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Abstract 
The physico-chemical properties of chiral propeller-shaped PAHs (propellerenes) are strongly 
dependent on their conformational behavior. A sound, physical model to understand why propellerenes 
exhibit a conformation preference for either a C2 or D3 conformation that moves beyond a 
phenomenological explanation is needed. We have therefore performed a computational study to 
rationalize the conformational preference of propellerenes. Using an activation strain analysis approach, 
we find that the conformational preference of propellerenes is ultimately determined by the flexibility 
of the wings. When wings are relatively flexible, as is the case for ortho-substituted propellerenes, a 
favorable contraction of the radial bonds connecting the core and the propellerene wings is possible, and 
the more distorted C2 conformation will be preferred. The more rigid wings of benzenoid propellerenes, 
on the other hand, cannot deform sufficiently, and will therefore always adopt a D3 conformation. Our 
approach represents a unique method to pinpoint the conformational preferences of propellerenes, and, 
in principle, any sterically congested molecule. 
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Introduction 
Non-planar, chiral polycyclic aromatic hydrocarbons (PAHs) exhibit unique photophysical and chiro-
optical properties.1-6 One subclass of particular interest are the helicenes, which are molecules composed 
of ortho-fused aromatic rings, and that adopt a helical geometry.7-9 Although helicenes hold potential 
for use in chiro-optical applications, low barriers to racemization and poor photo-stability towards UV 
light, pose significant challenges. Different strategies have therefore been devised to design molecules 
that incorporate these interesting helicene motives but do not suffer these shortcomings. Apart from 
increasing the number of fused rings (i.e. [n]helicenes with n ≥ 6), and the introduction of heteroatoms 
into the helicene structure, another interesting approach to increase the photo-stability is by the 
combining of two or more helicene units into a double,10-24 triple,2,3,25-31 or even quadruple32 helicene. 
Unfortunately, the merger of multiple helicene units into a single molecule also changes its physico-
chemical properties in a non-straightforward manner.33 Tuning of these properties has thus far proceeded 
primarily with a trial-and-error approach. Indeed, despite earlier (computational) endeavors to arrive at 
a unifying model to rationalize the preferred geometry of these molecules, such a model remains elusive. 
In this context, the conformational behavior of triple helicenes, which we call propellerenes, has been 
the topic of much debate.34-39  

Propellerenes can be regarded as consisting of two integral parts: the six central carbon atoms, 
which we refer to as the core, and the rings and substituents attached thereto, called the wings 
(highlighted in green and red, respectively, in Figure 1). What differentiates propellerenes from other 
helicene derivatives is that the conformational space attainable to them is limited to two distinct 
conformations, labeled according to their symmetry group as either C2 or D3. These conformations are 
dictated entirely by the relative orientation of the wings of the propellerene and are thus the only 
conformations which are geometrically allowed (Scheme 1). The composition of the wings allows 
propellerenes to be further divided into two families: wings bearing non-fused substituents are denoted 
ortho-substituted (Figure 1; 1-4), whereas those with additional fused benzene rings are denoted as 
benzenoid (Figure 1; 5-8). 

 

 
Figure 1. Structures of a) ortho-substituted and b) benzenoid propellerenes. Propellerene cores are colored green 
and the wings colored red. 
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Propellerenes typically show a strong preference for either a C2 or D3 conformation and previous 
computational and experimental findings have pointed towards a combination of aromatic, steric, and 
electrostatic factors to be at play in driving this preference.34-39 Pascal et al. were the first to 
systematically study the conformational behavior of propellerenes and proposed that the preferential 
adaptation of a C2 conformation is driven by a greater conjugation of the aromatic systems of the wings, 
at the expense of that of the core.40,41 Although this theory holds for simple, ortho-substituted 
propellerenes, those with additionally fused benzene rings, i.e. benzenoid propellerenes, defy this 
general assumption, and show a preference for a D3 conformation.2,3,27,42,43 To address this issue, the 
same group published a largely computational study a few years later, from which they concluded that 
the C2/D3 dichotomy is not driven by steric factors but is a purely electronic effect.35  

 

 
Scheme 1. General representation of the C2 ⇄ D3 interconversion of propellerenes. Note that the rings highlighted 
in blue and yellow change their orientation relative to the ring at the back. Dashed blue lines represent the axes of 
rotation which define the symmetry group of the propellerene. 

 
Recent advances in computational chemistry and expansion of the propellerene library prompted 

us to revisit this topic. Based on newly gained insights regarding the conformational behavior of 
propellerenes, we hypothesized that the origin as to why some propellerenes prefer to have wings in a 
C2 symmetrical arrangement and others a D3 symmetrical arrangement, could be rationalized from the 
balance in the individual preference of the wings and the core of the propellerene molecule.  

To this end, we undertook a computational study to elucidate and comprehensively describe the 
thermodynamic and kinetic factors that drive the conformational preference of propellerene molecules. 
We focused on the triphenylene class of propellerenes, which constitutes the most widely studied class 
of propellerenes. In the ortho-substituted class, halogenated triphenylenes were chosen as the halogen 
substituents constituted an intrinsic trend in size, with molecules 1, 2 and 4 being additionally known 
experimentally in the literature. For the benzenoid class, molecules 5-8 were selected in which, starting 
from 4, additional benzene rings are incorporated into the wings, increasing their rigidity. We first 
started by studying the conformational preferences of propellerenes and their ability to interconvert 
between their two conformers. Next, to understand the origins of the thermodynamic preference of 
propellerenes, we employed and adapted the activation strain model (ASM). The present methodology 
is applicable not only to helicenes, but to non-planar aromatics in general, and will aid in their rational 
design and synthesis.  
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Results and discussion 

The geometries of the selected propellerenes (1-8) were optimized at PBE-D3(BJ)/6-31G(d,p) in their 
C2 and D3 conformation (Figure 2). Computed free Gibbs energies for the different conformers are in 
agreement with observed experimental preferences of the propellerenes, both in gas-phase (Figure 1) 
and solution phase (Table 1), with all ortho-substituted triphenylenes (1-4) preferring a D3 
conformation,2,3,27,42,43 and all benzenoid triphenylenes (5-8) preferring a C2 conformation37,44-49 (trends 
were found consistent for both ΔΔG and ΔΔE; see SI Table S4 for all data).  

 

Figure 2. Optimized geometries of a) ortho-substituted and b) benzenoid propellerenes the C2 and D3 
conformation. Energy values below the structures are the Gibbs free energies (∆G; kcal mol–1) computed at PBE-
D3(BJ)/6-31G(d,p) relative to the C2 conformer. For computational details see SI. 
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The ability of propellerenes to interconvert freely between their two conformations (i.e., the C2 
and D3 conformation), was then derived from computed barrier heights for interconversion. With the 
exception of propellerene 1, the barrier height to interconversion, expressed with respect to the C2 
conformer (see Eq. 1), is sufficiently high (∆G‡ > 23 kcal mol−1) to prevent spontaneous isomerization 
at room temperature (Table 1). All computed interconversion barriers are in close agreement with the 
experimental values of identical or structurally similar compounds, validating our computational model.  

Table 1. Computed and experimental conformational preference and barrier heights, relative to the C2 conformer, 
for the interconversion to D3 conformer (kcal mol–1) of benzenoid and ortho-substituted propellerenes. Computed 
data obtained at SMD(solvent)-PBE-D3(BJ)/6-31G(d,p). Solvent parameters were chosen as relevant for 
experimental conditions. Also see Table S1. 

 Preference 
(exp.) 

∆∆G 
(comp.) 

∆G‡ 
(comp.) 

1 C2 4.4 6.4c 

2 C2 4.0 24.7b 
3 C2 2.7 34.3a 
4 C2 4.2 35.2d 
5 D3 –3.6 25.1a 
6 D3 –3.1 25.8b 
7 D3 –2.9 23.3b 

8 D3 –3.4 28.7a 

a CHCl3, b PhMe, c THF, d DMSO, e DCM 
 
 We then wanted to understand the origin of the thermodynamic preference of the propellerenes 
and, in particular, the contrasting conformational preferences of the ortho-substituted and benzenoid 
families of propellerenes for a C2 and D3 conformation, respectively. We hypothesized the balance 
between the intrinsic preferences of the core and the wings of the propellerene to determine the most 
favorable conformation. To test this hypothesis, we employed the activation strain model (ASM; see SI 
for more full description of the computational method).53-59 This model considers the flexibility/rigidity 
of defined molecular fragments in a chemical system, as well as the ability of these fragments to interact 
with one another. Thus, the total energy, ∆Etot, of a system is decomposed into a total strain of the 
molecular fragments and interaction energy term, ∆Estrain and ∆Eint as: 
 
                                                                ∆Etot = ∆Estrain + ∆Eint                                                   (Eq. 1) 
 
Here, the strain energy, ∆Estrain, encompasses the penalty that needs to be paid in order to deform the 
molecular fragments from an initial state (here the C2 conformation) to another state (here the D3 
conformation). The interaction energy term, ∆Eint, accounts for all the interactions that occur between 
these two molecular fragments in their different states (including both covalent and non-covalent 
interactions). 

In the original ASM model, these different states of the molecular fragments are projected unto 
a reaction coordinate, typically describing bimolecular reactions,60-64 although studies concerning 
dyotropic and cyclization reactions of unimolecular systems are also known in the literature.65,66 
However, in our case, we must extend the ASM to allow tracking of the changes in the strain experienced 
by different parts of the same molecule, as well as the interaction between these parts, in two distinct 
conformations (cf. Scheme 1). Therefore, to apply the ASM method in an insightful manner, the core 
and wings as defined above were designated as separate fragments. These were then cleaved 
homolytically, to yield (uncharged) fragments with spins of +6 and –6 on the core and wings, 
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respectively (Scheme 2). The analysis was then performed on the spin-restricted fragments in their spin-
unrestricted electronic configuration. This approach is similar to that used by Krenske et al.67-69 and 
others,70 but differs in that in our model, radicals are not capped and fragment geometries are not relaxed. 

 
Scheme 2. Schematic representation of the homolytic cleavage of propellerenes to yield hexaradical core and wing 
fragments. 
 
In our approach, the total energy of the propellerene system is expressed as the sum of the strain 
experienced by the core (∆E strain

core ) and wing fragments (∆E strain
wing ), and the interaction between the 

fragments (∆Eint). Equation 1 can thus be re-written as: 
 

                ∆Etot = �∆E strain
core  + ∆E strain

wing �  + ∆Eint                                         (Eq. 2) 
 

The interaction energy term in Eq. 2 was further decomposed using a canonical energy decomposition 
analysis (EDA) and analyzed in terms of the quantitative Kohn-Sham molecular orbital theory (KS-MO) 
which is described in detail in the Supplementary Information; for data see Table S4.71-73 In our analysis, 
all the energy terms are expressed with respect to the C2 conformation (Eq. 3). As such, positive values 
of ∆∆E (as well as ∆∆G and ∆∆V) indicate a preference for the C2 conformation, whereas negative 
values represent a preference for the D3 conformation. 
 

                                                                          ∆∆E = ∆E tot 
D3 −  ∆E tot

C2                                                     (Eq. 3) 
 
 Table 2 summarizes the results of the activation strain analysis (ASA). Three general trends can 
be observed. First, for all propellerenes under consideration here (1-8), the total strain energy is always 
more destabilizing in the more distorted C2 conformation. Second, decomposition of the total strain 
energy terms into the strain energies of the individual fragments, i.e. ∆Estrain

wing  and ∆Estrain
core , reveals that 

the wing strain is more destabilizing in the distorted C2 conformation, whereas the core is always less 
destabilizing in the C2 conformation. In fact, we find that the preference of the wings for a D3 
conformation is always larger in magnitude than the preference of the core for a C2 conformation. Lastly, 
like the core strain, the interaction energy, ∆Eint, which describes the interaction between the core and 
the wings, is also found always more stabilizing in the C2 conformation for all propellerenes. We will 
show, that the ∆Eint term plays a prominent role in the conformational preference for the different 
propellerene families (vide infra). 

Next, we turn to explaining (i) the origin of the preferences of the different fragments and (ii) 
the influence of the substituents attached to the core (i.e. ortho-substituted versus benzenoid) on the 
conformational preference. Before doing so, it is important to reiterate that the wings in a propellerene 
molecule can only adopt two, geometrically possible, relative orientations; which gives rise to either a 
C2 or D3 symmetrical arrangement. The core, which is formed from the joining together of these wings, 
therefore adopts either a twist boat or chair-like geometry, respectively (see Scheme 1 and Figure 4). In 
other words, the arrangement of the wings dictates the shape of the core. 
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Table 2. Activation strain and energy decomposition analysis of propellerenes 1-8. All energies (kcal mol–1) are 
computed at ZORA-PBE-D3(BJ)/TZ2P//PBE-D3(BJ)/6-31G(d,p) and are reported with respect to the C2 
conformation. For all data see SI Table S4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wings fragment. Being aromatic, the wings of propellerenes have an intrinsic preference to be flat, 
which is quantitatively reflected in their general preference for a D3 conformation (Table 2). Generally, 
as highlighted in Figure 3, in the D3 conformation, the wings are by and large planar, and thus unstrained, 
whereas steric congestion of the wings in the C2 conformation necessitates a significant distortion from 
planarity. Perfluorotriphenylene 1 constitutes the smallest triphenylene-class propellerene to still exhibit 
chiral behavior. The small size of the fluorine atoms, however, means its wings experience only minor 
steric hindrance, which is reflected in the absence of a strong preference for either a C2 or D3 
conformation in any of the strain terms (for more information see Figure S3 and SI Table S6; c.f. Table 
1). Upon increase of the size of the wing substituents, a notable preference for the less distorted D3 
conformation becomes apparent, with the ortho-substituted propellerenes (1-4) showing a trend as I > 
Cl > Br > F, which can be directly traced back to the size of the halogens. For the benzenoid 
propellerenes no clear trends are observed, as introduction of additional benzene rings onto the ring does 
not significantly influence the steric clash experienced at the ortho-position. We additionally note that 
for propellerene 1, the wings are actually found to be more planar in the C2 conformation than in the D3 
conformation, whereas it are the substituents attached thereto (i.e. the F atoms) that are bend more out-
of-plane (Figure S3 and SI Table S6). It is the balance between these two purely structural factors that 
results in the preference of the wings of 1 for the C2 conformation. We note that this balancing game is 
only possible for ortho-substituted wings, due to the relative flexibility of the unitary benzene ring, 
whereas benzenoid extended wings are too rigid, and will therefore always show a D3 preference (vide 
infra). 
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 ∆∆E ∆∆E strain
 total  ∆∆E strain

 core  ∆∆E strain
 wing  ∆∆Eint 

1 5.0 1.2 0.9 0.4 3.8 
2 4.3 –2.3 1.9 –4.2 6.5 
3 3.1 –3.1 2.5 –5.6 6.3 
4 4.2 –3.2 3.3 –6.4 7.3 
5 –3.6 –6.2 3.0 –8.2 3.0 
6 –3.1 –5.0 1.3 –6.3 1.9 
7 –2.9 –4.8 2.1 –6.9 1.9 
8 –3.4 –5.1 1.0 –6.1 1.7 
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Figure 3. Side-view of propellerene 1, 4 and 7. Brown lines highlight the different extents of deformation (i.e. 
out-of-plane bending of the wings) in the C2 conformation, compared to their relative planarity in the D3 
conformation. 
 
Radial bonds. Regardless of conformation, the radial bonds which connect the propellerene wings to 
the core are significantly stretched compared to typical bond lengths found in planar PAHs. This is a 
direct result of the steric clash experienced by the propellerene wings. For all propellerenes, the radial 
bonds prefer to reside in the more distorted C2 conformation, in which they are slightly shorter than in 
the D3 conformation (SI Table S3). Having shorter bonds, however, means the wings approach each 
other at closer distances, necessitating them to distort to minimize steric clash (vide infra). In addition, 
careful inspection of the propellerenes geometries revealed that in the C2 conformation, the twist boat-
like geometry of the core allows two of the wings to join in an almost coplanar fashion, whereas in the 
D3 conformation the chair-like geometry of the ring dictates a more skewed attachment of the wings 
(Figure 4; highlighted pink and yellow). To verify whether the more stabilizing interaction energy 
between the wings and core (∆Eint) for the more distortive C2 (Table 2) originates solely from differences 
in bond length, or whether the geometry of the bond attachment is also of importance, a numerical 
experiment was performed. The radial bonds of propellerenes in their D3 conformer were artificially 
shortened to be of the same length as in their corresponding C2 conformer (see SI Table 5 for all data). 
Identical trends in terms of interaction energy were observed, however the absolute differences became 
smaller, indicating that the more stabilizing interaction energy found for the C2 (Table 2) originates from 
both the radial bond lengths and the way in which the radial bonds are attached, in which the former is 
more important. Importantly, by artificially shortening the radial bonds in the D3 conformation, the wing 
strain becomes more destabilizing, which can be directly traced back to the increase in steric hindrance 
between the wings (see Table S5). This thus reinforces the notion that in the D3 conformation it is not 
possible for the wings to approach each other at a closer distance, and hence necessitates longer radial 
bonds, and concomitantly a less stabilizing interaction energy.  
 

 

Figure 4. Representative geometries of the core fragment and radial bonds in the C2 and D3 conformation with 
key dihedral angles color-coded (pink, blue, yellow), with the range of angles found in 1-8. This illustrates the 
different ways in which the wings are adjoined to the core in the different conformations. For all dihedral angles 
see SI Table S2. 
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Core fragment. Like the radial bonds, the bond lengths found in the cores of propellerenes are always 
longer compared to typical bond lengths found in planar PAHs. Again, this is a direct result of the steric 
interactions experienced between the wings of the propellerenes, i.e. longer bonds within the core 
effectively place the wings further apart from each other. Conversely with the radial bonds, the C–C 
bonds within the core of propellerenes are always longer in the C2 conformation than in the D3 
conformation; i.e. the core of the C2 conformer is larger than that of the D3 conformer (SI Table S3). As 
an exemplary experiment, when the bare core was allowed to relax, without constrains, bond lengths 
became shorter and a planar, benzene-like molecule was obtained. Thus, the core of a propellerene 
molecule ideally wants to have shorter C–C bonds, but, in the context of a propellerene is geometrically 
prohibited from doing so by the presence of the wings. Despite the longer bond lengths, the core strain 
is less destabilizing in this conformation. To verify whether this preference is due to the bond lengths or 
whether there is an intrinsic preference for the skew-boat conformation, we performed a numerical 
experiment. Bond lengths of propellerene core fragments in their C2 and D3 conformation were 
constrained and all dihedral angles were artificially set to 0°, forcing the rings to become flat. 
Surprisingly, absolute differences in total energy diminished, and even slightly shifted in favor of the 
D3 conformation (SI Table S7). These results support the notion that the core intrinsically wants to adopt 
the skew-boat like structure over the flattened chair (Figure 4). These findings further reinforce the 
notion that the conformation of the core is enforced by the wings, rather than the other way around.20,35,74-
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Figure 5. Schematic overview of the C2 ⇄ D3 interconversion of propellerenes to graphically illustrate that the 
wings of propellerenes prefer to adopt the D3 conformation,

 whereas the radial bonds and core want to reside in a 
more distorted C2 conformation. The green color indicates that the fragment prefers the specific conformation, 
while the opposite is true for the red color. Radial bonds drawn in bold. 
 
Combined, based on our ASA, we find that the integral propellerene parts all share the same 
characteristics in both propellerene families. Importantly, it is the magnitude of the interaction energy 
between the core and the wings that varies most between the two families, and ultimately lays at the 
heart of the sharp contrast in conformational preference between ortho- and benzenoid-substituted 
propellerenes. The magnitude of the interaction energy is, in turn, dictated by the flexibility of the 
propellerene wings. When wings are relatively flexible (i.e. ortho-substituted propellerenes) they are 
able to adopt a more distorted C2 conformation, allowing for shorter radial bonds between the core and 
the wings, with concomitantly more a stabilizing interaction energy. In contrast, more rigid wings cannot 
deform sufficiently (i.e. benzenoid-substituted propellerenes), and thus necessitate longer radial bonds 
to avoid steric clash between the wings, and incurring less stabilizing interaction energy (Figure 5). This 
interplay between the flexibility of the wings and length of the radial bonds is graphically illustrated in 
Figure 6. There it is apparent that for ortho-substituted propellerenes, conversion from the C2 
conformation to the D3 conformation is associated with flatter wings (favorable) but also longer radial 
bonds (unfavorable), whereas for the benzenoid-substituted propellerenes there is hardly any change in 
radial bond length during interconversion, and the preference for a D3 conformation is thus purely 
dictated by the relative planarity of the wings in the two conformations. 
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Figure 6. Plot of the average radial bond length as a function of the average bending angle of wings of 
propellerenes 1-8 in the C2 and D3 conformation. Compounds and conformations are groups as: benzenoid-C2 
(brown squares), benzenoid-D3 (brown triangles), ortho-C2 (blue squares) and ortho-D3 (blue triangles).. The 
definition of the out-of-plane bending angle is illustrated in the top right corner. 
 
Model validation. To validate our hypothesis that the flexibility of the wing is the dominant factor in 
driving the conformational preference of propellerenes, additional molecules (9-11) were selected and 
analysed using the present model (Table 3). These molecules all have alkyl substituents on the ortho 
position. It is observed that compound 10 follows the general trend observed for the halogenated 
propellerenes (Table 2), i.e. the wings prefer a D3 conformation, whereas the core and radial bonds prefer 
a C2 conformation, the latter term of which is able to overcompensate the wing strain term. Compounds 
9 and 11, however, behave more like perfluorotriphenylene 1 in that all terms, including the wings, 
prefer a C2 conformation. This is accounted for by the present model, as the flexibility of the substituents 
in 9 and 11 results in negligible conformational preference of the wings, as a result of which the 
preferences of  the radial bonds and core become the dominant factor, and a C2 conformation is adopted. 
Compound 11 is a particularly interesting case, being the hydrogenated variant of 2, which prefers a D3 
conformation. In other words, upon hydrogenation of 2, the ortho-carbons of the wings change from sp2 
to sp3, making the wings substantially more flexible, causing a shift in conformational preference from 
D3 to C2. 

Table 3. Activation strain and energy decomposition analysis of propellerenes 9-11. All energies (kcal mol–1) are 
computed at ZORA-PBE-D3(BJ)/TZ2P//PBE-D3(BJ)/6-31G(d,p) and are reported with respect to the C2 
conformation. 
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 ∆∆E ∆∆E strain

 total  ∆∆E strain
 core  ∆∆E strain

 wing  ∆∆Eint 
9   4.9 3.3 3.3 0.0 1.6 

10   3.3 –4.3 2.7 –7.0 7.6 
11   4.2 2.8 2.4 0.4 1.4 
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Conclusions 

The conformational preference of propeller-shaped polycyclic aromatic hydrocarbons has been the topic 
of heavy debate. Triphenylene-class propellerenes with substituents on the ortho-position prefer to adopt 
a conformation with a C2 conformation, whereas those with benzenoid substituents prefer to adopt a D3 
conformation. Herein, we provide a comprehensible framework to understand and rationalize the driving 
forces behind the conformational preference of a range of structurally diverse propellerenes. 

The origin of the thermodynamic preference of propellerenes could be quantified using a novel 
adaptation of the activation strain model (ASM). By strategically fragmenting propellerene molecules, 
we find that both the core and wings of propellerenes desire to be flat, however, their merger necessitates 
significant deformation, away from their ideal geometry, to minimize steric interactions between the 
wings. We found the desire of the wings for the D3 conformation to always be greater than the desire of 
the core for a C2 conformation. Attention was therefore shifted to the radial bonds, which connect the 
core and wings together. These were also found to always prefer a C2 conformation and, in the case of 
ortho-substituted propellerenes, are even able to overrule the preference of the wings. We were 
ultimately able to rationalize that the balance at play in propellerenes is between the extent to which the 
wings can bend and the radial bonds can contract. When wings are flexible, a C2 conformation will be 
preferred, when wings are rigid, a D3 conformation will always be preferred. 

To conclude, these findings will equip experimentalists with the insight to understand and 
rationalize the trends in conformational behavior of propellerenes and allow the tailor-made design of 
novel sterically congested structures. Although applied here only to propellerenes, the present 
methodology is broadly applicable and will open up new avenues not only in the field of PAH research 
but in the field of physical chemistry at large, and should prove useful in the rational design of novel 
functional constructs. 
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