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Abstract

Computational spectroscopy has recently evolved from a field reserved to specialists toward a general tool
allowing interpretations and analyses of experimental results. However, the current practice of providing
tables of transitions for rigid geometries, possibly tuned by phenomenological broadening is by far too na-
ive. In order to improve this situation, in the last few years we have been developing a general, robust and
user-friendly virtual spectrometer (VS) able to complement experimental studies for complex systems in
condensed phases. The VS is based on flexible graphical pre- and post-processing tools interfaced with gen-
eral number crunching software. This last tool is rooted on several electronic structure methodologies (DFT,
TD-DFT, post-Hartree-Fock), powerful discrete/continuum models for describing environmental effects, and
general vibrational and vibronic models. These last topics are the main focus of this work, which sketches
our latest developments related to effective inclusion of anharmonic contributions, together with time-
independent and/or time-dependent descriptions of vibronic transitions including Franck-Condon, Her-
zberg-Teller, and Duschinsky effects. Some test cases are described in some detail with the aim of showing
the role of different effects in ruling vibrational (VCD) and electronic (ECD, CPL) chiral spectroscopies.

1 Introduction

Chiroptical spectroscopies are receiving increasing attention for the study of biological molecules where as-
signment of absolute configuration and characterization of physical-chemical properties are particularly
significant in view of the completely different biological activity of molecules with the same basic composi-
tion, but centers of different chirality'. Among those spectroscopies circular dichroism (CD), i.e. the differ-
ential absorption of left- and right-handed circularly polarized light, has played a prominent role for the
study of the absolute stereochemistry and conformation of chiral molecules™™. However, in analogy with
conventional one-photon spectroscopies, while vibrational (here vibrational circular dichroism, VCD) and
electronic (here electronic circular dichroism, ECD) absorption spectra are able to characterize ground elec-
tronic states, emission spectra (here circularly polarized luminescence, CPL) are needed to unravel addi-
tional features of the excited electronic state from which the emission takes place. From an experimental
point of view, while VCD and ECD have a quite consolidated history, CPL studies are much less widespread.
In all cases, the information provided by experimental spectra can be significantly enhanced by companion
guantum mechanical (QM) computations able to dissect the overall result in the different contributions of
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stereo-electronic, dynamic, and environmental effects. In this connection the development of methods
rooted in the density functional theory (DFT) and its time-dependent (TD-DFT) extension has revolutionized

the field giving access to reliable computations of medium- to large-size flexible systems[s]

. Although some
limitations are still present and development of improved functionals is a very active research field®®, we
already have at our disposal robust and reliable approaches at least for ground and valence excited states
not involving too large multi-reference and/or charge transfer contributions (see Ref. © and references

)™ allows

therein for examples of applications). At the same time, the polarizable continuum model (PCM
reliable descriptions of bulk solvent effects without any appreciable increase of computational costs and
can be effectively coupled to explicit descriptions of a reduced number of solvent molecules whenever spe-
cific effects (e.g. hydrogen bridges) require a more detailed description in the cybotactic region™*?. The
problem of dynamics is more involved and does not have a single well-defined solution for all kinds of prob-
lems. In our opinion, integrated approaches combining fully quantum mechanical descriptions of stiff de-
grees of freedom and classical (molecular dynamics, MD) descriptions of large amplitude intra- and inter-
molecular motions are particularly promising and are under active development®. Here we will concen-
trate on semi-rigid systems, which are reasonably described at the harmonic level, at most requiring a low-
order perturbation treatment of anharmonic contributions. In the last few years we have developed a gen-
eral, robust, and user-friendly virtual spectrometer for the accurate description of these systems concern-
ing both vibrational™**®(infra-red [IR], Raman, VCD) and vibronic!***%(

[OPA and OPE], resonance raman [RR], ECD) spectroscopies. In particular, vibronic spectra can be comput-

one photon absorption and emission

ed by both time-independent (Tl) and time-dependent (TD) approaches taking into account Franck-Condon,
Herzberg-Teller, and Duschinsky effects. Furthermore the leading anharmonic contributions can be taken
into account toward an extension of the vibrational second-order perturbation theory (VPT2)approach and
solvent effects can be effectively included with the proper non equilibrium versions of the PCM™®, possibly
adding also some explicit solvent molecule in the first solvation shell. We have now extended our spec-
trometer to CPL and in this paper we will show the first results of combined VCD, ECD, and CPL studies for
some well-known systems (dimethyloxirane, (1R)-camphorquinone, (1S,4S)-bicyclo[2.2.2]octan-2,5-dione).

The paper is organized as follows. The first section is devoted to the general presentation of the virtual
spectrometer and the theoretical background on which it is based. A short description of the computational
protocol concludes this section. In the second section, we present some applications of the computational
spectrometer with the aim of illustrating its most distinctive features and analyze its capacity to reproduce
experimental results. A few concluding remarks on the spectrometer and the possibilities it offers to sup-
port the characterization of experimental spectra close this presentation.

2 Materials and Methods

2.1 Theoretical framework

The general theory and latest developments of our perturbative approach to anharmonic vibrational fre-
qguencies together with IR, Raman, and VCD intensities including both mechanic and electric anharmonici-
ties have been recently reviewed and we make reference to those studies for these aspects[ls' ¢l 0on the
other hand, an integrated time dependent and time independent approach to vibronic spectroscopies is
less documented (actually completely new for CPL) and we give in the following a sketch of the most signif-
icant aspects.

2.1.1 General theory of vibronic spectroscopy

We recall here the sum-over-states expression for a one-photon vibronic spectrum, adopting the general

formulation proposed previously to facilitate the extension of our procedure to new spectroscopies!*® *” %
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where @ is the incident frequency (in Hz) and P, is the Boltzmann population of the molecular state y.

One-photon absorption and emission spectroscopies can be easily included in this formulation together
with electric circular dichroism by defining the parameters a, B and y, as well as the transition dipole mo-

ments, d ,and d® inthe proper way. The following equivalency table (in SI units) summarizes the values

mn’

of each parameter for each type of spectroscopy,
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where g(w) is the molar absorption coefficient for a given angular frequency w (in dm® mol* cm™), Ag(w) (in
dm?® mol* cm™) is the difference (referred to as anisotropy) between the molar absorption coefficients £ (w)
and €'(w) relative to the left and right circularly polarized light, respectively, and I./N is the energy emitted
by one mole per second (in W mol™ s™).

d ,and d , are respectively the transition moments of d*and d’ between the Iower(‘P ) and higher

(‘Pn ) total molecular states,
d, =(¥, |d[¥,)

where “X” represents either “A” or “B”.

In this general and flexible framework, addition of circularly polarized luminescence (CPL) has been greatly
facilitated. In CPL spectroscopy the sample is irradiated with a non-polarized light and the difference be-
tween the number of emitted photons with left-handed polarization and those with right-handed polariza-
tion is measured. The theoretical foundation of CPL spectroscopy has been widely discussed®?”). Emeis
and co-workers, in their pioneering papers, established that both ECD and CPL transitions depend on the

rotational strength, which is defined as R, =W, -3(m,_ )% *! However, a more rigorous derivation has

been given by Riehl and Richardson, based on quantum electrodynamic theory** ?®\. Following this ap-
proach, it is possible to derive an analytical expression for the intensity of a CPL transition:

Al /

St o 700 o

By comparing egs. (2) with (1), we obtain the following set of parameters to be used in the general formu-
lation,
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In practice, to compute the transition intensities, the Born-Oppenheimer and Eckart conditions are used, so

that the transition dipole moment di(nn can be rewritten,

d;(nn = < Zr(m) I d:,mn I Zs(g) > (3)

where ¥, ., represents the vibrational wave function associated to the vibrational state r and the electron-

ic state m for the total lower molecular state m, and Xsn) its counterpart for the total higher molecular

staten

However, analytical expressions for the electric dipole transition moment are not known, thus equation (3)
must be further simplified. A Taylor expansion of the transition dipole moment with respect to the normal
modes Q around the equilibrium geometry of one of the electronic states is usually employed:

X

Yood
d,,(Q)=d, Q)+

i=1 i

(4)

eq
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The zeroth order term corresponds to the well-known Franck-Condon (FC) approximation
sumes that the electronic transition happens in such a short time that the nuclei remain in their equilibrium
positions. This approximation is satisfactory for strongly-allowed transition and when the potential energy
surfaces (PES) of the ground and excited states are similar. However, when those conditions are not met,
the inclusion of the linear terms in the Taylor series (first order in eq. (4)), namely the Herzberg-Teller (HT)

approximationm]

, is mandatory. Moreover, for ECD and CPL spectroscopy, the Franck-Condon approxima-
tion is generally poorly suited because the electric transition dipole moment and the magnetic one can be
near-orthogonal, resulting in a small FC contribution to the vibronic spectrum insufficient to correctly re-
produce the experimental spectrum. The limitations of the FC approximation are even more tangible when
the band-shapes of ECD or CPL spectra show an alternation of sign, which cannot be reproduced at the FC
level®?,

Finally, the calculation of the matrix elements of the electric dipole moment operator requires a relation
between the normal modes of the lower and higher states. In the following, we will use the Duschinsky

[34]

transformation'”™, which assumes a linear relation between the two sets of normal modes. This approxima-

tion has been shown to give satisfactory results for semi-rigid molecules.
Q, =JQ, +K

2.1.2 From the time-independent to the time-dependent formulation
By inserting the Taylor expansion given in eq. (4) in eq. (1), the calculation of the transition intensities can
be done and the generation of the band-shape becomes straightforward. Within the harmonic approxima-

tion, the most effective and general approach to compute the resulting integrals (}(,(m) I;(s(ﬂ)> relies on

recursive formulae® 3¢

, Which require only the overlap integral between the vibrational ground states of
the initial and final electronic states to be known analytically. A remaining problem is the infinite summa-

tion of transition integrals, most of which are negligible. In order to make time-independent calculations
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computationally affordable, the use of a prescreening scheme in order to identify a priori and compute only
the most intense transitions is needed (see refs %379 for more details on the prescreening models).
Since not all transitions are accounted for, the quality and reliability of the prescreening needs to be as-
sessed by comparing the calculated intensity with the analytic one obtained by mean of the analytic sum
rules.

Conversely, the problem of the infinite summation can be overcome by rewriting eq. (1) in a time-
dependent formulation. The basic idea is to switch from the frequency domain to the time domain by ex-
ploiting the properties of the Fourier transform of the delta function. After some mathematical manipula-
tion, the general experimental observable can be rewritten as the Fourier Transform of a time-dependent
function, the transition dipole moment autocorrelation function,

_OCCO'B +

e Tr(d2, e s, e et
where Z is the canonical partition function of the vibrational levels of the initial state, w,q is the difference
of energy between the two minima of the PES, H  and H, are the vibrational hamiltonians of the lower

and upper states, respectively and 1, and 1, are auxiliary variables, which include both time and tempera-
ture, defined as follows,
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The time-dependent theory provides a link between vibronic spectroscopy and dynamics. Indeed, the auto-
correlation function can be obtained by propagating the initial state wavefunction over the PES of the ex-
cited state. In this framework, the transition dipole moment integral is calculated analytically during the
propagation by assuming that both the PESs and property surface (PS) are harmonic. It is noteworthy that
our implementation takes into account mode mixing and Herzberg-Teller effects as well (see Ref. ™ for de-
tails on the implementation). In practice, the vibronic spectrum can be obtained by sampling the autocorre-
lation function and computing numerically the integral with a discrete Fourier transform algorithm.

Let us finally point out that the time-dependent and time-independent approaches should be regarded as
complementary techniques. Indeed, the application of both provides a more extensive description of the
simulated spectrum. Thanks to the automatic inclusion of all vibronic transitions, the time-dependent ap-
proach gives a general picture of the spectrum band-shape. Moreover, temperature effects can be straight-
forwardly accounted for with no consequence on the computational cost. As the time-independent ap-
proach can become quickly expensive if a large number of vibronic initial states must be included in the cal-
culations, it is interesting to first check the impact of temperature on the spectrum. From the sum-over-
states formulation, the contribution of each transition to the overall band-shape can be known and the ob-
served bands can be assigned to the proper transition or set of transitions. From a technical point of view,
performing spectrum simulations with both time-dependent and time-independent approaches offers the
possibility to control the numerical stability of the former and the band-shape convergence of the latter.
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2.1.3 Inclusion of anharmonicity

The theoretical framework presented up to now is based on the assumption that both the PESs are har-
monic and the property surfaces (PSs) are linear in the neighborhood of the equilibrium structures. In order
to get a more accurate description of the vibrationally-resolved electronic spectra, it is necessary to go be-
yond the harmonic approximation. However, a full anharmonic calculation of transition intensities becomes
quickly prohibitive and must be limited to small systems****\. An alternative approach to include anhar-
monic corrections at a lower computational cost is to replace the harmonic frequencies with their anhar-
monic counterparts, while keeping the equations used to compute the intensities unchanged so there is no
increase of computer time in the generation of vibronic spectra.

Several approaches have been proposed to compute vibrational energies beyond the harmonic level of
theory. While the most accurate models are able to provide an accurate representation of the PES to obtain
converged vibro-rotational levels®*®>? for medium-to-large systems, approximations are needed to make
anharmonic calculations computationally feasible. Apart from improved empirical procedures based on
transferable scaling factors in internal coordinates, the most successful methods are based on the vibra-
tional self-consistent field (VSCF) 2% or vPT28270175] The VPT2 approach is particularly appealing as it
can provide accurate results at a reasonable computational price. In this work, the generalized VPT2
(GVPT2) model was used to overcome the problem of singularities due to the presence of Fermi resonances.
Terms defined as resonant by mean of ad hoc criteria are removed in the VPT2 expansion and then treated
variationally in a second step (see ref. "> 7% 7" for more details on the protocol).

The calculation of anharmonic vibrational energies at the VPT2 level requires third and semi-diagonal quar-
tic force constants, which are generally obtained by mean of numerical differentiation of analytic harmonic
force constants. While this is now routinely feasible at the DFT level, this task is complicated at the TD-DFT
level for two reasons. First, most electronic structure computational programs only have analytic gradients
and already the harmonic force constants are computed by differentiating numerically the gradients, so
that cubic and quartic terms cannot be estimated by one-dimensional finite differences. Second, the com-
putational cost of frequency calculations at the TD-DFT level is high, the more so to obtain the full set of
third and semi-diagonal force constants. An alternative way is to estimate the anharmonic frequencies of
the excited state from those of the ground one by applying a mode-specific scaling scheme, as proposed by
our group”®. Indeed, if there are significant changes between the PESs of the two electronic states, the an-
harmonic correction of the frequencies of the ground state cannot be simply applied to those of the excited
one. However, the Duschinsky transformation can be used in order to calculate a scaling factor for the fre-
guencies of the excited state using the following relation,

),

14 V’ 4
V! :{ZJabz —*’,}xa)a (5)
b b

where w and v are the harmonic and anharmonic frequencies, respectively, and J,, is an element of the

Duschinsky matrix. The prime and double prime symbols represent the lower and higher electronic state,
respectively.

It should be noted that the range of application of the previous equation goes beyond the inclusion of an-
harmonic effects. Indeed, it can also be used between two sets of harmonic frequencies but calculated at
different levels of theory. In this case, the two methods of interest, one of which being more accurate but
more computationally expensive, are applied to the ground state. Then, equation (5) can be used to ex-
trapolate the excited state's frequencies with the more accurate model from those of the lower-level one.
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2.1.4 Inclusion of environment effects

Vibronic spectra are usually recorded in solution, especially for medium- and large-size molecules. There-
fore, in order for the theoretical spectra to be comparable to experiment, environmental effects must be
included. Indeed, solvent effects may result in substantial changes in the structures and the PESs of both
ground and excited state and consequently on the simulated vibronic spectra, with shifts in the band posi-
tions and variations of the peak intensities.

Since the solvents considered in this work do not have specific interactions with the solute, such as forming
hydrogen bonds, the Polarizable Continuum Model (PCM)“O] has been used to include solvent effects in QM
calculations. In PCM, the solvent is treated as a continuum polarizable dielectric medium characterized by a
dielectric constant. The solute molecule, treated quantum mechanically, is accommodated within a mole-
cule-shaped cavity. The presence of the polarizable continuum alters the solute electronic density, via an
effective solvent-dependent term in the molecular Hamiltonian, which in turn affects the solvent response,
until self-consistency, which results in mutual solute-solvent polarization effects.

To simulate absorption phenomena, calculations in the ground electronic state are carried out assuming
that all the degrees of freedom of the solvent are equilibrated with the electronic density of the solute
(equilibrium regime). However, this approach cannot be applied to calculations in excited states. Indeed,
light absorption is a dynamical process and the response of the solvent will take place at different time-
scales. For one-photon vibronic spectroscopy, the most common approximation is to assume that the elec-
tronic degrees of freedom of the solvent quickly adapt to the evolving solute electronic density, while the
rest remains equilibrated with the ground-state density. As a consequence, we will assume a non-
equilibrium regime for the excited state?”.

Finally, it should be noted that solvent has a broadening effect on the peaks in a vibronic spectrum. In our
simulations, this is accounted for by applying Gaussian distribution functions with half-width at half-
maximum set to match the experimental spectra.

2.2 Computational details

All calculations were performed with a development version of the GAUSSIAN suite of quantum chemical

[79] using the density functional theory (DFT) for the ground states and its time-dependent exten-

|[80]

programs

sion (TD-DFT) for excited states. Except where specified otherwise, the B3LYP functional™ was used to-

t®" which has been developed in our group to provide

gether with the polarized double-{ SNSD basis se
good results at a limited computational cost for spectroscopic studies of medium-to-large systems. This ba-
sis set has been built from the NO7D basis set®®®* by consistently including diffuse s functions on all atoms,
and one set of diffuse polarized functions (d on heavy atoms and p on hydrogens). Solvent effects were ac-
counted for by mean of the integral equation formalism for the polarizable continuum model (IEF-PCM)[SG]
and the solute cavity was built with the default parameters, that is by using a set of interlocking spheres
centered on the atoms with the following radii (in A): 1.443 for hydrogen, 1.926 for carbon, and 1.750 for
oxygen, each multiplied by a factor of 1.1. The solvents’ static and optical dielectric used are £ =2.23 and

€opt = 2.13 for CCly and € = 2.02 and g, = 2.04 for cyclohexane.

Geometry optimizations were performed with tight convergence criteria (convergence on force: 10° Har-
tree/Bohr, Convergence on estimated displacement: 4-10” Bohr). As a reminder, TD-DFT harmonic fre-
qguencies and DFT cubic and quartic force constants are generated internally in GAUSSIAN by numerical dif-
ferentiations. The former are obtained from the analytic gradients by displacing each atom along a single
Cartesian coordinate (step: 6x=10" A) at a time. The latter are calculated from the harmonic force con-
stants by shifting the atom positions along the mass-weighted normal coordinates (step: §Q=10 amul/z-,&).
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Let us recall that, in order to minimize vibration-rotation couplings, the Eckart orientation is used for the
electronic ground state and, for adiabatic models, a maximum superposition algorithm is employed to align
ground- and excited-state structures®” ®,

For vibronic calculations, the computational protocol to be used depends partially on the chosen model.
For the initial state, the procedure remains identical with harmonic frequencies computed at the equilibri-
um geometry. For the final state, data to be computed vary. For adiabatic hessian (AH), both PESs are
treated at the same level, so the harmonic frequencies in the final state are calculated at its equilibrium ge-
ometry. Adiabatic shift (AS) is a simplification of AH where both PES are assumed to be equal, only shifted,
so only geometry optimization needs to be carried out in the final state. Finally, vertical gradient (VG, also
known as Linear Coupling Model[sgl) is an approximated approach based on a slightly different model, called
vertical hessian (VH). Since both initial and final PESs are calculated about their respective minima, AH gen-
erally provides an equilibrated description of the vibronic spectra with an overall good description of the
fine structure. However, if the PESs are shifted, the description of the PES of the final state in the Franck-
Condon region can be insufficient, leading to approximations of the most intense bands. Conversely, the
PES of the final state in the VH model is calculated about the equilibrium geometry of the initial state, so
the most intense region of the spectrum is generally reproduced better than with AH, at the expense of a
less accurate fine structure. Similarly to AS, the PESs are assumed to be the same in the VG model, so only
the potential energy gradient of the final state at the equilibrium geometry of the initial one needs to be
computed to extrapolate the shift of the final state’s PES (see Ref.? for details). For simulations with the
time-independent approach, transitions from the ground state to states with up to 7 simultaneously excit-
ed oscillators were considered. Transitions are grouped in classes based on the number of modes with non-
null quanta in the final state. Classes 1 (overtones) and 2 (combination bands of two modes) are treated up
to a set number of quanta (C,"**=20 for class 1 and C,"**=13 for each mode in class 2). For class 3 and above,

a class-based prescreening!’- %3740

is used to choose a priori the most intense transitions, taking at most
10® integrals per class. For the time-dependent approach, the total time used for the simulation was 107 s
discretized in 2** steps. Convergence of the Fourier transform was ensured by a mean of a rectangular win-
dow function spanning over 2 points (the value of the autocorrelation function was kept untouched over

16

2'° points and forced to be null over the tailing “2**-2'®” steps of the discretization).

For vibrational spectra, absolute intensities and frequencies were used to compare theoretical results with
their experimental data. For vibronic spectra, such a strategy is often not viable when the band-shapes are
to be examined. Indeed, calculated energies between the electronic states are often approximated, with
the first noticeable impact being a shift of the band-shapes with respect to experimental spectra. As a con-
sequence, the spectra are generally plotted in relative energies with respect to their relative 0-0 transition
(between the vibrational ground states of each electronic state). Since this error also influences the intensi-
ties, the spectra must be generally normalized so that their respective highest bands have an arbitrary in-
tensity of 1, for instance.

The computational protocol followed here has been systemized from frequent usage and can be adapted
based on the following observations:

- For organic systems, the combination B3LYP/SNSD has been shown to provide reliable results at a
reasonable computational cost for vibrational and vibronic studies. If charge transfer is present, the
CAM-B3LYPP and M06-2X"° exchange-correlation functionals are to be used to obtain correct en-
ergies for the electronic transition while the frequencies can be calculated at the usual B3LYP/SNSD
level. For dimers, the semi-empirical extension “DFT-D3”% % can be used. Since the additional cost
it induces is small, it can be used to compute frequencies as well.
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- Vibrational energies, both at the harmonic and anharmonic levels are now easily accessible. Ex-
tended benchmarks have provided data to find reliable default settings so anharmonic calculations
at the VPT2 level (in particular the deperturbed and generalized approaches) can be routinely done
in a black-box procedure and give accurate values even in the presence of Fermi resonances. Nev-
ertheless, a resonance-free treatment is possible at the hybrid degeneracy-corrected VPT2
(HDCPT2) level with very low impact on the accuracy of the resulting frequencies.

- As less work has been dedicated to anharmonic IR and VCD intensities especially concerning the
problem of resonances, the definition of a robust and general treatment of this problem is still un-
der investigation. The effectiveness of the deperturbed treatment, currently used in Gaussian,
should be assessed from IR intensity calculations first as the sign alternation present in VCD spectra
associated to low-intensity bands may result in error corrections, which make more difficult the
identification of excessive contributions due to resonances.

- Regarding vibronic spectroscopy, default parameters for the time-independent approach have
been carefully tailored so that most simulations —within the boundaries of the theoretical frame-
work described previously, that is a semi-rigid system with limited change in the positions of the
nuclei during the electronic transitions- can be done with no additional settings from the user. If
the mode-mixing is high, complete or near-complete convergence of the spectrum may require in-

max max
’ CZ

creasing the parameters used by the prescreening algorithm (namely C; and the maximum
number of integrals per class). As noted before, the time-dependent approach may suffer in some
cases of numerical instability. This is often related to artefacts present in the discrete integral of the
autocorrelation function, which may give further oscillations to the final band-shape. The presence
of a default window function limits this phenomenon to a minimum. If a higher resolution of the
band-shape is desired (with low broadening), a correct simulation may require a finer graining, that
is more discretization steps, and an adaptation of the window function to the number of points
used to compute the autocorrelation function (in general, it is sufficient to keep the ratio between
the window function and the total number of steps constant). An alternative way, currently under

investigation, would be the use of more complex window functions.

3 Results and Discussions
The points discussed above will be illustrated in the following by means of three case studies starting from
vibrational spectra and proceeding toward increasingly complex vibronic spectra.

3.1 (1S,4S)-bicyclo[2,2,2]octan-2,5-dione

As a first application of our virtual spectrometer we consider vibrational spectroscopy beyond the harmonic
level of approximation. Indeed, an extensive characterization of chiroptical molecules will generally involve
multiple, complementary spectroscopies. Vibrational spectroscopy can now be routinely simulated with a
wide range of computational packages, but this is often done at the harmonic level. A further refinement
consists in correcting the band position by using anharmonic frequencies, but this does not solve the issue
that only fundamental bands will have non-vanishing intensities. This shortcoming can be overcome by in-
cluding anharmonic effects into intensities as well. We have used here the procedure described in Ref. ™
to compute the IR and VCD spectra of (1S,4S)-bicyclo[2,2,2]octan-2,5-dione (molecule 3 in Fig. 1) and com-
pared them to the experimental ones shown in Ref. 4 To match experimental conditions, solvent effects
(CCl,) were simulated with IEF-PCM. While not a large molecule, (1S,4S)-bicyclo[2,2,2]octan-2,5-dione can
represent a somewhat challenging task to obtain anharmonic data at a high level of theory. For this reason,
B3LYP/SNSD was used here to generate the data needed for the anharmonic frequencies (third and semi-
diagonal fourth derivatives of the potential energy) and transition moments (second and semi-diagonal
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third derivatives of the electric and magnetic dipole moments). Several studies have shown that anharmon-
ic and bulk solvent effects are accurately reproduced by PCM/B3LYP/SNSD computations, whereas the un-
derlying harmonic frequencies can be improved by coupled-cluster models (CCSD(T)) or double hybrid (es-
pecially B2PLYP) functionals®®™ employing basis sets of at least cc-pVTZ quality. Here we have followed this
hybrid approach based on the assumption that the various contributions (solvent effects, use of more accu-
rate methods...) were additive® %2 This allows a fine-tuning of different contributions depending on
computer time and/or availability in different packages (for instance missing solvent models). The harmonic
frequencies used for our calculations (w.s;) were obtained from the following relation,

__ ,vac
a)best - a)B3LYP + APCM + ABZPLYP (6)
with
__.pc™m vac
APCM - a)B3LYP a)B3LYP
__.,vac _ ,,vac
ABZPLYP — ““B2PLYP a)BSLYP

where f3, and wya,, are the harmonic frequencies calculated at the B3LYP/SNSD level in solvent and

vacuum, respectively, and @, are the harmonic frequencies calculated at the B2PLYP/cc-pVTZ level in

vacuum. Band broadening was simulated with Lorentzian functions with half-width at half-maximum of
5cm™.

The IR and VCD spectra are reported in Figs. 2 and 4, respectively. As expected, harmonic frequencies are
systematically overestimated while agreement with experiment becomes very good once anharmonic ef-
fects are included. For band intensities, the results are more mitigated. If we discard the band shift of the
harmonic spectrum, we note for the IR spectrum (Fig. 2) that it reproduces better the relative intensities of
the four main peaks than the anharmonic one. Indeed, it appears that inclusion of anharmonic effects
causes an increase of the intensity of the highest band and a decrease of the three other ones’ intensities.
Consequently, while still visible, the strongest bands are systematically lower with respect to the highest
one than in the experimental spectrum. This observation changes once we focus on the low-intensity fea-
tures of the band-shape. At this level of detail, the anharmonic spectrum shows a better agreement. For in-
stance, the harmonic spectrum shows a spurius peak on the left of the most-intense band, which is more
correctly represented as a shoulder in the anharmonic spectrum in a way similar to the experimental one.
Conversely, a peak is missing in the harmonic spectrum at about 1305 cm™ in the experimental spectrum,
which is assigned in the anharmonic spectrum to a combination band (|8116%), see Fig. 3 for a representa-
tion of those modes). On the whole, anharmonic calculations are able to capture most features of the spec-
trum and permit an extensive assignment of the peaks observed experimentally. At variance with the IR
spectrum, the anharmonic VCD spectrum (Fig. 4) shows a more balanced band-shape with a better estima-
tion of the most intense transitions. The overall band-shape is quite satisfactory, even if some marked dis-
crepancies can be observed in particular in the 1200-1300 cm™ region. As a concluding note, we would like
to highlight that this molecule represents a challenging system for anharmonic calculations due to the
presence in the region of interest of accidental degeneracies (and the risk of 1-1 resonances, w; ~ wj, in
the calculation of the intensities of fundamental bands) and Fermi resonances (which are present in the
transition moment integrals of fundamental, overtones and combination bands). While the procedure is
able to identify and remove such singularities in intensity calculations, which would result in excessive an-
harmonic contributions, the current implementation does not include yet a successive step to reintroduce
the missing terms as done with the variational correction for the frequencies. This limitation is likely to
have an impact on the resulting band-shape reported here. In any case, the functional (B3LYP), basis set



Virtual spectrometer: vibronic ECD and CPL pg. 11/34

(SNSD), and anharmonic model (VPT2) appear largely sufficient for the description of vibrational signatures
especially for the smearing (possibly non symmetric) effects on electronic spectra unless extremely high
resolution experiments are considered.

3.2 ECD spectrum of (2R,3R)-dimethyloxirane

Thanks to their small size (2R,3R)-trans-dimethyloxirane (molecule 1 in Fig.1) and (2S,3S)-trans-
dimethyloxirane represent interesting prototypical molecules to test theoretical and computational models
on optically active systems!® @328 \ore specifically, the availability of experimental ECD data span-

(1191 9nd the clear evidence of a visible vibronic structure in the recorded

[3, 4,104-107, 111]

ning several electronic transitions
spectrum are particularly adequate for validating electronic structure protocols and programs
or modules designed to simulate vibrationally resolved electronic spectral™ '® ' However, the Rydberg
and charge transfer character of the lower electronic states and the presence of conical intersections make
dimethyloxirane doubly challenging. It is not trivial to get the correct layout of excited states from electron-
ic structure calculations and to get the correct vibronic structure by choosing the most relevant models for
the simulation of the overall ECD spectrum. In this study, we will limit our analysis to the electronic transi-
tions from the ground state to the first 4 excited states, which correspond to the 6.8-7.8 eV region of the
experimental spectrum given in Ref. ™*?. As shown in Ref. ™, these transitions are respectively n — 3s for
the first transition followed by 3 transitions of character n — 3p. Similarly to what has been done before!™*®
1991 "the transition energies have been corrected to match experimental data, here using values from multi-
reference configuration interaction (MRCI) calculations™™. Finally, the experimental spectrum was shifted
by -3000 cm™ to match the positions of the first bands of the experimental and simulated spectra. We have
adopted here the protocol presented by Neugebauer et al."® to simulate the overall ECD spectrum, using
the vertical gradient model at the Franck-Condon level (VG|FC). Gaussian distribution functions with full-
width at half-maximum of 300 cm™ were used to simulate the band broadening. To get a comprehensive
picture of the ECD spectrum, both Tl and TD approaches were used to simulate the overall spectrum and to
gain information on the various contributions to the band-shape. The resulting spectra are shown in Fig. 5.
The first spectrum was simulated at T=0K and with harmonic frequencies (VG|FC) as usually done in most
computational protocols and in Ref. "% as well. The first negative band of the experimental spectrum,
which corresponds to the S; < S, transition is in fair agreement with experiment. However, the rotatory
strength of the second electronic transitions appears overestimated, resulting in a series of strong positive
bands absent in the experimental spectrum. Such an observation is in line with previous analyses™* ™!,
This has also an impact on the second series of negative bands after 57000 cm™, as it partially cancels the
contributions from the third transition and only the higher-energy region, above 59000 cm™, is correctly
reproduced. In a successive step, the harmonic frequencies of the ground state were replaced with their
anharmonic counterparts, and the mode-specific scaling scheme described before was used to correct
those of the excited state (VG|FC anharm). A general improvement of the band-shape can be observed
with a good reproduction of the first negative band. The intensity of the S, « S, transition is still overesti-
mated but an improvement can be observed with less intense positive bands. On the whole, the band-
shape related to this transition seems globally shifted toward negative intensities. As a direct consequence,
the beginning of the second experimental negative band at 57500 cm™ is now qualitatively reproduced but
the higher region is now slightly overestimated. Finally, adding temperature effects to the previous simula-
tion (VG|FC T=298 K anharm) further alters the theoretical spectrum. The first block of negative bands re-
mains correctly reproduced even if the separation between the two bands becomes deeper, at variance
with the experimental spectrum. For the second transition, no improvements are visible, with only slightly
stronger negative bands. However, the second series of negative bands in the experimental spectrum is re-
produced better with the simulated bands closely matching the height of the experimental feature. As a
last remark of this analysis, while the inclusion of anharmonic and temperature effects clearly improves the
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agreement with experimental data, use of more accurate methods to perform electronic structure calcula-
tions is needed in order to obtain the correct contribution of each electronic transition when simulating
spectra spanning several transitions. As a concluding remark, it has been suggested in Ref. 199 that the rela-
tive intensities of the various electronic bands are affected by non-adiabatic couplings. it may be possible to
model this by HT effects, but some normal modes (asymmetric) may require quadratic contributions.

To illustrate the influence of various computational models on the resulting vibronic spectra, we focus on
the ECD spectrum corresponding to the first electronic transition (S; <— Sp). Such a comparison is important
in order to assess the reliability of approximated models. Band broadening was obtained with Gaussian dis-
tribution functions with half-width at half-maximum of 300 cm™. The various spectra are gathered in Fig. 6.
Among the considered models, AH|FCHT is the most accurate one. Analysis of the stick spectrum shows
some predominant transitions contributing mainly to the band-shape. The first band is mostly related to
the transition between the vibrational ground states while the second one is the contribution of two fun-
damentals (|0) = |14!) and |0) — |161); modes 14 and 16 are represented in Fig. 7). Finally, the third band
involves a multitude of low-intensity bands with the highest contribution being a combination band
(|0) - [14116%)). Inclusion of anharmonic corrections (AH|FCHT anharm) using the mode-specific scaling
scheme presented before has very little impact on the band-shape, so anharmonicity can be safely disre-
garded in this case. Similarly, Herzberg-Teller effects are small as the band shape simulated with AH|FC is
mostly superimposed with the reference one (AH|FCHT), the only noticeable difference being a slight in-
crease in the intensity of the second band. This is expected since the AH|FCHT stick spectrum only showed
peaks of the same sign, hinting at a low contribution from the Herzberg-Teller terms. The two remaining
models, namely AS|FC and VG| FC, assume that both PESs are equal. As a first consequence, the difference
between the zero-point vibrational energies (ZPVE) of the initial and final states obviously vanishes, which
explains the general shift observed with respect to the adiabatic hessian band-shapes. To improve the
readability of the figure, the sign of AS|FC and VG|FC band-shapes was inverted (they are negative by de-
fault). The main difference between AS|FC and VG| FC lies in the shift vector. In the former model, the equi-
librium geometry of the final state is known, so the shift vector can be calculated without any further ap-
proximation with respect to AH, while for the latter one, it is extrapolated from the energy gradient of the
final state, assuming that the PES is harmonic and equal to that of the initial state. Since the shift vector is
small for this transition, the extrapolation of the minimum of the final-state PES is rather good, as shown by
the near superposition of the first band of AS|FC and VG|FC. However, stronger discrepancies arise at
higher energies with a small shift of the second and third band and a noticeable difference of intensities. As
a consequence, the analysis of the ECD spectrum of dimethyloxirane with a higher resolution could be
prone to errors if carried out at the VG| FC level. Finally, the impact of the approximation from the assump-
tion that both PESs are equal can be estimated by comparing the band-shapes calculated with AS|FC and
AH|FC. To simplify this analysis, the AH|FC band-shape was shifted (AH|FC shifted) in order to superpose
the first band of AH|FC and AS|FC, which correspond to assuming that the difference between the ZPVEs is
null. The band-shapes are rather similar, the main impact of neglecting mode mixing being that the second
and third bands appear narrower than with AH|FC. This difference is mostly due to the absence of low-
intensity transitions in the AS|FC spectrum.

3.3 ECD and CPL spectra of (1R)-camphorquinone

As an example of the applicability of our procedure to larger systems, we have simulated the vibrationally-
resolved ECD (S; « Sg) and CPL (S; — Sg) spectra of (1R)-camphorquinone ((1R,4S)-1,7,7-
trimethylbicyclo[2,2,1]heptane-2,3-dione, shown in Fig. 1), which has been recently investigated by Longhi
and coworkers®¥. To match experimental conditions, solvent effects (CCl, for ECD and cyclohexane for CPL)
were accounted for by using the polarizable continuum model and Gaussian distribution functions with
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half-width at half-maximum of 350 cm™ were used to broaden the theoretical band-shape. The time-
independent version of the Adiabatic Hessian model was employed to simulate the spectra. As shown in Fig.
8, the change in geometry related to the electronic transition is small (right panel). More meaningful in-
formation is given by plotting the shift vector (left panel), which shows the geometric displacement pro-
jected on the mass-weighted coordinates of the initial electronic state. Indeed, in case of difficulty to reach
a good convergence with the time-independent approach, such a graph gives the possibility to identify
straightforwardly modes highly shifted so that corrective solutions can be devised, such as increasing the
number of quanta in the simulation (C,;"* and C,™) or using a block model where problematic modes are
handled separately at a higher level of theory for instance.

The S; < Sy ECD spectra corresponding to the HOMO-LUMO transition (see Fig. 9 for plots of frontier mo-
lecular orbitals) are gathered in Fig. 10. Since the experimental spectrum shows no sign change, the Franck-
Condon approximation (AH|FC) may be sufficient to obtain a qualitative agreement with reference data,
even without taking into account solvent effects. The experimental spectrum has a broad shape with a clear
band, which corresponds to the transition between the vibrational ground states (0-0 transition), and some
vibronic features appearing as shoulders on the right side, at higher energy. Two shoulders are distinguish-
able, at about 500 and 1250 cm™ with respect to the 0-0 transition and a last band can be guessed at about
2100 cm™. These bands are also visible in the AH|FC spectrum but seem shifted to higher energies (at
about 800, 1450 and 2400 cm™, respectively) and overestimated. By adding the Herzberg-Teller effect
(AH| FCHT) in the simulation, we note a change in the shape with an overall decrease of the intensity of the
band-shape at higher energy. The agreement with experiment in the band position is improved and the tail
of the spectrum at higher energy is well reproduced, but the first two bands are now underestimated. In-
cluding solvent effects with PCM (the solvent was chosen to be the same as Ref. ®¥) corrects the intensity
of those two bands but they remain lower than the registered ones. The changes between AH|FC and
AH|FCHT can be explained by the stick spectrum issuing from AH|FCHT approach. Indeed, the latter shows
an alternation of positive and negative signs, while the AH|FC model can only show peaks of a unique sing.
When broadening functions are applied, the sign change will have a damping effect on the AH|FCHT band-
shape, which explains the overall decrease of intensities. Overtones of modes 18, 19 and 20, which are rep-
resented in Fig. 11 with their associated wavenumbers, give the highest contributions to the spectrum.

For the CPL spectrum (Fig. 12), experimental data were taken from Ref. *”! since the experimental spectrum
in Ref. " was showing a strong noise due to the weakness of the signal, which did not allow the clear iden-
tification of vibronic features in the spectrum. While the ECD spectra published by Luk and Richardson®”
and Longhi et al.® were similar, the difference of resolution in their reported CPL spectra makes the identi-
fication of a vibronic structure more equivocal. The solvent used in Ref. 27 was cyclohexane, so the latter
was used for the simulation with solvent effects. Noticeable differences in the simulated band-shape with
respect to ECD appear. The first one is that AH|FC has now a lower intensity with respect to AH|FCHT.
However, in the same way as before, solvent effects are low and result in a slight increase of intensity in
the left-wing of the band-shape. This time, all theoretical spectra are below the experimental one. At vari-
ance with the ECD spectrum, a second vibronic band appears more distinctively in CPL, even if again as a
shoulder of the single, broad band. This seems better reproduced by taking into account Herzberg-Teller
effects, even if a strong shift of about 260 cm™ is observed. The CPL stick spectrum shows noticeable differ-
ences with respect to its ECD counterpart. First of all, more intense transitions can be observed with re-
spect to the latter. A first consequence is that the bands obtained by applying broad distribution functions
will be the result of several important contributions, causing energy shift of their maximum. For instance,
the first band, which was unambiguous in ECD and assigned to the 0-0 transition is here the sum of at least
two major transitions, the transition between the vibrational ground state and the transition from the
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ground state to the single overtone |21). Similarly, three transitions contribute predominantly to the sec-
ond band (respectively |0) — [241), |0) — |31')and |0) — |2131') starting from the right). The modes,
which contribute to the main bands are represented in Fig. 13. As with ECD, the AH|FCHT stick spectrum
shows peaks of both positive and negative signs. However, the positive peaks do not have a general damp-
ing effect, most likely because of the presence of more intense peaks than in ECD.

4 Conclusion

The present contribution sketches the general philosophy and latest developments of a comprehensive re-
search project aimed to develop a general, robust and user friendly multi-frequency spectrometer allowing
vis-a-vis comparison between experimental and computed spectra, together with unraveling of the exper-
imental outcome in terms of stereo-electronic, environmental, and dynamical effects. After recalling the
basic aspects of our approach to vibrational (IR and VCD) spectra, we have discussed in more detail have
discussed in particular integrated time dependent and time independent routes to the evaluation of vibron-
ic effects in circular dichroism and circularly polarized luminescence spectra taking into the proper account
Franck-Condon, Herzberg-Teller, Duschinsky, anharmonic, and environmental effects. As a first test case, IR
and VCD anharmonic spectra of (1S,4S)-bicyclo[2,2,2]octan-2,5-dione have been computed to show that re-
liable results can be obtained at this level for the vibrational characteristics of ground electronic states.
Next, ECD and CPL spectra of (2R,3R)-dimethyloxirane and (1R)-camphorquinone have been analyzed to
point out the role of different effects, and the performance of several approximate models leading to at
least semi-quantitative agreement with experiment. Of course a larger panel of cases is needed to reach
general conclusions and further developments are necessary to improve the reliability of the underlying
electronic computations or to treat large amplitude motions in an effective way. However, in our opinion,
this and related studies show that the route is being effectively paved toward accurate yet feasible inte-
grated experimental and theoretical studies of large systems of current technological and/or biological in-
terest in their natural environment.
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Figure 1: Skeletal formulas and 3D representation of (2R,3S)-dimethyloxirane (1); (15,4S)-bicyclo[2,2,2]octan-2,5-dione(2);
(1R,45)-1,7,7-trimethylbicyclo[2,2,1]heptane-2,3-dione (3)
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Figure 2: Simulated and experimental IR spectra of (1S5,4S)-bicyclo[2.2.2]octan-2,5-dione in CCl,. The anhar-
monic spectrum was calculated at the VPT2 level for both energies and intensities. Solvent effects were
taken into account by using an implicit solvent model (IEF-PCM). Band broadening was simulated by apply-
ing Lorentzian functions with HWHM=5 cm™. Experimental data were taken from Ref. 54
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Figure 3: Graphical representation of normal modes 8 and 16 of the ground state (S,) of (1S,4S)-bicyclo[2,2,2]octan-2,5-dione,

together with their harmonic (w) and anharmonic (v) frequencies.
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Figure 4: Simulated and experimental VCD spectra of (1S,4S)-bicyclo[2.2.2]octan-2,5-dione in CCl,. The anharmonic spectrum was
calculated at the VPT2 level for both energies and intensities. Solvent effects were taken into account by using an implicit sol-
vent model (IEF-PCM). Band broadening was simulated by applying Lorentzian functions with HWHM=5 em™, Experimental data

were taken from Ref.[94]
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Figure 5: Simulated and experimental ECD spectrum of (2S,3S)-dimethyloxirane in vacuum. Spectra were simulated with the
time-dependent approach using the vertical gradient model and the Franck-Condon approximation. Band broadening was ob-
tained by mean of Gaussian distribution functions with half-width at half-maximum of 300 cm™. Anharmonic correction (VG |FC
anharm) was included by calculating the anharmonic frequencies in the ground state and by using the mode-specific scaling
scheme to extrapolate those of the excited states. Temperature effects were simulated with the time-dependent approach.
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Figure 6: Simulated ECD spectra of the S; «— Sy transition of (2R,3R)-dimethyloxirane in vacuum using the time-independent ap-
proach. Models used to generate the vibronic spectra were adiabatic hessian (AH), adiabatic shift (AS) and vertical gradient (VG),
using the Franck-Condon (FC) and Herzberg-Teller (FCHT) approximation. “AH| FCHT anharm” was obtained by computing the
anharmonic frequencies of the ground state and by extrapolating the excited state’s ones using a mode-specific scaling scheme
(see text for details). Band broadening was obtained by applying Gaussian distribution functions with HWHM=300 em™,
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Figure 7: Graphical representation of normal modes 14 and 16 of the ground state (S,) of (2R,3R)-dimethyloxirane and their
harmonic frequencies.
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Figure 8: Shift vector (left panel) and superposed structures (right panel) associated to the S, <~ S, transition of (1R)-
camphorquinone in CCl,.

Left panel: positive displacements are shown in clear blue and negative displacements in bright red. Mass-weighted displace-
ments along each normal coordinate are given in atomic units (m, represents the atomic unit of mass). Mode with the highest
shift (mode 2) is represented as an inset inside the panel.

Right panel: superposed structures of the initial (clear blue) and final (dark red) electronic states. In order to highlight the atomic
shifts, monochromatic representations have been chosen (see Fig. 1 for a representation of the actual atoms).



Virtual spectrometer: vibronic ECD and CPL pg. 30/34

LUMO

HOMO

Figure 9: Frontier orbitals for the S, <— Sytransition of (1R)-camphorquinone in CCl,
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Figure 10: Simulated and experimental ECD spectra of the S; < Sy transition of (1R)-camphorquinone in CCl; and vacuum. Theo-
retical spectra were obtained using the time-independent (Tl) approach and the adiabatic hessian (AH) model with both Franck-
Condon (FC) and Herzberg-Teller (FCHT) approximations. Solvent effects were taken into account by using an implicit solvent
model (IEF-PCM). Reference data were taken from Ref. 4 Band broadening was obtained by applying Gaussian distribution
functions with HWHM=350 cm™. Theoretical intensities were scaled down to fit with experimental data by dividing them with
the following factors, AH|FC: 1.2, AH|FCHT (both vacuum and solvent): 1.8. For band assignment, the initial state, which is al-
ways the ground state, is omitted and only the modes with non-null quanta in the final state are indicated, with the number of
quanta in superscript.
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Figure 11: Graphical representation of normal modes 18, 19 and 20 of the excited state (S,) of (1R)-camphorquinone and their
harmonic frequencies.
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Figure 12: Simulated and experimental CPL spectra of the S; — Sy transition of (1R)-camphorquinone in cyclohexane and vacuum.
Theoretical spectra were obtained using the time-independent (TI) approach and the adiabatic hessian (AH) model with both
Franck-Condon (FC) and Herzberg-Teller (FCHT) approximations. Solvent effects were taken into account by using an implicit sol-
vent model (IEF-PCM). Reference data were taken from Ref. 27 Band broadening was obtained by applying Gaussian distribu-
tion functions with HWHM=350 cm™. For band assignment, the initial state, which is always the ground state, is omitted and on-
ly the modes with non-null quanta in the final state are indicated, with the number of quanta in superscript.
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Figure 13: Graphical representation of normal modes 2, 24 and 31 of the ground state (S,) of (1R)-camphorquinone and their

harmonic frequencies.
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