruins the 
curvature of buckybowls compared to the other DFT competitors, while 
for compound 3 and 4 CAM-B3LYP and TPSSTPSS prevail with their 
performances. Worth bearing in mind that the high MAEs level for 
compound 1 (up to about 0.6◦/Å2) could be attributed to the difficult 
representation of the change of gaussian curvature sign (from positive to 
negative) passing from the bowl to the helical. It is curious that despite 
LC-wPBE, M06-2X, CAMB3LYP and TPSSTPSS were cited about their 
admirable performances, when the MAEs of the five species are collec
tively calculated, the APFD crops up as the best functional. By assem
bling the results obtained from the histograms in Fig. 6 and avoiding any 
possible bias from single compound evaluation, it appears evident that 
APFD exquisitely clones the curved topology for all the analyzed 
compounds. 

Once the leader functional was established, it is pivotal to underline 
that the chiroptical properties and the relative CD spectra are influenced 
by the solvent effects, on these assumptions an intriguing question 
spontaneously arrives: Does the solvent environment change the cur
vature of buckybowls? To answer this query, all the compounds were 
optimized in their respective spectroscopic reference solvents using the 
integral equation formalism polarizable continuum model (IEFPCM) at 
the APFD/6–311++G(2d,2p) level. From Table S1 (supporting infor
mation) it is visible that implicit solvent produced a “flatness effect” for 

Fig. 5. (A) Schematic sorting of the three different types of gaussian curvature: zero, positive and negative. (B) Angles of a triangulated Voronoi region.  
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all the studied structures, the topological analysis unmistakable shows 
(both quantitatively and qualitatively) that the total gaussian curvature 
values are higher in gas phase than in the solvent one. In light of this, it is 
tangible that in gas phase our selected buckybowls are more curved than 
in solvent phase. Thinking outside of the structureless continuum im
plicit model led us to test explicit solvent method to verify if any trend in 
gaussian curvature is detectable transiting along gas-implicit-explicit 
pathway. A 25 units solvent box was spherically assembled around 
each buckybowl and the conformational preferences were searched at 
our target computational level. From the latter results, a decreasing 
curvature ladder was observed: high curvature (gas), medium curvature 
(implicit solvent), low curvature (explicit solvent), Fig. 7 (and Table S1). 
This tendency may be associated to a “relaxation mechanism” of the 

bowl tension strain, which is blocked in gas phase, but it could be more 
flexible progressing from implicit to explicit method. This solvent 
cooperativity is further assisted by functional groups able to establish 
non-covalent interactions with the explicit solvent sphere (compound 
2,4,5). 

Fig. 6. (Top) Cumulative mean absolute error histograms (◦/Å2) of the discrete gaussian curvatures in gas phase, (Bottom) mean absolute error histograms (◦/Å2) of 
the whole set in the same condition. Asterisks pinpoint the best performers. 

Table 1 
Mean absolute errors (◦/Å2) of the discrete gaussian curvature referred to the 
single compounds and the whole set.  

Functional MAE 

1 2 3 4 5 [1–5] 

B3LYP  0.2413 9.2449e-3  0.2834  0.3265  0.1036  0.1989 
B97D  0.5552 0.0895  0.3936  0.0997  0.0912  0.2845 
M06-2X  0.3019 7.7961e-3  0.4637  0.1011  0.0868  0.2060 
HSEH1PBE  0.5624 9.3221e-3  0.4350  0.3313  0.1019  0.3223 
wB97XD  0.5682 9.4087e-3  0.2664  0.1038  0.0878  0.2523 
CAMB3LYP  0.2516 0.0104  0.2660  0.3336  0.0872  0.1975 
LC-wPBE  0.2025 0.0139  0.3549  0.1072  0.0909  0.1748 
TPSSTPSS  0.5487 0.0125  0.2899  0.0992  0.0904  0.2507 
mPW1PW91  0.2483 9.7251e-3  0.2666  0.3320  0.1023  0.1988 
APFD  0.2960 9.3261e-3  0.2675  0.1034  0.0869  0.1705  

Fig. 7. Decreasing of curvature from gas phase to explicit solvent model. It 
must be emphasized that, to favor a better visualization of the process, the 
change of gaussian curvature in the picture was exaggerated. 
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Circular dichroism spectra simulations by combination of molecular 
dynamics and TD-DFT 

When the chiroptical properties of a chemical system are theoreti
cally inspected, in the most cases the usual procedure is centered on 
computing ECD static spectra (equilibrium structures). As convenient as 
it is, static approach is indifferent to the thermal fluctuations that in
terest the conformational asymmetry of chiral molecules in solvent 
phase, as a matter of fact multiple thermal effects contribute to the final 
spectral signatures and must be considered. All in all, two ingredients 
shall thus be mixed: 1) an exhaustive phase space conformational 
sampling of the ground state to get an ensemble of statistically relevant 
conformations 2) a straightforward methodology to compute, in a cost 
efficient way, the desired photophysical properties. The use of MD/TD- 
DFT guarantees the required accuracy to efficiently predict the electric 
and magnetic dipole moment of the entire system at each time step, the 
final spectrum will be reconstructed as a weighted sum of the spectra 
computed at the TD-DFT level on equispaced molecular conformation 
snapshots extracted from MD simulations. For adherence to point 1 (see 
above) and to acquire an appropriated description of gaussian curvature 
over the time (picosecond timescale), ab-initio Born Oppenheimer mo
lecular dynamic simulations in the ground state (implicit solvent phase) 
were applied to each compound using our dominant functional, APFD. 
In order to collect the rotatory strengths and the vertical excitation en
ergies indispensable to replicate experimental ECD spectra, APFD, 
B3LYP, CAM-B3LYP, mPW1PW91 and wB97XD functionals were used. 
The aforementioned functionals were preferred because, in addition to 
being tested in the curvature benchmark (section 2.3), are often classi
fied to span the excited-states energy range of chromophoric molecules 
[30]. 

At a first glance in Fig. 8. It is possible to see that experimental 
spectrum of compound 1 can be divided into 3 sections: a positive broad 
band, a negative shoulder and a negative peak. APFD, mPW1PW91 and 
B3LYP similarly perform, showing a very detailed spectrum profile with 
a positive Cotton effect ranging from 309 to 430 nm, slightly red shifted 
from the experimental one (300–430 nm). The negatively shoulder is 
finely captured at 295 nm, for these three functionals the negative peak 
is located between 268 and 275 nm and it represents an excellent 

matching with the experimental value (265 nm). On the contrary, CAM- 
B3LYP and wB97XD display substantial disparities with the recorded 
spectrum both in terms of band positions and intensities, the final result 
is an excessively blue shifted effect and a very poor resolution (in both 
case the negative shoulder is undetectable). Ultimately, APFD is pro
posed as the best functional performer due to its reliable resolution of 
negative signatures. 

Compound 2 has installed an internal stereogenic carbon on his 
sumanene hub and reports a very complicated CD spectral pattern. Five 
positive and negative bands of different wavelength positions and in
tensities extend from 200 to 500 nm. Again, APFD, mPW1PW91 and 
B3LYP appear to be pretty satisfactory in emulating the peculiar waving 
effect of the spectrum (Fig. 9), at lower wavelengths (200–400 nm) the 
band positions perfectly adhere with the experimental spectrum while in 
the upper wavelengths regime (400–450 nm) the last large band is 
moderately red shifted of ~15 nm. The peak magnitudes were respected 
except for the band at 360 nm and the cusp at 235 nm that are a bit 
overestimated. CAM-B3LYP and wB97XD, which are practically super
imposable, continue to offer insufficient treatment chiefly in the 
300–450 nm interval where the band locations are overly blue shifted 
(about 50 nm). As expected before, APFD still maintains the leadership 
to recreate the chirality signatures of compound 2. 

The C3 symmetric chiral trimethylsumanene (compound 3) produces 
a “leveling effect” in the functional performances, indeed all the spectral 
profiles are decently similar to the real one. Focusing meticulously on 
Fig. 10. The superb tendency of APFD, mPW1PW91 and B3LYP is able to 
define a very good fit both for positive peaks and negative valleys. The 
negative signal at 317 nm is marvelously guessed, while the other three 
explicited wavelengths are toward-blue placed of about 25 nm (~220, 
~240, ~255 nm). In the 200–290 nm region, CAM-B3LYP and wB97XD 
less suffer of the blue shift effect (~231, ~250, ~264 nm) but margin
ally mimic the experimental negative spike at 263 nm, which is almost 
imperceptible (Fig. 10A), an error of 30 nm is recognizable for the upper 
frequencies signal (~288 nm). For this case, B3LYP was elected the 
master functional because of its good compromise between intensities 
ratio and wavelength locations. 

Moving from sumanene to triazasumanene the penchant of func
tionals is retained, in fact the spectral lines of compound 4 are 

Fig. 8. (A) TD-DFT calculated ECD spectra (functional/6–311++G(2d,2p)) along the MD trajectory for compound 1 in CHCl3. (B) Extraction of the best performer 
from A (APFD/6–311++G(2d,2p)). (C) Experimental ECD spectrum in chloroform. Adapted from [31]. © 2016 American Chemical Society. 
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authentically diagrammed by APFD, mPW1PW91 and B3LYP (Fig. 11). 
As seen for compound 2, the most complex zone is the crest (both pos
itive and negative) at upper wavelengths (372 nm) that is averagely blu- 
moved of 25 nm (345–350 nm). The undulatory behavior composed by 
the bands at 305 and 275 nm is completely duplicated with high accu
racy. Zooming Fig. 11 A emerges that CAM-B3LYP and wB97XD utterly 
ignore the middle band at 305 nm, showing a quasi-silent signal. APFD 
was approved over all the other functional since it had the ability to grab 
the little ellipsoid at ~340 nm imputable to the rapid line inversion. 

Assuredly, among the systems in Fig. 3. the triaryltriazasumanene 
(compound 5) has the most challenging circular dichroism spectrum 
(Fig. 12C), reason why APFD, mPW1PW91, CAM-B3LYP and wB97XD 
fail to imitate scrupulously the chiral spectral features. The main prob
lem derives from the tricky flat zone around 300 nm that is badly dis
regarded or substituted with fictitious bands, only B3LYP sufficiently 
succeeded in replicating the chiral fingerprint both in terms of band 
shapes and positions. Regrettably, the last signals around 390 nm is 
almost lost in the base line. 

From the previous spectral analysis it is evident that APFD and 
B3LYP are markedly superior to mPW1PW91, CAM-B3LYP and wB97XD 
in reproducing ECD spectra of corannulene, sumanene and tri
azasumanene derivatives. The upper frequency region of the spectra was 
frequently better described in term of signal position by all the func
tionals than the lower one. Despite we were strictly interest in the 
spectral motive, the peak intensities were regularly confirmed in the 
theoretical model without any excessive over/underestimation of rota
tional strengths (with the exception of CAM-B3LYP and mPW1PW91 for 
compound 1, whose helical architecture often impacts on the chiral-sign 
intensities[36–39]). We further infer that the supremacy of APFD in this 
section is not random but intimately linked to its capacity in modelling 
the curvature of different buckybowls (see previous section). 

Computational method 

All the initial x-ray structures were preliminarily energy-minimized 
in gas phase using B3LYP, B97D, M06-2X, HSEH1PBE, wB97XD, CAM- 
B3LYP, LC-wPBE, TPSSTPSS, mPW1PW91 and APFD coupled with 
6–311++G(2d,2p) basis set. APFD/6–311++G(2d,2p) level by means of 
the IEFPCM method was adopted to evaluate the conformational pref
erences of the selected buckybowls in the implicit solvent phase, the 
same computational level was handled to model the explicit solvent 
phase that was set through a spherically box of solvent around the target 
molecules (built by Vega ZZ package[40]). Born Oppenheimer Molecular 
Dynamic (BOMD) simulations were run at 298 K in the ground elec
tronic state (S0) at APFD/6–311++G(2d,2p) level of theory in solvent 
phase (IEFPCM), with a total time width of 1 ps and a step size of 2 fs. For 
each compounds, 25 configurations were extracted from the AIMDs 
(interspersed every 40 fs) and TD-DFT subjected to recover excitation 
energies, oscillator strengths and rotatory strengths at APFD, B3LYP, 
CAM-B3LYP, mPW1PW91 and wB97XD/6–311++G(2d,2p) levels, 
considering the first 50 excited states and assuming the non-equilibrium 
linear-response (NEQ-LR-PCM) solvent approximation. The ECD in
tensities Δε were computed as follow[41]: 

16π2NAR0mEabsρ(Eabs)

3*2.303*ℏ*c
(6) 

Where NA is Avogadro’s number, ℏ is the reduced Planck’s constant, 
c is the speed of light, ρ(Eabs) is the gaussian band shape centered in the 
Eabs energy and and R0m are the rotational strengths associated to the 
transition 0→m. Eq. (5) is expressed in cgs units and the band shape was 
assumed as gaussian with a bandwidth of 0.25 eV. All the previous 
calculations were carried out exploiting Gaussian16 package[42]. 

The surface reconstructions of buckybowls were executed through 
Ball Pivoting Algorithm choosing a clustering radius of 20 and an angle 
threshold of 70◦, these geometrical parameters were coherently selected 
for our specified set of curved molecules. The atom by atom discrete 

Fig. 9. (A) TD-DFT calculated ECD spectra (functional/6–311++G(2d,2p)) along the MD trajectory for compound 2 in CH3CN. (B) Extraction of the best performer 
from A (APFD/6–311++G(2d,2p)). (C) Experimental ECD spectrum in acetonitrile. Adapted from [32] © 2017 Royal Society of Chemistry. 
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gaussian curvatures (xls. files in supporting information) were obtained 
from Eq. (4) and visualized thanks to the Mesh Lab package[43]. X-ray 
coordinates were downloaded from the Cambridge Structural Database 
(CSD) [32–36]. 

Conclusion 

This research performed on a representative set of chiral 

buckybowls, made possible to evaluate the importance of topological 
elements as curvature, aiming to accurately determine both structural 
and electronic-chiral features of relevance for the circular dichroism 
spectra calculation of platform-like molecules. Our topological work
flow straightforwardly allows to explore the atom by atom discrete 
gaussian curvature of DFT optimized systems with a very inexpensive 
post-processing. The presented protocol revealed the following new 
aspects: 

Fig. 10. (A) TD-DFT calculated ECD spectra (functional/6–311++G(2d,2p)) along the MD trajectory for compound 3 in CH3CN. (B) Extraction of the best performer 
from A (B3LYP/6–311++G(2d,2p)). (C) Experimental ECD spectrum in acetonitrile. Adapted from [33] © 2012 The Chemical Society of Japan. 

Fig. 11. (A) TD-DFT calculated ECD spectra (functional/6–311++G(2d,2p)) along the MD trajectory for compound 4 in CH2Cl2. (B) Extraction of the best performer 
from A (APFD/6–311++G(2d,2p)). (C) Experimental ECD spectrum in acetonitrile. Adapted from [34] © 2012 Nature Publishing Group. 
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1) The Ball Pivoting Algorithm (BPA) demonstrated to be a very useful 
mathematical tool to rebuild triangulated mesh from the xyz buck
ybowls cartesian coordinates. In this term BPA was essential to 
execute a shift of chemical paradigm: from the atomic point cloud to 
the molecular surface.  

2) Discrete gaussian curvature operator was applied to every bowl 
skeleton atom to measure the local curvature, providing a topologi
cal quantity to characterize functionalized corannulene and suma
nene derivatives.  

3) Gaussian curvature of buckybowls decreases in the following order: 
gas phase > implicit solvent model > explicit solvent model. 

As result of our DFT functionals benchmark we found that APFD 
excellently reproduce the buckybowls shape-curvature with a MAE of 
0.175◦/Å2 compared to the x-ray data. APFD/6–311++G(2d,2p) 
computational level was utilized for Born-Oppenheimer molecular dy
namic simulations in the implicit solvent phase to determine the 
thermal-dependent fluctuations by taking into account environmental 
effects. A list of functionals (APFD, B3LYP, CAM-B3LYP, mPW1PW91, 
wB97XD) was inspected to analyse the chiro-optical parameters from 
TD-DFT calculations, the theoretical determined spectra spotlighted that 
APFD (but also B3LYP is a valid solution) still dominates in elegantly 
setting the band positions and peak intensities. These findings convince 
us that our computational plan, optimization/BOMD/TD-DFT based on 
APFD/6–311++G(2d,2p) level, can act as a useful guide for the in silico 
identification of the most relevant topological properties that govern the 
observed spectra of chiral buckybowls. We hope our results could 
motivate experimental synthesis to find new exotic topologies to be 
studied through the fascinating effect of circularly polarized light. 
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