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Abstract: The development of chiral compounds with enhanced chiroptical properties is an important challenge to
improve device applications. To that end, an optimization of the electric and magnetic dipole transition moments of the
molecule is necessary. Nevertheless, the relationship between chemical structure and such quantum mechanical
properties is not always clear. That is the case of magnetic dipole transition moment (m) for which no general trends for
its optimization have been suggested. In this work we propose a general rationalization for improving the magnitude of
m in different families of chiral compounds. Performing a clustering analysis of hundreds of transitions, we have been
able to identify a single group in which jm j value is maximized along the helix axis. More interestingly, we have found an
accurate linear relationship (up to R2=0.994) between the maximum value of this parameter and the area of the inner
cavity of the helix, thus resembling classical behavior of solenoids. This research provides a tool for the rationalized
synthesis of compounds with improved chiroptical responses.

Introduction

Since the discovery of optical activity in the nineteenth
century, much effort has been made to understand the

chiroptical phenomena. The use of such knowledge as a tool
to create entities with magnified chiroptical responses
implies a step forward. Such chiroptical properties have
been suggested to be relevant in many areas,[1] such as 3D
displays,[2] optoelectronic devices,[3–5] chiral sensing,[6] optical
switches[7–9] and, also, in physical phenomena as the chiral
induced spin selectivity (CISS) effect,[10–14] with applications
in spin-selective electrochemical and biological
processes.[15,16]

Among the chiroptical properties, electronic circular
dichroism (ECD) has dominated the field owing to the well-
established equipment for its measurement, and the relevant
structural information that provides. The main drawback is
the usually weak signal associated to this property. The
magnitude of the response for each transition depends on a
critical parameter, the rotatory strength (R), which is related
to the scalar product of the electric (μ) and magnetic (m)
dipole transition moments, μ ·m= jμ j · jm j ·cosθ, being jμ j
and jm j the corresponding modules and θ the angle between
the two vectors. The disparity in the magnitude of both
dipole moments and the misalignment between them is at
the core of the problem. For an ideal intense response, both
dipoles should be aligned, being also both as high in
magnitude as possible. Although μ can be engineered
promoting a displacement of charge during the transition,
there is no clear idea on how to enhance m. It is worth
noting that one of the most challenging facts in ECD is that
high absorption dissymmetry factors (gabs=Δɛ/ɛ �4(jm j /
jμ j) cosθ) are often associated with low absorption values,
that is low μ (a typical example is the electric dipole
forbidden transition of carbonyl). For a related phenomenon
as circularly polarized luminescence (CPL) the desired high
emission dissymmetry factor for the S1!S0 transition (glum=

ΔΙ/Ι�4(jm j / jμ j) cosθ), is also incompatible with high
quantum yields by a similar reasoning.[17] A rough estimation
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of the maximum g values for electric allowed transitions in
organic molecules, considering Bohr magneton and elec-
tronic charge multiplied Bohr radius values, suggests that
they are limited by twice the dimensionless fine structure
constant α (rough 10� 2).[18] Nevertheless, the above men-
tioned dichotomy can change creating systems with accept-
able electric- and magnetic-allowed transitions at the same
time. That is, transitions with exceptional m values, while μ
remains high.

Playing with the naïve idea that transitions in fully
conjugated helical molecules resemble the behavior of a
nanosolenoid with one or multiple loops, we could consider
that electron movement during the transition develops an m
whose magnitude classically depends on the area encircled
by each loop (Figure 1). This reasoning recalls the “free
electron on a helix” model by Tinoco and Woody, adopted
in the sixties to explain optical rotation of helices.[19] If this
hypothesis is correct, a linear dependence between m and
the inner area within a family of nanosolenoids should exist.
In that way, m could be engineered for a selected transition,
in principle, with no limits. This suggestive idea is supported
by previous observations of our group[20] and strengthened
by the observations of a similar behavior in other helical
structures by Matsuda, Don Tilley, Isobe, Wu and Itami
groups.[21–26]

Herein, we have analyzed such appealing possibility in
three different families of organic helical structures (simple
carbo[n]helicenes and ortho-oligophenylethynylenes, o-
OPEs) and a chiral molecular circuit based on paraphenyle-
thynylene-linked paracyclophanes recently reported by

Morisaki.[27] First, we need to identify the best transitions in
terms of jm j for each compound. If the assumption is right,
the corresponding vectors should be aligned with the helix
axis, as the classical viewpoint demands. The selection of
transitions has been done with machine learning approach.
Specifically, we chose clustering procedures that has been
successfully applied in several context, including
chemistry.[28] Indeed, clustering has been recently applied to
tackle conformational uncertainties in chiroptical
properties.[29] From the perspective of machine learning,[30]

clustering is an unsupervised approach involving several
methods aimed to identify groups of objects based on some
measure of similarity among them.[31] In this work we relied
on a clustering method on all calculated electronic transi-
tions (100 in most cases) for each molecule in every family
to determine meaningful groups of magnetic transitions. An
online implementation of the code used for the clustering
can be accessed at GitHub (see SI). We have found by
means of density functional theory (DFT) calculations that
exceptional jm j values could be obtained once the orbitals
involved in the transition are fully delocalized in the helix,
allowing a formal helical movement of an electron along the
helix axis. It is interesting to recall that in C2-symmetric
species, transitions oriented parallel to the helical axis, or
with a component along the helix axis, are always of
symmetry species B. Additionally, we have found that jm j
depends directly on the number of turns and, therefore, on
the total encircled area of the solenoids. Thus, we have
shown that this dependence exists and can be predicted. As
a consequence of our findings, exceptional chiroptical
responses can be designed and predicted with jm j values up
to 47×10� 20 ergG� 1.

Results and Discussion

Three families of fully π-conjugated helical molecules,
ranging from simple [n]helicenes to larger extended o-
oligo(phenylene)ethynylenes (OPEs), and molecular circuits
based on chiral cyclophanes[27] were studied. Within the
same family, the inner area was increased in two different
ways: i) increasing the number of turns and/or ii) elongating
the side of the geometric form. The geometries of each
member were optimized using DFT methods as imple-
mented in Gaussian 09[32] at the LC-ωPBE[33]/6-31G*[34]/
PCM[35] level of theory. Subsequently, vertical electronic
transitions were computed by time dependent density func-
tional theory (TD-DFT) at the same level of theory, and the
module of m (jm j) calculated. To avoid any functional
dependence of the present results, other functionals have
been tested (B3LYP,[36–38] M06 and M06-2X)[39] (ESI). The
calculated jm j values for all transitions were subsequently
grouped in families using an unsupervised clustering process
under a statistically optimized number of subgroups. This
way, no presumption is made, and a set of data can be
obtained and correlated with different magnitudes. Among
the several methods/algorithms available,[30] as an initial
approach, we applied the k-means algorithm,[40] which
produces k groups from the available data. Such algorithm

Figure 1. Summary of the theoretical model (top), strategies on how to
increase the inner area (middle) and chiral families studied (bottom).
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was chosen given its suitability to deal with numerical
features, the low complexity of the output and the wide
availability of software implementations that makes its
application easy.[30] In particular, the Euclidean distance was
used as a measure of similarity between objects, while the
value of k (optimal number of clusters) was determined
automatically from the elbow method.[40] In this procedure,
the algorithm was applied for k 2 ½2; 3; ::; 20� and the k
value that maximizes the curvature of an interpolated
function of the inertia cost was kept.[41] The k-means
implementation provided in the Python module scikit-
learn[42] was used for the experiments. Remarkably, for all
the studied compounds (nearly 70), there is one family,
composed by one to a few components in the group, in
which the vector is pointing in the helix axis with a very high
relative jm j , as demonstrated by previous studies.[20] To our
delight, we found the expected correlation: the representa-
tion of jm j against the area for all the families showed an
intriguing linear relationship with R2 up to 0.994. In this
way, predictive extrapolations about maximum values of
jm j could be made within the families. It is worth noting
that for organic molecules very good values for jm j are
around 1×10� 20 ergG� 1. In the studied series, there are
transitions behaving as classical solenoids in which this value
could be increased in orders of magnitude simply by varying
the area. On the other hand, the existence of such transitions
with a solenoid type behavior is interesting for electron
transport properties through the molecule. It has been
suggested that chiral systems with intense chiroptical proper-
ties are also relevant for the so called CISS effect.[12,13]

As the simplest case, we started our study with
[n]helicenes. This family of o-fused benzenes generates well
defined helical structures, being configurationally stable
from [6]helicene, although [5]helicene can be isolated in an
enantiopure way and characterized before its
racemization.[43] Bearing this idea in mind, we calculated the
vertical electronic transitions of all helicenes from
[5]helicene to [30]helicene, along with [40]helicene and
[50]helicene. For the first series, 100 transitions were
computed, whilst for the two largest members, [40]helicene
and [50]helicene, only 30 transitions were calculated due to
the elevated computational cost. The clustering process was
statistically optimized, yielding 6–9 subgroups. Remarkably,
one of the subgroups was constituted by a unique transition
with maximum jm j and parallel to the helix axis (Figure 2).
The exception was [9]helicene, where two transitions close
in energy seemed to share the weight of the rotational
strength. However, increasing the number of cluster sub-
groups resulted in the same observation: the initial group of
maximum jm j with two elements develops into a unique
transition with the vector aligned with the helix axis.

To answer the question of whether the intense tran-
sitions aligned with the helix axis behaved as a classical
solenoid, the jm j values against the inner area of the
helicene were represented (Figure 3). For the exception
([9]helicene), the maximum value of both transitions was
used in the correlation (although the use of the centroid
gave similar results, see SI). An impressive linear correlation
was found, which fits the expected behavior from [5] to

[50]helicene. Apparently, no limit for jm j value can be
inferred from the data, the higher the area, the higher the
value. It is worth noting that the optimization of this jm j
value would allow obtaining giant chiroptical responses
owing to electric and magnetic allowed transition. This fact
can be observed in the [n]helicene family, enhancing the
expected value of R from 924.9 to
8378.5×10� 40 ergesucmG� 1 (for [6] and [50]helicene, respec-
tively) and, in consequence, the ECD response (Figure 4).

Magnetic dipole transition moment m could be visual-
ized using a breakdown analysis of the densities, as
implemented in the Multiwfn package.[44] As expected for
the transitions chosen by clustering analysis, the m density

Figure 2. Optimized structures (LC-ωPBE/6-31G*/PCM) of [6], [12] and
[18]helicene (a) and of expanded[12], [24] and [36]helicene (b) including
the decomposition analyses (see SI) of the magnetic dipole transition
moment (m) for the transition that represents a single independent
subgroup in the cluster analysis.

Figure 3. Correlation chart between the inner area and the calculated
magnetic dipole transition moment module (jm j) for [n]helicenes
(black squares) and expanded[n]helicenes (red circles).
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was clearly localized around the helix, being maxima in the
central part of the helix axis (Figure 5). The trend was
observed from [5] to [50]helicene (see SI). Interestingly, the
decomposition of m associated to the phenyl ring contribu-
tions (Figure 2) supported this observation.

After analysis of [n]helicenes, as mentioned above,
another strategy to increase the inner area is to expand the
side of the geometric form. Therefore, cata-fused helicenes
(expanded helicenes) were selected as [n]helicene analogues
with an increased inner area. These compounds have been
proposed as an alternative to generate intense chiroptical
properties and its synthesis is attracting major attention.[45–48]

Within this family, we have considered examples ranging
from n=12 to 39 benzene rings, both included, along with
n=50. In this case, each loop represents a six-fold larger
area than in [n]helicenes. Thus, the expanded[12]helicene
represents a single turn, and the expanded[30]helicene
2.5 turns (Figure S78). This fact allowed us to preserve the
number of involved benzene rings and number of turns, to
perform a comparison with the previous family. Clustering
process resulted in a subgroup of transitions composed by
only one vector aligned with the helix axis. Not surprisingly,

the magnitude of such vector correlated with the inner area
along the family with an almost perfect linear relationship
(Figure 3, red circles). Remarkably, the slope was similar to
the one obtained for the [n]helicenes family. Even more
important is the fact that the new helical arrangement was
able to enclose bigger areas for the same number of benzene
rings. That is, the area of the first member of the series
(expanded[12]helicene) was the same as the corresponding
[40]helicene, using a lower number of benzenes. In that way,
impressive jm j values can be obtained (up to
22.28×10� 20 ergG� 1 in expanded[50]helicene) only manipu-
lating the geometry in a rational approach. As expected, the
analysis of the densities and decomposition of the vector
associated to the phenyl ring contributions (e.g. Figure S78)
afforded essentially the same information as in the previous
family, supporting, in a consistent way, that this kind of
molecules present an intrinsic solenoid behavior in their
excitation processes.

With these encouraging results in hand, we decided to
prove whether the linear correlation between the inner area
and jm j was preserved in other helical structures. As a
second case, we selected the o-OPE family, in which helical
structures can be found in their fully folded
conformations.[20,49–52] We optimized the geometry of helical
o-OPEs ranging from one to ten loops (LC-ωPBE/6-31G*/
PCM). In this family, each loop contains three phenyl-
acetylene units, except for the smallest member, which
contains an extra benzene ring. The nomenclature followed
was n-o-OPE, where n stands for the number of phenyl
rings. Thus, the family ranged from 4-o-OPE (one loop) to
31-o-OPE (ten loops). Using TD-DFT, we calculated m for
the first 50 vertical electronic transitions. After performing
the cluster analysis, a subgroup containing a unique
transition vector aligned with the helix was again observed
(see example of 10-o-OPE in Figure 6 left). Conversely, for
4-o-OPE and 7-o-OPE, the family was composed of three
transitions and two respectively, therefore, the maximum
value was used in the correlation. A striking correlation
(R2=0.9887) was found by plotting jm j against the inner
area (Figure 7, blue squares). The decomposition analysis of
m resulted in similar conclusions to the previous discussed
case, the vector assigned to m appears due to a helical

Figure 4. Simulated ECD spectra (lines) of [12], [18], [24], [30], [40] and
[50]helicene (sigma=0.40 eV) and rotatory strengths (bars) of the
transition that forms a cluster itself (m aligned with the helix axis).

Figure 5. Magnetic dipole transition moment densities for the transi-
tion that represents a single independent subgroup in the cluster
analysis displayed with an isosurface value of 0.005 a.u. in [6], [12] and
[18]helicene.

Figure 6. Optimized structures (LC-ωPBE/6-31G*/PCM) of selected
examples of OPEs: 10-o-OPE, expanded o-OPEs and 18-m-OPE and
orientation of the magnetic dipole transition moment (m) that
represents an independent subgroup in the cluster analysis.
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movement of electrons during the transition. Intriguingly,
the magnitude of m was weaker for o-OPEs family,
compared to helicenes and expanded helicenes with the
same inner area. Thus, we hypothesized that the degree of
conjugation has an effect in the correlation slope. Con-
sequently, the enclosed area is not the only relevant feature
to control in the design of compounds with impressive
chiroptical properties.

At this point, we wondered whether such weaker jm j is
general. Therefore, we studied the trend using only one loop
in which the encircled area was monotonically increased.
Analogously to the family of [n]helicenes, we created an
expanded o-OPE family increasing up to ten the number of
alkynes connecting the phenyl rings (Figure 6, middle). A
similar clustering analysis showed families composed by
single or a couple of transitions in which representation of
the most intense against the encircled area revealed again
the expected correlation (Figure 7, pink triangles), at least
for the first nine members of the series. A closer inspection
of the final anomaly showed that during the minimization
process the phenyl rings at the ends were rotated with
respect to the inner phenyl ring and therefore the conjuga-
tion was interrupted. For a better understanding of the
phenomenon, we artificially rotated the extrema to preserve
the full conjugation. As a result, we recovered, in this later
case, a better correlation. As in previous families, the
magnetic dipole transition moment densities together with
the decomposition of the dipole transition moment of single
independent subgroups were analyzed (see SI, e.g., S111),
showing an intense component in the helix axis.

To exhaustively evaluate this family and bearing in mind
all the precedents, the ideal molecular arrangements are the
ones magnifying the inner area for the same number of
carbon atoms. Considering that m-OPEs are also able to
generate helical structures, they are appealing candidates to
be studied. It is worth noting that a single loop in a m-OPE
represents about six single o-OPE loops in terms of inner
area (113.27 vs 107.86 Å2). Thus, we modelled m-OPEs with

up to five loops (Figure 6, right), an equivalent area to 103-
o-OPE. Consistently, the correlation was found as expected
(Figure 7, green hexagons, see ESI for more details). In fact,
the most striking result is that the slope is similar to the one
obtained for the o-OPE family (0.029 vs 0.032, respectively),
thus perfectly fitting the expected values: a m-OPE loop is
the equivalent of seven o-OPEs loops, owing to its area
relationship. Considering an identical number of loops for
m- and o-OPEs, a magnified m is obtained, clearly pointing
out that the area is the critical factor and confirming our
initial assumption.

The classic magnetic dipole moment formula refers to a
closed loop of current where the relationship between the
magnitude of m and the area would be perfect (Figure 1).
Recently, Morasaki's group has described an analogue to a
molecular loop in a chiral form with impressive chiroptical
responses.[27] If our working hypothesis is right, the relation-
ship between jm j and the inner area must fit perfectly also
for these systems. Therefore, as third case we created a set
of five molecular circuits based on Morasaki's systems
(Figure 8) and evaluated whether the aforementioned
correlation exists. The results nicely fit the expectations with
a linear dependence and alignment of the vector, being
perpendicular to the π-conjugated system (Figure 9). De-
spite the correlation might resemble to reach a plateau, this
can be attributed to the higher conformational flexibility of
chiral circuit 5 (Figure S153), which affects the estimation of
its inner area and magnetic dipole transition moment This
negative conformational effect must be considered in the
design of synthetic objectives. In any case, the predicted jm j
values were enormous, up to 47×10� 20 ergG� 1. These results
show the unlimited influence of the inner area in the
modulation of jm j , obtaining linear responses in systems
with areas as big as 1000 Å2.

Figure 7. Correlation chart between the inner area and the calculated
magnetic dipole transition moment module (jm j) for o-OPEs (blue
squares), expanded o-OPEs (pink triangles) and m-OPEs (green
hexagons).

Figure 8. Optimized structures (LC-ωPBE/6-31G*/PCM) of chiral cir-
cuits 1–3.
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Conclusion

In this work we describe a remarkable linear relationship
between the magnetic dipole transition moment and the
inner area defined by chiral scaffolds in three different
families of architectures (carbo[n]helicenes, o-OPEs and
chiral molecular circuit based on paraphenylethynylene-
linked paracyclophanes). The use of clustering method-
ologies has allowed an unsupervised classification of the
transitions according to the value of this parameter. In most
of the cases there is one group conformed by a single
transition, which corresponds to the maximum value of jm j .
Such m was observed to correlate with the inner area of the
helical compounds under study (R2 up to 0.9944), revealing
the behavior of a molecular solenoid. Along these lines,
increasing the inner area of the helix (enhancing the number
of turns or the extension of the turn) permits to reach
outstanding m values, leading to intense chiroptical re-
sponses. Considering the proposed relationship between the
strength of chiroptical properties and spin filtering,[53] this
correlation provides a tool for the future development of
more efficient optoelectronic and spin-selective devices.
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