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ABSTRACT: Chirality is a fundamental molecular property that plays a crucial
role in biophysics and drug design. Optical circular dichroism (OCD) is a well-
established chiral spectroscopic probe in the UV—visible regime. Chirality is most
commonly associated with a localized chiral center. However, some compounds  gjopal
such as helicenes (Figure 1) are chiral due to their screwlike global structure. In  chirality
these highly conjugated systems, some electric and magnetic allowed transitions pg’édt;’y
are distributed across the entire molecule, and OCD thus probes the global
molecular chirality. Recent advances in X-ray sources, in particular the control of
their polarization and spatial profiles, have enabled X-ray circular dichroism (XCD), which, in contrast to OCD, can exploit the
localized and element-specific nature of X-ray electronic transitions. XCD therefore is more sensitive to local structures, and the
chirality probed with it can be referred to as local. During the racemization of helicene, between opposite helical structures, the screw
handedness can flip locally, making the molecule globally achiral while retaining a local handedness. Here, we use the racemization
mechanism of [12]helicene as a model to demonstrate the capabilities of OCD and XCD as time-dependent probes for global and
local chiralities, respectively. Our simulations demonstrate that XCD provides an excellent spectroscopic probe for the time-
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dependent local chirality of molecules.

I. INTRODUCTION

Chirality is a geometrical property of objects that does not
coincide with their mirror image, which is essential to chemical
and biological functions of molecules." Most enzymes, amino
acids, carbohydrates, nucleosides, and some hormones are
chiral.” The origin of the homochirality of life, that living
organisms only contain L-amino acids and D—sugars,3 remains a
mystery.”> More than half the modern drugs are chiral,® and
chirality control is therefore crucial for drug design. In most
cases, drugs are used therapeutically as racemates, but there are
cases where only one enantiomer is medically active, while the
other is inert or even harmful.” Probing molecular chirality is of
vital importance, and the United States Food and Drug
Administration (US FDA) requires early establishment of the
absolute stereochemistry for all chiral drugs.®

In contrast to ensembles of achiral molecules, chiral
molecules interact differently with other chiral objects, such
as circularly polarized light, which depends on the sense of
polarization. The circular dichroism signal (CD) is defined as
the difference between the absorption of left- and right-handed
circularly polarized light and is widely used for the infrared to
near-ultraviolet (UV) detection of molecular chirality.”'® CD
is then denoted optical circular dichroism (OCD). While
chirality commonly relies on a chiral center, global chiral
geometries such as axial, planar, propeller-type, and helical are
known as well.'" Helicenes (Figure 1) are important examples
of molecules with helical chiral geometry.”””'® These are
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Figure 1. Racemization pathway of [12]helicene. The data for
molecular structures and respective energies are taken from the work
of Barroso and co-workers.>”

highly conjugated systems, where the electronic and magnetic
allowed transitions are distributed over the entire molecule,

and the OCD signal thus probes its global chirality.
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Recent advances in polarization control and the spatial
profile of X-ray beams enable the study of molecular chirality
in the X-ray regime.'”'® The probes then can be tuned to be
resonant with core electronic transitions,'” which are element-
selective and are therefore highly local in nature.”” In
particular, if the molecule has a single chromophore with a
distinct core transition, the corresponding excitations can be
related to chromophore localization in real space. X-ray
circular dichroism (XCD) should therefore be more sensitive
to the local molecular structure.”’ In this work, we show that
OCD and XCD are complementary, enabling the time-
dependent study of both global and local chiral features.

Helicene chemistry is a rapidly growing field”* ™" with
applications to asymmetric catalysis,”” nonlinear optics,” spin
filters,** switches and sensors,> and the design of molecular
machines.'> They can be synthesized with different sizes and
are usually referred to as [n]helicenes, where n denotes the
number of benzene rings. Due to their unique geometric
features, helicenes have been widely studied for several
decades. The partial racemization of [6]helicenes between
the two helical enantiomers was detected in 1956 while
determining its melting point.*® Few years later, the kinetics of
the thermal racemization of a series of [n]helicenes (with n =
6—9) was studied.”””® The most likely hypothesis under-
pinning the inversion dynamics is a specific conformational
pathway.” For [S]helicene, a mechanism involving a planar
C,, transition state (TS) was proposed; however, for
[n]helicene (with n > 6), steric hindrance forbids a planar
TS. A nonchiral C; TS was found for [6]helicene.*® In 1996,
the barriers along the inversion paths were computed for n =
3—6 and 8 and showed a steady increase up to n = 6 and a
plateau for n > 6."' The barriers for [9]helicene were
computed in the same year, indicating another local minimum
in the vicinity of TS.** In 2018, the inversion mechanism was
revisited and generalized for arbitrarily large n, involving 2n —
14 intermediate states for n > 8.%

In this paper, we use [12]helicene to explore the capabilities
of OCD and XCD as ultrafast probes for the global and local
chiralities along its chiral transition from TS (right magnified
sketch in Figure 1) to the single helix-shaped (HS)
configuration (left magnified sketch in Figure 1). The half
inversion pathway, calculated by Barroso and co-workers,*
includes several intermediates, as depicted in Figure 1, and
shows a set of alternating local barriers and minimum energy
structures. The TS appears in the middle of the racemization
pathway and lies at the highest conformational energy barrier
with C; symmetry. Although this global structure is achiral,
from the local point of view, it can be understood as a joint
pair of symmetric helicenes with opposite twists, hence having
an opposite local chirality. In contrast to TS, the HS conformer
of [12]helicene has the same chirality from both global and
local points of view, since the twist is in the same direction
across the entire molecular structure. Given its unique
geometrical properties and racemization mechanism, this
molecule is ideally suited for exploring the interplay between
the time-dependent global and local chiralities by using the
OCD and XCD techniques, respectively.

Although core excitations of chemically equivalent carbon
atoms can be resolved in some systems (for example, in the
ESCA molecule),” " the small chemical shift between all C
atoms in helicene does not allow for resolving them separately
and use them as local windows in XCD. To use the XCD
capabilities as a local probe, we substitute some H atoms by

either F or Cl or both that serve as X-ray chromophores at
different positions along the molecule. We label these
substitution sites along the molecular structure, as shown in
the inset of Figure 2a, by H atom coloring. For substituted
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Figure 2. Calculated (a) absorption and (b) circular dichroism
(OCD) spectra for the TS and HS conformers of [12]helicene. The
inset in (a) shows the site coloring label for F and Cl chromophore
substitutions (see Figures 3 and S1).

systems with a single X-ray chromophore (F or Cl), the
corresponding XCD signals can be obtained at either F or Cl
K-edges and thus are unequivocally related to the local chirality
near the selected chromophore.

We have analyzed XCD as a function of the substitution site
for each chromophore (F and Cl). To explore how the
[12]helicene racemization takes place, we have simulated its
thermal relaxation from the TS to HS conformation when a F
atom is substituted on site 1 and a Cl atom is substituted on
site 1’, forming symmetric counterparts. The corresponding
OCD and XCD signals for the structures along this molecular
dynamics trajectory illustrate their roles as global and local
time-dependent chirality probes. This is the main result of this
work. The rest of the article is organized as follows: In Section
I1, we present the expressions required for calculating the OCD
and XCD signals. In Section III, we summarize our results and
conclude in Section IV. Computational details are given in
Section V.

Il. OCD AND XCD SIGNALS

The circular dichroism (CD) signal is defined as the difference
in the absorption spectra of left and right circularly polarized
probe pulses. The interaction between the molecule and light
is given by the following Hamiltonian

H=H,—-pwE - mB (1)

where H, represents an isolated molecule, E and B are,
respectively, the electric and magnetic fields of the incoming
pulse, and g and m are the corresponding transition dipoles.
We neglect the electric quadrupole moment, since its
contribution to the CD signal vanishes in isotropic randomly
oriented ensembles.”” The absorption of a weak left (L)
circularly polarized probe with frequency @ is given by

A(w) = 20Im{E" (w)-P"(w) + B" (0)-M“(®)}  (2)
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Figure 3. Solid lines: calculated XCD spectra for the (a) TS and (b) HS structures substituted with a F atom at different positions (as labeled in the
inset of Figure 2b). Dashed lines: same for substitutions at the symmetric counterpart positions.

where Im stands for the imaginary part and P* and M" are the
electronic polarization and magnetization induced by the left
circularly polarized probe, respectively. The right (R) circularly
polarized absorption spectrum is given by the same expression
by substituting the L index with R. The CD signal S¢p is finally
given by’

Sep(@) = 20Im{E" (0)-PX(w) — EX (w)-P*(w)
+ B (w)-M"(w) — BY (0)-M"(w)} ®3)

By expanding the polarization and magnetization to the first
order in the incoming fields, the rotationally averaged CD
signal reduces to

SCD(w) & Z RmOGmO(w)
m 4)

where R, is the rotatory strength of the transition from the
ground state to the electronically excited state m”*®

RmO = Im{”mommo} (5)

and o6,9(w) is a Lorentzian line shape centered at the
corresponding transition frequency w,,

I

m0

(w = w,0)" + Ty (6)

G, 0(w) =

where I, is the dephasing rate. This expression holds for both
OCD and XCD, with the respective frequency probing the
relevant electronic transitions. The parameters used in this
study can be found in the Methods section.

The sensitivity of a CD experiment can be quantified by the
anisotropy factor g,* defined as

24" -AY  pm

AT A 2 )
Good agreement between simulations and experiments has
been reported in the study of OCD of ligand—protein
interactions and secondary and tertiary structures of proteins’
and in the ultrafast molecular structural changes observed by
time-resolved vibrational OCD.®! There are, however,
comparatively fewer simulations reported in the X-ray region,
since intense circularly polarized X-ray beams have only
become available recently.”” Furthermore, the relationship
among the XCD signals, molecular geometry, and electronic
structure is yet to be established.”’

lll. RESULTS AND DISCUSSION

Calculated UV absorption spectra and the corresponding OCD
signals for the TS and HS conformers are shown in Figure 2.
The absorption spectra shown in Figure 2a have two peaks for
both conformers, which are slightly broadened and red-shifted
for the TS conformation. The two OCD peaks in the OCD
spectrum shown in Figure 2b are in good agreement with
previous calculations for the HS structure.”® Figure 2b also
shows that only HS is a global chiral structure, while TS has a
vanishingly small OCD, as expected from its C, symmetry. For
the HS conformation, the anisotropy factor has a maximum
value of ~5.1%, in good agreement with previous calculations
for [10]helicene.*

To illustrate the capacity of the XCD as a local chirality
probe, Figure 3 shows the XCD signals calculated by
substituting a H atom with a F atom at different positions
along the TS and HS structures. The site substitution labeling
is given in the inset of Figure 2a. XCD signals for substitutions
in the labeled sites and their symmetric counterparts are shown
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by solid and dashed lines, respectively. As previously reported,
there is a strong dependence of the XCD on the substituted
site.”’ The antisymmetry of all XCD signals for symmetric
substitutions in TS (Figure 3a) indicates that XCD can
successfully probe the local chirality of TS, which is the
opposite for the top and bottom halves of the structure.
Furthermore, the signals for single substitutions at symmetric
counterpart sites of the HS conformation overlap almost
perfectly (Figure 3b), indicating that the XCD signals probe
the same local chirality at opposite parts of the HS
conformation, as expected from it having the same handedness
along the complete molecular structure. While there are some
differences in the peak positions and intensities of the two
structures, the same general trends can be seen in the solid
lines, which correspond to substitutions at various sites of the
molecular structure with the same sense of twist. In particular,
the XCD signal for the system with the F atom substituted at
position 1 is relatively strong, and the ~689 eV peak remains
approximately at the same position and intensity. The
anisotropy factor in this case had a maximum of ~0.2% for
all transitions studied.

In Figure S1 in the Supporting Information, we show the
calculated XCD signals when a Cl atom is substituted at
different positions of the TS and HS structures. Similar to the
F substitutions, the antisymmetry and symmetry for the TS
and HS XCD signals reveal that the Cl atom may also be used
as a sensitive probe of the local chirality of the system. In this
case, Cl substitutions lead to different structures of the peaks
present in the XCD spectra compared to their F-substituted
counterparts. The anisotropy factor in this case has a maximum
of ~1.3% for all studied transitions.

To further investigate the capabilities of XCD to describe
the local chirality of the system, we considered double
substitutions at TS on site 1 and its symmetric counterpart
1’ (see the inset of Figure 2). When the same chromophore is
used for the double substitutions, the electronic transitions
from the corresponding cores become degenerate with
opposite rotatory strengths, which vanish the XCD signal.
This is formally equivalent to stating that the local chiralities,
symmetrical with respect to both sides of the TS structure,
cancel out when using the same probing chromophore. Double
substitutions with different chromophores are required to
avoid this cancellation.

We now turn to the doubly substituted system having a F
atom on site 1 and Cl on its symmetric counterpart site 1’ (see
the insets of Figures 2a and 4). We carried out ground-state
molecular dynamics simulations with a Langevin thermostat at
300 K starting from TS. Although the F and CI substitutions
slightly change the energy landscape, the racemization pathway
is expected to be similar. Since TS is located at the top of an
energy barrier, thermal fluctuations drive the system away from
this point to either side and through the alternated set of
smaller barriers and local minima until it finally reaches the HS
conformation. These simulations thus mimic the second stage
of the racemization process,”” while the first is expected to be
similar but backward. Figure 4 shows the time evolution of the
ground-state potential energy fluctuations with respect to the
initial TS energy.

Typical snapshots along the racemization pathway are
displayed in the insets of Figure 4. We see that the mean
value of the energy fluctuations decreases slowly until ~16S ps,
whereas a sudden drop reflects the final transition to HS. The
twist inversion occurs on the F side. The time evolution of the

o 0 100 150 200
Time (ps)

Figure 4. Time evolution of the potential energy fluctuations for
ground-state molecular dynamics with a Langevin thermostat at 300
K. The initial structure is a double-substituted TS with Cl (green) and
F (purple) atoms at the farthest opposite positions (site 1 and its
symmetric counterpart 1’, respectively). The top structures show
selected snapshots along the dynamics, at times denoted by the
vertical lines.

potential energy is in good agreement with the racemization
pathway previously proposed® and depicted in Figure 1,
whereby the system has to go through several lower barriers
and local minima until its final transition to the HS structure,
which is found to be ~2.5 eV down from TS, while the final
transition step is calculated downhill by ~2.2 eV.*

The time-dependent signals of the OCD and XCD signals
along the molecular dynamics simulation depicted in Figure 4
illustrate their roles as global and local time-resolved probes, as
shown in Figure 5. Figure S2 in the Supporting Information
depicts some cuts corresponding to the snapshots shown in
Figure 4. Figure Sa shows the time-resolved OCD signal, which
starts from a blurry landscape of contributions with peaks with
alternating signs induced by thermal fluctuations. As the
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Figure S. Time evolution of the (a) OCD signal, (b) the F K-edge
XCD signal, and (c) the Cl K-edge XCD signal. The color bar
indicates the normalized intensity of the signals.
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system goes from the globally achiral TS to HS, the chiral HS
conformation peak (Figure 2b) emerges and slowly grows
above thermal fluctuations until it becomes well resolved after
~80 ps. This demonstrates the ability of the OCD signal to
probe the smooth increase of the length of one side of
[12]helicene with a given handedness while diminishing the
other side with the opposite handedness. This, however, also
implies that the OCD signal is not able to pinpoint the final
transition step to the HS conformation marked by the sudden
potential energy drop in Figure 4.

Figure Sb displays the time evolution of the XCD near the F
K-edge, which geometrically is on the side of the local twist
transition. Despite several thermal fluctuations, the ~689 eV
peak (Figure 3) has a pronounced contribution from the
beginning of the trajectory, and its sign remains the same until
~165 ps, where a sudden inversion takes place concomitant
with a sudden drop of the potential energy (see Figure 4),
corresponding to the final transition to the HS conformation.
This demonstrates that the XCD signal is able to characterize
the local chirality even through a chiral transition in the
presence of thermal fluctuations.

Finally, Figure Sc shows the time-resolved XCD signal in the
Cl K-edge regime. Despite several peak alternations along the
dynamics, the main feature remains intact, and its sign has no
significant change at ~16S5 ps, indicating that the final
transitions to HS taking place on the other side of the
molecule only have a minor impact on the XCD signal tailored
by the specific position of the Cl atom.

IV. CONCLUSIONS

Probing molecular chirality is an important fundamental task
with many practical applications. Both, time-resolved OCD
and XCD spectra are sensitive markers of dynamic conforma-
tional structures. OCD probes interrogate delocalized tran-
sitions that cannot carry information about the local chiral
structures within a molecule. The recent development of X-ray
free-electron laser (XFEL) sources has provided high light
probes of XCD, which are sensitive to the local chirality of
molecules.

In this theoretical study, we have compared the roles of
XCD and OCD as time-dependent probes for global and local
chiralities in [12]helicene, which undergoes partial racemiza-
tion near its melting point. We substituted F and Cl atoms at
selected positions of [12]helicene, allowing the association of
XCD signals with the local chirality around the substitution.
We calculated the XCD signals along the second half of the
racemization pathway of the [12]helicene molecule, which
starts from a globally achiral TS and evolves to the chiral HS
configuration. The final transition to the HS conformer
occurred at ~165 ps. OCD probes the global chirality,
showing a smooth increase along the transition. The XCD
spectra in the region of the F atom K-edge show a sudden
change at ~165 ps concomitant with the final transition to HS.
XCD in the Cl K-edge regime shows approximately the same
behavior throughout the dynamics. Our findings reveal that
XCD signals are a sensitive spectroscopic technique to probe
the time-dependent local chirality of molecular materials, even
for a chiral transition in the presence of thermal fluctuations. In
all cases, the anisotropy factor is large enough to make these
experiments feasible, providing the basis for using XCD signals
as local windows to probe the dynamics of chiral systems at
XFEL and synchrotron facilities.

V. METHODS

Single-point calculations for the transition dipoles and rotatory
strengths were performed at the time-de?endent density functional
theory (TDDFT) level using the B3LYP>*7 exchange—correlation
functional as implemented in the NWChem computational chemistry
program.”® We employ the 6-31G*>*~°" basis set for H and C atoms
and the Sapporo-TZP-2012%" basis set for F and Cl. All basis sets
were obtained from the Basis Set Exchange.”>”*® We computed 30
excited states for the UV regime and 10 excited states for each of the
X-ray regime calculations. For the calculation of transition d'époles, we
used the gauge-including atomic orbital (GIAQ) approach®” in order
to avoid the origin dependence of magnetic properties.”"*~""

The dephasing rate ',y (see eq 6) was set to 0.5 eV. The
computed X-ray spectra with NWChem'*”> were shifted by 20 and
60 eV for the energy of the transitions in the region of the F and CI
atom K-edges, respectively. The calculated peaks of the X-ray
absorption near edge structure (XANES), shown in Figure S3,
without these shifts, match experimental mean values for systems
having similar bonds and aromaticity.”>”*

Ground-state molecular dynamics with the Langevin thermostat
was simulated with the NEXMD software package,” setting the time
step to 0.5 fs, the temperature to 300 K, and the Langevin friction
coefficient to 20 ps™' and using the semiempirical Austin Model 1
(AM1) Hamiltonian.”® The initial structure of TS, as well as the
racemization pathway and corresponding energies, is taken from the
supplementary information of the work of Barroso and co-workers.*
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I. XCD SPECTRA FOR [12JHELICENE SUBSTITUTED WITH CL
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FIG. S1. Calculated XCD spectra for the TS and HS structures substituted with a Cl atom at
different positions (as labeled in the inset of Figure 2 a). XCD for the symmetric substitutions are

shown as dashed lines.
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1I1.

OCD AND XCD SNAPSHOTS

The different snapshots along the dynamics show the behavior of the three CD sigals.

OCD (first column) grows as the system evolves from the globally achiral T'S to the globally

chiral HS. XCD tailored for the F K-edge transitions (second column) shows a change at the

local chirality inversion, while XCD tailored for the Cl transitions (third column) remains

approximately the same.
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FIG. S2. Different snapshots of the time-resolved CD signals. OCD, XCD in the F-Kedge range

and XCD in the Cl-Kedge range are displayed from left to right.
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III. XANES
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FIG. S3. XANES for the HS structure substitutions without spectral shifts.
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