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Expressions for the calculation of rotatory strengths using the algebraic diagrammatic construction (ADC)
scheme of the polarization propagator in both length and velocity gauges have been implemented. This
enables the simulation of electronic circular dichroism (ECD) spectra at the ADC level up to third order
of perturbation theory. The ADC(n) methods produce rotatory strengths of comparable accuracy to those
obtained with coupled cluster methods of corresponding approximation levels as evaluated for methyloxirane,
methylthiirane, dimethyloxirane, dimethylthiirane, hydrogen peroxide and dihydrogen disulfide. ECD spectra
of (1R)-camphor, (1R)-norcamphor and (1R)-fenchone computed at the third order ADC(3) level of theory
are shown to agree very favorably with experimental gas phase spectra demonstrating the usefulness of ADC
for the calculation of chiro-optical properties of organic molecules. ADC(2) in combination with the polar-
izable continuum model (PCM) is shown to successfully reproduce the ECD spectrum of the L-epinephrine

enantiomer in water, further demonstrating the applicability of this approach.

I. INTRODUCTION

Electronic circular dichroism (ECD) is a widely used
linear optical effect to gain information about the stere-
ochemistry' of molecular systems.! Different enantiomers
of a chiral molecule preferentially interact with one of
the two circularly polarized components of plane polar-
ized light. This results in a rotation of the plane of po-
larization, as observed in optical rotation measurements,
and differential absorption, as detected by ECD spec-
troscopy. As a spectroscopic tool, ECD has found use in
a wide range of scientific fields ranging from biochemistry
where it is commonly employed to detect the secondary
structures of proteins? to pharmaceutical synthesis where
enantiomeric plirity is of importance.? Especially impor-
tant in ECD spectroscopy is the sign of the measured
signal as enantiomers produce mirror-like ECD spectra.
This allows for quick and straightforward quality control
of synthesized chiral molecules once accurate theoretical
predictions have been carried out. Furthermore, achiral
systems interacting with chiral systems, e.g. a solvent
arranging itself around a solute in a structurally chiral
manner, can give rise to a CD signal which is a process
referred to as induced circular dichroism (ICD). Thus
ICD provides information not only of the absolute con-
figuration of the chiral system but also of the orientation
of its achiral (e.g! solvent) counterpart.*

For the prediction of ECD spectra many theoretical
methods have been developed over the last decades with

a)Electronic mail: dreuw@uni-heidelberg.de

methods suited for different molecular sizes and environ-
ments. Progress has been made and highly accurate ECD
spectra can be simulated and compared directly with
experiment.! For proteins and macro molecules semi-
empirical methods have been shown to accurately re-
produce ECD spectra of'fow-lying excitations.®% Simi-
larly, for molecules on the order of hundreds of atoms,
time-dependent Hartree-Fock (TD-HF)™® and time-
dependent Density Functiotal“Theory (TD-DFT)0 14
have proven successful. For ECD spectra of small chi-
ral molecules, on the order of tens of electrons, con-
figuration interaction (CI)'® and linear response based
on a complete active space self-consistent field (CAS-
SCF) reference'® can be applied. Furthermore, the
well-known equation of motion coupled cluster (EOM-
CC)"!8 and the similar linear response coupled cluster
(CCLR) approach!'® 22 have been applied to the calcula-
tion of ECD spectra and proven to be highly accurate.

The algebraic diagrammatie—construction (ADC)?3
scheme for the polarization propagator is an ab initio
method which shares many features with CC excited-
state methods. ADC requires the solution of an Her-
mitian eigenvalue equation, and provides a hierarchy of
approximations. In comparison with CC methods, this
has the advantage of not requiring the solution of both
a left and right-hand side equation. It has been em-
ployed to predict several linear and non-linear proper-
ties, e.g., two-phbtbn absorption (TPA)2* and resonant
inelastic x-ray scattering (RIXS).?° Further, static prop-
erties such as static polarizabilities and Cg dispersion
coefficients?62” have recently been investigated. The
computational effort required for ADC(n) schemes scales
as n* for ADC(1), n® for ADC(2), n% for ADC(2)-x and
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ADC(3/2), with n being the number of basis functions.
For comparison, the corresponding CC schemes CC2,
EOM-CCSD and CC3 formally scale as n®, n® and n”,
respectively, however, require the solution for the corre-
sponding ground state as well.

Here, we report the first implementation of ADC-
based methods to simulate chiro-optical properties such
as ECD.

We choose methyloxirane and methylthiirane
molecules as well as their dimethylated derivatives
to investigate the performance of the ADC methods in
the calculation of ECD spectra. For these molecules,
highly resolved gas phase spectra exist for comparison.
Furthermore, we include the inherently chiral hydrogen
peroxide HoO5 and dihydrogen disulfide HoSs for their
small size and well studied chiro-optical properties.
Beside these relatively small molecules, we evaluate the
ECD spectra of camphor, norcamphor and fenchone
using a third order ADC scheme in comparison with ex-
perimental-gas phase spectra.?8732 The latter molecules
have previously been investigated using TD-DFT but
not yet using a third order ab initio method. We
also include epinephrine, a common medical drug and
hormone,?? for which there are aqueous ECD solution
spectra reported.3* The molecular structures of the
investigated sys{dms are shown in Fig. 1.

A complication in the calculation of ECD spectra is the
lack of gauge invariance of approximate solutions of the
Schrédinger equation which can lead to origin dependent
rotatory strengths in the length gauge. This is circum-
vented in one of two ways: (i) using magnetic-field depen-
dent “gauge-including” atomic orbitals (GIAOs, also re-
ferred 'te-a5-Eondon orbitals);!135742 or alternatively (ii)
by a gauge transformation to the velocity gauge which
is formally—origin invariant.'?43 47 The latter strategy
is referred to as velocity gauge formalism or gradient
form of the rotatory strength, and this methiod will be
used throughout this work. For sake of completeness,
the length gauge formulation of the rotatory strength is
also briefly presented.

Experimentally,an ECD spectrum is recorded by mea-
suring the difference in absorption between left and right
circularly polarized light,

Ae(w) = er(w) — er(w), (1)

where €7, (w) and eg(w) are the absorption coefficients, at
incident frequency w, for left and right circularly polar-
ized light, respectively. The measured signal may then
be related to the underlying rotatory strength govern-
ing the excitation by integration over a frequency range

[wl, CUQ] ,48 as

wo
A
R = 22.97 x / ) g, 2)
w

w1

where the photon energy w is in eV and Ae(w) is given
in L mol~! ecm~!. The rotatory strength, R, is in the
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FIG. 1. 1 (R)-methyloxirane, 2 (R)-methylthiirane, 3 (R,R)-
dimethyloxirane, 4 (R,R)-dimethylthiirane, 5 hydrogen per-
oxide, 6 hydrogen persulfide, 7 (1R)-camphor, 8 (1R)-
fenchone, 9 (1R)-norcamphor and 10 L-epinephrine.

usually reported units of 107%? esu - cm - erg/G or 10740
c.g.s. units.*® The cruc@l assumption of Eq. (2) is that
the integrated peak results from one electronic transition
only. This is not necessarily the case and not known a
priori, which emphasizes the need for robust theoretical
models assisting in the interpretation of the experimental
ECD spectra.

Il. THEORY AND METHODOLOGY

A. Optical rotatory and oscillator strengths in the length-
and velocity-gauge formalism within the intermediate state
representation

The fundamental property governing the preferential
absorption of circularly polarized light is the rotatory
strength, R,o. It is given by the well-kown Rosenfeld
equation® as the scalar product of the electric and mag-
netic transition dipole moments between the ground state
|¥o) and an excited state |¥,,),

Rno :Im <\Ij()‘ﬂ|\Ijn> : <\Iln|ﬁ1|\110>7 (3)

where i and m are the electric and magnetic dipole op-
erators, respectively. From the Rosenfeld equation, we
can see that the electric transition dipole moment and
the magnetic transition dipole moment must be non-
orthogonal for a transition to be active in ECD. Using

the electric dipole operator, it = —e, and the magnetic
dipole opérator, m = 5H# x V,*3 within Eq. (3) yields

the rotatory strength in its length gauge formulation,

- e’h R Lo
"0 = T ome (Wol #[Wn) - (V| # x V [Tg),  (4)

where e is the elementary charge, m. is the electron mass,
c is the speed of light and & is the reduced Planck con-
stant. In the sum-over-states expression this form of the
rotatory strength sums up to zero, which results in zero
rotatory strengths fair-away from resonance,”® but lacks
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gaugelorigin independence.?? Hence, a translation of the
origin of the position operator alters the calculated rota-
tory strength. As mentioned previously, we circumvent
the origin dependence of the rotatory strengths in the
length gauge by employing the velocity gauge. By using
the fact that the position operator commutes with every
term in the electronic molecular Hamiltonian, except the
kitletic energy operator,*?-?3

2
—AnlVIf) = (|7, H]|f) = hwopn (n] #1f), (5)
an{l]applying this to Eq. (4) yields the rotatory strength
in the velocity (gradient) form,

2p2 1 . .
(W| V|, - (T, |7 x VW) . (6)

RYy = — :
n0
2mZc  wpo

The corresponding oscillator strength of the same tran-

sition is computed-in the length gauge as*3
2MeWno R
To = T (Wl # W) 7 (7)

which in analogy to the rotatory strength can be trans-
formed to yield the oscillator strength in the velocity

gauge

v 2h
n0 —

o] ¥ 0| 0

3TneWnO

The two forms of the oscillator strength are origin in-
dependent and they are usually computed together as a
measure of basis completeness.

In the context of the algebraic diagrammatic construc-
tion scheme for the polarization propagator, the excita-
tion energies and transition moments required in order
to evaluate Eq. (6) are obtained by finding the eigenvec-
tors and eigenvalues of the Hermitian ADC matrix M,
which is a representation of the electronic Hamiltonian
H in so-called intermediate states |U;) shifted by the
exact ground-state energy, Ey.>»%® The ADC matrix is
connected to the diagonal representation of the shifted
Hamiltonian in exact states

by unitary transformation
M = XQXT, (10)

with the eigenvector matrix X. Ground-to-excited state
transition moments for a given operator O can be evalu-
ated by contracting an eigenvector x™ with the vector of

so-called modified transition moments F(O)
(Wo| O |¥,,) = x"F1(0), (11)

which correspond to the transition moments between the
ground state and the intermediate states

Fi(0) = (%] O 9y) . (12)

To efficiently evaluate transition moments for different
operators, the modified transition moments are not con-
structed explicitly but rather the transition density p°"
is calculated

pon = (Wo| cheq [Wn) =Y af (Vo| cheg [¥r) ,  (13)
I

where c; and ¢, are creation and annihilation operators
in second quantization. The transition moments are then

evaluated as

(Vo 0 W) = Z P%Opqy (14)
Pq

with the property integrals o,, = (¢, O|d,) in the
molecular orbital basis {¢,}. By consistently construct-
ing the intermediate states up to a given order n of per-
turbation theory using the Mgller-Plesset Hamiltonian
partitioning one arrives at the corresponding ADC(n)
scheme. Using the eigenvalues and eigenvectors of the
third-order ADC matrix with the second-order modified
transition moments is referred to as ADC(3/2). This
mixed third and second order scheme is used throughout
this paper and called-ADC(3) for brevity.?:57

Full-ADC is formally gauge invariant. However, this is
not true for truncated ADC schemes. The remaining dif-
ference between the length and velocity forms of the oscil-
lator and rotatory strengths occurs in the highest-order
contributions of their perturbational expansion, in other
words in O™ for ADC(n). Consequently, the gauge-
variance of ADC(3/2) is of the same order as ADC(2),
i.e. the differences occur in the O® contributions. For
further theoretical details regarding the length-velocity
gauge behaviour of ADC(7) methods, see Ref. 58.

B. Computational details

To simulate the ECD spectra, the computed rotatory
strengths are converted from a.u. to 10740 c.g.s. using
the conversion factor 471.44 and subsequently broadened
by a Lorentzian function,

Acw) =" Aen(V—" (15)

w — wno)® + 72
WRnO 40
22.947 ’

where Ag, is the peak intensity of the n-th transition
given in L mol ~! em™!, R, is the rotatory strength in
1074 c.g.s., v, is the Lorentzian broadening factor, w
and wyo are the incident optical frequency and excita-
tion energy in eV. A broadening factor corresponding to
full width at half maximum of 7,, = 1000 cm~! is used
throughout this work.?®

Calculations of oscillator and rotatory strengths
in both length and velocity gauges using ADC were
performed using a development'vérsion of Q-Chem 5.2.59

(16)

Ae, =
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For the CC calculations of the same properties, Dal-
ton2018 was used.®! Dunning basis sets were employed
threughout the paper.26% The origin for the position
operator was set to the hetero atom for the oxiranes,
thiiranes and camphor and its derivatives and to one of
the oxygen/sulfur atoms in the symmetrical HoOy and
H5S; molecules. Geometries of methyloxirane, dimethy-
loxirane, methylthiirane and dimethylthiirane were
optimized using MP2/aug-cc-pVTZ and those of Hy04
and HSs at MP2/d-aug-cc-pVTZ level. For camphor,
norcamphor and fenchorte; DFT/CAM-B3LYP%¢ and
aug-cc-pVTZ were used for the geometry optimization.

I1l. RESULTS AND DISCUSSION
A. ECD spectra of Methyloxirane and Methylthiirane

Methyloxirane has been widely used for the evaluation
of quantum chemical methods for the simulation of ECD
spectroscopy, primarily due to its small size as well as
its available gas phase circular'dichroism spectrum.67:68
Furthermore, there is extensive literature available, both
experimental and theoretical work, covering electronic
structure,% ekeited state properties,” and two-photon
absorption ECD.™ CC methods have proven successful
in reproducing the gas-phase ECD spectrum.”® Inclusion
of molecular dynamics have addressed the water solution
spectrum”™ and use of a polarizable embedding model
have also addressed the spectrutn-in various solvents.”* 76

It has been shown that inclusion of diffuse functions
is important to ensure correct signs of the optical rota-
tory strength of methyloxirane.”” Pople basis sets seem
inadequate even with diffuse functions, while Dunning
basis sets have'proven more capable.!! Therefore, we per-
formed an extensive basis set study for ADC(2), ADC(3),
CC2 and CCSD using Dunning basis sets and compar-
ing to experimentally measured values of methyloxirane.
The excitation energies, oscillator and rotatory strengths
calculated at the ADC(2), ADC(3), CC2 and CCSD lev-
els of theory for the nine lowest excited states of (R)-
methyloxirane and (R)-methylthiirane are collected in

D@ble I (see Table S1-S4 in the supporting information

for all excited states computed). The simulated ECD
and UV/VIS spectra at the same levels of theory of the
15 energetically lowest excited dthtes are shown in Fig. 2.
Basis set impact on methyloxirane. Starting with
ADC(2) and CC2, the smallest basis of the cc-pVXZ se-
ries (X: D,T,Q), cc-pVDZ, yields nearly identical excita-
tion energies for ADC(2) and CC2, with the first verti-
cally excited state calculated at 8.24 eV at ADC(2) and
8.35 eV at CC2 level, which should be compared with
the experirhental value of 7.08 eV.%" Increasing the basis
set size from double to quadruple-zeta lowers the excita-
tion energy to 7.51 eV and 7.54 eV for ADC(2) and CC2,
respectively. However, the rotatory strength of the ﬁr
transition is largely unaffected and is roughly overesti-

mated by a factor of two compared to experiment. How-
ever, the ieported value in ReD 67 is based on Eq. (2)
with the limits of integration determined by a low-level
CI calculation possibly impairing the analysis. In gen-
eral, careful analysis is always needed when comparing
computed and experimental rotatory strength.

Turning to the singly-augmented, aug-cc-pVXZ series
(X: D,T), aug-cc-pVDZ yields similar excitation energies
for the first vertically excited state at ADC(2) and CC2
level, with 6.23 eV and 6.37 eV, respectively. Increasing
the basis from double to triple-zeta improves the exci-
tation energies to 6.52 ¢V and 6.55 eV for ADC(2) and
CC2, respectively. In general, the rotatory strengths are
much more sensitive to augmentation of the basis set
than the excitation energies. Even with aug-cc-pVDZ,
the rotatory strength of the first transition is now within
20% of experiment, and within 15% for aug-cc-pVTZ,
which has been overestimated by roughly 100% using
non-augmented basis sets.

Moving to the doubly augmented, d-aug-cc-pVXZ se-
ries (X: D,T), the rotatory strength of the first excited
state is within 10% of experiment for both ADC(2)
and CC2 using d-aug-cc-pVDZ, but the excitation en-
ergy (< 0.04 eV) is hardly affected. Going to d-aug-cc-
pVTZ, the rotatory strength is largely unaffected while
the excitation energy is increased as was the case for
the singly augmented aug-cc-pV'TZ basis. However, dou-
ble augmentation has substantial impact on the rotatory
strengths of higher-lying excited states. For cc-pVXZ and
aug-cc-pVXZ basis sets the second vertically excited state
has an incorrect positive sign of the rotatory strength
at ADC(2) and CC2 levels of theory, but is correctly
described as negative using d-aug-cc-pVXZ basis sets.
Higher-order methods like ADC(3), CCSD or CC3 re-
produce the correct sign regardless of which basis set is
employed. This illustrates the importance of diffuse func-
tions as well as the degree of electron correlation included
for a correct assignment of higher excited states.

Overall, the differences between the length and veloc-
ity forms of the rotatory strength are relatively small
for the first electronic transition, i.e. on the order of
~ 20 < 10% for cc-pVXZ, ~ 10 «» 8% for the aug-
ce-pVXZ, and ~ 10 + 7% for d-aug-cc-pVXZ at the
ADC(2) and CC2 level of theory. The difference is on
the same order of magnitude for energetically higher-
lying excited states with minor exceptions (to see the
effect on a shift in gauge-origin on the length gauge rota-
tory strength, see suppg information Fig. S5). The
difference between the length and velocity forms of the
oscillator strength is very similar to the one observed for
the rotatory strengths.

(R)-methyloxirane. Comparison of the performance
of the individual methods in the calculation of the ECD
spectrum of methyloxirane when the d-aug-cc-pVDZ ba-
sis set is used reveals ADC(2) and CC2 to yield very
similar spectra as obtained from the first 15 excitations
calculated (Table S3 in the Supplementary Information).
All spectra are shifted for the first state to correspond to
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TABLE I. Transition energy, w (e€V), optical rotatory strength, R (x107%? c.g.s.) and oscillator strength f (x107?) of the
lowest excited singlet states of methyloxirane and methylthiirane calculated at ADC and LR-CC levels using d-aug-cc-pVDZ.

Methyloxirane
ADC(2) ADC(2)-x ADC(3)
n Won Rgn R(XL f(g‘n fUYl Won Rgn R(Xz f(;‘n f()vn Won Rgn R(ZL gn f()vn
1 6.18 —13.5 —14.9 11.7 134 592 —-15.1 —17.2 11.1 13.6 7.84 —13.3 —11.8 5.8 4.4
2 6.56 —0.8 —-1.1 6.2 8.0 6.26 —2.8 —3.4 9.6 13.3 7.93 —12.8 —-11.0 21.7 16.1
3 6.62 5.8 6.5 15.7 18.9 6.37 8.3 9.5 14.5 189 8.23 5.6 4.8 3.2 3.2
4 6.79 3.6 4.0 13.2 154 6.57 4.6 5.2 13.9 177 8.30  20.5 17.3 21.1 155
5 7.40 4.1 4.6 52 5.5 7.22 7.2 8.1 3.6 4.3 8.47 6.5 5.8 28.7 25.2
6 747 —1.8 —-1.9 1.6 1.9 7.27  13.0 14.9 4.2 52 8.57 —15.5 —13.4 33.6 25.8
7 7.48 0.4 0.5 4.2 4.8 731 —44 —4.8 26 2.9 8.72 —-34 —-2.9 18.2 17.2
8 7.54 —-0.3 —-0.3 1.8 1.9 734 —-1.7 -1.7 9.1 109 8.87 —8.6 —-8.4 6.9 6.7
9 7.57 —0.8 -0.9 2.8 29 7.40 —-0.5 —-0.5 20 23 8.92 4.2 1.6 46 3.3
CC2 CCSD [ ces®
1 Won RGn R(XL fgn f(gz Won Rgn R(Yn fgn van Won Rgn R(¥L fgn f(gl
1 6.32 —15.9 —15.2 14.1 129 7.10 —15.0 —14.8 9.6 9.0 7.18 —19.4 —18.8 13.5 12.7
2 6.70 -1.3 —-1.5 7.0 6.9 732 —6.4 —6.4 16.5 18.8 747 —3.8 —4.0 12.8 12.8
3 6.76 6.5 6.4 18.7 179 7.53 9.1 9.0 15.0 14.6 7.65 10.5 10.1 18.4 16.9
4 6.93 4.4 4.1 16.8 15.9 7.74 5.6 5.6 16.9 17.1 7.85 8.1 7.9 220 214
5 7.54 5.0 4.9 6.3 5.6 8.04 9.8 10.2 4.1 4.3
6 7.61 =21 -1.9 1.9 1.8 8.38 0.8 0.9 22 21
7 7.62 1.1 1.3 5.2 438 8.44 —6.4 —-5.9 25.3 239
8 7.66 8.5 9.3 2.7 29 8.47 —1.7 —2.2 16.1 149
9 7.68 —0.9 —0.8 3.1 28 8.50 4.5 4.6 10.5 10.9
Methylthiirane
ADC(2) ADC(2)-x ADC(3)
1 5.02 -—1.8 1.7 0.3 0.3 433 -14 —14 02 0.3 495 —1.2 —1.2 0.2 0.2
2 5.56 —4.7 —=5.1 19.6 19.5 5.02 —-6.3 74 13.7 16.3 591 5.2 —-5.2 34.3 29.7
3 5.79 —5.3 -5.5 34.7 37.8 5.28 —5.3 —6.0 33.7 43.2 598 —6.9 —6.6 17.8 17.2
4 6.08 —0.3 —-0.3 15.9 15.6 5.56 1.1 1.2 156 17.8 6.41 2.3 2.1 21.5 19.1
5 6.31 2.1 2.0 3.2 3.5 5.80 3.4 3.6 3.1 4.0 6.64 3.7 3.7 22 21
6 6.72 8.3 8.7 14.5 13.3 6.24 8.6 9.8 16.4 17.5 7.07 5.6 5.4 21.7 17.6
7 6.83 —0.1 -0.2 1.5 1.3 6.39 0.3 0.2 1.1 1.2 7.20 1.1 1.0 1.0 0.9
8 6.86 3.5 3.5 8.6 88 6.43 2.0 2.1 10.3 119 7.24 2.8 2.6 94 82
9 6.88 —1.2 —-1.3 23 17 6.46 0.4 0.2 1.0 1.2 725 -—-19 —-1.8 1.0 0.9
CC2 CCSD [ ces®
n Won Rgn R(Zz fgn fOVn Won Rgn ROVTL fgn fOVn Won Rgn ROVn fgn van
1 5.07 —-22 —-2.1 0.3 03 5.02 -—-12 —-0.9 03 0.3 499 -1.5 —-1.5 02 03
2 5.62 —5.7 —-5.2 20.1 18.9 5.80 —5.6 —5.8 26.1 24.6 5.80 —8.5 —8.5 18.9 17.7
3 5.84 —54 —5.3 34.9 33.9 593 —6.1 —6.3 26.5 29.5
4 6.14 0.0 0.0 17.2 15.3 6.31 0.6 0.5 19.0 18.3
5 6.37 2.5 2.3 3.7 3.5 6.55 3.2 3.2 25 2.5
6 6.77 8.3 8.6 15.2 145 6.96 6.9 7.2 19.9 175
7 6.89 0.2 0.2 1.5 1.5 7.10 0.6 0.4 1.4 1.3
8 6.92 4.0 3.9 9.1 86 7.13 5.1 4.9 5.3 4.9
9 6.93 —1.2 —-1.2 24 23 713 —-2.3 —-2.3 6.1 6.2

2 Calculated with aug-cc-pVDZ basis.
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FIG. 2. ECD (top) and UV/VIS (bottom) spectra of methyloxirane (a and c) and methylthiirane (b and d) calculated with
ADC(2), ADC(3), CC2, CCSD in the velocity gauge, using d-aug-cc-pVDZ. Methyloxirane spectra are shifted by +0.92 eV
and —0.74 eV for ADC(2) and ADC(3), respectively, as well as +0.78 ¢V and —0.02 eV for CC2 and CCSD, respectively. The
rotatory strength is scaled by a factor of 0.5. Experimental data (red liné) are taken from Ref. 67.

the experimental value of 7.10 eV. The shifts required are
+0.92 eV for ADC(2) and +0.78 eV for CC2, respectively.
Two prominent features of the experimental spectrum, A
and B are well reproduced by ADC(2) and CC2 (Fig. 2).
Furthermore, at these levels of theory, A-C arise from
oxygen lone-pair excitations to Rydberg orbitals. Ac-
cording to our calculations, A is a convolution of two
states of negative amplitude, and B is a convohition of
three states with an overall positive amplitude. Lastly,
C corresponds to a convolution of three states and is
incorrectly predicted as positive by both methods.

The spectra calculated at ADC(3) and CCSD level'of
theory are again shifted by —0.74 eV and —0.02 eV, re-

spectively, for the first vertical excitation energy to match
the experimental value. At these levels of theory, in addi-
tion to A and B, also C is correctly predicted as negative
albeit red-shifted by ~ 0.5 eV for ADC(3).

(R)-methylthiirane. = Methylthiirane is the sul-
fur containing analog of methyloxirane, and again a
high-quality experimental gas phase ECD spectrum is
available,57%® as well as experimental vibrational cir-
cular dichroism (VCD)™ and Raman optical activity
(ROA)™ spectra. The ECD spectrum and the optical
rotatory dispersion have also been addressed in theo-
retical studies.®?#! The experimental ECD spectrum of
methylthiirane possesses three distinct features, A, B
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and C in analogy to methyloxirane. Using the d-aug-
cc-pVDZ basis set, ADC(2) and CC2 yield very similar
transition energies and rotatory strengths for the energet-
ically lowest 15 puted states (Table S4 in the Supple-
mentary Information). All excited states correspond to
electronic transitions from sulfur lone pair orbitals into
Rydberg orbitals. ADC(2) and CC2 yield EE}D spec-
tra correctly predicting the signs of A, B and C. The
excitation energies are red-shifted by roughly 0.4 eV in
comparis@l to experiment (Fig. 2). The first peak arises
from a weakly absorbing state with a negative rotatory
strength, which has also been experimentally observed
but was not shown in the experimental spectrum as it
was barely visible. The first significant feature of the ex-
perimental spectrum, A, is a convolution of two peaks
which are correctly predicted as negative but the ampli-
tude is underestimated by a factor of two at these levels
of theory. B and C correspond to convolutions of multi-
ple states, the signs of which are correctly predicted using
ADC(2) and CC2.

Proceeding to ADC(3), the excitation energies require
no shift and transition amplitudes agree very well with
experiment. The two electronic states constituting the
spectral feature A, a; and ag, lie within ~0.02 eV of the
experimental spectrum at the ADC(3) level, but, the ro-
tatory strengths of these states appear to be swapped
compared to experiment. Although, it cannot be ex-
cluded that these arise from vibrational effects. The im-
provement is of equal quality for CCSD, although slightly
red-shifted compared to experiment. B consist of four vi-
bronic peaks in the experimental spectrum. At ADC(3)
level two excited electronic states are computed exhibit-
ing the correct excitation energies and signs of their ro-
tatory strengths. C is a convolution of several peaks in
the experimental spectrum, and is incorrectly described
as negative by both ADC(3) and CCSD.

B. ECD spectra of dimethyloxirane and dimethylthiirane

Also for dimethyloxirane and dimethylthiirane high-
quality experimental gas phase ECD spectra are
availableS”68 and show features similar to the ones of
methyloxirane and methylthiirane. The excitation ener-
gies, oscillator and rotatory strengths calculated at the
ADC(2), ADC(3), CC2 and CCSD levels of theory for
the nine lowest excited states of (R,R)-dimethyloxirane
and (R,R)-dimethylthiiran¢ gre collected in Table II (see
Table S5-S8 in the supporting information for all excited
states computed). The simulated ECD and UV/VIS
spectra at the same levels of theory of the 15 energet-
ically lowest excited sfates are shown in Fig. 3.

(R,R)-dimethyloxirane. = At the ADC(2) and
CC2 levels of theory using the d-aug-cc-pVDZ basis
set, both methods produce very similar spectra for
the energetically lowest 15 states computed, with the
ADC(2) excitation energies red-shifted by ~ 0.15 — 0.20
eV compared to CC2. All spectra are shifted for the

first state to correspond to the experimental value of
7.0 eV. The shifts required are +0.92 eV and +0.78
eV for ADC(2) and CC2, respectively. At these levels
of theory, the vertical excited states arise exclusively
from lone-pair orbital excitations from the oxygen atom
into Rydberg orbitals. Further, the spectral feature
A (Fig. 3) arises solely from the lowest transition, the
excitation energy of which is red-shifted by ~ 0.8 eV
from experiment, reproduced as 6.08 eV and 6.22 eV for
ADC(2) and CC2, respectively. The rotatory strength,
however, is in reasonable agreement with experiment,
although it is roughly overestimated by 40% for both
ADC(2) and CC2. Furthermore, ADC(2) and CC2
show B arising solely from the second excited state for
which the excitation energy is calculated at 6.38 eV
and 6.53 eV for ADC(2) and CC2 respectively, which is
again red-shifted by ~ 0.9 eV compared to experiment.
The rotatory strength is overestimated by an order
of magnitude. The band C, at these levels of theory
arises from the third and fourth excited states, which, in
comparison with experiment are red-shifted by roughly
1 eV for both ADC(2) and CC2. D arises from the fifth
and sixth excited states, which are again too low in
energy by roughly 1.1 eV.

The spectra of the higher order methods ADC(3) and
CCSD are also shifted to correspond to experiment. The
shifts required are —0.81 eV and —0.07 eV for ADC(3)
and CCSD, respectively. ADC(3) again yields higher ex-
citation energies, as was already the case for methyloxi-
rane. The CCSD excitation energies on the other hand
agree to within ~ 0.10 eV with experiment. At ADC(3)
level, the spectral feature A arises from two states with
negative rotatory strengths, separated by 0.10 eV. These
peaks appear in agreement with the experimental ECD
spectrum. We note that other studies have assigned
these peaks to vibronic structures originating from up
to-two electronic states.®3 Furthermore, these two peaks
are not reproduced in the CCSD spectrum which, alike
ADC(2) and CC2, shows A arising from a single ex-
cited electronic state, whose width closely agrees with
the experimental one. At ADC(3) level of theory, B is
a convolution of the third and fourth excited state, the
first sharply positive and latter negative. This results
in a relatively weak positive feature, in reasonably good
agreement with experiment. A similar convolution is ob-
served at CCSD level, however of the second and third
excited state. The larger energetic separation between
the two states in CCSD results in a more intense positive
B-band feature, whereas the negative component merges
with the negative C band. C is again a convolution of
many states at ADC(3) level resulting in broad positive
band, not present in experiment, followed by blue-shifted
negative peak. CCSD predicts the overall negative band
of C, which is originating from the fourth and fifth ex-
cited states (with a shoulder due to the third one), in bet-
ter agreement with experiment. D is correctly predicted
as positive and arising from the tenth excited state using
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TABLE II. Transition energy, w (eV), optical rotatory strength, R (x107%° c.g.s.) and oscillator strength f (x107%) of the
lowest excited singlet states of dimethyloxirane and dimethylthiirane calculated at ADC and LR-CC levels using d-aug-cc-pVDZ.

Dimethyloxirane
ADC(2) ADC(2)-x ADC(3)
n Won Rgn R(XL f(g‘n fUYl Won Rgn R(Xz f(;‘n f()vn Won Rgn R(ZL gn f()vn
1 6.08 —12.6 —14.0 8.0 104 5.87 —15.7 —-18.3 8.5 12.2 7.85 —22.6 —-20.9 13.1 11.0
2 6.38 14.6 16.3 10.6 13.3 6.18 17.7 20.9 11.6 16.0 7.95 —19.4 —-19.7 8.1 84
3 6.57 —8.5 -9.3 8.6 10.7 6.45 —11.6 —13.1 11.5 15.6 8.16 22.1 17.3 10.2 6.2
4 6.65 —3.8 —4.1 1.2 1.5 6.50 —4.8 —5.4 1.5 1.9 8.23 —11.2 —-9.5 91 5.6
5 7.16 4.6 5.0 14.7 159 6.98 —10.0 —10.1 23 23 8.33 1.1 1.0 18.3 16.1
6 7.22 0.3 0.5 0.0 0.0 7.22 0.3 0.5 0.0 0.0 8.39 1.6 2.3 02 05
7 726 —8.2 —8.6 9.1 938 7.26 —8.2 —8.6 9.1 98 8.46 —21.8 —18.9 26.6 19.9
8 7.27 1.8 1.9 24 3.0 7.27 1.7 1.9 24 3.0 8.48  23.0 22.3 227 211
9 7.29 2.6 2.8 0.8 0.9 7.29 2.6 2.8 0.8 0.9 8.79 8.8 —10.0 14 1.8
CC2 CCSD

1 6.22 —15.0 —14.2 10.8 10.1 7.07 —16.3 -16.3 9.8 10.3
2 6.53 16.5 16.0 12.3 11.6 7.35 16.2 15.9 12.2 11.7
3 6.71 —-9.8 —9.8 10.0 10.0 7.46 —10.1 —11.0 12.6 14.2
4 6.79 —4.1 —4.4 1.3 1.5 7.66 —4.8 —4.8 1.0 0.9
5 7.30 5.9 5.8 18.7 17.1 7.76 3.5 3.0 9.1 85
6 7.34 —124 —11.1 3.7 3.0 8.12 3.5 3.0 9.1 8.5
7 7.37 0.8 1.2 0.1 0.2 8.20 —16.4 —16.0 6.0 5.7
8 7.40 2.2 2.2 3.2 33 8.23 10.6 10.7 22.8 228
9 740 —-3.6 —-34 8.6 7.6 8.31 0.2 0.2 1.2 1.1
Dimethylthiirane
ADC(2) ADC(2)-x ADC(3)
n Won Rgn R(XL fgn van Won Rgn ROV'I'L fgn van Won Rgn ROVn gn van
1 5.03 5.0 5.7 0.2 0.2 4.33 3.5 4.4 0.1 0.1 4.97 0.7 0.1 0.0 0.0
2 5.62 —10.0 —-11.0 21.3 215 5.06 —11.7 —-13.9 15.2 18.3 599 —6.9 7.4 41.0 36.2
3 5.94 —-20.5 —-20.7 32.1 335 5.40 —18.0 —19.8 31.8 39.7 6.13 —20.6 —19.0 12.1 11.2
4 6.00 1.0 1.0 25.0 24.1 5.45 3.2 3.3 21.2 239 6.37 5.3 4.9 26.2 21.8
5 6.30 —5.8 —6.4 2.7 3.2 577 —=5.3 —6.4 24 3.5 6.66 —2.5 —1.8 0.7 04
6 6.53 10.3 11.0 3.1 29 6.89 6.1 6.1 8.6 6.6
7 6.68 5.5 5.4 8.4 83 7.06 11.3 10.7 9.8 8.9
8 6.72 3.8 3.8 8.4 84 7.13 2.9 2.7 10.7 9.1
9 6.73 —1.1 —-0.6 0.2 0.1 714 =29 —-3.2 1.2 14
CC2 CCSD
n Won Rgn R(Zz fgn fOVn Won Rgn ROVTL fgn fOVn
1 5.08 4.4 4.5 0.1 0.1 5.04 2.4 3.1 00 0.1
2 5.63 —8.0 7.2 24.3 232 5.82 —5.2 —5.3 35.6 34.9
3 5.88 —19.6 -19.0 25.6 24.5 6.01 —21.0 —21.7 13,5 154
4 6.00 —0.2 —0.2 227 204 6.18 1.7 1.6 22.5 21.7
5 6.26 —5.5 —5.6 23 24 6.46 —3.4 —-34 1.0 0.9
6 6.59 10.6 10.6 3.6 3.6 6.79 8.6 9.0 6.6 5.2
7 6.74 6.6 6.4 9.6 9.0 6.96 9.5 9.1 11.2 104
8 6.79 4.3 4.2 9.1 838 7.01 3.2 3.2 9.9 9.3
9 6.79 -—-14 —-1.1 0.3 0.2 7.02 =23 —-2.3 0.7 0.7
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FIG. 3. ECD (top) and UV/VIS (bottom) spectra in of dimethyloxirane (a and c¢) and dimethylthiirane (b and d) calculated
with ADC(2), ADC(3), CC2, CCSD in the velocity gauge using the d-aug-cc-pVDZ basis set. Dimethyloxirane spectra are
shifted by +0.92 eV and —0.81 eV for ADC(2) and ADC(3), respectively, as well as +0.78 eV and —0.07 €V for CC2 and CCSD,
respectively. The rotatory strength is scaled by a factor of 0.5. Experimental data (red line) for dimethyloxirane are taken

from Ref. 67 and for dithethylthiirane from Ref. 82.

ADC(3) and a convolution of many states using CCSD.

(R,R)-dimethylthiirane. The three bands, A-C, of
dimethylthiirane are again investigated using the d-aug-
cc-pVDZ basis set and are characterised by lone-pair ex-
citations into Rydberg orbitals by ADC(2) and CC2. The
excitation energy of the first excited state is calculated as
5.03 eV and 5.08 eV, by ADC(2) and CC2, respectively,
which are blue-shifted by roughly 0.5 eV, compared to the
reported experimental value of 4.5 eV. The first rotatory
strength exhibits an error of more than an order of mag-
nitude, 5.7 (x107% c.g.s.) and 4.3 (x107%° c.g.s.) for
ADC(2) and CC2, respectively, compared to the experi-

mental valué-of 0.1 (x10~%° c.g.s.).32 However, this is a
weakly active state and as such experimental limitations
may also play a role.

The first distinct feature A in the experimental spec-
trum is a convolution of the second to fifth excited states
at these levels of theory. The second feature, B, is a con-
volution of the sixth to eighth excited state, and the third
band, C, arises from higher-lying excited states above
the eighth state. It is interesting to recognize that the
calculated spectra at ADC(2) and CC2 levels could be
mistaken as that of a red-shifted (S,S)-dimethylthiirane,
however, this is not the case for the higher order methods.
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Using ADC(3) and CCSD with the d-aug-cc-pVDZ
basis set the lowest excitation energy remains mostly
unaltered at 4.97 eV and 5.04 eV, respectively. Unlike
ADC(2), ADC(3) yields a rotatory strength for the first
weak peak of similar magnitude to that of the experi-
ment, deviating by ~10%, however, still overestimated by
an order of magnitude for CCSD. Here, 14 excited states
are computed and for the first and second band feature
A and B, ADC(3) results agree well with experiment, al-
though the rotatory strength of A is still overestimated
by a factor of two. Significantly, the last band feature,
C, is correctly predicted as negative at ADC(3) level re-
sulting from a convolution of several excited states but
incorrectly predicted as positive using CCSD. We note
however that more excited states may be needed at the
CCSD level to reproduce this spectral region.

C. ECD spectra of H;02 and H>S,

The chiro-optical properties of HoO5 and HsSs have
been the subject of benchmark calculations due to their
small size and complex'electronic structure.!48485 The
dependence of the optical rotatory strength on the dihe-
dral angle of HyS5 has been studied at the CIS level. It
was discovered that HsSs has degenerate excited states
at a dihedral angle of ~ 90° which are poorly described
using a HF wavefunction. Later the performance of var-
ious density functionals was benchmarked against MRCI
and CC2 calculations.®® As can be expected from a sulfur
containing chromophore, low-lying excitations are char-
acterized by Rydbetg to a certain extent.?® Fewer studies
have been carried out on HyO5 and for neither molecule
the ECD spectra have been simulated using a third order
ab initio method. The excitation energies, oscillator and
rotatory strengths calculated at the ADC(2), ADC(3),
C(C2, CCSD and CC3 levels of theory for the nine low-
est excited states of HyOo and HsSs are collected in Ta-

|:| III (see Table S9-S12 in the supporting information

for all excited states computed). The simulated ECD
and UV/VIS spectra at the same levels of theory of the
15 energetically lowest excited sttes are shown in Fig. 4.
H,0,. For H50,, the optimized geometrical param-
eters at MP2/d-aug-cc-pVTZ level are r(00): 1.452 A,
r(OH): 0.967 A, $(OOH): 99.67° and ®(HOOH): 112.16°.
Due to the lack of experimental data, CC3 and ADC(3)
serve as references when analysing the performance of
ADC(2) and CC2 in the simulation of the ECD spectra.
Five distinct features, A-E, are analyzed which all cor-
respond to lone-pair excitations into Rydberg orbitals.
ADC(2) and CC2 yield very similar ECD spectra for
the energetically lowest 15 singlet states. The first fea-
ture, A, at the ADC(2) and CC2 levels of theory, arises
from the first electronic excited state and the excitation
energy and rotatory strengths are calculated to within
0.03 eV and ~ 15% from the corresponding CC3 exci-
tation energy and rotatory strength, respectively. The
second spectral feature, B, arises from the second ex-
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cited state and likewise agrees well between ADC(2) and
CC2, but is red-shifted for both methods by ~ 0.5 eV and
the rotatory strengths are within ~ 10%, with respect to
CC3 energies and rotatory strengths. C corresponds to
the third excited state and ADC(2) and CC2 energies
are blue-shifted by ~0.04 eV and rotatory strengths are
within ~10% to those at CC3 level, however due to the
larger energetic gap between the third and fourth excited
state at the CC3 level, the convoluted spectra at ADC(2)
and CC2 levels show C overestimated by a factor of 2. D
corresponds to the fourth excited state and is red-shifted
by roughly 0.4 eV at ADC(2) and CC2 levels, with ro-
tational strengths calculated to within ~10%, compared
with CC3 energies and rotatory strengths. Lastly E is
caused by the fifth excitation and is red-shifted by ~ 0.5
eV with rotatory strengths underestimated by ~50% and
~30% for ADC(2) and CC2, respectively, as compared
with CC3. It is noteworthy that E could be mistaken as
positive, at the ADC(2) and CC2 levels, caused by the
sixth excitation.

For the higher order methods ADC(3), CCSD and CC3
the first excited state responsible for the spectral feature
A has an excitation energy of 5.95 eV, 6.14 eV and 6.08
eV, respectively. For the second band, B, ADC(3) and
CCSD are blue-shifted by 0.5 eV, compared to ADC(2)
and CC2, however, at ADC(3) level the sign of the transi-
tion is positive. This reversal can be explained by the de-
pendence of the rotatory strength on the HoO5 structural
parameters, specifically the length of the oxygen-oxygen
bond. Contraction of this bond by 1.8 pm from its MP2
equilibrium geometry (1.452 A) interchanges the second
and third excitations, i.e. B and C, at ADC(3) level,
which then fall directly into reasonable agreement with
the CCSD phd CC3 results (Fig. 4). An identical con-
traction leaves CCSD and CC3 excited states invariant,
showing a unique dependence on the structural parame-
ters for ADC(3). D and E correspond to the same excited
states as those calculated using ADC(2) and CC2, and
agree well between ADC(3) and CC3, after contraction
of the oxygen-oxygen bond.

H,S>. The optimized geometrical parameters for HySo
at MP2/d-aug-cc-pVTZ are r(SS): 2.067 A, r(SH): 1.340
A, ¢(SSH): 97.77° and ®(HSSH): 90.89°. Here, the
ADC(2) and CC2 results are again very similar. Four
band features are evident in the broadened ECD spectra
of the 15 energetically lowest excited states computed,
all of which consist of near degenerate n-Rydberg ex-
cited states of alternating sign. A corresponds to the
first and second excited state, B the third and fourth, C
the fifth and sixth, all separated by ~ 0.02 eV and D is a
convolution of multiple narrowly separated higher-lying
states.

At ADC(3) and CCSD levels, A-D remain mostly un-
altered, with ADC(3) shifting A, B, C and D by —0.25
eV, —0.10 eV, —0.05 eV and +0.01 eV, respectively. A
smaller shift of opposite trend is observed for CCSD with
A, B, C and D being shifted by +0.02 eV, —0.04 eV,
—0.08 eV and —0.15 eV, respectively. Of the four states
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TABLE III. Transition energy, w (eV), optical rotatory strength, R (x 107%° c.g.s.) and oscillator strength (x10%) of the lowest
singlet excited states of HoO2 and H2S2 calculated at ADC and LR-CC levels using the d-aug-cc-pVTZ basis set.

H,0;
ADC(2) ADC(2)-x ADC(3)
. Won Rgn R[XL f(;’n f()vn Won Rgn R(Yl f(’;‘n f()vn Won RSn R(ZL f(‘;’n f()vn
1 6.08 —10.8 -9.8 6.1 7.3 520 —8.5 -9.8 3.7 5.0 5.95 —6.8 —6.0 2.9 2.3
2 6.57 —-18.7 —16.1 4.4 5.4 6.04 —16.6 —20.8 4.8 6.6 7.07 9.1 7.8 11.8 8.3
3 725 16.5 16.0 13.5 11.3 6.27 14.6 15.4 7.2 6.3 7.35 —14.7 —14.6 3.2 3.3
4 7.58 332 30.9 10.9 12.6 7.06 323 37.5 9.4 12.7 8.25 31.9 29.5 14.6 12.5
5 791 -94 -10.0 2.9 2.6 7.35 -11.0 —11.2 5.7 5.9 8.72 —-174 -16.0 4.8 4.0
6 833 —-0.1 -0.1 14.7 16.0 799 —-0.2 -0.2 15.5 18.0 9.66 13.7 12.6 21.6 18.8
7 8.54 0.3 0.3 6.5 6.8 8.18 1.9 2.1 8.0 9.3 10.06 1.0 -0.1 136.0 127.1
8 8.79 0.1 0.0 5.6 5.7 8.32 8.7 8.8 18.0 18.9  10.06 0.1 0.1 0.2 0.1
9 8.86 6.9 6.3 15.3 14.2 8.55 —1.3 —2.0 1.0 1.0 10.30 2.3 2.1 12.6 10.6
CC2 CCSD [ CcCs?
. Won Rgn ROVn fOTn f(yl Won Rgn R(XL fgn fOVn Won Rgn R()Yl fgn f(yl
1 608 -11.3 -11.1 6.5 6.4 6.14 -9.2 -11.3 4.2 6.4 6.08 —-94 -9.8 4.0 4.3
2 6.60 —186 —184 5.4 5.0 7.10 -19.9 -21.3 7.5 8.1 7.09 -19.8 —19.8 8.6 8.5
3 725 171 17.1 13.3 11.2 7.30 16.1 18.7 8.2 8.1 721 16.2 16.8 6.5 6.6
4 761 345 33.5 13.4 12.6 8.06 33.3 33.3 14.1 14.1 8.06 34.3 33.6 14.2 13.6
5 7.93 —-10.7 —9.7 3.3 2.7 849 —14.2 —13.3 3.8 3.4 8.46 —15.0 —14.7 4.4 4.3
6 8.36 0.3 0.4 17.7 16.0 9.06 —0.6 —0.6 20.7 21.1
7 8.57 0.7 0.7 7.3 7.1 9.27 -0.3 -0.3 10.1 9.6
8 8.82 0.1 -0.2 5.9 5.3 9.40 125 12.3 24.6 23.9
9 8.89 7.4 6.8 16.9 13.7 9.64 1.1 0.6 2.3 2.1
H,S»
ADC(2) ADC(2)x ADC(3)
. Won Rgn ROYL fOrn fOVn Won Rgn R()Vn fgn f(XL Won Rgn ROYL fOrn fOVn
1 501 =55 —-6.3 4.4 5.9 4.18 —-4.0 —-5.3 3.4 6.1 4.77 —-5.0 -5.3 3.3 3.8
2 503 14.5 14.2 13.4 12.4 4.21  11.7 13.0 10.2 12.5 4.79 13.9 12.6 10.6 8.5
3 6.08 64.1 68.3 13.6 15.4 5.41 584 69.0 9.8 13.6 5.99 57.1 59.3 12.6 13.6
4 6.10 -72.8 —76.7 18.1 19.7 5.43 —66.2 —T77.5 13.3 17.9 6.00 —64.2 —66.1 15.2 16.0
5 6.94 =277 =305 3.8 4.7 6.19 —25.9 —-31.5 3.5 5.2 6.88 —21.7 244 1.8 2.3
6 692 314 34.5 15.2 16.2 6.2 31.7 38.6 10.5 14.2 6.87 17.0 19.4 8.8 8.4
7 778 -19.0 —-185 124.0 117.8 7.2 4.5 4.3  200.7 205.9 7.79 10.3 9.9 14.0 13.0
8§ 778 11.1 10.5 6.8 6.1 7.2 12.8 12.7 5.4 5.4 7.80 —-16.3 —15.6 223.4 203.6
9 782 -169 —15.9 4.7 4.2 7.3 —-182 —184 7.9 8.1 7.84 8.0 7.2 51.1 45.9
CC2 CCSD [ ccs®
1 498 —5.8 —5.6 4.6 4.3 496 —-6.3 —7.4 3.9 5.5 4.86 —6.0 —5.4 3.9 3.2
2 5.00 13.7 12.4 13.1 10.3 4.98 14.0 14.2 11.2 10.8 4.89 13.1 12.4 10.8 9.7
3 6.05 635 64.8 13.7 14.2 6.09 60.3 62.8 13.7 14.8 6.01 59.3 58.6 12.6 12.3
4 6.06 -72.3 728 18.2 18.1 6.10 —68.0 —70.3 16.7 17.7 6.02 —67.3 —66.8 15.9 15.7
5 6.90 —28.8 —28.2 4.1 4.0 6.98 —23.5 —26.5 2.3 2.9
6 6.88 31.7 29.9 15.4 14.6 6.96 20.1 22.4 11.1 11.2
7 7.63 —87 —8.5 78.8 74.3 7.7 —6.4 —6.4 93.7 92.9
8 7.65 7.7 7.1 1.7 1.5 7.79 8.9 8.7 2.7 2.6
9 7.7 -125 —-11.8 39.1 35.4 7.82 —15.1 —14.7 60.1 57.2
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2 Calculated with aug-cc-pVDZ basis.
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FIG. 4. ECD (top) and UV/VIS (bottom) spectra of HoO2 (a and c) and H2S2 (b and d) calculated with ADC(2), ADC(3),
CC2, CCSD and CC3 in the velocity gauge using the aug-cc-pVTZ basis set for CC3 and d-aug-cc-pVTZ for all others. The
oxygen-oxygen bond has been contracted by 1.8 pm in (a) (green line). The rotatory and oscillator strength is scaled by a

factor of 0.25 and 0.5 respectively.

converged at CC3 level the excitation energy of A is blue-
shifted compared to ADC(3) and red-shifted compared
with CCSD, both by 0.1 eV. The rotatory strength of
A is of equal quality for both ADC(3) and CCSD level
with ADC(3) in slightly closer agreement. The CC3 en-
ergies of B are blue-shifted by 0.02 eV from ABC(3)
and red-shifted 0.09 eV from CCSD with similar rota-
tory strength. Using the ADC(3) and CCSD spectra as
references, ADC(2) and CC2 are shown to do adequate
jobs in reproducing A-D.

D. ECD spectrum of solvated Epinephrine

Only the D-enantiomer of epinephrine (commonly
known as adrenaline) is biologically relevant yet or-
ganic synthesis produces a racemic mixture of both
enantiomers.®” An efficient method to obtain enantiop-
ure D-epinephrine is via HPLC separation in combina-
tion with ECD spectroscopy.®* To demonstrate the gen-
eral ability of our implementation of rotatory strengths
within ADC to simulate the ECD spectra of solvated
molecules, the solution spectrum of L-epinephrine in wa-
ter is computed using a conductor-like polarizable con-
tinuum thedel (PCM) for water.3839 It is clear that for a
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FIG. 5. ECD spectra of (L)-epinephrine calculated with
ADC(2) with and without PCM in the length (solid line) and
velocity (dashed line) gauges using the aug-cc-pVDZ basis set;
Rotatory strengths are in the length gauge. The reference
experimental data (red line) is the water solution spectrum
taken from Ref. 34.

more thorough investigation, explicit water epinephrine
interactions need to be considered, however, for a qual-
itative agreement and a proof-of-concept, the PCM ap-
proach suffices. The geometry of the L-epinephrine enan-
tiomer was optimized using CAM-B3LYP /cc-pVTZ with]
and without PCM (the converged geometry in both cases
corresponds to the AGla conformer using the nomencla-
ture adopted in Ref 90). The ECD spectra of these molec-
ular systems were then computed at the ADC(2)/aug-cc-
pVDZ/PCM (water) and ADC(2)/aug-cc-pVDZ levels of
theory for the five energetically lowest excited states as
shown[ in|Fig. 5 (see Table S13 for numerical values).
All states essentially correspond to n7* excitations with
contributions from the oxygen /nitrogen lone pair into 7*-
orbitals of the phenyl ring.

Two bands are seen in the experimental spectrum, one
weakly positive peak centered around 270 nm and one
broad negative peak centered around 230 nm. The band
at 270 nm is however not unambiguously assignable in the
experiment and may well correspond to noise. Using the
gas-phase geometry at ADC(2)/aug-cc-pVDZ level, the
second band of the ECD spectrum is clearly reproduced
as a convolution of the third to fifth vertically excited
states. The first band is a convolution of the first two
excited states producing an overall negative band.

Including the PCM for water solvation for the calcu-
lation of the spectrum only, leads to a blue-shift of the
center of the second band and drastically alters the com-
puted rotatory strengths, which falls inline with the ex-
perimental spectrum, however, with the first band again
predicted as a weakly absorbing negative band. Using

13

the PCM for both geometry optimization as well as the
calculation of the ECD spectrum yields a very similar
spectrum to that obtained using the gas-phase geometry,
showing that the optimized geometry is only negligibly
influenced by solvation.

The difference between the length and velocity gauges
for the energetically lowest excited states are as large as
a factor of two but small in absolute terms, owing to the
weak absorption, which can already originate from the
incompleteness of the one-particle basis set. For energet-
ically higher states with higher absorption, the gauges
agree acceptably well, with deviations of ~15%. For all
states, the sign of the rotatory strength remains consis-
tent.

E. ECD spectra of camphor, norcamphor and fenchone

Camphor and the structurally related molecules, nor-

camphor and fenchone have long been used as molecular
standards'for ECD calibrations?' 2> and their character-
istic ECD spectra as well as VCD spectra have been ex-
tensively explored.?89699To the best of our knowledge,
the ECD spectra of these molecules have not been calcu-
lated using high-level ab initio methods. The excitation
energies, oscillator and rotatory strengths calculated at
the ADC(2) and ADC(3) levels of theory for the nine
lowest excited states of camphor, norcamphor and fen-
choné& ate collected in Table IV. The simulated ECD and
UV/VIS spectra at the same levels of theory of the 10
energetically lowest excited states of the same molecules
are shown in Fig. 6.
(1R)-camphor. As seen in Fig. 6, the ECD spectrum
of (1R)-camphor in gas phase is fully reproduced using
ADC(3)/aug-cc-pVDZ with the ten lowest lying excited
states computed. The signs of the three bands (A-C),
are all correctly predicted and the simulated ECD spec-
tral amplitudes are in good agreement with experiment.
We shift the simulated ECD spectrum -0.32 €V to corre-
spond with experiment. The first peak A is caused by
the energetically lowest excited state. Although it is a
dark state in the UV /VIS spectrum, it becomes visible
in the ECD spectrum due to its large magnetic transi-
tion dipole moment. The rotatory strength of this band
matches well with that of experiment. The second band
B appears as a vibrationally resolved peak in the exper-
imental spectrum and is calculated as a convolution of
the second to fifth excited electronic state which match
closely in amplitude. C arises from the sixth to ninth
excitation. All excited states correspond to n-Rydberg
excitations.

At the ADC(2)/aug-cc-pVDZ level, A, B and C arise
from the same states as those computed at ADC(3) level
with identical signs. We shift the spectrum -0.08 eV to
correspond with experiment. The rotatory strength of
A, at this level of theory, matches well with experiment
and roughly overestimates ADC(3) by a factor of 2. B
and C are both red-shifted with respect to experiment
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TABLE IV. Transition energy, w (eV), optical rotatory strength, R (107° c.g.s.) and oscillator strengths (x107?) of the ten
lowest electronic transitions of camphor, norcamphor and fenchone calculated at ADC(3) and ADC(2) levels of theory using
the aug-cc-pVDZ basis set for camphor and fenchone and the d-aug-cc-pVDZ basis set for norcamphor.

ADC(3)

AlP

Publiching

(1R)-camphor

(1R)-norcamphor

(1R)-fenchone

1 Won Rgn R(XL f(‘;’n f(gz Won Rgn ngz fgn f(¥1, Won Rgn R(Y’L fgn f(¥1
1 4.42 3.2 1.8 0.1 0.1 4.33 0.3 —0.5 0.2 0.1 438 —24 —-3.0 0.0 0.0
2 6.67 4.7 3.6 12.3 9.7 6.6 —3.3 —2.8 14.3 113 6.58 —04 —-0.2 1.5 2.0
3 711 —-14 —-1.3 16.6 154 7.23 15.0 13.6 12.5 9.8 6.99 10.2 9.2 279  21.7
4 7.14 3.4 3.0 7.1 6.0 7.27 3.7 3.9 15.5 15.1 7.05 —4.5 —4.3 21.0 176
5 7.21 1.3 1.2 23.5 18.8 733 —2.1 —2.0 7.9 6.4 7.11 5.9 5.2 5.2 4.0
6 7.66 —4.3 —4.1 9.0 8.4 7.86 —1.0 —1.2 12.9 10.3 7.57 1.5 1.4 9.5 8.4
7 7.80 14 1.3 9.4 7.7 791 -5.9 —=5.1 29.0 24.7 7.68 0.6 0.5 1.8 1.5
8 7.81 —0.1 1.1 26.1 19.8 7.98 0.0 —0.3 3.8 3.9 7.69 —5.9 —5.6 4.7 4.2
9 7.85 —54 —4.6 14.8 10.7 8.07 —4.2 —-3.0 2.2 1.2 7.75 1.4 1.4 22.0 188
10 7.89 7.6 6.2 7.5 4.9 813 —4.7 —3.5 18.6 129 7.79 0.4 0.4 31.7 278

ADC(2)

(1R)-camphor

(1R)-norcamphor

(1R)-fenchone

n Won gn R(gz fgn fOVn Won gn ROVn fgn fgl Won gn R(Zz fgn f&
1 4.18 5.2 5.2 0.2 0.2 4.09 0.6 0.3 0.2 0.1 416 —-2.1 —2.5 0.0 0.0
2 5.54 2.0 2.3 96 11.8 547 —1.6 —1.8 94 11.9 5.44 04 0.3 2.2 1.9
3 5.92 —-04 —-0.4 6.5 6.5 5.97 10.0 10.8 12.3  14.0 5.79 2.9 3.3 14.6 15.7
4 5.97 1.0 0.9 5.4 5.9 5.99 —-0.3 —0.2 2.9 2.9 584 —-04 —0.4 12.7 13.8
5 6.01 1.5 1.4 154 173 6.03 —1.6 —1.8 3.1 3.4 5.92 3.0 3.2 2.1 2.3
6 6.52 —0.7 —-0.7 0.9 1.2 6.46 0.2 0.4 4.8 5.6 6.37 0.9 0.9 7.2 6.8
7 6.59 3.1 3.3 3.2 3.7 6.51 2.0 2.2 2.0 2.5 6.47 —0.2 —0.4 1.8 1.9
8 6.63 —0.9 —1.0 4.2 4.6 6.53 —0.2 —0.5 0.7 0.9 6.48 —1.6 —1.6 0.6 0.6
9 6.6 —2.6 —2.8 2.6 3.2 6.57 0.0 —0.1 0.1 0.1 6.54 0.0 —0.1 8.8 94
10 6.74 0.6 0.9 134 15.5 6.60 0.2 0.2 0.2 0.2 6.58 —14 —1.4 25.2  26.7

by ~ 0.8 eV and ~ 1 €V, respectively. The rotatory
strength of B and C is calculated to roughly half and
roughly one quarter, respectively, as those at ADC(3)
level.

(1R)-norcamphor. Results of equal quality are
found for (1R)-norcamphor, except, here, excitation en-
ergies are blue-shifted by roughly 0.4 eV. Noticeably, the
first band feature A is weakly positive (+0.3 x 10740
c.g.s.) in the length gauge and weakly negative (-0.5 x
10740 c.g.s.) in the velocity gauge at the ADC(3)/d-aug-
cc-pVDZ level of theory. This can be attributed to basis
set incompleteness. A arises from the first excited state
which is again characterized by n-Rydberg character, as
all other computed higher-lying states of norcamphor as
well. The second band of the experimental ECD spec-
trum, B, is caused by the second vertical excited state
and again aligns excellently with the experimental refer-

ence. The sharply positive third band, C, arises from a
convolution of the third and fourth excited states with
vibrational fine structure appearing in the experimental
spectrum. D arises from convolutions of the fifth to sev-
enth excited states which are hard to separate.

At the ADC(2)/d-aug-cc-pVDZ level, A, B and C are
consistently reproduced as those at ADC(3) level. A shift
of —0.14 eV is applied to agree with experiment. B and C
are both red-shifted by ~1.0 eV with rotatory strengths
roughly half as those calculated at ADC(3) level. D is
not reproduced at the ADC(2) level from the lowest ten
electronic excited states.

(1R)-fenchone. Lastly we turn to (1R)-fenchone,
which is a constitutional isomer of (1R)-camphor. Not
surprisingly, all computed excited states of fenchone cor-
respond again to transitions from lone-pair oxygen n-
orbitals to Rydberg orbitals. The first band feature A
is a dark state in the UV/VIS spectrum as was the case
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FIG. 6. ECD (top) and UV /VIS (bottom) spectra in the length (solid) and velocity (dashed) gauges of camphor (a), norcamphor
(b) and fenchone (c) computed at ADC(3) and ADC(2) levels of theory using the d-aug-cc-pVDZ basis set for norcamphor and
aug-cc-pVDZ for camphor and fenchone, the ten lowest states are used to plot the spectra. The ADC(3) spectra have been
shifted, -0.32 eV, -0.40 eV and -0.18 €V for camphor, norcamphor and fenchone, respectively and the ADC(2) spectra have been
shifted, -0.08 €V, -0.14 €V and +0.04 eV for camphor, norcamphor and fenchone, respectively. Experimental data (red line) are
taken from Ref. 96, the UV /VIS experimental line has been normalized to fit calculated values.

for (1R)-camphor, yet becomes visible in the ECD spec-
trum, again arising from the energetically lowest excited
state which is in good agreement with experiment. The
second band structure B appears again as a vibrationally
resolved peak with a slightly red-shifted shoulder, as was
the case for camphor. At ADC(3) level it arises from a
convolution of the second to fifth excited states which are
further blue-shifted by ~ 0.4 eV from experiment. The
Lorentzian broadened spectral amplitude is in excellent
agreement with experiment. C arises from a convolution
of the eighth excitation and upwards.

At ADC(2)/aug-cc-pVDZ level, the spectrum is shifted
by +0.04 €V to correspond to the first bright state. At
this level, A, B and C are consistently reproduced as
those calculated at ADC(3) level. The rotatory strength
of A is within 10% of those at ADC(3) level. B and C
are red-shifted by ~1.0 eV and the rotatory strengths are
roughly half of those obtained at ADC(3) level.

IV. SUMMARY AND CONCLUSIONS

Expressions for the calculation of rotatory strength in
the length and velocity gauges have been implemented
for the algebraic diagrammatic constructions scheme for
the polarization propagator up to third order. The accu-
racy of the simulated ECD spectra using the ADC(2) and
ADC(3) schemes has assessed by comparison to the cor-
responding coupled cluster schemes CC2, CCSD and, for
the smaller systems, also CC3. For that objective, the gas
phase ECD spectra of the R-enantiomers of methyloxi-
rane, methylthiirane, dimethyloxirane, dimethylthiirane,
hydrogenperoxid, hydrogendisulfide, camphor, norcam-
phor and fenchone have been computed. Furthermore,
addressing the spectra of molecules in solution, the wa-
ter spectrum of epinephrine was evaluated using ADC(2)
in combination with the polarizable continuum model.

A strong basis set dependence of the computed rota-
tory strengths has been observed, in particular with re-
spect to the inclusion of diffuse orbital functions. How-
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ever, this owes to the n-Rydberg excitation character of
all transitions studied here, and can be expected to be
less prominent when other chiral organic molecules in-
volving less diffuse n—7* and m—7* electronic transitions
are investigated.

Not surprisingly, ADC(2) yields rotatory strengths|and
ECD spectra very similar to those obtained at the CC2
level. ADC(3) produces spectra similar in quality to
CCSD which are both comparable to CC3:-ADE(3) spec=
tra are in better agreement with the experimental ones
for the larger systems studied here, i.e. camphor, nor-
camphor and fenchone, than for thelsmaller moledules.
For the purpose of assigning an ECD-spectrum-to-one
specific enantiomer, ADC(2) and ADC(3) are clzarly suf-
ficiently accurate. Together they represent an excellent
complementary toolbox for the simulation of ECD spec-
tra which holds promise that the same will also apply for
other chiro-optical properties that will be the subject of
future studies.

An important aspect in the simulation of experimen-
tal ECD spectra of medium-sized to large molecules is
the influence of molecular environments, as has been
shown for the solution spectrum of epinepirine wiere
the application of PCM shifted the simulated spectrum.
Within the ADC framework, further different solva-
tion models are available, for exaniple frozen density
embedding, 100101 effective fragment petentialsi®2 or po
larizable embedding.'9%:194 The suitability of these envi=
ronment models in combination with[ADC for the simu-
lation of ECD spectra will be investigated in the future.

SUPPLEMENTARY MATERIAL

Optimized geometries, excitation energies;—rotatory
and oscillator strengths of all excited states computed
are provided in the supplementary material. The impact
of the oxygen-oxygen bond contraction on the rotatory
strengths of HoOy computed at ADC(3) level as well as
the basis set impact on excitation energies-and-rotatory
strengths of methyloxirane are also inciuded.
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