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ABSTRACT: Magneto-chiral dichroism (MChD) is a fundamen-
tal but experimentally elusive chiroptical effect. Carbo[n]helicenes,
with their strong and systematically evolving chirality, represent
ideal systems for its investigation. Here, we present the first
theoretical predictions of the MChD spectra for a series of
carbo[n]helicenes, from [4]- to [8]helicene, calculated using time-
dependent density functional theory (TD-DFT) within the
damped response framework. To contextualize these predictions
and enhance their reliability, we also computed the corresponding
electronic circular dichroism (ECD) and magnetic circular
dichroism (MCD) spectra, and report the first experimental
MCD spectrum of [7]helicene. A systematic scaling procedure,
calibrating the computed wavelengths against available exper-

TD-DFY
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imental ECD and MCD data, was employed to provide reliable estimates for the yet-to-be-measured MChD signals. Our results
predict that the MChD signals for larger helicenes, in particular [6]-, [7]-, and [8]helicene, are potentially within the sensitivity of
modern experimental setups, with dissymmetry factors (gycnp) of the order of 1076, An increasing trend in the MChD signal is

observed with increasing helicene size, suggesting a correlation with

the number of benzene rings. These findings provide a robust

theoretical benchmark and are intended to motivate new experimental investigations of this fundamental light—matter interaction.

1. INTRODUCTION

Magneto-chiral dichroism (MChD) is a nonreciprocal optical
phenomenon observed in chiral media, defined as the
difference of absorption of unpolarized light under a static
magnetic field, B, applied parallel versus antiparallel to the
propagation vector of light, k. Its existence, predicted on
symmetry grounds and formalized in the early 1980s," was first
experimentally confirmed in 1997.” The effect is equal in
magnitude but opposite in sign for the two enantiomers.
MCHhD is a unique fundamental way in which light and matter
interact. It has been elusive experimentally and has sparked
interest for a couple of decades.”™>

The significance of MChD extends beyond a spectroscopic
curiosity. This effect has been proposed for technological
applications, such as the optical readout of magnetic data using
unpolarized light.*"® A reverse effect, where unpolarized light
in a magnetic field induces enantiomeric excess in a racemic
mixture, has been experimentally demonstrated and is
considered a possible mechanism for asymmetric photo-
chemical synthesis on a planetary scale, possibly contributing
to the homochirality of life. It is relevant for astrochemical

© 2025 American Chemical Society
11538

7 ACS Publications

evolution because the two physical entities necessary for its
emergence, unpolarized light from stars and magnetic fields
from celestial bodies such as planets and neutron stars, are
ubiquitous in the universe. The first chiral molecule has been
discovered in Crab Nebula.”® However, studying this effect
and putting it to use, as mentioned above, is contingent on the
discovery and characterization of molecular systems that
exhibit a strong MChD response. This challenge underscores
the importance of predictive theoretical studies in guiding the
measurements of new candidate molecules.

Much of the recent experimental effort to maximize the
MChD signal by thoughtful design of molecular systems has
focused on paramagnetic, open-shell systems, particularly
lanthanide(III) complexes. These ions are targeted for their
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(a)  [3]helicene

(phenan-

(d) (—)-[6]helicene (M)

(e) (=)-[7]helicene (M)

(f) (—)-[8]helicene (M)

Figure 1. Studied helicenes, viewed from a point along the helix axis and from the side: (a) [3]helicene; (b) [4]helicene; (c) [S]helicene; (d)

[6]helicene; (e) [7]helicene; and (f) [8]helicene.

intrinsic properties, such as strong spin—orbit coupling and the
presence of magnetic-dipole-allowed f—f transitions, which
have recently led to record-high MChD dissymmetry
factors.”~'> However, purely organic, closed-shell molecules
remain fundamentally important systems for MChD studies,
especially those of biological relevance. Should small chiral
organic molecules, such as amino acids, exhibit MChD
response, they might provide an argument in the homochirality
debate. There is, therefore, a need to extend theoretical
predictions to such systems, as we did in our pilot study."

Despite the significance of MChD and progress in the field,
experimental MChD investigations are scarce, mainly because
the signals are typically very weak or come from exotic systems.
This situation creates the need for robust theoretical
predictions to identify promising molecular candidates and
stimulate experimental efforts. Carbo[n]helicenes, a class of
ortho-fused polycyclic aromatic hydrocarbons (PAHs), are
ideal closed-shell systems for such a study. The steric
hindrance causes a strong axial chirality that evolves system-
atically with the number of fused rings (). Consequently,
chiroptical methods, such as electronic circular dichroism
(ECD), are routinely used to determine their absolute
configuration, while magnetic circular dichroism (MCD)
provides a complementary probe of their electronic states.
Although the ECD of helicenes has been studied extensively,"*
and their MCD to a lesser extent,'’ their magneto-chiral
properties remain unexplored.

Here, we present the first theoretical predictions of MChD
spectra for a series of carbo[n]helicenes, from [4]- to
[8]helicene, calculated using the damped response theory
formalism'®™*" as implemented in the DALTON program
suite.'>*"** To contextualize our primary results and assess the
reliability of our computational model, we also calculated the
corresponding ECD and magnetic circular dichroism (MCD)
spectra. This complementary analysis allows for a comparison
with known spectroscopies and enables an empirical adjust-

ment through a rigorous scaling procedure of the calculated
MCHhD results to provide reliable predictions for the yet-to-be-
measured MChD signal despite possible model inadequacies.
As far as we know, we also report the first experimental MCD
spectrum of [7]helicene. Our calculations predict MChD
signals for the larger helicenes that are potentially within the
reach of modern experimental setups, and we hope that these
results will motivate new measurements of this elusive
chiroptical effect.

2. COMPUTATIONAL DETAILS

2.1. Structures. The structures of the molecules studied
herein are shown in Figure 1. The geometries of (—)-[S]-
helicene, (—)-[6]helicene, and (+)-[7]helicene were taken
from a study reported in ref 23. They had been optimized in
vacuo using second-order Mgller—Plesset Perturbation Theory
with the Dunning-type cc-pVTZ basis set. The structures of
[3]helicene (phenanthrene), [4]helicene, and [8]helicene were
taken from ref 24. They had been optimized at the B3LYP-
D3BJ/def2-TZVP level of theory. No further reoptimization
was attempted herein. Based on our analysis and previous
work,'* these different optimization models yield negligible
differences in the calculated UV—vis spectra. For consistency,
we decided to report all spectra for the M enantiomers.
Because the geometry of [7]helicene taken from ref 23 was for
the P enantiomer (i.e,, (+)-[7]helicene), after performing all
the calculations, we vertically flipped (multiplied by —1) the
ECD and MChD spectra of this molecule, and used the M
geometry in Figure le.

2.2. Computational Methodology. For a detailed
description of the theory and notation used for the calculation
of the response properties and spectra studied in this paper, the
reader is referred to ref 13 and the references therein. In
general, the properties of interest were obtained from damped
response theory' ™ and transformed into quantities used in
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the experiment, i.e, the molar ellipticities and dissymmetry
factors. We applied the computational protocol presented in
the aforementioned pilot study (see ref 13), but we will briefly
quote in the following the most important aspects and working
equations.

The DALTON program suite was used to calculate the
properties of interest throughout this study.”"”* The scripts
and data used can be obtained from the authors upon request.

2.2.1. Molar Ellipticities. For circular dichroism effects along
an optical path of length ], one observes a difference between
the absorptive index, n’, for the left-circularly polarized light,
n'Y, and the absorptive index for the right-circularly polarized
light, n'®. Quantitatively, this phenomenon can be encoded in

the ellipticity # as follows

n= ﬁ[ﬂ/L _ n/R]
2c, (1)

where @ is the angular frequency of the incident electro-
magnetic (EM) wave and c, is the speed of the EM wave in
vacuum. The molar ellipticity, [@], is obtained by dividing the
expression 1 by the concentration of the sample given in 1072
mol/dm?® and assuming an optical path | = 1 cm. In the
following, we present the expressions for the molar ellipticities
for each of the studied spectroscopies. A detailed discussion on
the units and conversion factors can be found in ref 13.

The molar ellipticity for electronic circular dichroism
[O]EP was calculated as follows (Einstein’s summation
convention is assumed throughout):

100wN,
— Gulg)
360(:3 aa g (2)

where N, is Avogadro’s constant, € is the electric permittivity
of vacuum, and G/,(g) is the real component of the damped
electric dipole—magnetic dipole linear response function:

[@]ECD ~

G(;/}<g) = Re<</’%l; mﬂ))Z) (3)

where f, is the @ component of the electric dipole operator,
and m, is the @ component of the magnetic dipole operator, y
is the damping factor and @ is the angular frequency. The
notation (g) indicates that the absorptive part of the tensor G’
is taken into account.

The magnetic circular dichroism spectra, expressed in terms
of the MCD ellipticity [@]M“P, are obtained as follows:

B,e, 0,
3606 apAPapi (g) (4)

where B, is ma%netic field induction, €44, is the Levi-Civita
tensor, and aaﬂi (g) is the real part of the damped quadratic
response function:

ani(g) =

Although magneto-chiral dichroism spectroscopy is not a
circular dichroism spectroscopy, one can per analogiam
construct a parameter of the MChD ellipticity:

[@]MCD ~ —

_Re<</’ta}/"/p m/l)%);o (5)

[@]MChD — il(n/TT _ n/Tl)

2c¢, (6)

where

pubs.acs.org/JPCA
) M G
n'—n B*(g) + B%(g)
R } )

with

BA/(g) = lw ( a<1r:/3 [}(g) a ﬂ/;,(l(g)) (8)

B(g) = (I/MG(S;;I,)A(g ) 9)

Here, N is the number density of the sample, the tensor A0 g
the perturbation to the imaginary part of the electric dipole—
electric quadrupole optical act1v1ty tensor due to an external
magnetic fleld and the tensor G™ is the perturbation to the
real part of the electric dipole—magnetic dipole optical activity
tensor. The quadratic response functions needed to calculate
them are given as

G (—w; 0, 0)(g) = Tm({; mg, m)), (10)
(lf;;lﬂ)l( w; w, 0)(g) = _Re<<ﬂa ®/}/)’ m11>>wo (11)

where ®p, denotes the fp component of the traceless
quadrupole moment operator.

For [@]5P, [@]MP, and [®@]M™Pobtained in the manner
described above, the conversion from atomic units to deg dm*
cm™" mol™" was performed using eqs 28, 35, and 39 from ref
13, respectively.

We also modeled the ECD spectrum using conventional
(i.e., resonant) response theory yielding excitation energies and
rotatory strengths, the so-called stick spectrum. These results
are also depicted in the figures with an additional vertical axis
for rotatory strength on the right-hand side of the plots. To
verify our damped response results, we used Lorentzian
broadening for the resultant stick spectrum by employing eqs
1S and 16 from ref 25. An empirical damping factor,
corresponding to a Lorentzian broadening of 1000 cm™', was
used to approximate the experimental bandwidths observed in
solution and the units are the same as for [@]5¢P,

The ECD spectra are often presented as Ae. To compare
them with the present results in terms of ellipticities, we used
the following relationship (see eq 29 in ref 13 and eq 10 in ref
26):

©](@) = 18,0001n(10)
4r

Ae(w) (12)

2.2.2. Dissymmetry Factors. We proceed with a brief
description of the dissymmetry factors"””*® of the properties
studied. For more details and discussion on these values, see
ref 13.

The dissymmetry factor for electronic circular dichroism is
the difference between n'" and n'® divided by their arithmetic

average, yielding:

3 Z(H/L _ n/R) 3
8cp = (n/L + n/R) -

2G{’l(l (g)
CO'a(m(g) (13)

The dissymmetry factor for magnetic circular dichroism is
the difference in the n’ of light of the chosen circular
polarization for two opposite directions of magnetic induction
B divided by their arithmetic average:

1 Bzea/ﬂa(;/(}iln)

_ 20 (B) — n(=B)] _
['B) + n"(-B)] 2 a,g)

MCD( ) =

(14)
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In the case of the dissymmetry factor for magneto-chiral
dichroism, we take the absorptive indices for the parallel and
antiparallel orientations of the magnetic induction and wave
vector:

2>n' M = 't B BZ[BA,(g) + B%(g)]
(G €0 ¥a(g)

8nenp(B) =
(15)

The denominators of the above relationships contain the
polarizability tensor elements a,,. They were calculated for the
same wavelengths as those used for the properties studied. The
dissymmetry factors are dimensionless.

Reports in the literature in refs 14, 15, 29, and 30 did not
record the g factors for the studied helicenes but provided
dichroic properties of molecules accompanied by their UV—vis
spectra. We digitized such data to calculate the g-factor
spectrum for a given property using a general relationship:

_ Agy

&x (16)

&

where X is ECD, MCD, or MChD.

2.2.3. Basis Sets and Other Details. We considered the
correlation-consistent aug-cc-pVDZ basis set of Dunning and
co-workers, and its triply augmented variant t-aug-cc-
pVDZ.>"** However, our study showed that while augmenta-
tion itself is important, its level is not. We analyze the
dependence on the basis set in an earlier work'” and herein for
the [S]helicene and [6]helicene molecules (see, e.g., Figures
S3 and S4). As shown in the figures, the spectra obtained with
aug-cc-pVDZ and with t-aug-cc-pVDZ differ only slightly for
lower wavelengths. Since these calculations are expensive (10-
fold increase in computation time when going from aug- to t-
aug-), we limited our study to the smaller basis set. The
calculations were performed using the B3LYP functional as the
basic choice. For [3]- to [S]helicene, the CAMB3LYP
functional was also used for comparison. Since it did not
provide qualitatively different results and the scaling procedure
described herein sufficed to obtain good agreement between
the experiment and computations, we did not use it for larger
systems.

The default convergence threshold was used for the energy
calculations, whereas a tighter criterion (107 instead of 10™*)
was used for the convergence of the linear response equations.
We used an empirical broadening parameter y of the value
1000 cm™ (0.004556 a.u.). The step between successive
frequency points at which the properties were computed was
generally set to 0.002 a.u.; for [6]helicene below 0.137 a.u.
(338 nm), it was equal to 0.001 au. In the case of the
ellipticities, these points are presented together with the
interpolated spectra. The interpolation was performed using
the standard cubic spline method with the help of the Python
SciPy module.” The dissymmetry factors were obtained from
the interpolated data. The strength of the magnetic field was 1
T in all cases.

We did not include solvent effects in this work as this is the
first attempt to model MChD spectra for a series of helicenes
and our goal was to establish the positions and strengths of the
signal within the damped response formalism. Additionally, as
stated in other works,'*"® the vacuum and PCM results for
PAHs are very similar.

The calculations of MCD and especially MChD, which
require evaluation of quadratic response functions, are very

11541

expensive and due to memory limitations require running
many separate jobs. To facilitate the management of multiple
files and collect results, we developed and tested an in-house
Python code that manages these tasks.

Digitization of the spectra from the literature was performed
using WebPlotDigitizer’* and adjustText’> was used for Figure
S8. The pictures of the molecules were prepared using
MOLDEN.***

2.3. Scaling of the Spectra. The calculated transition
energies are known to be shifted with respect to the
experimental results."'>*> The discrepancy depends on the
level of theory. Aside from developing more sophisticated
computational protocols, e.g., utilize methods that can describe
electron correlation at a higher level, include environmental
effects and the influence of molecular vibrations and
intermolecular interactions, empirical approaches are often
used to improve computational results—that is, the obtained
wavelengths are either scaled or shifted. Here, we used both
strategies (i.e. scaling and shifting) carefully, based on the
available experiments. In other words, the wavelengths
calculated from computationally obtained energies were
multiplied by a dimensionless scaling factor f; and a shifting
term A, in nanometers was added, according to the following
expression:

/1:‘&/10 + Al (17)
where 4 is the computational wavelength in nm and 4 is the
final scaled and shifted wavelength in nm.

The procedure to obtain f; and A, is described in detail in
the next section. The presentation of the results herein
includes both the untreated and scaled spectra. While the
fitting procedure was conducted in wavelengths/nanometers, it
is important to note that we used the scaled angular frequency
values @ obtained from the scaled wavelengths 4 to obtain the
property values in eqs 2, 4, and 6. This ensures that the values
of the properties which depend on the angular frequency of the
incident radiation (ie., the ellipticities) change accordingly.
Note that the dissymmetry factors do not depend on the w
values.

There are no experimental MChD results for the studied
helicene molecules. Still, we used the scaling factors and
shifting terms obtained from ECD and MCD fitting for our
MChD calculations since the inadequacies of the chosen
theoretical model in reproducing the excitation energy values
are the same for ECD, MCD and MChD calculations. While
this cannot be said for the property values (intensities), we
assume that the amount of scaling needed in all the studied
spectroscopies is comparable and hope that such a procedure
will provide better prediction of signal positions. This, of
course, neglects different experimental conditions of ECD,
MCD and hypothetical MChD experiments but one should
remember that it has been shown both experimentally and
computationally that the influence of the environment on the
spectra of helicenes is negligible.' "

2.4. Obtaining the Scaling Factors and Shifting
Terms. For a pair of experimental and calculated spectra,
the following procedure was performed:

1. A comparison range R for the spectrum was first chosen.

2. Within the comparison range, the data were interpo-
lated, and the spectra normalized according to eq 10 in
ref 38. The integral required for normalization was
evaluated in SciPy.

https://doi.org/10.1021/acs.jpca.5c06265
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Table 1. Obtained Scaling Factors and Shifting Terms (for Detailed Description, See Text)“

experiment
helicene property and method source
[4]helicene MCD, B3LYP/aug-cc-pVDZ ref 15: Figure 3
[4]helicene MCD, CAMB3LYP/aug-cc-pVDZ ref 15: Figure 3
[SThelicene  ECD, B3LYP/aug-cc-pVDZ ref 14: Figure 2
[S]helicene ECD, CAMB3LYP/t-aug-cc-pVDZ ref 14: Figure 2
[SThelicene EC;), RI-CC2/aug-cc-pVTZ (ref 23: Figure ref 14: Figure 2
2
[S]helicene MCD, B3LYP/aug-cc-pVDZ ref 15: Figure 3
[S]helicene MCD, CAMB3LYP/t-aug-cc-pVDZ ref 15: Figure 3
[6]helicene  ECD, B3LYP/aug-cc-pVDZ ref 14: Figure 2
[6]helicene EC§), RI-CC2/aug-cc-pVTZ (ref 23: Figure ref 14: Figure 2
3
[6]helicene MCD, B3LYP/aug-cc-pVDZ ref 15: Figure 3
[7]helicene  ECD, B3LYP/aug-cc-pVDZ ref 30: Figure 2
[7]helicene EC;), RI-CC2/aug-cc-pVTZ (ref 23: Figure ref 30: Figure 2
4
[7]helicene  ECD, B3LYP/aug-cc-pVDZ ref 42: Figure 1
[7]helicene EC;D, RI-CC2/aug-cc-pVTZ (ref 23: Figure ref 42: Figure 1
4
[7]helicene  MCD, B3LYP/aug-cc-pVDZ this work
[8]helicene ECD, B3LYP/aug-cc-pVDZ ref 42: Figure 2
[8Thelicene  ECD, RI-CC2/TZVPP (ref 14: Figure 2b) ref 42: Figure 2

comparison range in max width range in A; in

nm nm fi nm Sim
221-350 171-450 0.929 17.4 0.437
221-350 171-425 1.182 —25.7 0.604
203-350 183—-500 0.803 42.9 0.714
203-350 153—-500 0.989 159 0.703
203-350 153—-500 0.989 12.6 0.822
223-375 123-575 0.693 75.8 0.617
223-350 203-500 0.750 83.3 0.609
201-375 101-525 0.838 29.9 0.845
201-375 101-525 0.956 16.7 0.877
221-365 121-565 0.937 0.5 0.49S
205—40S 105-505 0.794 42.0 0.824
205—40S5 105-505 0.887 27.7 0.857
227-417 127-517 0.738 61.9 0.827
227-417 127-517 0.890 29.6 0.862
200—400 180—480 0.776 49.5 0.407
250—440 150-590 0.893 15.9 0.872
265—440 165—540 0.948 20.7 0.975

“The constraints in the fitting procedure were defined so as to keep the ends of the calculated spectrum outside the comparison range but within a
“max width” range, which was wider than the “comparison range” by a specific margin (its values were 20—200 nm, default 100 nm, chosen to keep
the ranges of parameters of maximization (i.e., the scaling factor and shifting term) reasonably narrow and to keep the results of the maximization in

agreement with an initial visual analysis of the spectra).

3. The search for the maximum similarity between the two
normalized spectra was performed using the basin-
hopping algorithm™ implemented in SciPy.*> We have
tailored the default settings to ensure that the constraints
described below are always met.

4. For each of the 10,000 basin-hopping steps, the local
maximization of the similarity index was performed (in
SciPy’® as well) using Sequential Least Squares
Programming (SLSQP) algorithm.** SLSQP was chosen
because it enabled the use of constraints to keep the
ranges of parameters of maximization (i.e, scaling
factors and shifting terms) reasonably narrow and to
adjust the ranges to initial visual inspection of the
spectra (see Table 1).

S. We selected the similarity index already used for dichroic
spectra in the literature (see refs 38 and 41). The general
formula is as follows:

I
Iy + Iy = |1 (15)
where I, is an overlap integral of the spectra f(1) and

Sim =

g(A) evaluated in the comparison range R:

I = [ fg

The evaluation of this integral was performed numeri-

cally in SciPy using only the interpolated data.
6. Each fitted spectrum was subsequently subjected to
visual evaluation.

3. EXPERIMENTAL SECTION

Commercial heptahelicene (Cymit Quimica S. L.) was
dissolved in n-hexane (Sigma-Aldrich) to concentrations of

11542

0.1 mg/mL (~0.26 mM). The absorption, ECD, and MCD
spectra were recorded in the 190—400 nm region using a
JASCO J-815 spectrometer equipped with a permanent
magnet (1.5 T). The spectra were collected at room
temperature using a 1 mm Quartz Glass cell (Hellma). The
scanning speed was set to 20 nm/min and the response time
was 8 s. The final spectra represent the average of three scans.
The solvent signal was subtracted, and the spectra were
normalized to the path length and concentration, and are
presented as molar ellipticities. The MCD spectra were
normalized to the magnetic field.

4. RESULTS

A detailed analysis of the types of electronic transitions
involved in the studied spectra is discussed in the work of
Nakai et al.'* and of Kaminsky et al."> In general, helicenes
belong to the C, symmetry group and the electronic transitions
they undergo can be categorized into A and B irreducible
representations. The main characteristics of the ECD spectra
of these molecules are bisignate positives/negative signals that
dominate the spectrum in the lower wavelength region; e.g., for
the [6]helicene molecule, these are the prominent signals at
325 and 250 nm. They were characterized as the 'By, and 'B,
bands. Interestingly, the positions of these bands have been
linearly correlated with the number 1/n, where n is the number
of benzene rings which can be understood as a metric of the
chirality of these systems."*

We present both molar ellipticities and dissymmetry factors
for the ECD, MCD, and MChD spectra without any fitting (in
the Supporting Information) and with the fitting procedure
applied as described above. Additionally, we present the scaled
optical rotation dispersion (ORD) spectra for [6]-, [7]-, and
[8]helicene molecules in Figure S9. In the case of the
ellipticities, both the calculated points and the interpolated
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between the calculated and the experimental spectra are listed
in Table 1 and presented in Figure S8.

To facilitate a direct comparison with the computed results,
the experimental spectra were scaled. For instance, the [©O]
spectrum of Schooley et al.*’ or Vasak et al,** reported
without clear units, was multiplied by a factor of the order of
100. The [©] spectrum of Martin et al.** was scaled by a factor
of 10, consistent with Nakai et al,'* and some other spectra
from literature, e.g.,, from ref 30, were scaled to match the
magnitude of the related experimental data. Notably, the UV—
vis spectrum of [7]helicene measured in this work is weaker
than those from earlier reports. We observed a similar
discrepancy for [5]- and [6]helicenes from ref 15 compared
to other experiments. The source of this difference is not
immediately apparent. However, scaling both the experimental
MCD and the UV—vis spectra ensures that the calculated
dissymmetry factors are of the correct order of magnitude for
comparison to the experimental values.

4.1. [3]Helicene. Unlike other helicenes, phenanthrene
(see Figure la), sometimes called [3]helicene, is flat and does
not have axial chirality. Hence, we present only the MCD
spectra of this molecule. Phenanthrene is included here for
completeness and as an additional validation of our approach.
To our knowledge, three experimental MCD spectra are
available in the literature, by Vasak et al,,** by Schooley et al.,**
and by Kaminsky et al.'"> They are reproduced here in Figures
2 and S1. Note that we had to scale the property values from
the two former reports because of uncertainty about the units
(see figures for details). The experimental spectra show finer
details in the region 320—340 nm. This is a vibrational
structure studied by Kaminsky et al,"> which was not
considered in our calculations, since the focus here is only
on electronic transitions.

The unscaled MCD spectra are presented in Figure S1. The
main experimental feature of the spectrum is at approximately
350 nm. The B3LYP predicted wavelength differs from the
experiment by approximately 30 nm and CAMB3LYP
overestimates the position of this signal even further. One
can see that the results obtained with both functionals differ by
approximately 15 nm with respect to each other. However, the
general features of the spectra are quite similar. This can be
seen in Figure 2 where the spectra were scaled according to the
procedure described above. The scaled spectra fit well with the
experiment except for the strong negative signal predicted at
approximately 305 nm. The experiment features only weak
negative values in this region. In general, based on the results
of Kaminsky et al,, the calculations appear to overestimate the
intensity.

4.2. [4]Helicene. The [4]helicene molecule (see Figure
1b) is the first chiral system in the studied series of molecules.
The results for [4]helicene are presented in Figure S2
(unscaled) and 3. Two sets of experimental MCD data'>*
were included in the plots. Computational ECD results were
also reported by Nakai et al.'* using the second-order
approximate coupled-cluster singles and doubles model
(CC2) and the resolution-of-identity method. Since we
observed a perfect match between the results obtained within
the classical response and the damped response theory for the
other helicenes, and there is no ECD measurement of
[4]helicene available for comparison or fitting, we did not
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exp., Kaminsky 2017 ~~7" exp., Vasdk 1978
exp., Schooley 1966

— " B3LYP/aug-cc-pVDZ
—* CAMB3LYP /aug-cc-pVDZ

Figure 2. MCD spectrum of phenanthrene ([3]helicene), scaled by
visual assessment for the similarity with MCD experimental spectrum
by Kaminskj et al;"° the scaling parameters for B3LYP/aug-cc-
pVDZ: f; = 1.184, A; = —43.0 nm and for CAMB3LYP/aug-cc-
pVDZ: f; = 1.323, A; = —56.0 nm; the experiments by Schooley et
al.”® and by Vasak et al.** were scaled to have values comparable to
the experiment of Kaminsky et al,; that of Schooley et al. by 2 X 100
(for wavelengths under 269 nm) and 0.5 X 100 (over 269 nm), that of
Vasak et al. by 1.5 X 100 (under 269 nm) and 3 X 100 (over 269
nm); all experimental spectra were multiplied by —1. Experimental
data reproduced from refs 15 and 44 (Copyright 2017, 1978
American Chemical Society), and ref 43 (Copyright 1966 National
Academy of Sciences).

calculate the damped response CAMB3LYP ECD spectrum for
[4]helicene.

The unscaled computational ECD spectrum features a weak
positive signal at approximately 335 nm and a series of stronger
and increasingly negative signals at ca. 285, 255, and 220 nm.
The CAMB3LYP results correspond better to the calculations
of Nakai et al. than the B3LYP results. In particular, the
positive feature at 250 nm is present only in the CAMB3LYP
spectrum and the results of Nakai et al.

The scaled computational MCD spectrum fits the experi-
ment well down to 280 nm. However, in the experiment, there
are additional features in the region above 280 nm, which
appear to be caused by the vibronic structure. We hypothesize
that these are the two electronic transitions visible in ECD at
ca. 330 and 285 nm, whose vibronic structures overlap in
MCD (and are not considered in our calculations). The
experimental gycp spectrum clearly exhibits rich features in
this region.

The MChD spectrum presented in Figure 3 was scaled with
the factors obtained from the MCD fitting. There are no
experimental results available for comparison. We predict
gvichp Signals of the order of 4 X 1077 at approximately 275 nm
(positive), 265 nm (negative), 225 nm (positive), and 215 nm
(negative).

4.3. [5]Helicene. The spectra calculated for [S]helicene are
presented in Figure S3 (unscaled), 4, and 5.

In the case of the ECD spectrum, we compare our
theoretical results with the experimental spectra registered by
Nakai et al.'"* The experimental spectrum in Figure S3 and the
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Figure 3. Spectra of [4]helicene, scaled for the highest similarity with
MCD experimental spectrum by Kaminsky et al;"* the scaling
parameters for B3LYP/aug-cc-pVDZ spectra are f; = 0.929, A, = 17.3
nm; those for CAMB3LYP/aug-cc-pVDZ are f; = 1.182, A; = —25.6
nm; for illustrative purposes, to suppress the vibronic structure not
modeled in this work, the data from Kaminsky et al. had been
smoothed with the Savitzky—Golay filter (using its implementation in
SciPy) and presented as a gray line; both experimental spectra were
multiplied by 3; g factor for the experiment by Schooley et al.** was
divided by 3; and the spectrum by Schooley et al. was vertically
flipped. Experimental data reproduced from ref 1S, (Copyright 2017
American Chemical Society), and ref 43 (Copyright 1966 National
Academy of Sciences).

following figures is multiplied by —1 because we treated the
opposite enantiomer in our study. We also transform these
data into ellipticities using eq 12. We plot the computational
results of Fedotov et al,” which were obtained in the
framework of the linear damped response theory using the
resolution-of-identity coupled-cluster singles and doubles
method (RI-CC2). The RI-CC2 results were also converted
to ellipticities using eq 12.

The wavelength of the first prominent experimental feature
of the ECD spectrum of [S]helicene, i.e., the structured peak at
ca. 310 nm, is overestimated by our unscaled B3LYP results,
both in the aug-cc-pVDZ and t-aug-cc-pVDZ basis sets, by
approximately 25 nm, and underestimated by CAMB3LYP
results by ca. 15 nm. The results of Fedotov et al.”> show a
similar discrepancy.

We conducted the scaling procedure, as described above, to
maximize the similarity index between the computational and

180 200 220 240 260 280 300 320 340 360 380 400
wavelength / nm

— * B3LYP/aug-cc-pVDZ exp., Nakai 2012

—* B3LYP/t-aug-cc-pVDZ calc., Fedotov 2021

— * CAMB3LYP/t-aug-cc-pVDZ exp., Kaminsky 2017

Figure 4. Spectra of [S]helicene, scaled for the highest similarity with
ECD experimental spectrum by Nakai et al;'* the experimental data
were also taken from Kaminsky et al;'® the scaling parameters for
both B3LYP/aug-cc-pVDZ and B3LYP/t-aug-cc-pVDZ spectra are f;
=0.803, A; = 42.9 nm; those for CAMB3LYP/t-aug-cc-pVDZ are f, =
0.989, A, = 15.9 nm; for RI-CC2/aug-cc-pVTZ by Fedotov et al.:™ f,
=0.988, A, = 12.6 nm; experimental [@]MP data by Kaminsky et al.
were multiplied by 2; and data by Nakai et al. were vertically flipped.
Experimental data reproduced from refs 15 and 14 (Copyright 2017
and 2012 American Chemical Society). Computational data reprinted
from ref 23, with the permission of AIP Publishing.

experimental results. Given that the experimental data for both
ECD and MCD are available for [S]helicene, we performed
two separate scaling procedures to assess the robustness of our
predictions. The first set of spectra was scaled to maximize the
similarity with the experimental ECD spectrum from ref 14
and the results are depicted in Figure 4. The second set of
spectra was scaled against the experimental MCD spectrum
from ref 15. The results of fitting are presented in Figure 5.

The scaled computational ECD spectrum corresponds quite
well to the experimental data, although some features at ca.
330 and 340 nm are missing from our results. This discrepancy
increases at lower wavelengths.

In the case of the MCD spectrum, we collated our spectra
with the measurements by Kaminsky et al.'> The results were
reported in Ae and were converted here into molar ellipticity
[O]MCP using eq 12. Kaminsky et al. report computational
results as well. They employed the sum-over-states (SOS-
TDDFT) approach and the complete active space second-
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Figure S. Spectra of [S]helicene, scaled for the highest similarity with
MCD experimental spectrum by Kaminsky et al;" the experimental
data were also take from Nakai et al;'* the scaling parameters for both
B3LYP/aug-cc-pVDZ and B3LYP/t-aug-cc-pVDZ spectra: f; = 0.693,
A, =75.8 nm, for CAMB3LYP/t-aug-cc-pVDZ: f; = 0.750, A, = 83.3
nm; experimental [@]MP data by Kaminsky et al. were multiplied by
2; and the spectrum by Nakai et al. was vertically flipped.
Experimental data reproduced from refs 15 and 14 (Copyright 2017
and 2012 American Chemical Society).

order perturbation theory (CASPT2). However, the authors
concluded that the comparison is difficult because of the
substantial deviation from the experiment. Hence, we do not
include these computational results in our discussion.

The computational spectra scaled so as to maximize the
similarity index between the computational and experimental
ECD spectra are presented in Figure 4. The scaling factor f, for
the B3LYP wavelengths was 0.803, and the shifting term was
42.9 nm. For CAMB3LYP, the values were 0.989 and 15.9 nm,
respectively (see Table 1). We also scaled the results of
Fedotov et al. to quantitatively describe the amount of
adjustments required for the different computational results to
fit to the experimental data.

An analogous set of spectra obtained by maximizing the
similarity index between the computational and experimental
MCD spectra is depicted in Figure 5. The scaling factor for
B3LYP was 0.693 and the shifting term was 75.8 nm. The
fitting for CAMB3LYP yielded 0.750 and 83.3 nm,
respectively.

The scaled computational MCD spectrum in terms of molar
ellipticities better fits the experimental spectrum than the ECD.
The signal at ca. 310 nm is present in the calculation
performed with both functionals studied. CAMB3LYP seems
to reproduce the features of the spectrum better at higher
wavelengths than B3LYP which is exemplified by the spurious
strong B3LYP signal at approximately 290 nm. On the other
hand, CAMB3LYP overestimates the signal strength at 270
nm.

There are no experimental data for the MChD spectrum of
[S]helicene. The MChD computational spectra in Figure 4,
scaled using parameters informed by experimental ECD and
MCD data, represent, to our knowledge, the first such
theoretical predictions for [S]helicene. Note that the
[@]MMP spectra above 307 nm are multiplied by a factor of
10, as marked on the plots, with respect to the vertical axis.

On the basis of the obtained scaled gycnp spectra of
[S]helicene, utilizing scaling to ECD and MCD experiments,
we can offer a prediction that the strongest signal in near-
ultraviolet regions are ca. 285—300 nm (positive signal) and ca.
340—365 nm (negative signal). However, the obtained
dissymmetry factor is slightly below the previously reported
experimental resolution of g (i.e, a few times 107 T~1'¥%),
Since the first detection, there has been an improvement in the
technique to measure the MChD signal,* therefore registering
these signals is perhaps not beyond the capabilities of modern
setups. One of our models, namely the B3LYP functional,
predicts that there are even stronger negative signals below 200
nm but this is not confirmed in the CAMB3LYP model.

4.4, [6]Helicene. The results for [6]helicene molecules are
presented in Figure S4 (unscaled), 6 and 7. As with the
previously discussed helicenes, the experimental results were
taken from Nakai et al,,'* Newman et al.>’ (ECD) and from
Kaminsky et al.'> (MCD) and, apart from the not-scaled
results (Figure S4), we present two sets of spectra fitted to
maximize the similarity index between the theoretical and
computational ECD spectra (Figure 6) and the MCD spectra
(Figure 7).

In Figure S4, one can see that the first prominent
experimental peak of ECD lies at ca. 325 nm. The
computational results of Fedotov et al.”® reproduce this peak
very well, while the present calculations performed with the
B3LYP functional are off by approximately 25 nm. The
calculations by Kaminsky et al.'> using B3LYP/6-311++G**
showed a similar shift. Scaling of the computational spectra to
fit the experimental ECD (Figure 6) yielded f; = 0.838 and A,
= 29.9 nm (see Table 1) and the overall resultant fit of the
ECD spectral features is remarkably good.

The first large experimental peak at ca. 325 nm is
surrounded by two smaller signals at ca. 350 and 310 nm.
Although there are electronic transitions below and above the
350 nm wavelength in our calculations, their rotatory strengths
obtained with the employed computational model are too
small for the corresponding peaks to become noticeable in the
final computational spectrum.

The scaled computational MCD spectrum seems less
obvious in comparison to the experiment of Kaminsky et al.
While the general features seem to be reproduced quite well
(the positive and negative trends of the spectrum), there are
details in the spectral lines that the computational results lack,
e.g., the computational peak between 320 and 350 nm is less
clearly resolved into the two signals observed experimentally.

https://doi.org/10.1021/acs.jpca.5c06265
J. Phys. Chem. A 2025, 129, 11538-11551


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c06265/suppl_file/jp5c06265_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c06265/suppl_file/jp5c06265_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c06265/suppl_file/jp5c06265_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c06265?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c06265?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c06265?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c06265?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c06265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

angular frequency / au

0.24 02 018 0.16 0.14 0.12

1.0x 10°F

[(_)]E(ID

5.0x10*F

0.0F

[@]M(‘D

—5.0x10
1.0x10%F

0.0F

[@]M(th

—1.0x10?

0.0F

JECD

—1.0x1072
2.5%x1074

gMCD

0.0

—2.5x107*

1.0x1070F
0.0

180 200 220 240 260 280 300 320 340 360 380 400 420
wavelength / nm
—* B3LYP/aug-cc-pVDZ =7 exp., Newman 1967
— * B3LYP/t-aug-cc-pVDZ " calc., Fedotov 2021
exp., Nakai 2012 exp., Kaminsky 2017

IMChD

Figure 6. Spectra of [6]helicene, scaled for the highest similarity with
ECD experimental spectrum by Nakai et al;'* the experimental data
were also taken from Newman et al.”’ and Kaminsky et al;'® the
scaling parameters for both B3LYP/aug-cc-pVDZ and B3LYP/t-aug-
cc-pVDZ spectra: f; = 0.838, A; = 29.9 nm, for RI-CC2/aug-cc-pVTZ
by Fedotov et al.:™ f;, = 0.956, A, = 16.7 nm; experimental [@]M<P
data by Kaminsky et al. were multiplied by 2; and spectra by Nakai et
al. and Newman et al. were vertically flipped. Experimental data
reproduced from refs 15, 14, and 29 (Copyright 2017, 2012, and 1967
American Chemical Society). Computational data reprinted from ref
23, with the permission of AIP Publishing.

The negative signal at ca. 310 nm is overestimated, as are the
signals in the middle UV range.

Based on the MChD calculations and the scaling performed
on the basis of the ECD and MCD experimental results, we
predict a fairly strong positive signal in the dissymmetry factor
ca. 310—320 nm for the [6]helicene molecule. It is an order of
magnitude larger than the largest signal for [S]helicene. One
would intuitively expect such a result for a “more chiral”
(increased helical turn or helical pitch'*) molecule.

4.5. [7]Helicene. The ECD, MCD, and MChD spectra of
[7]helicene are presented in Figures SS (unscaled), 8, and 9.
There are two ECD experiments available for comparison. One
was performed by Brickell et al.”® and the other by Martin and
Marchant.*” To the best of our knowledge, our measurements
of MCD for [7]helicene are the first reported in the literature.
For ECD scaling, we chose the wider spectrum of Brickell et al.

In the experimental ECD spectrum there is a broad signal at
ca. 350—360 nm, consisting of at least two peaks. Our
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Figure 7. Spectra of [6]helicene, scaled for the highest similarity with
MCD experimental spectrum by Kaminsky et al.;'° the experimental
data were taken from Nakai et al,'* Newman et al.,*” and Kaminsky et
al;"* the scaling parameters for both B3LYP/aug-cc-pVDZ and
B3LYP/t-aug-cc-pVDZ spectra: f; = 0.937, A, = 0.5 nm; experimental
[®]MCP data by Kaminsky et al. were multiplied by 2; and spectra by
Nakai et al. and Newman et al. were vertically flipped. Experimental
data reproduced from refs 1S, 14, and 29 (Copyright 2017, 2012, and
1967 American Chemical Society).

calculations reproduce only one peak at ca. 410 nm (unscaled)
or 360 nm (scaled). The previously reported computational
results of Fedotov et al. also reproduced a single peak in this
region. The overall trend of the sign of the ECD spectrum is
captured well in our calculations, and it changes from positive
to negative at ca. 320 nm and then becomes positive again at
ca. 250 nm.

At lower energies, the computational MCD spectrum
features two bisignate signals, one near 325 nm and another
at ca. 300 nm. However, the experiment shows more
complicated and broader structures at longer wavelengths.
Nevertheless, the entire computational MCD spectrum
corresponds well to the experimental spectrum.

Our strongest predicted [7]helicene MChD signal in terms
of guchp lies at a wavelength of approximately 300 nm and
exhibits a bisignate line shape. Its positive and negative features
are of the same order of magnitude as the strongest signal of
[6]heli6cene, but it is slightly larger: 3 X 10™® compared to 1.5
X 107",
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Figure 8. Spectra of [7]helicene, scaled for the highest similarity with
ECD experimental spectrum by Brickell et al.;*° the experimental data
were also taken from Martin et al.** and from this work; the scaling
parameters for B3LYP/aug-cc-pVDZ spectrum: f; = 0.794, A; = 42.0
nm, for RI-CC2/aug-cc-pVTZ data by Fedotov et al.:>* f, = 0.887, A,
= 27.7 nm; experimental [@]*°P data by Brickell et al. were multiplied
by 3; experimental [@]*°P data by Martin et al. were multiplied by
10; experimental [@]MP and experimental gycp factor obtained in
this work were multiplied by 3 and 2, respectively; and spectrum by
Fedotov et al. was vertically flipped. Experimental data reprinted with
the permission from ref 42 (Copyright 1974 Elsevier), and from ref 30
(Copyright 1971 Royal Society of Chemistry). Computational data
reprinted from ref 23, with the permission of AIP Publishing.

4.6. [8]Helicene. The last molecule studied is [8]helicene
(see Figure 1f). In this structure, the two planes of the terminal
benzene rin§s face each other. There are two reported ECD
experiments " and one computational study.'* Together
with our results, they are presented in Figures S6 (unscaled)
and 10. There are no MCD measurements available in the
literature.

The experimental ECD peak at 370 nm is reproduced in the
unscaled spectra at 400 nm. Therefore, the functional used
underestimates the transition energy by approximately 30 nm.
However, the scaled ECD spectrum corresponds well to both
experiments.

As for the MCD spectrum, based on the scaled data, we
predict that the molecule features a series of signals at about
410, 370, 350, 330, and 310 nm, but stronger signals are

200 220 240 260 280 300 320 340 360 380 400 420
wavelength / nm

— * B3LYP/aug-cc-pVDZ exp., Brickell 1971

o exp., Martin 1974

exp., this work

Figure 9. Spectra of [7]helicene, scaled for the highest similarity with
MCD experimental spectrum measured in this work; the experimental
data were also taken from Brickell et al.*® and Martin et al;** the
scaling parameters for B3LYP/aug-cc-pVDZ spectrum: f; = 0.776, A;
= 49.5 nm; experimental [@]5°P data by Brickell et al. were multiplied
by 3; experimental [@]*°P data by Martin et al. were multiplied by
10; and experimental [@]MP and experimental gycp factor from this
work were multiplied by 3 and 2, respectively. Experimental data
reprinted with the permission from ref 42 (Copyright 1974 Elsevier),
and from ref 30 (Copyright 1971 Royal Society of Chemistry).

present at approximately 285 (positive) and 260 nm
(negative).

The scaled MChD computational spectrum in Figure 10 in
terms of gycyp exhibits one of the largest MChD signals
among the systems studied herein, roughly of the order of 2 X
1076 which is sufficient for experimental measurements. The
strongest signals are observed at 350, 330, 315, 308, and 285
nm.

5. DISCUSSION

We presented ECD, MCD, and especially MChD spectra for a
homologous series of helicenes obtained using a damped
response TD-DFT approach combined with a systematic
scaling procedure, and we presented the first MCD measure-
ments of [7]helicene and the first calculations of the MCD
spectrum of [8]helicene.

The choice of the TD-DFT framework for MChD
calculations as implemented earlier in DALTON" requires
the choice of functionals. Although we selected the most
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Figure 10. Spectra of [8]helicene, scaled for the highest similarity
with ECD experimental spectrum by Martin et al;** the experimental
data were also taken from Bernstein et al;*’ the scaling parameters for
B3LYP/aug-cc-pVDZ spectrum: f; = 0.893, A; = 15.9 nm, for RI-
CC2/TZVPP by Nakai et al:'* f; = 0948, A, = 207 nm;
experimental [@]EP data by Bernstein et al. are multiplied by 3;
experimental [®]FP and gy, data by Martin et al. were multiplied by
10; and the spectra by Bernstein et al. and by Nakai et al. were
vertically flipped. Experimental data reproduced from ref 47
(Copyright 1972 American Chemical Society), and with the
permission from ref 42 (Copyright 1974 Elsevier). Computational
data reproduced from ref 14 (Copyright 2012 American Chemical
Society).

popular functionals, this decision influences the results, as can
be seen from the differences between the unscaled B3LYP and
CAMB3LYP predictions. The scaling parameters, f; and A,
derived by maximizing the spectral similarity (see Table 1 and
Figure S8), reveal consistent trends. Generally, calculations
using the B3LYP functional required a larger wavelength
scaling (smaller f; and larger A;) compared to the CAMB3LYP
or previously reported RI-CC2 results to align with the
experimental spectra. This is consistent with the known
tendency of B3LYP to underestimate excitation energies. The
parameters derived for the RI-CC2 calculations from previous
work generally require the least corrections, highlighting their
higher accuracy, albeit at a higher computational cost. The
scaling parameters of phenanthrene ([3]helicene) and [4]-
helicene are somewhat distinct from those of larger helicenes,
possibly because of the more significant influence of the
vibronic fine structure in the experimental spectra of these

smaller, more rigid systems, which was not explicitly modeled
here.

The limitations of our model in terms of the choice of the
basis set can be observed at shorter wavelengths. The signals in
these regions are more susceptible to errors because of the
basis set and functional choice.

The calculations were performed in vacuo. Although this is a
well-established and reasonable approximation for the
electronic transitions of PAHs,'*'® we acknowledge that subtle
solvent-specific interactions, unaccounted for here, may
contribute to the discrepancies in the scaling factors obtained
from the ECD and MCD fitting procedures because the
experiments were conducted under different conditions.

The process of scaling and shifting wavelengths, while
improving agreement with the experiments, is nonetheless an
empirical correction for inherent inaccuracies in predicting
excitation energies with the chosen level of theory. We assume
that the scaling amends for electronic level errors innate in the
method, the solvent effects, subtleties in the spectral structures,
intermolecular interactions, etc., all of them at once without
any explicit, separate control. This also implies that a perfect
match is improbable because all of these inadequacies can be
present in all the studied systems to different extents.

Still, the scaled computational ECD and MCD spectra,
especially for the larger helicenes, correspond to the
experimental spectra very well and generally reproduce the
key features adequately. Under the assumption that a similar
scaling is needed for the MChD spectra, we can assume that
the presented scaled MChD spectra present a prediction of the
MChD signal as reliably as for the other presented
spectroscopic properties.

A key outcome of this study is the first theoretical prediction
of the MChD spectra of [4]- to [8]helicenes. The predicted
MCHhD signal strengths are particularly promising for [6]-, [7]-
and [8]helicenes, suggesting that they could be experimentally
detected with current or improved setups.

For comparison, in Figure 11, we present our computational
results of the dissymmetry factors for the three spectroscopies
for all the studied molecules. In this figure, we present the
unscaled results since we were unable to scale all the results
because of the lack of experiments. From this figure, one can
see that there is an overall increasing trend in the signal
strength of ECD and MChD with the increasing number of
benzene rings, n, in the molecules, while this is not the case for
MCD. For ECD, this was reported before."”** Nakai et al."*
observed that this trend breaks at n = 6. Our observation is
similar for n = 7 in the case of ECD. We cannot perform a
similar analysis for MChD, indicating specific transitions,
because the computational damped response spectrum
provides us with the spectral outline and not the strengths
for the given transitions. However, visual inspections of the
plots in Figure 11 reveals a similar trend in the MChD signals.
This trend ends at n = 7, one can see that the signals of
[8]helicene are similar to or somewhat smaller than those of
[7]helicene. This is probably connected to the fact that,
starting from [7]helicene, the benzene rings begin to overlap
but the change in this trend needs to be clarified with more
research. If the increase in the signal strength of MChD is
indeed caused by the increased degree of helical chirality, then
perhaps helical structures, for instance a-helical peptides, are in
general good candidates for MChD studies. Investigations
involving underlying electronic mechanisms, metrics of
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Figure 11. Collected unscaled computational g-factor spectra of all the studied helicene molecules.

chirality and helicity seem to be a logical next step we aim to
undertake. "’

As in our previous work,"® we did not find that the MChD
signal can be approximated by gucip = gecp X Quep (see
Figure S10).

Interestingly, for this set of molecules, MCD and MChD are
close to mirror reflections of each other. Because MChD flips
on the enantiomer change while MCD does not, this means
that the MCD and MChD spectra show similar band shapes
and relative intensities.

From Figure 11, it can be seen that all the spectra studied
are distinct for each helicene molecule. This shows that each of
the spectroscopies can be used to distinguish between
[n]helicenes. The MChD spectra vary significantly from one
helicene to another, even though they are the weakest,
indicating that they are very sensitive to structural changes.
Thus, substituting helicenes may offer pathways for tuning
them to enhance the MChD response.

6. CONCLUSIONS

We have modeled the ECD, MCD, and, for the first time, the
MCHhD spectra of carbo[n]helicenes from n = 4 to n = 8 using
a damped response TD-DFT methodology. By calibrating our
calculations against experimental ECD and MCD data, we
provide the first reliable theoretical predictions for the MChD
response in this important class of chiral molecules. Our
additional calculations of ECD and MCD spectra, performed
primarily for context and to establish the reliability of our
computational approach, show good qualitative agreement
with available experimental data after applying a consistent
scaling and shifting procedure to the computed wavelengths.

We have also presented experimental and computational
MCD spectrum of [7]helicene for the first time. Moreover, this
is the first work to present a computational MCD spectrum of
[8]helicene.
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The strongest predicted MChD signals in practical spectral
regions in terms of dimensionless dissymmetry factors are as
follows:

o [4]helicene: 4 X 1077 at 275, 265, 225, 215 nm;

e [5]helicene: 3 X 1077 at 295 and —4 X 1077 at 260 nm;
o [6]helicene: 1 X 107° at 312 nm;

e [7]helicene: 3 X 107 at 305 nm and —3 X 107 at 295

nm;
o [8]helicene: 2 X 107% at 350, 330, 315, 308 nm.

The predicted MChD signals for [6]-, [7]-, and [8]-helicenes
are particularly promising, suggesting that they might be
experimentally detectable with current or improved setups.

In general, the MChD signal appears to increase with the
number of benzene rings in the helicene molecule. This might
imply that MChD spectroscopy could be particularly sensitive
to the extended helical structures.

The promising results for the larger helicenes presented
herein advocate for renewed experimental efforts to measure
their magneto-chiral dichroism which would provide a crucial
benchmark for theoretical models and advance our under-
standing for this fundamental chiroptical phenomenon.
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