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Nontrivial spectral band progressions in electronic
circular dichroism spectra of carbohelicenes
revealed by linear response calculationst

Manuel Brand 2 * and Patrick Norman (= *

We demonstrate that contemporary computational resources allow for accurate theoretical studies of
systems matching recent advances in experimental helicene chemistry. Concerned with first-principles
calculations of carbohelicenes, our work surpasses CH[12] as the largest system investigated to date and
unravels trends in the electronic structure of the low-lying states of the homologous series. Utilizing a
highly efficient implementation of linear response algorithms, we present electronic circular dichroism
(CD) spectra of carbohelicenes ranging from CHI[5] to CH[30] at the level of Kohn—Sham density-
functional theory. Our results for a systematic increase in system size show the emergence of new CD
bands that subsequently rise to intensities dominating the spectrum. The spectral band progressions
exhibit a periodicity directly linked to the number of overlapping layers of conjugation. While our
findings rectify the current understanding of the electronic structure of carbohelicenes, they also serve
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1 Introduction

The compound class of helicenes comprises nonplanar screw-
shaped molecules formed by angularly ortho-annulated aromatic
rings."”> While the building blocks of the helical backbone in
the subgroup of carbo[n]helicenes (CH[#]) are confined to be ()
benzene rings, introduction of heteroatoms into the skeletal
framework manifoldly increases the variety and hence function-
ality of helicenes. Their helical structure manifests a unique
chirality and gives rise to a variety of exceptional properties
making them interesting for applications in asymmetric
catalysis,®™ organic light-emitting diodes (OLEDs),®® organic
field-effect transistors (OFETs),>'® molecular recognition, and
supramolecular chemistry.'""'* Although the first reported
characterization of a member of the helicene family goes back
to 1903, they were of little interest until the 1950s, since when
helicene chemistry advanced remarkably. Besides the synthesis
of novel functionalized compounds, the aim to synthesize
longer multi-layered helicenes has been of interest ever since.
The long-held record of Martin et al."* of CH[14] as the longest
homologue was not broken until the characterization of CH[16]
in 2015."> More recent synthesis of a single-strain backbone of
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as a general call for caution regarding the extrapolation of trends from small system ranges.

19 aromatic rings, but including 2H-pyran units'® and poly-
helicene frameworks with an end-to-end length of up to 24
benzene rings'” show that this quest is nowhere near to an end.

The developments in helicene chemistry are naturally sup-
ported by a large number of computational studies, that almost
exclusively address the chiroptical properties of helicenes.'®>”
These studies include electronic structure calculations at dif-
ferent levels of theory, with the computationally expensive
coupled-cluster singles and doubles scheme employing the
resolution of identity (RI-CC2) being limited to system
sizes up to CH[10].'® Overall, with the exception of spectrum
calculations of CH[16]*” and up to CH[36]** using a simplified
time-dependent density-functional theory approach (sTD-DFT)*®
and the semi-empirical intermediate neglect of differential over-
lap for spectroscopy (INDO/S) method,* respectively, computa-
tionally treated helicenes do not exceed a backbone length of
12 benzene rings.*" In light of the aforementioned experimental
advances, it becomes evident that computational studies lag
behind. Instead of investigating larger systems explicitly, trends
of non-representative size ranges are used to extrapolate
properties, such as excitation wavelengths and electronic circular
dichroism (CD) band intensities'®*—a practice that needs to stand
up to scrutiny.

As one of the standard techniques to investigate chiroptical
properties, electronic CD spectroscopy measures differences
in the absorption of left- and right-circularly polarized light.
The scope of its application exceeds merely assigning enantio-
meres, but covers a wide range including reaction mechanism
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elucidation and protein binding site identification.>*”** The
combination with theoretical calculations gives rise to
complementary transition properties, such as dipole moments,
enhancing the utility of CD significantly.*>*® Reviews on the
calculation of chiroptical properties with first-principles methods
are available.>”"*®

The growing importance of comprehensive theoretical studies
of CD and related chiroptical properties faces the challenge of
heavy computational costs for the treatment of the often large
systems of interest. With the computing capacity of contemporary
supercomputers at hand, that challenge translates to the devel-
opment of quantum chemical software suited for harnessing
these vast computational resources.

Our contribution to this work brought forth the VeloxChem
program—a modern, object-oriented software written in
Python/C++, enabling the simulation of spectroscopic proper-
ties at the DFT level of theory in high-performance computing
(HPC) environments.*® Included features crucial for carrying
out the calculations for this study are numerical solvers for the
linear response eigenvalue equation and evaluation of multiple
damped response equations, employing the complex polariza-
tion propagator (CPP) approach.**™*® Both of them utilize the
highly efficient hybrid open multi-processing (OpenMP)/
message passing interface (MPI) parallel Fock-matrix construc-
tion implemented in VeloxChem.

As we have previously demonstrated the capability of Velox-
Chem to push the limits of first-principles computational
chemistry,** we investigate the homologous series of carbo-
helicenes up to a system size of CH[30] (Fig. 1) that goes far
beyond any previous ab initio treatment. By means of linear
response theory, we perform CD spectrum calculations, obtaining
electric and magnetic transition dipole moments along the way.
Based on a favorable assessment comparison with experimental
and theoretical reference data for CH[5]-CH[9], our methodology
is deemed to be accurate and reveals complex CD band progres-
sions for carbohelicenes of increasing size.

2 Methodology

The processes of one-photon absorption (OPA) and its chir-
optical analogue CD are linear responses of molecular systems
to the perturbation by an external electromagnetic field. The
defining observable quantity for CD, namely the anisotropy of
the decadic molar extinction coefficient Ae can therefore be
addressed computationally by means of linear response theory,
as outlined below.

The excitation energies for every electronic transition fw,,
can be found as poles of the sum-over-states expression of a
general linear response function
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where Q is a general property operator, V a general perturba-
tion operator, and |0) and |n) are the electronic ground and
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excited states, respectively. Subsequently, the transition ampli-
tudes can be obtained by performing a residue analysis for the
resolved excitation.”> When introducing a single determinant
approximation, such as in the Hartree-Fock (HF) or Kohn-
Sham DFT methods, the problem of determining the excitation
energies reduces to solving the generalized eigenvalue equation

B — how,oSPIX, = o, ()

involving the Hessian matrix E®! and the metric matrix S,
Multiplication of the eigenvector X, for the transition from |0)
to |n) with the property gradients for the electric and magnetic
dipole operators, ) and m!*, gives rise to the corresponding
transition moments according to:

WX, = (0] |n), Ximl" = (n|ri|0) ®)

The latter ones can in turn be used for the calculation of the
rotatory strength R,, of each transition
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which—together with the vertical excitation frequencies—
result in stick spectra for CD. The right-hand side of eqn (4)
is expressed in velocity gauge and hence gauge-origin-
independent. To account for homogeneous line broadening
effects, a Lorentzian lineshape function can be applied

i -~ 16Ny b )
Ab(w) - 111(10)(411’80)02 3hy;)f(wzwn()a /)wnORn07 (5)

where a Cauchy distribution f(w;w,,y) with the broadening
term y is utilized. In contrast to other common choices for
lineshape functions such as Gaussian and Voigt,** the Lorent-
zian enables straightforward comparison with an alternate but
equivalent approach where the anisotropy of the decadic molar
extinction coefficient is obtained from a direct evaluation of
linear response functions. The connecting response property 8
is given as
B() = —5=(Gos + Gy + G-, ©

where G,; identifies as the real part of the mixed electric
dipole-magnetic dipole polarizability tensor. The latter is
defined as the linear response function for the corresponding

operators using the CPP approach:*®*°
~ A Y €~ n S )
G“ﬁ = *§R<<,U.1;WZ/}>>('D = 7w7n,l:‘g<<pa;n1/3>>3m (7)

where, again, the origin-independent expression using the
linear momentum operator p is presented as the right-hand
side. Finally, the relation between A¢ and p is given in atomic
units as

16nN A w?
Ag(w) = TIA

= In(10) (drag) @’ (@) (8)

Easing the comparison with experimentally obtained spectra,
a conversion of A¢ into units of L mol~" em ™' is achieved by
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Fig. 1

Investigated range of carbohelicenes, CH[6]-CHI[30]. Arrows represent electric (filled) and magnetic (hollow) transition dipole moments of the

dominant CD bands. Transition dipole moments of the excited state assigned with the largest contribution to the bands A, B, and C are shown in blue,
orange, and green, respectively. The representation of the origin-dependent magnetic dipole transition moments corresponds to a gauge origin at the
center of mass and the z-axis aligned with the helical axis. The smallest investigated system CHI[5] has been omitted from the figure.

multiplication with a factor of 10a,>. In order to match the
lineshapes of both approaches, the same value for y has to be
used in eqn (4) and for the evaluation of the complex response
equation in eqn (7). The commonly applied value of 1000 cm ™"
(or 0.124 eV), which has been shown to estimate experimental
broadenings sufficiently well, was used for all calculations in
this study.

Employing reduced space algorithms, an hybrid OpenMP/
MPI implementation for both solving the generalized eigenva-
lue equation and effective multifrequency/gradient evaluation

This journal is © the Owner Societies 2022

of complex linear response functions has been reported
recently.?®

3 Computational details

The helicene geometries were optimized at the DFT level of
theory using the B3LYP exchange-correlation functional®” in
combination with the def2-TZVP basis set.** The molecular
structure optimizations were carried out with use of the
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Gaussian program.*® For comparison, a smaller range of
systems was additionally optimized with the semi-empirical
density functional tight-binding (DFTB)*® method using the
approximate normal coordinate rational function optimization
(ANCOPT) scheme. The DFTB calculations were carried out
with the xtb program (version 6.2.3) applying the GFN2-xTB
parameterization.”" All molecular response properties were
calculated at the DFT level of theory, employing the B3LYP
exchange-correlation functional in combination with the aug-
mented def2-SVPD basis set.”® The contained contraction
schemes of [4s2p|2s2p] and [8s4p2d|4s2p2d] for the primitive
basis functions of hydrogen and carbon atoms, respectively,
lead to a total number of 2952 contracted basis functions for
the largest system investigated in this study. The spectra
were obtained from the calculation of the 40 lowest excited
states and evaluation of complex response functions between
0.07 and 0.15 a.u. in steps of 0.0025 a.u. for the eigenvalue
equation and CPP approach, respectively. The convergence
threshold for the relative residual norm in the subspace pro-
cedures for the eigenvalue and complex response solver was set
to 10~*. The VeloxChem program (modified version 1.0)*° was
used for all property calculations.

4 Results and discussion
4.1 Computational protocol validation

Theoretically obtained molecular properties can only be as
accurate as the underlying nuclear coordinates representing
the molecular structure. The calculations of OPA and CD
spectra are no exception to this rule, with the latter being
especially sensitive to structural deviations.’® Experimentally
obtained crystallographic structures are often distorted due to
packing forces and not well suited as a starting point for
computational studies. Especially in the case of carbohelicenes,
the strong deviation from a C, symmetry for reported structures
and occurrence of several geometries for CH[5] and CHJ[7]
discourage their usage.>*> However, even a perfect structure
is not sufficient to guarantee a reliable spectrum calculation.
Also depending on the method applied for obtaining the
excited state properties of interest, the challenge often lies
within finding a balance between different levels of theory for
both steps. Therefore, a computational protocol of obtaining
geometries for carbohelicenes and subsequently calculating
molecular properties is established in the following by compar-
ison between theoretically and experimentally obtained CD
spectra of CH[5]-CHJ[9].

Adapting to an approach for obtaining optimized geometries
used in a comprehensive study for smaller carbohelicenes,"®
the DFT functional B3LYP in combination with a triple-zeta
basis set (def2-TZVP) was chosen for initial testing. As it
represents a rather conventional way for geometry optimiza-
tions, expected to yield highly accurate structures, it also allows
for direct comparison of our methodology with the reported
spectra obtained at the RI-CC2 level of theory. In an attempt to
reduce the overall computational cost limiting the scope of our

19324 | Phys. Chem. Chem. Phys., 2022, 24,19321-19332

View Article Online

PCCP

investigation, the relatively cheap DFTB method was used in
addition. This choice was encouraged by its successful employ-
ment in a previous study on fullerenes** and increasing popularity
in the community.>® The CD spectra of CH[5] up to CH[9] were
calculated for geometries optimized with both approaches by
means of linear response theory at the DFT level of theory. The
B3LYP functional was employed together with the def2-SVPD
basis set containing diffuse basis functions. The spectral line-
shape is obtained by convolution of the excitation energies and
rotatory strengths of the 40 lowest excited states with a Lorentzian
line broadening function. The first row of panels in Fig. 2 shows
the calculated CD spectra of CH[5], CH[6], and CH[7] alongside
the experimental and RI-CC2 reference spectra.

Comparison of the calculated spectra of the DFTB and DFT
optimized geometries reveals their structural sensitivity. For
CHJ[5] and CHJ6] the convoluted curves are in good agreement,
each differing only by 9% in intensity and 0.04 eV in excitation
energy for the positive spectral band maximum lowest in
energy. Moving up in system size to CH[7], however, the
corresponding discrepancies increase to 37% and 0.15 eV. This
trend is confirmed to continue for the larger systems CH[8]/
CH[9] (56%/64%, 0.14/0.15 eV; second row of Fig. 2) and
identifies the need for an accurate geometry optimization
method. Closer examination of the obtained structures indicate
a deficiency of the semi-empirical DFTB method to accurately
describe dihedral angles. This is expressed in an average dihedral
angle of the helicene backbone of 23.5° and 22.4° for the DFT and
DFTB optimized structures of CH[9], respectively. The deviation
becomes even larger when the two outer dihedral angles are not
considered (26.9° vs. 24.1°). The expected amplification of the
resulting error with growing length of the helicene backbone is in
line with the observed trend.

Based on the DFT optimized geometries, the applied meth-
odology for the calculation of spectra was then to be assessed
by a comparison with experimental data as well as with the
generally accurate RI-CC2 approach reported in the literature,
using the identical geometry optimization method. For the
lowest-energy spectral band, our calculations for CH[5]-CH[7]
exhibit a discrepancy in intensity from the experimentally
obtained spectrum by 11%, 5%, and 1%, respectively, which,
in the light of the deviations of 21%, 1%, and 9% of the RI-CC2
intensities, is deemed to be in excellent agreement. Whereas
there is no coherent behaviour regarding an under- or over-
estimation of the intensities, a different picture is observed for
the corresponding excitation energies. Our calculations under-
estimate the energies of the band maxima for CH[5], CH[6], and
CHJ[7] by 0.15, 0.15, and 0.21 eV. This accuracy cannot quite
compete with the CC2 reference, which shows an overestima-
tion for CH[5]/CH[6] by 0.15/0.07 eV and underestimation by
0.01 eV for CHJ[7], but is still considered to be in very good
agreement. This assessment is supported by the fact, that the
spectral features higher in energy appear to be described
sufficiently well by the applied LR-DFT approach, with arguably
even better agreement than the CC2 reference.

The ability to qualitatively describe CD spectra independent
of the length of the helicene backbone is crucial for the

This journal is © the Owner Societies 2022
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Fig. 2 CD spectra of CH[5]-CHI9] and selected systems of the investigated range. CH[5]-CHI9]: red and blue lines represent spectra calculated at the
DFT level from geometries obtained with DFTB and standard DFT, respectively. Bars indicate the rotatory strengths of the 40 lowest excited states.

RI-CC2 reference spectra, taken from ref. 18, based on the same DFT optimized geometries are shown in dotted dark grey, experimental spectra

18,56 in

dashed light grey. CHInl, n > 9: Arrows indicate the excited states contributing to CD bands dominant in the investigated range. States contributing to

bands A, B, and C are shown in blue, orange, and green, respectively.

calculations carried out within this work. Confidence in a
steady accuracy for larger system sizes is strengthened by
comparison to experimental data for CH[8]/CH[9]. Similar
deviations are observed for the intensity and excitation energy
of the first spectral band (9%/1%, 0.14/0.10 eV).

The computational protocol employing DFT for geometry
optimization and the linear response formalism at the DFT
level of theory for spectrum calculations is used in the following
after assessment over a range of system sizes that is comparable

This journal is © the Owner Societies 2022

to the full investigated range in previous state-of-the-art
studies."®?*

4.2 System size-depenency of the lowest-energy CD band

The calculated/experimental CD spectra of carbohelicenes
CH[5]-CH[9] exhibit several noteworthy features and trends.
All spectra show a positive molar circular dichroism Ag¢ as their
lowest-energy band, satisfying an a priori rule of thumb for
right-handed helices,* such as the probed (P)-carbohelicenes.
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For each system this band rapidly descends into a negative
band with increasing excitation energy, a characteristic also
known as positive Cotton effect. The intensity of the positive
band (referred to as band A in the following and further
categorized in Section 4.3) does not vary significantly for
different system sizes apart from an increase with the comple-
tion of one helical turn (CH[6]), whereas the negative band
intensity does not seem to follow any pattern. The most striking
trend, however, is the change in excitation energy of band A.
With every added benzene ring, a red-shift in the calculated
(experimental) band energy varying from 0.13 (0.18) to 0.33
(0.27) eV can be observed, accounting for a total shift of 0.79
(0.84) eV over the full range. This alteration has been addressed
by previous studies'®?* and has—based on the tendency of
the shift to decrease on the larger end of the investigated
ranges—led to the conclusion that the excitation energy
reaches convergence towards an effective conjugation length for
carbohelicenes. This behaviour, for which the corresponding
energy shift shows linear dependence on the reciprocal number
of building blocks 1/n, is common for CD and absorption bands
in many n-conjugated oligomers with planar backbones®” and
was also found for the linear and hence planar carbohelicene-
analogue of acenes.”®

While we fully support the prediction of a convergence for
that particular spectral band, we argue that neither the range
of systems calculated above for comparison with experiments,
nor the slightly larger range (CH[4]-CH[10]) used in ref. 18
are sufficient to accurately estimate the convergence limit.
Moreover, the overlap of the conjugated system with itself as
introduced by the helical structure constitutes a fundamental
difference to planar analogues that potentially prevents a
straightforward extrapolation of CD/absorption spectra of sys-
tems with significantly longer backbone chains altogether. Not
least the predicted inversion of the Cotton effect as a result of
the calculated convergence limits of the positive and negative
CD bands prompted us to explicitly examine larger systems.
With the computational resources, as well as the software tools
to harness those at hand, we therefore calculated the CD
spectra of carbohelicenes up to CH[30] employing the estab-
lished computational protocol (see Fig. S1 and S2 in the ESL
for all spectra).

In order to ensure that the spectral region of interest is
sufficiently well described by calculation of the lowest 40 excited
states even on the larger end of the investigated range of systems,
the CD spectra of CH[12], CH[18], CH[24], and CH[30] were
additionally calculated with the CPP approach (Fig. S3 in the ESIY).
In contrast to the convoluted spectrum, evaluation of complex
response functions gives rise to values of the observable that are
exact within the methodological framework for given frequencies.
The convoluted spectra of CH[12], CH[18], and CH[24] are con-
firmed to represent all spectral bands of interest with only marginal
deviations. The largest system CH[30] shows minor discrepancies
that do not affect the following discussion.

The calculated CD spectra of the next larger systems CH[10]
to CH[12] show a further decreasing red-shift of band A slowly
revealing the convergence in excitation energy. The negative
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spectral band next higher in energy, however, vanishes for
CH[11] for the first time in the homologous series due to the
dominance of the high energy region of the spectra by excited
states assigned with positive rotatory strengths. This effect is
amplified by the emergence of an excited state close in energy
to band A that rapidly gains rotatory strength while experien-
cing a red-shift larger than the lowest-energy band (Fig. 2). After
it first appears in the CD spectrum of CH[13] with seemingly
negligible impact, its contribution alters the spectral shape for
CH[15] significantly, leading to the formation of a new CD band
(denoted band B, and analyzed in Section 4.3) that exceeds the
intensity of band A for CH[17] and larger systems. The further
increase of the intensity of band B causes the incorporation of
band A. However, the rotatory strengths of the excited states
contributing to the latter experience a decrease for longer
backbone lengths, with CH[23] being the largest system showing
a noticeable contribution.

A very similar behaviour can be observed for another band,
for which a contributing excited state can first be detected in
the CD spectrum of CH[19]. Analogously, the corresponding
contributing excited states undergo an increase in rotatory
strength with growing backbone length along with a red-shift in
excitation energy larger than that of the spectrum-dominating
states, leading to the formation of a distinct spectral band
(denoted band C, and analyzed in Section 4.3). Deviating from
the first merge of CD bands, the gain in intensity of band C
with system size is not large enough to significantly dominate
band B by the time the shift in energy causes the bands to
coalesce for CH[24]-CH[26], suggesting that band B remains
dominant. Yet, the contributing rotatory strengths and the
observed acceleration of the increase in intensity of the band
reveal the switch in band-dominance finalized at CH[27]. Again,
the progression of states is accompanied by a decrease in the
contribution of the priorly dominating band B.

Fig. 3 shows a schematic overview of the isolated spectral
bands A, B, and C, resolved for the range of system sizes CH[n]
with n = 13-30. For a proportionate representation, the shown
spectra were obtained by Lorentzian line-broadening considering
only the contributing excited states for each band. This choice
enables a direct comparison of the progression of the bands,
emphasizing the large differences in intensity clearly dominating
the previous one. The respective maxima of those intensities are
reached at different excitation energies, decreasing from AtoBto C.

In order to gain further insights in the system size-
dependency, the excitation energies and molar circular dichroism
of the isolated band maxima were plotted over the the number of
benzene rings 7 of the homologous series (Fig. 4).

Along with those for the band maxima, the excitation
energies of the contributing states are included in the upper
panel. Whereas the intensities of bands A and B can be mapped
to rotatory strengths of one or two excited states, band C arises
from a more complex pattern with contributions of up to three
excited states, sometimes largely separated in excitation energy.
This complexity makes an assignment of contributing states
more difficult, while reducing the error introduced by wrong-
fully assigned states at the same time.

This journal is © the Owner Societies 2022
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Fig. 3 Isolated CD spectra of bands A, B, and C for systems CH[13]-CHI[30]. Curves were obtained by Lorentzian line-broadening of the contributing

rotatory strengths for each band.

The progression in excitation energy shows a similar pattern
for all spectral bands. The described red-shift with respect to an
increase of n is strongest in the first steps following the
emergence of the band, but weakens continuously, seemingly
approaching a convergence limit. However, the increasing over-
lap between bands A and B along with the decrease in intensity
of the former to a point at which it vanishes, makes an
extrapolation of this limit for band A and the corresponding
effective conjugation length obsolete. In the light of this
observation, the similar progression of band B within the
investigated range of system sizes strongly suggests that the
same assumption can be made for this band. Moreover, one
specific aspect about the progressions of bands A, B, and C
indicate a periodic recurrence of newly emerging CD bands:
With the completion of one helical turn (to a good approxi-
mation) every six benzene rings (Fig. 1), the systems CH[13] and
CH[19] not only mark the starting point of the progressions of
bands B and C, respectively, but also introduce an additional
overlapping layer in the helix. This correlation becomes more
evident after a closer inspection of the smaller end of the
system range. The band maxima for CH[5] and CH[6] appear
to slightly deviate in both, excitation energy and A¢ from the
progression described by systems CH[7]-CH[23]. Additionally,
from a structural point of view, these carbohelicenes constitute
an exception, as the respective ends of the helical chains are in
close proximity, enabling a unique direct interaction. Following

This journal is © the Owner Societies 2022

this logic, the true origin of the progression is represented by
CH[7], fitting exactly into the sequence of systems mentioned
above. As a consequence, the emergence of a fourth CD band is
expected to fall into the investigated range at CH[25]. In fact,
the convoluted spectra of CH[25]-CH[30] exhibit a positive
feature higher in energy than band C. However, the underlying
electronic structure appears to be more complex than for bands
A to C and an assignment of contributing excited states, that
potentially rank close to the limit of 40 computed excitations,
becomes speculative. Missing this assignment, which is parti-
cularly difficult in the onset of the progression, the visualiza-
tion of a fourth CD band was omitted in Fig. 3 and 4.

The progressions of the band maximum intensities empha-
size the similarities between the different spectral bands. The
rapid increase in intensity with respect to the number of
benzene rings for all bands is followed by a decrease with a
similar rate for bands A and B in the investigated range. The
maximum intensity of the CD signal is rising from bands A to B
and C, although a maximum for band C is not observed up to
the largest system CH[30]. The step-wise growth in intensity
maxima combined with a similar increase rate for all bands
leads to a “delayed” dominance of the spectrum with respect to
the emergence of bands B and C. While the bands first appear
for CH[13] and CH[19]—a difference of one helical turn, as
outlined above—they become the most dominant band in the
spectrum of CH[17] and CH[26], respectively, differing by nine
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Fig. 4 Progressions in excitation energy and CD intensity of the maxima of the isolated bands A, B, and C with respect to the system size. Excitation

energies of the contributing excited states are shown in the upper panel.

benzene rings. The resulting overall buildup of the lowest-
energy CD band is therefore not expected to follow the same
periodicity of helical turns. This behaviour also explains why a
fourth CD band is nowhere close to a dominance of the
spectrum of CH[30].

Despite not being periodic, the increase in intensity strongly
deviates from a linear scaling with respect to the number of
benzene rings, as predicted in ref. 23 based on semi-empirical
calculations at the INDO/S level of theory. Supported by the fact
that a linear behavior also contradicts experimental findings
for CH[5]-CH[9], we argue that our first-principles approach
provides the most accurate description of this size-dependency
to date. The general trend, however, is confirmed and even
though an amplification of the CD signal, desirable for many
applications, is usually achieved by functionalization,®'”*° the
observed intensity-size relation opens up new perspectives, as
experimental techniques advance.

4.3 Characterization of CD bands

So far, the three spectral bands and the contributing states that
are subject to the discussion above were denoted A, B, and C for
simplicity. Based on their distinctive nature, several classifications

19328 | Phys. Chem. Chem. Phys., 2022, 24,19321-19332

of electronic states in polycyclic aromatic systems have been
suggested and applied to hexahelicene CH[6],”° out of which the
nomenclature by Platt for cata-condensed hydrocarbons® has
been established in the decades to come and is commonly used
in recent publications. Besides the multiplicity and sym-
metry considerations, the main feature for classification is the
so-called ring quantum number g, originating in Hiickel theory,*"
defined by the molecular orbitals involved in the excitation. Owing
to the high density of states and complexity of the transitions in the
carbohelicenes towards the larger end of the investigated range,
especially for bands B and C, an adaption of this nomenclature is
nontrivial and beyond the scope of this work. Although the
notation chosen instead (A/B/C) is sufficient for describing the
observed progressions, it is worthwhile to have a closer look at
some of the characteristic features.

The near C, symmetry of the geometry-optimized carbohe-
licenes enables a categorization of electronic states according
to their polarization with respect to the rotational axis. Excita-
tions polarizing along the C,-axis or perpendicular to it are
assigned to symmetries A or B, respectively. The direction of
polarization can be directly seen from the electric transition
dipole moment p. The electric transition dipole moments of the

This journal is © the Owner Societies 2022
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contributing transitions to bands A, B, and C are shown in
Fig. 1 along with the corresponding magnetic transition dipole
moments. In the chosen orientation the x-axis corresponds to
the rotational C,-axis, whereas the helical axis is aligned with
the z-axis. The transition dipole moment vectors are repre-
sented by their projection onto the yz-plane, justified by negli-
gible out-of-plane components of less than 1% of the shown
projection for the electric and magnetic moments.

The orientation of the electric transition dipole moments
reveals, that all CD bands exhibit B symmetry, as previously
reported for band A.'® Moreover, since the rotatory strength is
determined by their scalar product, the relative orientation of
the electric and magnetic moment gives further insight in the
progression of each band. Thus, the rise in intensity following
the emergence of each band is linked to a decrease in the angle
between the two moment vectors with the chosen gauge origin.
In the case of bands B and C this trend is amplified by an
increase of the magnitudes of the transition moments, whereas
the largest magnitudes for band A are already present in the
smallest investigated system CH[5], emphasizing the unique-
ness of the beginning of the progression of band A. As the
moment vectors become more parallel with larger system sizes,
they also align with the helical axis. The observed decrease in
intensity for bands A and B is connected to the decline in
magnitudes of the corresponding transition dipole moments.
Hereby, the decrease of the electric moment sets in at smaller
system sizes, to then be followed by the magnetic moment.

It should be mentioned that each spectral band is repre-
sented by the dipole transition moments of one (the most
dominant) excited state per carbohelicene in Fig. 1. While the
orientations of vectors contributing to the same band are alike,
their magnitudes differ corresponding to the amount of the
contribution. As a consequence, it is not possible to quantify
the described trends. Regarding the contribution of several
excited states to the intensity of CD bands, a well-behaved trend
was found for bands A and B: For carbohelicenes with an even
number of benzene rings, both bands A and B arise solely from
one excited state. However, for odd values of n the band highest
in intensity experiences a split into contributions from two

CH[12] - Band A

22.6% 54.8% 22.6% 23.7%
OUTER 4 INNER 4 OUTER 4 OUTER 6

CH[18] - Band B

INNER 6

View Article Online

Paper

separate excited states (see Fig. 4 or Fig. S1 and S2 in the ESI¥).
Investigation of the orbitals involved in the transition shows,
that the split originates from excitations resulting in two
different electron-density distributions—with a localization
on benzene rings 2k and 2k + 1 (k = 0, 1, 2,...), respectively.
The absence of this split for systems with even numbers of
aromatic rings can be explained with the symmetry-caused degen-
eracy of the same effect. The only exception of this trend is marked
by CH[5], again, indicating an inconsistency with the progression.
For band C no such trend is recognized, potentially hidden by the
complexity of the underlying electronic structure.

In order to obtain a more detailed description of the
electronic transitions leading to the formation of the spectral
bands, the involved orbitals were examined in the form of
natural transition orbitals (NTOs).®> The latter provide a more
compact representation of transitions with significant contri-
butions from more than one molecular orbital to the ground
and excited state electron density. These more descriptive
particle and hole densities are obtained by means of unitary
transformations. The NTOs of the transitions contributing to
bands A-C display localization effects varying for every band.
As two-dimensional orbital representations can often be ambig-
uous or even misleading, the analysis tool ElecTrans®** was
used to achieve a clearer picture. For an illustration of localiza-
tion effects, a division of the system into subsystems is obliga-
tory. Due to their symmetry a minimum of three continuous
subgroups is needed in the case of carbohelicenes and a
partitioning into three parts approximately equal in size has
been proven to capture the observed effects in the best way
possible. The differences in the hole and particle densities of
the respective subunits give rise to the net transfer of electron
density resulting from the corresponding excitation. Thereby,
ElecTrans does not consider linear combinations of atomic
orbital densities, but is solely based on a Voronoi segmentation
of the grid points for the hole and particle densities provided by
VeloxChem. The electronic transitions for different bands are
summarized in Fig. 5 using exemplary systems.

The only contributing state to band A in the CD spectrum of
CHJ[12] exhibits a relatively small transfer of electron density

CH[28] - Band C
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45.7%
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particle [N | | |

22.6% 3.2% 48.4% 3.2% 22.6% 23.7% 19.8%

12.1% 20.3% 24.0% 32.4% 13.7% 8.2% 13.1% 32.6%

Hole (NN IENUNNNNNNN e | |
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25.8% 48.4% 25.8% 43.6%

Fig. 5 Net electron density transfer in natural transition orbitals (NTOs) for
ElecTrans®*®* was used after selection of suitable subunits for each system.
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electronic excitations contributing to bands A, B, and C. The analysis tool
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from the outer eight rings to the inner four. The division into
subunits for this particular system is therefore rather arbitrary
and the electronic excitation can be identified as a local
excitation (LE). However, the hole and particle densities are
not delocalized over the full length of the helical chain,
with vanishing values positioned on the exterior two benzene
rings on both ends. This causes an disproportional fraction of
around 50% to be found on the inner third of the molecule. As
band B arises from a single excited state in the spectrum of
CH[18] with a strong rotatory strength and well separated from
other states, this transition was chosen for analysis with
ElecTrans. The resulting picture after separation into subunits
of six benzene rings each shows a localization on both outer
subunits of the hole density. Excitation is accompanied by an
electron transfer to the inner subunit of 40.1% in total, indicating
a charge-transfer (CT) character. The strongest contributing excited
state in the spectrum of CH[28] and a division into subunits of
eight inner and ten outer benzene rings were chosen for the
representation of band C. The corresponding analysis displays
an almost reversed pattern with respect to band B. The hole
density is just slightly localized on the inner subunit (35.0% of
the density localized on 26.4% of the atoms), but the substantial
transfer of 26.8% of the density to the outer subunits through the
excitation causes a strong localization of the particle density on the
latter. From the transfer of electron density it becomes evident,
that there are fundamental differences in the nature of the
electronic transitions underlying to the spectral bands. The CT
character of bands B and C naturally raises the suspicion that their
occurrence is merely an artifact of the applied method, as DFT is
known for deficiencies in describing CT states without considera-
tion of long-range corrections.® However, calculations at the HF
level that do inherently not suffer from the same deficiencies
showed equivalent CD band progressions to those presented
herein. Therefore, we are confident to provide an accurate descrip-
tion of the electronic structure.

5 Summary

Enabled by recent advances in the utilization of large-scale
high-performance computing resources for quantum chemical
simulations, we calculated the electronic CD spectra of carbo-
helicenes in the range of CH[5]-CH[30] at the LR-DFT/B3LYP
level of theory, including the by far largest members of the
homologous series treated with an ab initio approach to date.

The chosen computational protocol was assessed by com-
parison with reference data for CH[5]-CH[9]. Discrepancies
from experimentally obtained spectra in intensities and excita-
tion energies of the lowest-energy spectral band are no larger
than 11% and 0.21 eV, similar in accuracy to reported state-of-
the-art benchmark calculations. Together with a good qualita-
tive description of spectral features higher in energy, these
values establish reliability of the results obtained for larger
systems.

The calculated CD spectra show the emergence of two new
bands that rapidly gain intensity and undergo a strong, but
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decreasing red-shift with increasing system size. These progres-
sions cause each band to dominate the priorly prevalent band,
leading to a step-wise intensity-buildup of the lowest-energy
band. In contrast to linear analogues, this behavior makes
the estimation of an effective conjugation length obsolete—a
consequence of the unique helical structure that allows the
conjugated system to interact with itself. A series of charac-
teristics of the band progressions, such as the onset system
sizes (CH[7], CH[13], CH[19]), growing rate of intensity, relative
orientation of transition dipole moments and symmetry of
the contributing states indicate a periodic recurrence of the
emergence of new spectral bands, that is directly linked to the
number of helical turns and hence overlapping layers of
conjugation.

Further analysis revealed the fundamentally different nature
of the electronic transitions leading to the formation of the
observed CD bands. Accordingly, the initially observed band
was identified as LE, whereas the emerged bands show CT
character with electron density transfer between outer and
inner subunits of 40.1% and 26.8%, but reversed direction.

While the provided in-depth description of the system size-
dependency of the electronic structure of carbohelicenes con-
firms the previously reported enhancement of the CD signal
strength, it dissents from the linearity of this relation and the
prediction of an effective conjugation length. With previous
studies being limited by the accuracy of the applied methods®
or range of systems,'®>! we are confident that our fully analy-
tical approach overhauls the current conception. Moreover, the
revealed complexity of the CD band progressions generally
encourages to exercise caution when extrapolating trends from
a small range of systems for seemingly straightforward size
extensions.
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