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ABSTRACT

In this paper, we propose to compute the electronic circular dichroism (ECD) spectra of chiral molecules using a real-time propagation of
the time-dependent Schrédinger equation (TDSE) in the space of electronic field-free eigenstates, by coupling TDSE with a given treatment
of the electronic structure of the target. The time-dependent induced magnetic moment is used to compute the ECD spectrum from an
explicit electric perturbation. The full matrix representing the transition magnetic moment in the space of electronic states is generated from
that among pairs of molecular orbitals. In the present work, we show the ECD spectra of methyloxirane, of several conformers of L-alanine,
and of the A-Co(acac)s complex, computed from a singly excited ansatz of time-dependent density functional theory eigenstates. The time-
domain ECD spectra properly reproduce the frequency-domain ones obtained in the linear-response regime and quantitatively agree with
the available experimental data. Moreover, the time-domain approach to ECD allows us to naturally go beyond the ground-state rotationally
averaged ECD spectrum, which is the standard outcome of the linear-response theory, e.g., by computing the ECD spectra from electronic

excited states.

I. INTRODUCTION

The electronic circular dichroism (ECD) is the absorption
difference exhibited by enantiomers of chiral molecules when inter-
acting with left- and right-circularly polarized light. The theoretical
understanding of ECD has been widely reported in the litera-
ture over the years.” ECD is employed to assign the absolute
configuration of chiral compounds.” One can compute the ECD
spectrum by using the response of the time-dependent induced mag-
netic dipole to an electric-field perturbation or the response of the
time-dependent electric dipole to a magnetic-field perturbation.

Plenty of theoretical developments to compute the ECD spectra
of chiral molecules have been published over the years: wave-
function methods,” ' such as the time-dependent Hartree-Fock'""*
and coupled cluster,’””'® and parameterized approaches, such
as the semiempirical method'” and tight-binding based on
Tamm-Dancoff approximation.”’ Among the various electronic-
structure approaches, the time-dependent density functional theory
(TDDFT) has been extensively employed for ECD applications and
method development.”'*'

Most of these methods rely on frequency domain, while less
effort has been devoted to time-domain methods.”"*” * Here,
we propose an approach based on the propagation of the time-

dependent Schrodinger equation (TDSE) in the presence of an
explicit electromagnetic field, in length gauge.”” ** The time-
dependent wave function is expanded into the set of eigenstates
of the field-free Hamiltonian, making the approach general and
applicable, in principle, to any level of theory for the electronic
structure.”” ' The time evolution of the magnetic dipole moment
is also computed in the basis of field-free eigenstates. Propagat-
ing TDSE in the state space allows us to decouple the electronic-
structure treatment from how TDSE is propagated in time, at
variance with the methods based on the dynamics in the space of
molecular orbitals:"” ** first, the field-free problem is solved using
the chosen methodology, providing ingredients for TDSE such as
eigenenergies and transition dipole moments; second, TDSE is prop-
agated in the presence of an explicit pulse to simulate the desired
electron dynamics. Details are given in Sec. II.

In the present work, we computed the ECD spectrum of (R)-
and (S)-methyloxirane, of various conformers of L-alanine, and of
the A-Co(acac)s complex (Fig. 1), using TDDFT eigenstates, for-
mulated within a singly excited ansatz, for defining the propagation
space. We first compared the real-time ECD spectra with those
obtained by a standard frequency-domain linear response and then
with the experimental data, when available. Moreover, we studied
the linear absorption and ECD of excited methyloxirane, assum-
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(R)-/(S)-methyloxirane L-alanine

ing as the initial condition of the propagation the molecule being in
its first bright electronic excited state,’* and analyzed the contribu-
tion to the ECD spectrum of A-Co(acac); due to the different linear
polarizations of the incoming pulse.

This article is organized as follows: in Sec. II, we present our
method based on TDSE propagation; the computational details are
given in Sec. I1]; the results are shown and discussed in Sec. I'V; and
then, the conclusions and perspectives are given in Sec. V.

Il. THEORY
A. Time propagation
Here, we focus on the electric perturbation of the magnetic
response of the system. TDSE in length gauge is given by (atomic
units are used in this work)
.d .
i w(0) =H®ly (), M
where |y(t)) is the time-dependent wave function and H(t) is the
time-dependent Hamiltonian, which is composed of the field-free
Hamiltonian Hy and the coupling between the molecular electric
dipole operator ji and the external field F(t),

H(t) = Ho - fi- F(1). )

|¥(t)) is practically expressed as a linear combination of the Niates
field-free eigenstates (in this work, the DFT ground state and the
Nitaes—1 TDDFT eigenstates) as

Nitates—

ly()) = Z CM(t)IM (©)

Here, Cy(t) are time-dependent coefficients and |[M) is the Mth
eigenstate of the system, with the eigenvalue Ej. In the space of such
eigenstates, TDSE in Eq. (1) becomes

dC(t)
dt

= H(£)C(b), 4)

with C(t) being the vector of the expansion coefficients and H(t)
being the matrix representation at time t of H (1), ie, (H(t))m

= (L|H(t)|M). The time-dependent Hamiltonian H(t) is diagonal
for the field-free part of the eigenenergies Ey and characterized

FIG. 1. Stick-and-ball representation of
(R)-/(S)-methyloxirane, L-alanine, and
A-Co(acac);. C, O, N, H, and Co atoms
are reported in black, red, blue, white,
and cobalt-blue, respectively.

C

A-Co(acac),

by the transition (electric) dipole moments (L
states,’

/M) between

(LI

) = EmOum — Y, Fy(t)(L|dy|M), (5)
y

where y = x, y, or z corresponds to the Cartesian component of the
dipole and of the field. The numerical gauge-invariance for the ECD
spectra has been previously tested and verified.”” We use the TDDFT
eigenvectors within a configuration-interaction singles ansatz**®’
for the excited states,

occ vir

=3 Y dimlaf), (6)

where |®f) is the singly excited Slater determinant, with an electron
promoted from the occupied orbital i to the virtual one a, while df
are the amplitudes of the expansion for the state |M). Expansion
coefficients, dfy, and the excited-state eigenenergies are computed
by the Amsterdam Modeling Suite (AMS),” as reported in Sec. I11.

B. Computing ECD spectrum

In order to compute the ECD spectrum in a large frequency
range, we apply a kick pulse, modeled by a narrow Gaussian

2
F(t) = Frnax exp(—i(t tzo) ), (7)
20°

where Fpay is the field amplitude (the intensity I is equal to %|Fmax|2)
and ty and o are the center and the amplitude of the Gaussian,
respectively.

The magnetic dipole moment operator 7 is defined, neglecting
the spin contribution, as’

- 1 -
7 - £ 8
1 = 2Cr><p (8)

with 7 and ‘5 being the position and momentum operators,
respectively, and c being the light speed.

At each time t of the simulation, the induced magnetic dipole
Am(t) is defined as the difference between the time-dependent
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magnetic moment #i(t) at time ¢ and that at initial time (¢ = 0),
m(0),

Ar(t) = ii(t) - m(0). )

Explicitly, #m(t) and #1(0) are computed from the TDSE propaga-
tion in state space,

mi(t) = %Cf(t)CM(t)@

1

M), (10)

1

m(0) = Y Cr (0)Car(0)(L|1i|M). (11)
LM

The transition magnetic moment (L|7|M) can be expressed on the
basis of Slater determinants. When one of the electronic states is the
ground state |0) = |@g) (with |@¢) the DFT Slater determinant, in
our specific case), one finds, using Eq. (6),

|0) = 3 3 dir (@ || Do), (12)

(L

while the transition magnetic moment between two excited states is

M) =33 33 didi (0f | @), (13)
i a j b

7

7

(L

m CDJ-b> is, in turn,

The generic transition magnetic moment (7

obtained by applying the Slater-Condon rules,*

Mo — #jj + iaa, i=ja=b,

(DF| | @Y = Mabs i=jazb (14)
' ! —ﬂjlji, i #j,a = b,
0, i+j,a+b,

where My = (®o|r#1|®g) = ;7 and the generic iy is the mag-
netic moment matrix element in the molecular-orbital (MO) rep-
resentation. In practice, AMS explicitly computes the transition
matrix elements in the MO space, which are then transformed into
(©¢| 7t KDJb) and into (L||M) by means of an interface between
AMS and WaveT, which accounts for the antisymmetric nature of
the magnetic matrix. The ECD spectrum is finally computed as the

imaginary part of the following:

P (w) =

—;Ofﬂo —Aml(t)ei(“’Jrir)tdt. (15)
2nwF, (w) Jo

In Eq. (15), FS(w) is the Fourier transform of the component # of the
external field, Am(t) is the component I of the induced magnetic
dipole, and T is a damping parameter reproducing an exponential
decay of the excited-state population.”” The comparison with the
experimental spectra is performed using a rotational average, i.e.,

PPP(w) = - (PEP (w) + PP (0) + PE(w)). (16)

1
"3
Ill. COMPUTATIONAL DETAILS

The ground-state geometries of the (S)-methyloxirane and
A-Co(acac)s system have been optimized at the DFT level® by the

Amsterdam Density Functional (ADF) engine®® of the AMS code.*
Both the optimizations were realized using the hybrid B3LYP®”
exchange-correlation (xc) functional and a triple-zeta plus polar-
ization TZP basis set of Slater-type orbitals. The geometry of the
(R)-methyloxirane has been obtained by inverting the x coordinates
of the optimized S enantiomer. For the L-alanine, we have consid-
ered seven low-energy conformers, taking both the relative ener-
gies and the geometry structures, optimized at the df-CCSD(T)-F
level with the aug-cc-pVDZ-F12 basis set, from a recent study.”’
For all the systems, we have then calculated the ECD spectra in
the frequency domain at the time-dependent DFT (TDDFT) level
by using the Casida approach.”! The eigenvalue problem is solved
by means of the Davidson algorithm. We have extracted the lowest
20, 40, and 100 excited-states for the methyloxirane, L-alanine, and
A-Co(acac)s, respectively. These choices have been made in order
to cover the experimental frequency range. The ECD calculations
have been performed using the B3LYP and the long-range corrected
CAM-B3LYP’? functionals. Moreover, for the L-alanine, we have
tested the range-separated wB97X-D functional, which includes the
dispersion and non-local exchange corrections, allowing a proper
treatment of the amino acid intra-molecular H bonds.”"" All the
ECD spectra have been calculated in gas phase. For the A-Co(acac)s
complex, we have additionally performed the ECD calculation, sim-
ulating the solvent (ethanol) effect with the conductor like screening
model (COSMO) of solvation’ available in AMS. Finally, all the
ECD spectra have been convoluted by using Gaussian functions with
a half width at half maximum (HWHM) equal to 0.15 eV.

The time-domain ECD calculations have been performed with
the in-house WaveT package,” whose interface with AMS has
been recently proposed for the electric transition dipole moment**
and here extended for the magnetic transition dipole moment, as
explained in Sec. II. In practice, excitation energies and transition
dipole moments (both electric and magnetic, after the transfor-
mation performed by the interface) are provided by the TDDFT
calculations and then employed as input parameters for the real-time
propagation. For all the systems in Fig. 1, 250-fs dynamics have been
simulated with a time step 8t of 0.12 x 107% fs. Different values of
time length (100, 150, 250, and 300 fs) and time step (0.12 x 1072,
0.24 x 1072, and 0.24 x 1073 fs) have been tested to ensure the con-
vergence of the dynamics. The results of these convergence tests are
shown in Figs. SI and S2 of the supplementary material. The time-
dependent external field [see Eq. (7)] has been reproduced with a
kick pulse of 10> W/cm? intensity and a full width at half maximum
of 0.094 fs for the Gaussian envelope. The value of the damping
parameter I' in Eq. (15) is 5 fs for all the cases. The ECD spec-
trum in Eq. (15) has been computed with a post-processing tool
implemented in WaveT, using the TDSE dynamics as input. The
final spectra have been obtained averaging the results, according to
Eq. (16).

For all the cases, the energy range of both frequency- and time-
domain ECD calculations has been adapted to the experimental one
(i.e., eV, nm, and cm_l) for a suitable comparison of the results.

IV. RESULTS AND DISCUSSION

This section is organized as follows: for each molecule in Fig. 1,
we first compare the time-domain ECD spectra [i.e., obtained by
Egs. (15) and (16)] with the standard frequency-domain ones and
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then with the experimental data available in the literature,””’>"°

using the units of the original works. Additional analyses on the
excited-state absorption, the role of the solvent in ECD, and the
interplay between the F polarization and magnetic transition dipole
moment are reported for S-methyloxirane and A-Co(acac)s in the
corresponding subsections.

A. (R)- and (S)-methyloxirane

The ECD spectra obtained with AMS (frequency domain)
and WaveT (time domain), using the B3LYP functional, reveal an
almost perfect overlap for both the enantiomers of the methyloxi-
rane, as shown in Fig. 2: the shape and relative intensities of the
peaks are conserved moving from a frequency to a real-time cal-
culation. The small discrepancies could be due to the different
smoothing techniques applied. These results clearly show that the
interface between the two codes produces the right transition mag-
netic moments in the state space of Egs. (12) and (13) and, in turn,
that WaveT computes the right temporal evolution of the magnetic
transition dipole moment. Considering the CAM-B3LYP functional
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FIG. 2. Comparison of the ECD spectra calculated for (R)-methyloxirane (top
panel) and (S)-methyloxirane (bottom panel) using the B3LYP functional and the
AMS (frequency-domain, solid blue line) and the WaveT (time-domain, solid red
line) code. All the intensities have been normalized and reported in arbitrary units
(arb. units).

(see Fig. S3 of the supplementary material), we still find a good agree-
ment between the frequency-domain and time-domain calculations,
with only the small discrepancies that can be associated again with
the smoothing strategy. We can also notice that the overall ECD pat-
tern calculated with CAM-B3LYP resembles that obtained with the
B3LYP functional, although blueshifted by around 0.6 eV and with
some differences in terms of the intensity ratio of the peaks. As a
matter of fact, such discrepancies make the agreement between the
CAM-B3LYP calculations and the experimental spectra less accurate
(Fig. 4 of the supplementary material). Therefore, from here on, we
will only consider the real-time calculations carried out with B3LYP
for the comparison with the experimental ECD.

We can notice in Fig. 3 an overall good agreement between
the experimental ECD spectra measured in the gas-phase’” and our
time-domain ECD propagated in vacuum, with the discrepancies
being more marked for the (S)-methyloxirane. Indeed, the exper-
imental positive feature located at 7.20 eV is slightly redshifted in
the calculation and the same goes for the following peak, whose
experimental negative maximum is found at around 7.80 eV. In
addition to that, the calculated peaks from 8.5 eV onward show

| ECD (R)-methyloxirane

- 14
2
c
5 ]
e}
io_ //\—\\ A . N
z \"“M/ WY
= |
c
[T
k=
= 4
— Exp.
1 —— WaveT

T T T T T T T T T T T T T

| ECD (S)-methyloxiran

— 1+
2
c
5 ]
g R AN
S 0 o e
2
] ]
c
L
[=
£ 44
Exp.
1 —— WaveT
T T T T
5 6 7 8 9

E (eV)

FIG. 3. Comparison between the experimental (solid black line)”> and real-time
calculated (solid red line) (B3LYP functional) ECD spectra of (R)-methyloxirane
(top panel) and (S)-methyloxirane (bottom panel). All the intensities have been
normalized and reported in arbitrary units (arb. units).
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a higher intensity with respect to the corresponding experimental
ones. Nevertheless, most of the discrepancies are reconciled, notic-
ing that while the calculated features of the two enantiomers have
equal and opposite signs, the experimental patterns slightly deviate
from being mirror images. Therefore, considering this experimen-
tal limitation, both the calculations properly reproduce all the main
features of the system.

Besides checking the implementation, we also calculated the
absorption and ECD spectra of (S)-methyloxirane from the first
(bright) excited state. For computing the optical properties from
ground state, the initial condition in the electron dynamics is given
by |Co(t = 0)* = 1; see Eq. (3). For a generic |[M) state, with M > 0,
running an excited-state dynamics corresponds to |Car(t = 0)[* = 1.
In our case, M = 1. The simulation was run on the ground state
geometry, thus simulating a vertical excitation. This scheme resem-
bles a pump-probe experiment, where the delay time between the
two pulses is small enough to measure the observable of inter-
est without changing the geometry of the system. Indeed, time-
resolved circular dichroism spectroscopy has recently become a
powerful experimental tool to study the dynamics in chiral molec-
ular systems.”” ** The influence of the electronic state on the optical

response is well highlighted in Fig. 4, where significant changes
have been found populating the first excited state for both the
absorption and ECD spectra. Indeed, looking at the top panel of
Fig. 4, we observe that the ground state absorption peaks, located
in the vacuum-UV region, are drastically shifted toward the near-
IR/visible energy range when the system is excited. Furthermore, the
inset in the top panel of Fig. 4 reveals the presence of the absorption
and emission peaks involving the |0) and the |1) states, both located
at 7 eV. A significant change in the intensity scale is also noticed,
with a strong |0) — |3) transition of absorption (i.e., peak A’ in Fig. 4,
and Table I). Additional details on the principal transitions of both
the absorption spectra are reported in Table I. The chiral features of
the (S)-methyloxirane are also markedly dependent on the electronic
state, as shown in the bottom panels of Fig. 4. In this case, the opti-
cal response in the vacuum-UV range is still observable for the first
excited state, even though the main feature lies between (0-2) eV,
but the pattern is diametrically opposite with respect to the ground-
state one. Indeed, focusing on the peak centered at ~7 eV, where the
[1) — |0) emission peak is observed (see above), it can be suggested
that an ECD inversion occurs when the system is excited. A simi-
lar spectrum for the first-excited state has been recently reported by
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FIG. 4. Calculated (Calc.) absorption (top panel) and ECD (bottom panels) spectra of (S)-methyloxirane considering the ground state (solid red lines) and the first excited
state (solid blue lines). In the inset of the top panel, the region between 6.0 and 7.7 eV has been highlighted to show the absorption and emission peaks involving the |0)
and |1) states. Details of the significant absorption transitions are reported in Table |. Lower panels represent the same ECD spectrum up to 3.5 eV (left) and between 6
and 11 eV (right), with different vertical scales. No ECD signal is present between 3.5 and 6 V. Intensities are in atomic units.
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TABLE I. Transition and excitation energy for each significant peak of absorption of
(S)-methyloxirane considering both the ground state and the first excited state.

Label Transition Excitation energy (eV)
A [0) - |3) 7.58
B o) — |11) 8.87
C o) — |15) 9.68
D [0} = [17) 10.11
A’ [1) — |3) 0.56
B’ 1) - |9) 1.72
c [1) — |16) 2.83

Andersen and co-workers,'® even though only the 0-2 eV range is
shown in that work.

B. L-alanine

For L-alanine, we compared the frequency-domain and time-
domain ECD spectra considering the B3LYP, CAM-B3LYP, and
wB97X-D xc functionals, as explained in detail in Sec. III and as
shown in Fig. 5. We have used the most stable conformer of the
amino acid, as reported in Ref. 70. All the results support the con-
sistency between the Casida and real-time calculations. Differences
arise in the ECD spectrum according to the chosen xc functional. For
instance, after redshifting the frequency-domain and time-domain
wB97X-D spectra by 10 nm, we can notice two distinguishable posi-
tive peaks in the 140-160 nm energy range, while only a single posi-
tive feature is centered at around 145/150 nm for the BALYP/CAM-
B3LYP ECD spectra, respectively. From 170 nm onward, some
similarities for the features calculated with the range-separated func-
tionals (CAM-B3LYP and wB97X-D) are found, although they differ
in terms of intensity values, while the response is less defined with
B3LYP. Since the calculation performed with the wB97X-D shows
closer resemblances with the experimental spectrum (as it will be
shown below), consistently with the data available in the literature
for amino acids and peptides,”””” it will be the only one considered
from here on for L-alanine.

Before comparing the experimental and calculated spectra, it is
worth emphasizing the high sensitivity of the ECD toward confor-
mational changes. This aspect becomes particularly relevant when
a flexible system, e.g., an amino acid, is treated, since a signifi-
cant number of conformations will contribute to the overall optical
response. Therefore, a balance must be found between the inclusion
of, at least, the low-energy conformations and the computational
effort, which increases proportionally to the number of structures
considered. The conformational investigation of the gas-phase ala-
nine has been carried out in several studies,”** including the recent
work of Meinert et al.,”’ where seven stable conformers have been
extracted and used in the ECD calculations. Starting from these
available data, we have calculated a statistically weighted ECD at
300 K and then compared with the experimental response and the
calculated spectrum for the most probable conformation (as already
shown in Fig. 5). All the results are collected in Fig. 6, while details
on the conformers are reported in Table S1 of the supplementary
material. We can notice that the experimental features are well
reproduced by both the redshifted computed spectra, with only some
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FIG. 5. Comparison of the ECD spectra calculated with AMS (frequency-domain)
and WaveT (time-domain) for L-alanine. The B3LYP (top panel), CAM-B3LYP (mid-
dle panel), and wB97X-D (bottom panel) xc functionals have been used. The ECD
spectra calculated with the wB97X-D functional have been redshifted by +10 nm.
All the intensities have been normalized and reported in arbitrary units (arb. units).

differences in the intensity around 180 nm. Figure 6 also reveals
strong similarities between the statistical approach and the inclusion
of only the most probable conformer, but they are justified consid-
ering the energy and probability values reported in Table S1 of the
supplementary material. Indeed, since the lowest energy conformer
is much more stable with respect to the other structures, its opti-
cal response becomes predominant in the averaged ECD spectrum.
However, the individual time-domain ECD spectra reported in
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FIG. 6. Comparison between the experimental (solid black line)’® and real-time
calculated (wB97X-D functional) ECD spectra of L-alanine. The spectrum calcu-
lated statistically weighting the seven lowest energy conformations (solid green
line) is reported together with that calculated considering only the most probable
conformation (solid red line). All the intensities have been normalized and reported
in arbitrary units (arb. units).

Fig. S5 of the supplementary material confirm the significant
interplay between conformations and chirality.

C. A-Co(acac)s

Also for the A-Co(acac)s; complex, we started from the com-
parison between the frequency-domain and time-domain spectra,
which confirms the good quality agreement between the AMS and
WaveT results obtained employing the B3LYP functional, as shown

1.5
| Calc. ECD A-Co(acac),
1.0 - B3LYP
z
c 0.5
=
5 |
S 00+ — /N
=z Y
[}
g 0.5
£
— AMS
-1.0 (HWHM=0.15 eV)
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15 20 25 30 35 40 45 50
AEM0°® cm™

FIG. 7. Comparison of the ECD spectra calculated with AMS (frequency-domain,
solid blue line) and WaveT (time-domain, solid red line) for the A-Co(acac);
complex. All the intensities have been normalized and reported in arbitrary units
(arb. units).

in Fig. 7. Indeed, despite the small differences in intensity, partic-
ularly focused around 17 x 10° and 35 x 10°> cm™?, the Casida and
real-time calculations match properly. The same comment can be
applied to the CAM-B3LYP results (see the top panel of Fig. S6
of the supplementary material), with only small discrepancies in
terms of intensity, particularly in the high energy range, between the
frequency-domain and time-domain data. The CAM-B3LYP spec-
trum is blueshifted with respect to the B3LYP one. In addition
to that, the intensity ratio of the two positive features centered at
37 x 10° and 41 x 10*> cm ™, respectively, in the B3LYP spectra is
inverted in the CAM-B3LYP ones. Such differences lead to a worse
agreement with the experimental ECD for the real-time calculation
with CAM-B3LYP (Fig. S6 of the supplementary material, bottom
panel); thus, only the B3LYP results will be discussed from here on.
The overall quality agreement is also observable comparing the
experimental spectrum’® with the real-time propagation (Fig. 8),
which, hence, reproduces the main chiroptical properties of the
A-Co(acac)s, despite some energy and intensity discrepancies.
Indeed, the experimental negative peaks centered at 31 x 10° and
45 x 10> cm™, respectively, find the theoretical correspondence in
the peaks located at around 34 x 10% and 46 x 10° cm ™", with the first
calculated one exceeding in intensity. Instead, the positive features at
~17 x 10* and 39 x 10* cm™" are properly reproduced by the small
and double peak at around 19 x 10° and 40 x 10°> cm™", respectively.
It is worth noting that some limitations arise from the difference in
the environment, since the experimental ECD has been measured in
ethanol, while our dynamics is realized in vacuum (Fig. 8).
Therefore, we partially investigated the solvent role propagat-
ing the time-dependent wave function expanded in the TDDFT
eigenstates equilibrated with an implicit description of ethanol at
the AMS level and then propagated in vacuum. The correspond-
ing result calculations are reported together with the experimental
findings and the gas-phase ECD in Fig. 9. We can notice that even
the partial treatment of the solvent provides a better description,
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FIG. 8. Comparison between the experimental (solid black line)’ and real-time
calculated (solid red line) ECD spectra of the A-Co(acac); complex. All the
intensities have been normalized and reported in arbitrary units (arb. units).


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0136392
https://www.scitation.org/doi/suppl/10.1063/5.0136392
https://www.scitation.org/doi/suppl/10.1063/5.0136392

1.5

| ECD A-Co(acac),
1.0 4 Solvent role
z
c 0.5
=
Qo
S 0.0 Tt e - J/\
[}
$ 0.5
£
| Exp.
-1.0 —— Vacuum
'1-5|"I"‘|“'I"'I LIS IEELENELRL T R BB
15 20 25 30 35 40 45 50
AEMO® cm™

FIG. 9. The experimental ECD (solid black line)’® spectrum of the A-Co(acac);
complex is reported together with the real-time ECD calculated in the gas phase
(solid red line) and ethanol (solid cyan line), respectively. The solvent has been
implicitly treated with the COSMO model available in AMS. All the intensities have
been normalized and reported in arbitrary units (arb. units).

particularly in the 35-45 x10° cm™" energy range where the double
peak is well aligned with the corresponding experimental feature.

It is worth noting that a previous theoretical study on the same
Co complex™ furnished an ECD spectrum in satisfactory agreement
with respect to the experiment,”® despite an energy shift of 4 x 10>
cm~L Considering that our calculations have not been shifted, the
agreement of the present results is slightly better than the previ-
ous ones, with especially the features at 17 x 10° and 39 x 10° cm™
improved by theory. Such an improvement should be ascribed to
the more accurate hybrid exchange-correlation functional, which

performs better than the GGA-BP86 functional used by Fan and
Ziegler.*

We concluded our investigation on the A-Co(acac)s; com-
plex analyzing how each polarization direction of the external field
F influences the temporal evolution of the corresponding compo-
nent of the magnetic transition dipole moment and, thus, the ECD.
Indeed, while the spectrum is usually shown, or directly obtained, as
averaged on the three components, the contributions can be decom-
posed in the WaveT package since they are calculated independently.
Considering, in particular, the A-Co(acac)s with its D3 symmetry
(see the left panel of Fig. 10), it is interesting to perform a directional
analysis. The ECD spectra reported in Fig. 10 (right panel) confirm
the ability of our calculations to discriminate among the compo-
nents, with the magnetic response to F, along z different from those
to Fy and F, along x and y, respectively.

V. CONCLUSIONS

We have implemented an explicit interface between the AMS
and WaveT codes in order to propagate the magnetic moment in the
space of the electronic states. In this way, we have defined a general
approach to compute the ECD spectra via TDSE, using the magnetic
response to an electric perturbation.

We have applied this scheme to the (R)-/(S)-methyloxirane,
L-alanine, and A-Co(acac)s chiral systems to validate its cor-
rect functioning. The frequency-domain (AMS) and time-domain
(WaveT) ECD calculations are in excellent agreement, hence
confirming the correct simulation of the temporal evolution of the
magnetic transition dipole moment. Furthermore, for each system,
the comparison between the real-time ECD spectra and the experi-
mental data shows the good overall quality of our calculations, which
all reproduce the main spectral features. Instead, for the cobalt com-
plex, the differences between the experimental ECD, measured in
an ethanol solution, and our propagation in vacuum can be related
to the environmental conditions. This hypothesis has been corrob-
orated with the static inclusion of the solvent in the wave function

2 200 200
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100 - 100
— o
< [ m
£ /\ 8
‘70 0 _—A P NZ\ . 0 g
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e »
& £
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FIG. 10. Left panel: schematic representation of the D; symmetry of the A-Co(acac)

3 complex with the C; axis coincident with the z axis. Right panel: the experimental

ECD (solid black line) spectrum of the A-Co(acac); complex is reported together with those simulated considering the x (solid red line) and z (solid blue line) directions of
the external field F, respectively, and the real-time ECD averaged on the three components (solid dark green line). The experimental and calculated spectra are reported in

M~=" cm=" and atomic units (a.u.), respectively, without any normalization.
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time evolution, which provides a better agreement between the
experimental and time-domain ECD. In addition to this success-
ful validation, we have investigated the excited state spectra and the
relation between the F polarization and the ECD response. Propa-
gating the wave packet of (S)-methyloxirane in its first excited state
but with the ground state geometry, we have pointed out the signifi-
cant changes that occur in the optical response following the system
excitation. Indeed, while the absorption spectrum is entirely shifted
toward the near IR/vis range, the ECD one reveals a sign inversion.
For the symmetric A-Co(acac)s, instead, we have decomposed the
rotationally averaged ECD in its components, highlighting the opti-
cal changes in response to a different polarization of the external
field.
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