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ABSTRACT: Molecules with a large chiroptic response in the
visible range are key in the design of new eﬃcient chiral
optoelectronic devices. It has recently been shown that NP3H, a
helicene-based nanoribbon with three perylene diimides connected
by two naphthalene units, exhibits a huge ampliﬁcation of the
electronic circular dichroism response at 400 nm with respect to
NPDH, its analogue with only two perylene diimides bridged by a
single naphthalene. Here we show that time-dependent density
functional theory can reproduce this experimental feature,
attributing it to a strong increase in the magnetic transition dipole
moments of the involved electronic states in NP3H. A more
qualitative understanding of the phenomenon is obtained with a
number of readily accessible computational tools. An analysis of the diﬀerence in the electronic densities of the excited and ground
states indicates that the key units in explaining the enhancement in electronic circular dichroism are not the perylene diimides but
the idealized double[6]helicene substructure of NP3H, formed by the naphthalenes and the adjacent rings within the perylene
diimides. Such an analysis further suggests that the ampliﬁcation arises from an exciton-like coupling, not possible in NPDH where
only one [6]helicene subunit exists. Computations on diﬀerent fragments of NP3H and the application of simple exciton models
provide additional support for this mechanism. These results show that this double[6]helicene unit could represent a key core in the
design of new chiral conjugated materials with enhanced chiroptical properties in the visible range.

I. INTRODUCTION

Extensive intramolecular overlap of the large PDI subunits
ensures stability toward thermally induced racemization, while
π-delocalization confers to these nanoribbons interesting
electronic properties. In particular, these features make the
dense manifold of electronic states from 250 to 550 nm (5.0 to
2.2 eV) responsible for the remarkable absorption and ECD
spectra. Here we show that time-dependent density functional
theory calculations reproduce the experimental spectra, and we
use several readily accessible computational tools to
deconvolute the unexpected increase in ECD from NPDH to
NP3H. Namely, we analyzed the diﬀerence in the electronic
densities (DED) of the states that leads to the largest ECD
response with respect to the ground state. The structural origin
was further revealed by the calculations of diﬀerent fragments
within NP3H and the application of simple exciton models on
diﬀerent fragments of the molecule. Importantly, we ﬁnd that
the naphthalene spacers together with a portion of the PDIs,
which together constitute several idealized helicene subunits

Helicenes are an important class of polycyclic aromatic
compounds in which benzenes or other aromatics are ortho
fused to impart a chiral helical structure.1−4 They are
promising candidates for applications in chiral electronics
and optoelectronics because of their unique semiconducting
and chiroptical properties.5,6 However, the full potential of
helicenes has not been realized because there is no simple yet
general understanding of the speciﬁc chemical structures that
give rise to enhanced chiroptical properties. For example, axial
elongation of carbo[n]helicenes (in which n denotes the
number of ortho-annulated benzene rings) does not lead to
signiﬁcant increases in electronic circular dichroism (ECD).7
Moreover, fusing multiple helicenes to a π-extended nanographene core can result in red-shifted absorbance, but the
overall ECD is not consistently enhanced.8−13 Therefore, it is
essential to develop a broadly applicable molecular design for
chiral nanographenes with exceptional chiroptical properties.
In this scenario, helicenes based on perylene-3,4,9,10tetracarboxylic-diimide (PDI) subunits are promising materials.14−16 We recently discovered that NP3H, a helicene-based
nanoribbon that incorporates three PDI subunits, exhibits large
ECD ampliﬁcation with respect to NPDH, its smaller analogue
(Figure 1).14,15
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II. COMPUTATIONAL DETAILS
Density functional theory (DFT) and its time-dependent
(TD) extension for electronic excited states represent a good
compromise between accuracy and computational cost;
therefore, they are usually the method of choice for
investigating the optoelectronic properties of extended πconjugated compounds such as conjugated polymers and
nanoribbons.17−22 We adopted the CAM-B3LYP functional to
ensure the proper description of the excited states, including
those with possible charge-transfer (CT) character.23 Moreover, since the helical structure brings diﬀerent parts of the
molecule into close proximity to one another, the molecular
geometry can be altered by noncovalent dispersion forces, with
signiﬁcant eﬀects on the spectroscopic properties. Therefore,
we included Grimme’s dispersion corrections with Becke−
Johnson damping (GD3BJ).24−26 Previous calculations of the
ECD spectra of diﬀerent functionalized helicenes have been
reported in the literature in the past decade, adopting TD-DFT
(also in combination with functionals with dispersion
corrections) or even coupled cluster (CC2) methods.7,27−32
Here, because of the necessity of performing an extended
computational study, we used TD-DFT and moreover mainly
adopted the convenient 6-31G(d) basis set and replaced the 6undecyl chains with methyl groups. The adequacy of this level
of theory is carefully evaluated in the Supporting Information
(SI). All calculations were performed in gas phase with
Gaussian 16 (more details in the SI),33 except for TD-DFT
calculations on the rotatory strengths with the London atomic
orbitals (LAO) that were performed with Dalton 2016.34
The nature of the excited states was studied in terms of the
diﬀerence in electronic densities between the excited state i
and ground state and is reported in the Supporting
Information in terms of the natural transition orbitals
(NTOs).35

Figure 1. Chemical structures of (M)-NPDH and (M)-NP3H with
subunits shown in red (PDIs) and black (naphthalenes). The R alkyl
group stands for 6-undecyl alkyl chains for both molecules, but they
were replaced by methyl groups in the theoretical model. The
aromatic rings composing the resulting carbo[6]helicene framework
are highlighted in gray.

(i.e., carbo[6]helicenes; see the colored rings in Figure 1), are
the key to explaining the enhancement in ECD from NPDH to
NP3H.

Figure 2. Comparison of computed (gas phase) and experimental (THF) absorption (top) and ECD (bottom) spectra of (M)-NPDH (left) and
(M)-NP3H (right).14,15 The calculated vibronic spectra (50 states) shown in red have been obtained with the FC|VG model and have been shifted
by 0.330 eV for (M)-NPDH and by 0.387 eV for (M)-NP3H to match the position of the long-wavelength ﬁrst peak. Additionally, the (M)-NP3H
absorption and ECD intensities have been multiplied by a factor of 0.64; no scaling factor was needed for (M)-NPDH. Computed spectra have
been convoluted with a phenomenological Gaussian with HWHM = 0.056 eV.
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Figure 3. (M)-NPDH (left) and (M)-NP3H (right) absorption (top) and ECD (bottom) spectra computed at the pure electronic level and stick
bands for the individual states. We label the most important states (in order of increasing energy). All stick electronic bands have been convoluted
with a phenomenological Gaussian with HWHM = 0.056 eV. A red shift on the energy axis of 0.330 eV for (M)-NPDH and 0.387 eV for (M)NP3H has been applied. The (M)-NP3H absorption and ECD intensities have been multiplied by a factor of 0.64. These shifts and scaling are the
same values adopted for the vibronic spectra in Figure 2.

Absorption and ECD spectra have been computed, including
the vibronic contributions in Franck−Condon (FC) with the
vertical gradient (VG) harmonic model (FC|VG),36 with the
code FCclasses 3.0 by considering the ﬁrst 50 excited
electronic states for both NPDH and NP3H.37 Vibronic
calculations of the electronic spectra of helicenes have already
been reported but only for smaller systems and very few
electronic states.38,39
To perform exciton ECD calculations, we deﬁned suitable
molecular models made up of diﬀerent interacting species and
computed the couplings between their local excitations with
Gaussian 16 as a Coulombic interaction of the transition
densities. The ECD spectrum was then obtained with the
EXAT program interfaced with Gaussian 16 (additional details
in section S8 of the Supporting Information).40

consistent with our computations, although it is blue shifted to
∼340 nm. For π-conjugated systems of this size, some
discrepancies between computations and experiments should
be expected, especially when high-energy states (shorter
wavelengths) are considered. They can be due to several
factors, including the coupling among the electronic states
(e.g., for NP3H, there are 15 diﬀerent electronic states from
300 to 370 nm, roughly corresponding to 360430 nm in the
experiment), whose proper inclusion is beyond the capabilities
of state-of-the-art methodologies.
The good agreement of the computed vibronic absorption
and ECD spectra with the experiment proves that the CAMB3LYP/6-31G(d) level of theory is fully adequate to
investigate the mechanism of the enhancement of the ECD
activity in (M)-NP3H. Since the details of the vibronic shapes
arise from the contributions of millions of diﬀerent vibrational
states, for further analysis we adopt a simpler purely electronic
approach where vibronic contributions are neglected. In this
approximation, the spectra are obtained simply from the
transition frequencies of the electronic excited states and their
intensities, each of which is associated with a Gaussian line
width. Figure 3 shows that such a simpliﬁed model still
captures the main features of the spectra, and it describes the
ECD enhancement of (M)-NP3H observed in the experiments
very well. However, some changes are evident: for example, the
relative intensity of the second band in the absorption
spectrum of NPDH and NP3H at 475 nm is reproduced at
the vibronic level but is remarkably underestimated by the pure
electronic approach. Moreover, the lowest-energy absorption
band (∼500 nm) is overestimated by a purely electronic
calculation because the intensity is concentrated in a single
band and is not distributed over the diﬀerent vibronic peaks.
As mentioned above, the absolute position of the computed
spectra is moderately blue-shifted (∼0.33 eV for (M)-NPDH
and ∼0.39 for (M)-NP3H), in line with what is expected for

III. RESULTS AND DISCUSSION
III.A. Reproducing the Experimental Spectra with TDDFT. Figure 2 shows that our calculations in the gas phase
reproduce the experimental spectral shapes in THF, apart from
a slight overestimation of the intensity for (M)-NP3H and a
moderate blue shift (0.33 eV for NPDH and 0.39 eV for
NP3H). The simulated UV−vis spectrum of NPDH agrees
with the experiment nearly quantitatively from 550 up to 400
nm. In the same range, the general shape of its ECD,
characterized by a negative band followed by two positive
bands and a weak signal at higher energies, is also reproduced.
For NP3H, the calculated and experimental UV−vis are almost
identical for the ﬁrst two lowest bands, while at λ < 450 nm we
observed some underestimation of the relative intensity. The
shape of the ECD spectrum of (M)-NP3H is nicely captured,
with a negative band at ∼510 nm and a very intense couplet at
∼400 nm. In particular, the large enhancement of the
chiroptical response at ∼400 nm (the central point where
the intensity is 0) of (M)-NP3H with respect to (M)-NPDH is
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Table 1. Vertical Energies (VE) in eV, Its Corresponding λ (nm), Oscillator Strength (OS), Rotatory Strengths (10−40 cgs) in
the Velocity Gauge (Rvel) and in the Length Gauge (RLAO)a, Module of the Electric Dipole (μ) in a.u., and mμb for the Excited
States Involved in the Largest ECD Activity of (M)-NPDH and (M)-NP3Hc
excited state

VE

λ

OS

S6
S7
S8

3.35
3.65
3.81

370
340
325

0.13
0.50
0.18

S12
S13
S15
S20

3.50
3.57
3.78
3.92

354
348
328
316

0.28
0.24
0.36
0.42

Rvel
(M)-NPDH
−79
167
85
(M)-NP3H
−451
−953
1146
911

RLAO

μ module

mμ (LAO)

−77
187
94

1.28
2.36
1.39

−0.13
0.16
0.14

−461
−945
1147
916

1.81
1.67
1.97
2.09

−0.55
−1.36
1.30
0.93

With London atomic orbitals (LAOs). bComponent of the imaginary part of the magnetic transition dipole moment, m, along μ, also in a.u.
Calculations were made at the CAM-B3LYP/6-31G(d)/GD3BJ level of theory in the gas phase with R = Me.

a
c

CAM-B3LYP.41 In the SI (Section S1), we show that the
inclusion of solvent eﬀects with the polarizable continuum
model (PCM)42 and the use of larger basis sets partially reduce
this error (to ∼0.16 and ∼0.22 eV for (M)-NPDH and (M)NP3H, respectively), but they do not signiﬁcantly change the
spectral shapes; therefore, the level of theory adopted is
adequate for the forthcoming analysis. The experimental
absorption spectrum of NP3H shows a low-energy shoulder
(∼540 nm) that is apparently missing in our computations.
This issue is analyzed in section S2 of the Supporting
Information. There, we show that this shoulder likely arises
from the S1 state, which is too close to the other states in our
computations.
In the region of the ECD couplet (∼340 nm for computed
values), NPDH and, most of all, NP3H exhibit several
electronic states (namely, 15 states within 0.6 eV for NP3H).
Notwithstanding this, the main contributions to the ECD arise
from only a few states whose properties are reported in Table
1. In particular, in the region of interest, three states mainly
contribute to the ECD of (M)-NPDH [S6 (negative), S7
(positive), and S8 (positive)] and four states are important for
the ECD of (M)-NP3H [S12 and S13 (negative) and S15 and
S20 (positive)].
Origin-independent calculations of the rotatory strength
(RS) of an electronic state can be obtained in the velocity
gauge (Rvel) and in the length gauge by adopting London
atomic orbitals (RLAO). When conventional orbitals are used,
origin invariance is assured only for exact wave functions and
inﬁnite basis sets.43 To analyze in greater detail diﬀerences
between (M)-NPDH and (M)-NP3H, we consider the fact
that RS on the length gauge is the scalar product of the electric
(μ) and magnetic (m) transition dipole moments, and since m
is not origin-invariant, in the following discussion we focus our
analysis on μ and on mμ, the component of m along μ (i.e., the
only one relevant to the RS).43 The data in Table 1 show that
while the magnitude of μ slightly changes from (M)-NPDH to
(M)-NP3H, all of the states involved in the (M)-NP3H
couplet exhibit a very large enhancement of mμ, by a factor
ranging from 3.5 to 9 (considering states with the same sign of
the RS). This phenomenon accounts for most of the 15-fold
enhancement of the ECD response of (M)-NP3H with respect
to (M)-NPDH observed in the experiment at ∼400 nm.
Further minor contributions to the positive part of the couplet
in (M)-NP3H arise from other excited states (stick lines in
Figure 3). More precisely, the inclusion of all of the states
contributing to that spectral region results in an enhancement

factor for the total rotatory strength of 13.3 times with respect
to NPDH, while the sum of the contributions of S15 and S20
provided an enhancement of 12.3.
Section S3 in the Supporting Information shows that as far
as the analysis of mμ is concerned, very similar results can be
obtained using convential orbitals, even if the center of mass is
displaced from the origin. Moreover, the conclusions of our
analysis are conﬁrmed even when adopting the much larger 6311+G(2d,2p) basis set. Alternative strategies for facing the
problem of origin dependence were introduced in ref 32.
In summary, the reproduction of the absorption and ECD
spectral proﬁles and of the enhancement in ECD for NP3H
strengthens the validity of the underlying calculated electronic
structures of NPDH and NP3H. It also allows us to
quantitatively rationalize most of the enhancement of the
ECD of (M)-NP3H as an increase in the magnetic transition
dipoles of a few relevant excited states. In the following section,
the properties of such electronic states will be further analyzed
to propose a qualitative rationale for the ECD enhancement.
III.B. Qualitative Understanding of the Mechanism of
ECD Enhancement. III.B.1. Analysis of the Relevant States.
The most straigthforward description of TD-DFT electronic
states is the excitations between Kohn−Sham (KS) molecular
orbitals (MOs). For the states in Table 1, such an analysis is
not eﬀective because the involved MOs are numerous and, in
general, spread over the whole molecule (SI Section S4,
Figures S6−S10). Additionally, at least for NP3H, these states
arise from several diﬀerent transitions with comparable weights
(and involving diﬀerent MOs) so that for many states the
largest contribution is only 30% of the total weight.
Therefore, we resorted to two alternative approaches:
analyzing the relevant excited states either in terms of the
diﬀerence in their electronic densities (DED) with respect to
the ground state or in terms of NTOs. DED allows us to
identify which parts of the molecule are more involved in the
electronic transition (i.e., to monitor where the electronic
density changes as a consequence of the excitation). On the
other side, NTOs furnish a reading of the states in terms of
transitions between MOs, which is simpler than using
canonical (KS) MOs. The two approaches provide a
convergent picture, but here we focus only on DED while
the NTOs are analyzed in section S5 of the Supporting
Information. The plots of DED are two-color surfaces: red
indicates a density increase (where the electron is going after
the transition) and blue a density depletion (where the
electron is moving from and therefore where a hole is formed).
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also resemble the DED plot of the carbo[6]helicene of (M)NPDH for the S7 state. This resemblence can be better
appreciated by focusing on the color pattern of the lobes,
which we label with lower-case letters. In particular, note the
large hole density (blue) on the naphthalene central bond
(labeled as “e”) as well as the same alternating sign pattern on
the carbo[6]helicene fragments (check lowercase letters a−i in
Figures 4 and 5). S15 also exhibits a similar pattern of lobe
signs, although with some diﬀerences.
This analysis shows that at least a signiﬁcant part of the ECD
enhancement in (M)-NP3H originates from states localized on
the carbo[6]helicene subunits. However, carbo[6]helicene
alone shows a much smaller ECD intensity in this energy
region3 (computed spectrum in Figure S28 of the Supporting
Information); therefore, the origin of the enhancement in (M)NP3H is due to the coupling between the states on the two
carbo[6]helicenes. Although these two moieties are in
principle π-conjugated in (M)-NP3H, their interaction
resembles an exciton mechanism: (a) In exciton dimers
arranged in chiral geometry, large ECD arises because each
monomer (in our case, the carbo[6]helicene) acquires an
additional apparent magnetic transition dipole (section S8 of
the Supporting Information).18 As shown above, large
magnetic transition dipoles (Table 1) account quantitatively
for the enhancement in ECD of (M)-NP3H. Moreover, (b) an
ideal symmetric exciton dimer would exhibit two eigenstates,
split in energy, that are the exact symmetric and antisymmetric
combinations of the same localized states on the monomers
and therefore have identical DEDs. S12 and S20 states of (M)NP3H have identical DEDs on the carbo[6]helicenes moieties.
Certainly, since NP3H is π-conjugated and exhibits a dense
manifold of quasi-degenerate electronic states, these excitonlike states actually couple to other close-lying states. As a
consequence, in (M)-NP3H, four (not simply two) states are
relevant for the largest ECD couplet. A very similar DED is
also observed for S15, and some CT character also arises for
states S12 and S13, which remarkably complicates our analysis.
An exciton-like coupling between states localized mainly on
the carbo[6]helicenes moieties can clearly be operative only
for NP3H (and longer members of the series NPnH, where n
denotes the number of PDI subunits) since they incorporate
two or more carbo[6]helicenes within their frameworks.
NPDH incorporates just one. Therefore, an exciton-like
mechanism between idealized carbo[6]helicenes provides a
simple explanation of the strong enhancement of the ECD of
(M)-NP3H with respect to that of (M)-NPDH.
III.B.2. TD-DFT Computations on Fragments of (M)-NP3H.
We reinforce the conclusion about the central role of carbohelicenes and of exciton-like interactions by calculating the
ECD of model systems in which we artiﬁcially remove parts of
the original (M)-NP3H molecule (Figure 6) and/or break the
π-conjugation.
Fragment 1 is a simpliﬁed structure of (M)-NP3H where
only the two helicene moieties and the minimal number of
atoms to connect them were conserved. Notice that fragment
1 incorporates two carbo[5]helicenes (i.e., one ring of each
carbo[6]helicene in the parent (M)-NP3H is lost). The
advantage of this structure is that it allows us to very easily
study the eﬀect of the conjugation by simply saturating the two
carbons of the central aromatic ring. In this way, we obtain
fragment 2.
We computed the ECD for fragments 1 and 2, which were
both frozen in the (M)-NP3H arrangement (i.e., without

Figure 4. Diﬀerence in the electronic density with respect to the
ground state for S6, S7, and S8 singlet excited states of (M)-NPDH at
the CAM-B3LYP/6-31G(d)/GD3BJ level of theory in the gas phase
with R = Me. Isovalue = 0.001 electrons/bohr3. The red and blue
lobes correspond to an increase and decrease in electron density,
respectively. We labeled the rings and relevant lobes of S7 with lowercase letters a−i to better compare its DED to the plots of NP3H
(Figure 5). For reference (and to highlight the naphthalene and PDI
fragments), the structure of (M)-NPDH is also shown (bottom-right
corner) in the same orientation as the density plots. The position of
the most relevant lobe labels of S7 have also been included in this
structure.

Figures 4 and 5 show the DEDs for (M)-NPDH and (M)NP3H states, respectively. (Additional vantage points are
available in section S6 and Figure S27, and animations are
reported as additional Supporting Information.)
We ﬁrst focus on the simpler (M)-NPDH. S6 is mainly a
local excitation of the cores of the PDIs; in contrast (and very
interestingly), S7 (the one carrying the largest RS in the
analyzed energy region) involves only the central carbo[6]helicene (i.e., the napthalene moiety and the adjacent fused
rings). Finally, S8 involves both the naphthalene and PDIs,
exhibiting some CT character from the central carbo[6]helicene to the outer parts of the PDIs. The situation is very
diﬀerent for (M)-NP3H: for S12 (negative), S15 (strongest
positive), and S20 (positive), the DED is almost exclusively
localized on the two carbo[6]helicene moieties. In S13, which
carries the strongest negative RS, the DED involves the two
carbo[6]helicenes but also shows some CT contribution from
the central PDI to the external PDIs. This contribution should
not be important for the rotatory strength. In fact, we recall
that if the involved orbitals are well separated and do not
overlap then CT transitions have a vanishing electric transition
dipole; therefore, they do not exhibit absorption and ECD
signals. We emphasize that the DED plots on the two
carbo[6]helicenes are very similar for S12, S13, and S20. They
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Figure 5. Diﬀerence in electronic density with respect to the ground state for the S12, S13, S15, and S20 excited states of (M)-NP3H at the CAMB3LYP/6-31G(d)/GD3BJ level of theory in the gas phase with R = Me. Isovalue = 0.0008 electrons/bohr3. The red and blue lobes correspond to
an increase and decrease in electron density, respectively. For reference (and to highlight the naphthalene fragments), the structure of (M)-NP3H
is also shown (center) in the same orientation as the density plots. The positions of the most relevant lobe labels have also been included in this
structure.

The above ﬁndings clearly support the fact that the strongest
ECD couplet in (M)-NP3H is largely due to an exciton-like
coupling between states localized on the carbohelicene
branches (i.e., on the substructures made up of the
naphthalenes plus the adjacent fused rings of the PDIs). Still,
it is important to clarify that the role of the perylenes is not
entirely negligible, which will be discussed in more detail in the
following section. We also emphasize that, according to
calculations, PDI3 does feature a large ECD couplet but this
couplet is located in the 450−500 nm region. The same region
for (M)-NP3H shows only a moderately intense negative
band; therefore, the (M)-NP3H structure actually partially
suppresses the ECD activity that could potentially arise from
its PDI subunits.
III.B.3. Exciton Model Calculations. To ﬁnally prove that an
exciton mechanism between the carbohelicenes subunits can
be responsible for the strong ECD observed in (M)-NP3H, we
now build a truly excitonic dimer, [5]Hel dimer, made up of
two carbo[5]helicenes frozen in the position that they occupy
in (M)-NP3H. The model, illustrated in Figure 7, can also be
considered to be an exciton model of fragment 2. As for
fragment 2, the [5]Hel dimer incorporates carbo[5]helicenes
but not carbo[6]helicenes since the latter would share two
carbon atoms (Figure 1).
Figure 7 shows that the ECD of the [5]Hel dimer computed
with an excitonic model is comparable to the ECD of (M)-

reoptimizing their structures (Figure 6)). In the same region of
the strongest ECD of (M)-NP3H (∼340 nm, computed
values), fragment 1 exhibits a comparably strong ECD couplet
(although it is red shifted by ∼30 nm). This ﬁnding indicates
that only small portions of the PDI subunits are involved in the
enhancement of ECD in (M)-NP3H. We also notice that (a)
the ECD of fragment 1 is much larger than that predicted for
carbo[5]helicene (Figure 6) and (b) fragment 2, obtained
from fragment 1 by breaking the π-conjugation between the
helicene subunits, has an even larger ECD. The strong ECD of
fragment 2 proves that the π-conjugation between the two
carbo[5]helicenes is not essential to the enhancement of the
chiroptical response with respect to the carbo[5]helicene
monomer. We also studied an alternative model system (PDI3)
consisting of three PDI molecules constrained to the same
position that they occupy in (M)-NP3H. PDI3 is predicted to
have only a very weak ECD response at λ < 430 nm (Figure 6).
Although it should be recalled that chiroptical properties are
not additive and therefore a comparison of the ECD of a
molecule and some of its fragments must be made with
caution, this result underscores the limited contribution of the
PDI subunits to the strong ECD in NP3H at 400 nm (340 nm
in the computation) in the sense that it shows that the three
units of PDI alone cannot explain such ECD if the role of the
conjugated naphthalenes (NPs) is neglected.
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molecule are clearly missing) but to show that the exciton
coupling between the two [5]Hel’s held in the position they
have in (M)-NP3H gives rise to a very strong ECD couplet
that is qualitatively similar to the one observed for (M)-NP3H.
Of course, diﬀerent exciton models could be imagined. Figure
S31 in the Supporting Information reports the computed ECD
for alternative excitonic systems and namely a dimer in which
each [5]Hel is bound to the external PDIs ([5]Hel-PDI
dimer) or a 5-unit model comprising the three PDIs and two
NPs. They provide consistent predictions for the strong ECD
couplet, further enforcing our conclusions. Of course,
according to the 5-unit model, the strong couplet is
remarkably blue-shifted because it arises essentially from the
interaction of electronic states of the shorter NPs moieties.
Beside this, results in the SI show that diﬀerent molecular
models (most of all of the models if several electronic states are
considered for each fragment) can also lead to the prediction
of additional bands which do not have clear counterparts in
(M)-NP3H. This is of course not strange, but it helps us to
stress that in systems such as (M)-NP3H which exhibit a πconjugation, in principle extending over all of the molecular
structure, the exciton-like picture remains an approximation.
Therefore, while we showed that exciton models are useful in
analyzing the origin of a speciﬁc property such as the strong
ECD couplet at 400 nm, they cannot be used as a black box to
compute all of the properties of NPnH systems.
It is now interesting to inquire if this exciton-like picture is
also able to explain the change in the ECD response for at least
mild changes in the molecular structure. As discussed in
section S1, we optimized (M)-NP3H with two diﬀerent
procedures (i.e., including or not including dispersion
corrections (GD3BJ)). Figure 8 shows that the ECD shapes
predicted for the two structures are similar but that the
intensity of the structure optimized without dispersion
corrections is higher. Since, as shown in the inset of Figure
8, the structure optimized without GD3BJ is more stretched
(elongated) along the helical axis than the structure obtained
with GD3BJ (compact), this ﬁnding suggests a correlation
between the extension along the helical axis and the intensity
of the ECD signal.
Figure 8 shows that the simple exciton model reproduces
this trend. In more detail, we adopted the exciton
approximation to compute the spectra of the [5]Hel dimer
in a geometry corresponding to the elongated structure of
(M)-NP3H. In this way, we managed to reproduce the ECD
couplet of the elongated structure and the fact that it is more
intense (and slightly blue-shifted) with respect to the spectrum
of the compact structure. Additional details are given in the SI.
To summarize, the enhancement of the ECD intensity of
(M)-NP3H at 400 nm quantitatively arises from a large
increase in the transition magnetic dipole moments of a few
selected states (Table 1). This phenomenon can be
qualitatively understood by considering the carbo[6]helicenes
to be key chromophores (formed by the naphthalenes and the
adjacent fused rings of the PDI) that interact through excitonlike coupling. Such an exciton-like mechanism is also able to
reproduce the variations of the ECD predicted by TD-DFT
with the axial elongation of the molecular structure. However,
it is important to highlight that this picture is only qualitative;
in reality, all of the aromatic subunits in (M)-NP3H exhibit
some degree of π-conjugation. In addition, the role of the PDI
subunits is not negligible. First, they provide the fused rings to
form these idealized carbo[6]helicenes chromophores. Second,

Figure 6. Comparison of the ECD computed for (M)-NP3H and for
model systems corresponding to fragments of (M)-NP3H. Fragments
1 and 2 were obtained from the portion of the (M)-NP3H structure
highlighted in gray. Saturating the central ring of fragment 1
interrupts the conjugation between its two carbo[5]helicene subunits,
giving fragment 2. We generated PDI3 from (M)-NP3H by simply
retaining the PDI subunits. All fragments were constrained to the
geometry that they adopt in (M)-NP3H, and dangling bonds were
saturated with hydrogens. The calculated ECD spectrum of (M)carbo[5]helicene is also displayed. All stick electronic bands have
been convoluted with a phenomenological Gaussian with HWHM =
0.056 eV.

NP3H and fragment 2 computed with TD-DFT. Notice that
the RS (stick lines) for the exciton model are predicted to be as
large as those computed with TD-DFT for fragment 2 and
even larger than those for (M)-NP3H. However, the splitting
between the excited states carrying a positive and a negative RS
in the [5]Hel dimer is smaller than for fragment 2 and much
smaller than for (M)-NP3H. As a consequence, the positive
and negative bands partially cancel, resulting in narrower and
less intense ECD couplets.
As far as the position of the bands is concerned, for the
[5]Hel dimer they fall at shorter λ, with a diﬀerence that is
particularly signiﬁcant with respect to the negative bands of
(M)-NP3H. This diﬀerence shows that the missing parts of the
chemical structure of (M)-NP3H do aﬀect the properties of
the electronic states responsible for the strongest ECD bands.
It is worthwhile to clarify that the [5]Hel dimer was not
designed to be a full model of (M)-NP3H (some parts of the
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Figure 7. Comparison of the ECD for (M)-NP3H and model fragment 2 computed at the TD-DFT level and the spectrum of the [5]Hel dimer
computed from an excitonic model. All stick electronic bands have been convoluted with a phenomenological Gaussian with HWHM = 0.056 eV.

PDIs clearly have electronic eﬀects, due to the πconjugation, on the electronic states responsible for the most
intense ECD of NP3H. For instance, it is quite evident in
Figure 5 that the DED of state S13 also involves the central
PDI. Moreover, even focusing on the carbohelicene subunits,
we notice that the DED of the strongest ECD states of (M)NP3H resembles but does not coincide with those expected
for any electronic state of the isolated carbo[6]helicene (SI
section S5). Third, the conjugation between these idealized
carbohelicenes, induced by the PDI, increases their couplings
and therefore their splitting, thus avoiding mutual cancellations
of the positive/negative peaks (which occur in the simple
exciton model in Figure 7). Such an eﬀect of the conjugation
between the two carbohelicenes can also be deduced by the
larger splitting of the ECD peaks of fragment 1 (conjugated)
with respect to that of fragment 2 (nonconjugated) in Figure
6.
PDIs also play a relevant structural role, besides preventing
the thermally induced inversion of the helix: they dictate the
mutual orientation of the carbo[6]helicenes, and the exciton
model in Figure 7 shows that such orientations correspond to
strong ECD bands. Other double-branch or multibranch
helicenes show only moderate enhancement or even a
quenching of the ECD signal with respect to the carbo[6]helicene.45 Also, we can deduce that the structural constraints
due to PDIs partially contribute to the observed red shift of the
ECD couplet, which moves from the UV (carbo[4]-,
carbo[5]-, and carbo[6]-helicenes) to the visible in (M)NP3H. This phenomenon is illustrated by a further
consideration of fragments 1 and 2. Speciﬁcally, releasing
the constraints imposed by the scaﬀold of (M)-NP3H and

Figure 8. Comparison of the ECD spectra of (M)-NP3H in the
structures optimized without GD3BJ corrections (elongated, green
structure) and with GD3BJ corrections (compact, gray structure) with
the ECD spectra for the corresponding structures of the [5]Hel
dimer obtained by applying the exciton model. All stick electronic
bands have been convoluted with a phenomenological Gaussian with
HWHM = 0.056 eV. The superposition of structures was realized with
PyMOL software,44 and the hydrogen atoms were hidden for clarity.

the electronic states responsible for the strongest ECD couplet
in (M)-NP3H (and mainly attributed to the carbo[6]helicenes) would clearly be diﬀerent without the PDIs: in
the experimental spectrum, these states absorb in the visible
rather than in the UV region, as for the isolated carbo[6]helicene.
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reoptimizing the structures of fragments 1 and 2 elicit large
blue shifts in their strong ECD couplet, namely, ∼45 nm for
fragment 1 and ∼22 nm for fragment 2 (Figure S29 in the
Supporting Information). This eﬀect can be observed for the
simple carbo[6]helicene units in (M)-NP3H. The optimization of their structure, in fact, leads to a blue shift of the ECD
by ∼27 nm (Figure S28). Interestingly, the blue shift predicted
by TD-DFT for the optimized structure of fragment 2 is also
reproduced by an excitonic calculation on the [5]Hel dimer
(Figure S33 in the Supporting Information).
III.C. Double[6]Helicene. We can reinforce the conclusions we reached by considering hexaheliceno[3,4-c]hexahelicene, a double[6]helicene synthesized in 1972 for which
the ECD has never been reported.46 In fact, this double[6]helicene can be thought of as a diﬀerent fragment of (M)NP3H. Conformational analysis shows that it can adopt two
diﬀerent conformations for the central cove, (P) or (M).
Considering the internal energy only at CAM-B3LYP/631G(d) in the gas phase, the left cove is predicted to be more
stable by 5.5 kcal/mol and therefore dominant at room
temperature. Still, an accurate study of the relative stability is
not essential: both conformers exhibit similar ECD spectra,
which we compare to the ECD of (M)-NP3H in Figure 9.

Article

They exhibit spectra similar in intensity and shape to the
spectrum of (M)-NP3H (notwithstanding the blue shift of
∼30 nm). A similar ECD spectrum is also predicted for a
closely related compound with a ﬂat cove in which a
methylenic unit is placed on the central aryl ring. The
comparison of this compound with carbo[6]helicene shows a
signiﬁcant enhancement of the intensity by a factor of <2 for
the negative band and a factor of >4 for the positive band,
together with a red shift of ∼30 nm. Figure S30 in the
Supporting Information shows that the structure of the ﬂat
cove of this double[6]helicene is more similar to the elongated
than to the compact structures of (M)-NP3H, while the
predicted maximum intensity of the ECD couplet is
intermediate between the two (compare also Figures 8 and
9). The diﬀerence between the ECD of the double[6]helicene
and the two structures of (M)-NP3H conﬁrms that the eﬀect
on the strongest ECD couplet of the (M)-NP3H rings not
included in the double[6]helicene is not completely negligible.

IV. SUMMARY AND CONCLUSIONS
In this work, we adopted TD-DFT and a number of
interpretative tools from computational chemistry to investigate the origin of the ECD ampliﬁcation from NPDH to
NP3H. We found that it arises from an increase in the
magnetic transition dipole on states that are mainly localized
on its carbo[6]helicenes subunits. Fragment analysis conﬁrms
that the PDI units alone cannot explain the enhancement,
which also exists for simple double[6]helicene structures. The
ampliﬁcation in NP3H with respect to NPDH originates from
an exciton-like interaction between its two carbo[6]helicenes
units. The same ampliﬁcation could therefore be observed in
related multihelicene systems. In particular, double[n]helicene
conﬁgurations analogous to the double[6]helicene subunit in
NP3H may be responsible for the large ECD in other systems
as well and therefore could serve as a model for the design of
excellent chiroptical materials.47 In 1972, the hexaheliceno[3,4c]hexahelicene, a double[6]helicene, was synthesized, but its
ECD has never been reported.46 We also predict for this
molecule a strong ECD couplet at wavelengths similar to (M)NP3H. As a matter of fact, this particular double[n]helicene
conﬁguration was found to be eﬀective at enhancing the
chiroptical properties in other examples as well.47 Furthermore,
the existence of an exciton-like mechanism in (M)-NP3H
makes it understandable why additional ECD ampliﬁcation has
been observed when more pairs of symmetrically equivalent
helicenes are incorporated into these frameworks.48
The capability of TD-DFT calculations in combination with
CAM-B3LYP to reproduce the experimental ECD spectra and,
in particular, the ampliﬁcation from NPDH and NP3H can
also assist in the search and design of alternative nanoribbons
with outstanding chiroptic properties. On the other side, our
results show that with the increase in the size and the electron
delocalization, computations become more and more expensive and their interpretation more complex. As such, a
qualitative understanding of the ampliﬁcation mechanism with
simple exciton models could be useful for further developments. In the future, it will be interesting to determine the
potential of a multistep protocol in facilitating the discovery of
helicene-based new chiroptical materials: one can ﬁrst exploit
exciton models for a qualitative large exploration of possible
helicenes, investigating not only the impact of the chemical
nature of the subunits of the nanoribbons but also, in an
extensive manner, their best mutual arrangement. Afterward,

Figure 9. Comparison of the ECD spectra predicted at TD-DFT
(CAM-B3LYP/6-31G(d)/GD3BJ) for (M)-NP3H, the two conformers of the double[6]helicene (P and M coves), the ﬂat cove, and
[6]helicene.
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one can use this information to design candidates with a viable
synthesis route and check their properties with more accurate
TD-DFT calculations.
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