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Abstract

Chiroptical spectra are among the most suitable techniques for investigating the
ground and excited electronic states of chiral systems, but their interpretation is
not straightforward and strongly benefits from quantum chemical simulations,
provided that the employed computational model is sufficiently accurate and
deals properly with stereo-electronic, vibrational averaging and environmental
effects. Since the synergy among all these effects is only rarely accounted for,
especially for large and flexible organometallic systems, the main aim of this con-
tribution is to illustrate the latest developments of computational approaches
rooted into the density functional theory for describing stereo-electronic effects
and complemented by effective techniques to deal with vibrational modula-
tion effects and solvatochromic shifts. In this connection, chiral iridium com-
plexes offer an especially suitable case study in view of their bright phospho-
rescence, which is particularly significant for building effective light emitting
diodes (OLEDs) and biomarkers and can be finely tuned by the nature of the
metal ligands. In this connection, a recently synthesized family of cycloiridiated
complexes, KC and KD, bearing a pentahelicenic N-heterocyclic carbene (KB),

has shown an enhanced long-lasting, bright phosphorescence. Deeper insights

*Fully documented templates are available in the elsarticle package on CTAN.
*Corresponding author
Email address: vincenzo.barone@sns.it (Vincenzo Barone)

Preprint submitted to Journal of BTEX Templates April 5, 2021


http://www.ctan.org/tex-archive/macros/latex/contrib/elsarticle

10

into the still unclear nature and origin of the enhancement could be gained
by the interpretation of the chiroptical spectra, which is quite challenging in
view of the presence of two sources of chirality, the chiral center on Ir and the
chiral axis related to the helicene ligand, in addition to the relativistic effects
related to the presence of the Ir center. At the same time, the large dimensions
of KC and KD hamper the use of the most sophisticated (but prohibitively
expensive) computational models, so that more approximate approaches must
be validated on a suitable model compound. To this end, after optimizing the
computational scheme on a model system devoid of the helicene moiety (KA),
we have performed a comprehensive investigation of the KC and KD spectra,
whose interpretation is further aided by novel graphical tools. The discussion
and analysis of the results will not be focused on the theoretical background,
but, rather, on practical details (specific functional, basis set, vibronic model,
solvent regime) with the aim of providing general guidelines for the use of last-
generation computational spectroscopy tools also by non-specialists.
Keywords: Computational spectroscopy, Vibronic contributions,
Franck—Condon/Herzberg—Teller, N-heterocyclic carbene (NHC),
Ir-Complexes, Electronic circular dichroism, Circulary polarized luminescence,

Phosphorescence

1. Introduction

Computational spectroscopy has become a widespread tool for the interpre-
tation of experimental results, and in some cases, also for their prediction, which
becomes mandatory in a number of technological applications like fast screen-
ing procedures, or when experimental requirements are not practical or too
expensive. Under some conditions, for instance when differentiating conformers
or with highly sensitive techniques, it is mandatory to reach an unequivocal
conclusion. The routine use of quantum chemical (QC) simulations beyond
the community of theoretical chemists has been favored by the significant im-

provements reached over the recent years in terms of accuracy and efficiency,
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supported by more powerful and affordable hardware. However, the adoption
rate of the more refined models is generally slow due to the delay of implemen-
tation of user-friendly interfaces in general-purpose programs, coupled to the
difficulty of evaluating the applicability of different approaches to the cases of
interest, and the perceived extra cost and complexity of the overall process with
respect to the expected gain in accuracy.

Here, we will try to contribute to overcoming some of these difficulties in
the specific case of electronic spectra in the UV-visible wavelength range. The
seminal works of Franck[? 7 ] and Condon[? ? |, completed by a series
of derivations, notably by Sharp and Rosenstock[? ] in the 1960’s and later
Doktorov[? 7 | paved the way to general equations able to account in a cost-
effective way for the vibrational modulation of UV-visible spectra.[? 7 7 7 ?
? ] During the last decade, several implementations of theoretical models to
compute vibrationally-resolved electronic spectra, often shortened to vibronic
spectra, have been reported, with different degrees of sophistication. [? ? 7 ?
? 7 ] Yet, UV-visible spectra are still commonly simulated in terms of pure
electronic transitions modulated by phenomenological line-shapes. Besides the
obvious inability of reproducing spectra with visible vibronic structures,[? ?
? ] such an approach can provide insufficient or misleading information for
dipole-forbidden or weakly-allowed transitions, for instance when dealing with
systems of high symmetry like porphyrins, or when tackling low-intensity,[? |
resonance or non-linear spectroscopic techniques.[? ? ]

In parallel to the improvement of theoretical models, a separate but comple-
mentary development activity has been devoted to the search for novel graphical
representations, less focused on the final outcome, the spectra, and more on in-
termediate data and molecular physical-chemical properties.[? ? ? 7 7 ?
] When properly conceived and applied, such visual aids can greatly support
the interpretation of band-shapes by providing some insight on the origin of the
most significant features, as well as clues on possible structural improvements.[?
7]

The possibilities offered by these developments in terms of accuracy and in-
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sights are used here for the analysis of the chiroptical properties of an octahedral
cyclometallated Iridium(IIT) complex bearing a N-heterocyclic carbene, which
recently showed interesting phosphorescence property.[? |

Octahedral cyclometallated Ir(III) complexes have been extensively investi-
gated in the last decades due their photophysical properties, that allow applica-
tion in organic light-emitting devices (OLED), as well as in biological imaging.[?
? ? ? ] Several enantiopure emitting cyclometallated Ir(III) complexes have
been reported and chiroptically characterized.[? ? ? ? ? ] In particular, the
complexes investigated in Ref. [? | combine the iridium core with a NHC-based
ligand achieving unusual light-green phosphorescence and circular polarization
properties. The unprecedented features of the complexes have been attributed to
the extensive 7 conjugation and to the interaction among the different moieties
in the molecule. These characteristics combined with the vibrational structure
of the signals make the systems represented in Figure 1| a particularly valu-
able test case. Moreover, the available energy range for the UV-visible optical
and chiroptical spectra spans several dozens of electronic states, representing
a challenging task in terms of computational cost, and in the setup of reliable

methodologies.

A-Ir (KA) P (KB) P-A-Ir (KC) | M-A-Ir (KD)

Figure 1: 2D and 3D representations of the KA, KB, KC and KD molecular systems.
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The article is organized as follows. In the first section the theoretical back-
ground is presented, the main concepts used for the analysis of the results are
recalled and summarized. Particular attention is devoted to the computational
strategies, underlining the strengths and the shortcomings of each of the avail-
able models. After summarizing the essential computational details, an effective
computational protocol is proposed and validated for the parent KA complex
and then extended to the larger KC and KD derivatives. Finally, the last section

is devoted to conclusions and perspectives for future work.

2. Theoretical backgrounds

The focus of this section is the analysis of the main practical aspects involved
in the simulation of vibrationally-resolved electronic spectra, whereas interested
readers can find elsewhere details about the theoretical background [? 7 ? 7 ?
? | and on complementary aspects [? ? ]. Without loss of generality, the discus-
sion will be centered on absorption spectra, whose simulation always starts from
the equilibrium geometries of the ground electronic states, obtained through ge-
ometry optimization steps. Extension to emission spectra is straightforward and
essentially equivalent for the most refined models, but more computationally de-
manding for less complete approaches due to the inherently greater effort needed
to optimize the geometry and compute the harmonic force fields of excited elec-
tronic states with respect to ground ones. For instance, in the simplest, vertical
excitation model, only the electronic transition moments of the properties of
interest, here the electric dipole and magnetic dipole, are needed, which can be
obtained from excited-states single point calculations. The resulting stick spec-
trum is then broadened by means of phenomenological distribution functions
to match the recorded one, with part of the broadening accounting empirically
for the neglected effect of molecular vibrations. More refined models, properly
accounting for most the components of the overall molecular state (rotational-
vibrational-electronic or rovibronic,[? ? | or vibrational-electronic also known

as vibronic[? ]) can be applied only to small systems, containing at most 2-3



90

95

100

105

110

115

atoms for the most complete one, and less than ten atoms for the second one,
despite recent works to speed up the latter.[? | A more feasible approach relies
on a series of approximations, namely the separation of the electronic and nu-
clear wave functions, through the Born—-Oppenheimer approximation, and then
a separation of the vibrational and rotational components of the nuclear mo-
tions, using a specific orientation of the molecule in the reference frame to meet
the Eckart-Sayvetz conditions. It should be noted that the latter simplifica-
tion is exact for rigid molecular systems and represents a good approximation
for semi-rigid ones, in which the structural changes induced by the electronic
transition are small. For the medium-large systems of interest here, the rota-
tional structure does not play a visible role and can be ignored, so that the
recorded experimental spectra can be assimilated to an ensemble of transitions
between vibrational states belonging to different electronic states, hence the
term of vibrationally-resolved electronic spectra, referred to, in the following,
as vibronic spectra in a broad sense. Further line broadening and shifting is
due to solvent effects, with direct interactions in the cybotactic region (mainly
for hydrogen bonding solvents) being usually distinguished from bulk solvent
effects. The first contribution can be taken into account by considering a su-
permolecule formed by the solute plus a reduced number of solvent molecules.
Of course, the main difficulty of this approach is the definition of the number
and position of solvent molecules to add to the treatment, without increasing
too much the overall computational cost. Bulk solvent effects can be effectively
represented through polarizable continuum models (PCMs), with additional re-
finements being employed to account for the broadening induced by dynamical
processes.[? | The dichloromethane solvent used in the experimental studies of
the molecules of interest in the present work,[? | can be effectively described
with PCM, and the associated broadening will be reproduced empirically by
choosing suitable half-widths at half-maxima for the broadening functions to
match the experimental band-shape.

Let us now focus on the calculation of the vibronic transitions, considering

that an overall UV-visible spectrum is a sum of such transitions. As men-
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tioned above, we actually need to compute transition integrals between the
vibrational states of different electronic states, starting from the knowledge of
the vibrational energy levels and the associated eigenstates. At the harmonic
level, all the necessary information can be obtained through standard force con-
stants/frequency calculations. In comparison with the VE model, it is now
necessary to carry out such calculation in the ground electronic state. In ad-
dition, the most complete approach, hereafter referred to as adiabatic Hessian
(AH) model requires also the equilibrium geometry and the harmonic force field
of the excited states. While this model provides all the ingredients to com-
pute vibrationally resolved spectra, its accuracy deteriorates with the distance
between the equilibrium geometries of the initial and final electronic state. In-
deed, the most probable transitions, and, in turn, the most intense features of a
spectral band-shape, will occur for final states overlapping with the initial ones.
The harmonic approximation provides a reasonable description of the actual
potential energy surface (PES) about its minimum, but quickly diverges with
the distance. Thus, if the structural changes become important, the AH model
will gradually reduce its ability to represent accurately the region of the final-
state PES, which corresponds to the maximum of the transition probability.
An alternative approach, hereafter referred to as vertical Hessian (VH) model,
has been proposed, which focuses on this region, by computing the final-state
energy derivatives at the initial-state geometry, thus avoiding the geometry op-
timization for the excited state. This model has been shown to improve the
computed spectra for molecules exhibiting a non-negligible degree of flexibility,
[? ] at the price of an approximation of the true final-state minimum. Recent
improvements have made available analytic second energy derivatives also for
excited states, in particular for the time-dependent density functional theory
(TD-DFT),[? ? ] making this step more computationally accessible. Further
simplifications have been proposed to avoid this step at all, by assuming that the
electronic transition has a negligible impact also on the vibrational structure,
so that the final-state frequencies and normal modes can be assumed equal to

their initial-state counterparts. For adiabatic models this means that only the



Quantity VE | AH| AS | VH | VG || FC | HT

Initial state

Equilibrium geometry X X X X X
Electronic energy X X X X X
Force constants X X X X

Final state

Equilibrium geometry X X

Electronic energy X X X X X
Energy gradients X X
Force constants X X

Transition moments

Transition moment X X

First derivative X

Table 1: Quantities requested for each level of calculation to simulate electronic spectra.

excited-state equilibrium geometry must be computed, through an optimization
step. Since this approach provides an accurate description of the shift between
the equilibrium geometries of initial and final states, this is referred to as adi-
abatic shift (AS) model. For vertical approaches, the gradient is still needed
15 to extrapolate the equilibrium geometry shift, hence the name of vertical gra-
dient (VG) chosen here. This model is also known in the literature as linear
coupling model (LCM[? ]) or independent-mode displaced harmonic oscillator
approximation (IMDHO[? ]). A summary of the necessary steps to compute the
quantities of interest for the different models is given in Table (I} and indicative
1o times needed to generate the different contributions are sketched in Figure
Similar problems are encountered for the electronic transition moments (ETMs)
of the properties involved in the different spectroscopic techniques, namely the
electric and magnetic dipoles in the present context, since their dependence on
the nuclear coordinates is unknown. A standard approximation, proposed by

s Franck,[? ] is to consider these quantities constant, owing to the fast motions
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Figure 2: Computational cost of each step for the discussed models. All calculations were
carried out on 16 cores (2 processors Intel Xeon E5-2667v2 at 3.3 GHz) with 128 GB of
RAM. 6 exited states were included in all TD-DFT calculations. Note that the cost of the
optimization step, which was done starting from the Sg equilibrium geometry, does not depend
only on the system size, but also on its flexibility and the quality of the geometry optimizer.
To reach a satisfactory convergence, an initial frequency calculation in S7 at the equilibrium

geometry of So was done to ensure that the convergence proceeded correctly.

of the electrons compared to the nuclei. This hypothesis was later formalized
in a quantum mechanical framework by Condon,[? | so that the hypothesis of
constant electronic transition moments in the calculation of transition integrals
between vibrational states belonging to different electronic states is known as
the Franck—Condon (FC) approximation. This simplification makes the calcu-
lations of vibronic integrals simpler, but notably fails in two conditions; first,
when the ETM is small, which may happen for dipole-forbidden transitions
and, second, when the scalar product of two quantities is close to zero, which
can be commonly observed in chiroptical spectroscopies, where the electric and

magnetic dipole moments can be nearly perpendicular to one another. An im-
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proved description was provided by Herzberg and Teller,[? | who considered
a linear dependence of the transition moments on the nuclear positions. By
including the first derivatives of the electronic transition moment with respect
to the nuclear coordinates, the influence of closely lying electronic states can
be partially captured, resulting in a more complete picture, which is referred to
as the Herzberg—Teller (HT) approximation. The full description of the ETM,
including both the constant term (Oth order) and the first derivative (1st order)
is known either as HT or FCHT (Franck-Condon Herzberg—Teller) level. This
latter acronym will be used in the following in order to avoid any risk of misin-
terpretation in the definition of the model used to describe vibronic transitions.
For conventional spectra, the HT contributions are significant only for dipole-
forbidden or weakly-allowed transitions,[? ], whereas the FC approximation
is sufficient in other cases. On the other hand, since the ETMs are constant,
chiroptical spectra simulated at the FC level are mono-signated, whereas sign
alternations can be observed at the FCHT level.

When dealing with medium-to-large molecules or complexes, low-frequency
modes can be present, with structural changes induced by electronic transitions
along these motions being often quite high. This may result in a breakdown
of the theoretical models employed to compute vibrationally-resolved electronic
spectra. However, because of their low energy and large shift, significant over-
laps with the initial states are possible only for high overtones of these modes,
so that the corresponding transitions have almost systematically very low inten-
sity. Such observation applies also to combination bands involving these modes.
As a consequence, their contribution to the band-shape will be an overall broad-
ening of all the features and can be assimilated to a background noise, possibly
overestimated by the underlying approximations of the theoretical models de-
scribed above. Based on these considerations, a good approximation would
be to use a model system where precisely these low-frequencies (governing to
large-amplitude motions) are removed. We can thus devise a two-step strat-
egy consisting in, (i) identifying the vibrational modes to be removed, and (ii)

removing consistently the relevant modes in both initial and final electronic

10



195

200

205

states. A simple solution to address the first point is to consider the structural
difference between the energy minima in terms of the normal coordinates (Q),
which describe the vibrational motions of the system, weighted by their energy,
and identify all those contributions with a magnitude exceeding a given thresh-
old. This procedure normally uses a single state as reference state one. Even if
done on both states, a “reconciliation” operation is necessary to ensure that the
system remains consistent upon the transition. In practice, this means that the
number of normal modes must remain the same, and that the modes discarded
in a state do not appear in the second. This can be mathematically formalized
by considering that the total ensemble of normal modes of the system in one
state can be expressed in the basis set of the other. The simplest form is to

consider an affine transformation,[? ]

Q,=JQr+K

where J is called the Duschinsky matrix, and K the shift vector. The sub-
script I and F refer to the initial and final states, respectively. Incidentally, the
elements K; can be used for the selection process, or alternatively the dimen-
sionless quantity K; \/m, where w; is the wavenumber (in cm™1) of mode
1. In order to ensure the consistency of the model system, the modes to be
removed in one state should have no overlap with the modes to be kept in the
other, which mathematically translates into the corresponding matrix element
of J being null. The choice of the coordinates becomes critical, as an unsuit-
able set could inflate the mixing of the modes upon the electronic transitions.
This would result in the impossibility of discarding properly large-amplitude
motions without having to select a large number of well-described ones since
the Duschinsky matrix J would contain a lot of non-null off-diagonal terms,
with the consequence that the model system would bear no resemblance with
the actual system. Internal coordinates are known to be able to localize well
normal modes, but their definition is not unequivocal. As a result, particular
attention needs to be paid to their construction, otherwise the outcome may be

even worse than with the more conventional Cartesian coordinates. As a matter

11
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of fact, internal coordinates have been often ignored because of the tedious man-
ual process of defining a proper set of coordinates, which becomes impractical
with large systems. Over the recent years, automated procedures have started
to emerge to greatly facilitate this step, leading to a renewed interest in the use
of internal coordinates in vibronic calculations.[? ? ? ]| Here, we will use the
generalized internal coordinates (GICs) implemented in GAUSSIAN, which ex-
tend the standard sets of primitive internal coordinates (PICs) built from bonds,
angles and dihedral angles with special coordinates like ring puckering or linear
angles, and allow their combination, giving the possibility to build coordinates
matching the most important structural deformation motions and vibrations.
While these coordinates can greatly reduce the mode mixing mentioned above,
the real Duschinsky matrix has rarely a perfect block structure, and it is not
possible to define minimal sets of normal modes to discard perfectly uncoupled
from the rest of the modes. As a result, a tolerance threshold is set to define
which amount of coupling will be lost in building the model system. In more
technical terms, for a given mode ¢ to be removed, the elements of J on the
corresponding row or column are squared and sorted decreasingly. The first m
elements with a total overlap (sum of the associated squared elements) above the
threshold are selected to be removed. An iterative process ensure that the sets
of modes to be removed in each state are consistent and sufficiently uncoupled

from the rest.

3. Computational details

Methods rooted in the density functional theory (DFT)[? ] for ground elec-
tronic states, and its time-dependent extension (TD-DFT)[? ? ? ] for excited
states were employed in all the computations. An ultrafine grid (99 radial shells
and 590 angular points per shell) was used to integrate the exchange-correlation
kernel. Grimme’s empirical dispersion corrections[? | were used, in conjunction
with the Becke-Johnson (BJ)[? | damping where available. Bulk solvent effects

have been taken into account by means of the polarizable continuum model[?

12
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] within its integral equation formalism (IEF-PCM)[? ], with the cavity build
around the solute by means of a combination of interlocking spheres centered
on each atom with a radius equal to its van der Waals radius scaled by a factor
of 1.1. Values of ¢ = 8.93 and €., = 2.03 were used for the static and dynamic
dielectric constants of dichloromethane. In all cases, the non-equilibrium sol-
vent regime was enforced for computing VE’s and energy gradients, the latter
being computed by the linear response (LR-PCM/TD-DFT) approach[? 7 ].
These conditions are the most suitable for computing absorption spectra in so-
lution due to the different time scales of the electronic and nuclear motions.
Equilibrium structures were obtained using tight convergence criteria (maxi-
mum forces and displacements smaller than 1.5 x 10~° Hartree/Bohr and 6 x
1075 A, respectively) for the geometry optimization of the ground and excited
electronic states, with the nature of the stationary points being confirmed by
Hessian evaluations. 27 combinations of electronic structure calculation meth-
ods (ESCM) and basis sets were analyzed to define the most suitable candidate
for this system. They include five density functionals, namely B3PW91,[? 7 ]
PBEO,[? | LC-wHPBE,[? | MN15,[? ] and M06-2X[? ? ]. Each of them was
tested in conjunction with three different basis sets, namely SNSD (an exten-
sion of the Pople basis sets 6-31+G(d), which has been extensively validated
for both ground and excited states[? ? ? ]) together with double-zeta (pc-1)
and triple-zeta (pc-2) polarization consistent basis sets.[? ? | The 6-31+G(d,p)
basis set was also tested with the density functional selected in the previous
step.[? ? ] Both double and triple-¢ basis sets were employed in conjunction
with the corresponding LANL and SDD pseudopotential for the Ir atom.[? 7 ]
50 excited electronic states were included in the benchmark study on KA, and
half-widths at half-maximum (HWHM) of 1200 cm~! were used to simulate the
natural broadening observed experimentally.

The electronic transition current densities (ETCDs) were computed with a
locally modified version of the CUBEGEN utility of GAUSSIAN and saved as a
discretized volumetric dataset in plain-text cube files. 3D ETCD figures rep-

resenting the vector field were obtained as described in Refs. [? 7 ]. Space

13
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partitioning within the Quantum theory of atoms in molecules (QTAIM) was
done with the MULTIWFN package[? ] and volumetric datasets were processed
with in-house Python scripts.

Vibronic calculations were performed by initially employing the sum-over-
states, or time-independent (TT), approach, which computes the total band-
shape as the sum of all transitions connecting the manifold of initial and fi-
nal vibrational states. For this reason, identifying the most intense transitions
contributing primarily to the band-shape is straightforward. Conversely, if sig-
nificant structural deformations are associated to the electronic transition, the
large number of small, but non-negligible transitions to take into account makes
the convergence of the band-shape very difficult within a reasonable computa-
tional time. The class-based protocol, extensively described in Refs. [? 7 ?
? 7 ] was used, with the following parameters, C{"** = 100, C5** = 80,
™2 = 4 % 108, and combination bands up to 7 simultaneously excited modes
in the final states were considered. In order to reach a sufficient progression
(above 70%, in most cases, 90%), the generalized internal coordinates available
in GAUSSIAN were used. Special coordinates were used, and are reported in
Section 3.1 in the Supplementary material. This choice of coordinates helps
localizing the normal modes, reducing the contribution of combination bands
and the overall noise generated by low-intensity transitions, which cause an ar-
tificial broadening of the band-shape. Finally, a reduced-dimensionality scheme
was used to remove the contributions from hindered-rotors and large amplitude
motions, which did not contribute to the spectral features, but were improperly
handled at the Franck-Condon level. For the VG model, an additional issue lies
in the extrapolation used to compute the shift vector, which leads to significant
overestimations for low-energy modes. Hence, following standard protocols, all
modes below 150 cm ™! were excluded. For the AH model, the strongly shifted
modes — first 20 for KA, first 7 for KC and KD — were excluded. Because
the computational cost of TI vibronic calculations grows exponentially with the
number of vibrational states, the approach is ill-suited to handle temperature

effects for large systems. An alternative route is offered by the path integral or
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time-dependent (TD) formulation, which allows an automatic inclusion of all
initial and final vibrational states, at the expense of the possibility to assign
the transitions to the observed bands. All the spectra at 298 K were simu-
lated employing the TD approach, using the default parameters in GAUSSIAN,
that is a total time of 10719 s divided in 2'® steps for the computation of the
autocorrelation function, which leads to the final spectrum.[? ]

Concerning solvent effects, the state-specific (SS-PCM/TD-DFT) model was
chosen for excited states calculations necessary for the AH approach, whereas
the linear-response (LR-PCM/TD-DFT) model within a non-equilibrium regime
was applied for generating the data needed by the VG model.

Both the Franck—Condon approximation (FC) and its Herzberg—Teller (FCHT)
extension were used for the representation of the electronic transition moments
of the properties of interest, namely the electric and magnetic dipoles.

Mixed vibronic-electronic spectra were obtained by either convoluting the
stick specta over the same discretized X axis (TI), or by interpolating the TD
spectra over a new grid, used to convolute the electronic transitions. Gaussian
distribution functions were used to simulate the experimental broadening of
the bands, with HWHMs of 1200 cm ™! for VE and 1000 cm ™" for all vibronic
calculations, with the reduced value employed in the latter case being related
to the explicit account of the vibrational structure.

GAUSSIAN16 was used for the optimization,[? | frequencies and single point

calculations, and its development version[? | for vibronic and related tasks.

4. Results and Discussions

4.1. Benchmark

In the case of medium-to-large systems, DFT remains the method of choice
for the simulation of chiroptical spectra. However, the large number of exist-
ing functionals, often developed for specific purposes, creates a conundrum in
the definition of a suitable computational protocol. This difficulty is partially

alleviated by the availability of benchmark studies for a wide range of systems,
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Figure 3: One-photon absorption (OPA, left panel) and electronic circular dichroism (ECD,
right panel) spectra of KA computed with different functionals. The broadening was simulated
by means of Gaussian functions with half-widths at half-maximum of 1200 cm~!. Each

spectrum is normalized to the highest peak.[basis sets: LANL2DZ/SNSD].

which can provide either direct solutions (if similar systems, properties and/or
functional /basis set have been already considered) or help in identifying the
most suitable candidates for an ad hoc test.

In the present study, five popular functionals were chosen, in conjunction
with several combinations of pseudo-potentials for the metal atom and basis
sets. The total number of combinations still represent a challenge for the systems
of interest, KC and KD, so the smaller, model system KA was initially used,
where the local environment of the metal center is similar (see Figure[1| for the
molecular structure). The full list of different computational setups is reported
in Table S1 of the Supplementary material, and the transition energies and
intensities for the first five electronic excitation are given in Table S2.

In a first step, only the exchange-correlation functional was modified, using
always the same the pseudo-potential and basis set (LANL2DZ and SNSD, re-
spectively). Figure |3 shows the impact of the functional on the band-shape in
the 230-480 nm wavelength range, which includes the first 50 excited electronic
states. The analysis of the one-photon absorption (OPA) spectra allows a first
screening of the methods to be further refined with reference to the electronic
circular dichroism (ECD) experimental spectrum. As shown in the left panel of

Figure [3] the MN15 functional shows the smallest energy shift with respect to

16
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experiment. However, in spite of a slight underestimation of the transition ener-
gies, PBEO and B3PW91 produce an overall spectral band-shape in fair agree-
ment with experiment. Turning now our attention to the chiral spectroscopy,
MN15 results in a spectrum sensibly worse than PBEO and B3PW91. Between
the latter two functionals, BBPW91 reproduces better the relative positions of
the bands within the spectrum, and was therefore selected for the further tuning

of the basis in the quest for the best computational protocol.

Figure 4: Effects of different basis sets (left panel) and pseudo-potential (right panel) on
the ECD spectrum of KA. The broadening was simulated by means of Gaussian functions
with half-widths at half-maximum of 1200 cm~! (OPA results are reported in Figure S1 in

Supplementary material).

Since the disagreement among the different electronic structure methods are
larger for chiroptical spectroscopic techniques, the ECD spectrum has been used
for further validations. In the left panel of Figure 4] the simulated spectra ob-
tained with the BBPW91 functional and different basis sets are reported. Two
basis sets were studied in this connection, namely the pc-1 and pc-2 double- and
triple-C basis sets, proposed by Jensen and collaborators as optimized versions
of Dunning’s basis sets for DFT computations.[? ] The pc-1 basis set overes-
timates the relative intensity of the first experimental band at 360 nm, with a
strong negative band at a lower energy, not visible in the experimental spectrum.
The experimental band at about 310 nm is almost fused to the highest-intensity
band, becoming a shoulder. The larger basis set improves the results, lower-

ing the relative intensity of the bands above 300 nm. The shape of the band
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at 310 nm is also better defined, exhibiting a clearer feature, which remains,
however, slightly too close to the neighbour band. The augmented Pople’s basis
set, SNSD gives very comparable results with significantly reduced computa-
tional cost. Removing the diffuse functions (6-31G(d,p)) leads to a decrease of
s the band intensities in the 340450 nm region. While this makes the band at
360 nm closer to experiment in terms of relative intensity, an excessive broad-
ening is obtained, leading to a merging with the band immediately before in
terms of wavelengths. It is noteworthy that, because of the symmetric convo-
lution used, the broadening is often underestimated, especially concerning the
a5 strongly asymmetric vibrational contributions. Consequently, the explicit in-
clusion of vibronic effects generally lead to lower intensities. Based on these
observations, the SNSD basis set represents the best compromise between cost
and accuracy and will be used as reference in the following. The effects of the
pseudo-potential and the size of the basis set on the metal atom were are shown
;0 in the right panel of Figure 4} Changing from LANL2DZ to SDD worsens the
agreement with experiment, while increasing the basis set size from double-C
(LANL2DZ) to triple-¢ (LANL2TZ) improves the results only marginally, while
increasing significantly the computational cost.
Thus, considering both accuracy and computational cost, the BAPW91/LANL2DZ/SNSD
;s combination was chosen as the most suitable level of theory for the systems un-

der investigation.

4.2. Vibronic Simulation

As shown in Figure 5] after a careful selection of the computational method,

a purely electronic approach is already capable of reproducing satisfactorily the

s0  OPA spectrum of KA. On the other hand, for the more sensitive chiroptical

spectroscopy, stronger discrepancies appear with respect to the experimental

spectrum. In particular, in the ECD spectrum, the first band shows, contrary

to the experiment, a negative sign, and the height of the second band (first
experimental band) is significantly overestimated.

305 In order to improve the computational results, a first step is to include vibra-
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Figure 5: Pure electronic (VE) one-photon absorption (OPA, left panel) and electronic cir-
cular dichroism (ECD, right panel) at the BAPW91/LANL2DZ/SND level of theory. The

broadening was simulated by means of Gaussian functions with half-widths at half-maximum

of 1200 cm 1.

tional modulation effects, which can play a fundamental role in the low-energy
region of the spectra, which are characterized by a low density of electronic
transitions. In the following sections, the computational protocol to simulate

the vibronic spectra will be optimized for the prototype KA molecule, and then

extended to KC and KD.

4.2.1. Modelling the first electronic transition of KA
The S; + Sy electronic transition is mainly a HOMO to LUMO transition
with a metal-to-ligand charge transfer character, as confirmed by the analysis
of the electron density difference (see Table S3 and Figure S2 in Supplementary
material). The charge is concentrated on the pyridine rings of the phenylpyri-
dine ligands. Therefore, assuming that the disagreement between the spectra
computed at the VE level and experiments is due to the lack of vibronic contribu-
tions, we started by fully characterizing the S; excited state and simulating the
vibronic spectra within the AH approach (AH|FC). The dependence of the elec-
tronic transition moments on the nuclear positions was also taken into account
(AH|FCHT), since it can lead to sign changes in the vibronic spectra. When
dealing with large, semi-rigid systems, large amplitude motions (LAMs) and
mode mixing are important aspects that need to be evaluated. The comparison

of the equilibrium geometries of the ground and first excited electronic states
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(reported in Figure S3 in Supplementary material) reveals a general distortion
of the coordination geometry with a shortening of the Ir---Py and Ir--- NHC
bonds and an elongation of the Ir—C bonds. These type of deformations, which
involve the relative positions of several atoms are often poorly described by
Cartesian coordinates, leading to over estimation of the mode mixing. Starting
from the set of GICs generated automatically by the GAUSSIAN program, an ad
hoc set of internal coordinates were added in order to represent the relative ori-
entations of the ligands around the metal center, with the aim of improving the
description of the transformation associated to the low-energy normal modes.
This allows localizing the normal modes, reducing in this way the coupling be-
tween them, as well as recovering some of the intrinsic anharmonicity of the
vibrational motions.

The lower mode mixing from the use of internal coordinates is apparent on
inspection of the J matrices obtained with rectilinear or curvilinear coordinates
(left half of Figure @ Indeed, J is slightly more diagonal and, especially, the
coupling between low- and high-frequency modes is strongly lowered. In order
to evaluate better the effects of the couplings on the band-shape, the so-called
Sharp—Rosenstock C[? ]| matrices, which are directly related to the intensity of
the combination bands,[? ? ? | are reported in the right panels of Figure @
The use of GICs substantially reduces the overlap between modes of low- and
high-energy (it should be noted, that one order of magnitude difference exists
between the two normalizing factors of C matrix representations), which can
contribute to an artificial broadening of the bands.[? ] This also makes easier
the isolation and removal of the large amplitude motions. By doing so, it is
possible to recover 91% of the total intensity in TT vibronic simulations, from
the initial value of 30% for the reduced system in Cartesian coordinates.

The AH and experimental spectra are compared in Figure [7l Both AH|FC
and AH|FCHT models lead to a red-shift and an intensity reduction of the
bands in comparison to the VE results. While the sign remains negative, this
result appears qualitatively consistent with experiment, which does no show any

prominent band in this region of whatever sign. The stick spectrum, displayed
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Figure 6: In the top panels, the J and C matrices (normalization factor: 7.33e-01) obtained
in Cartesian coordinates, and in the lower panels, those obtained with GICs (normalization
factor: 7.50e-02). The normalization factor is based on the highest absolute element of each
C matrix. Each element of the Duschinsky matrix is squared and a shade of gray is applied

to it (0: white, 1: black).

in Figure [7) as well, shows a non-negligible impact of the HT effects on the final
band-shape, with many low-intensity positive transitions partially compensating
the intense negative peaks. This causes a flattening of the FCHT band compared
to the FC counterpart, accompanied by a slight shift of the maximum. As can
be inferred from Figure [f] and will be discussed in more details below, this
band can be compensated by the higher-energy transitions, resulting in a better
overall agreement with experiment.

The analysis of the vibronic contributions to the ECD spectra is limited due
to the low resolution of the experimental spectrum. Nonetheless, here we re-
port the most significant contributions to the first band. For both AH|FC and
AH|FCHT models, three vibrational modes, 2:8, 33 and 1?67 together with their
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Figure 7: S1 < So OPA and ECD spectra of KA. The vibronic results (AH and VG) are
compared to both VE and experiment. The broadening was simulated by mean of Gaussian
distribution functions with half-widths at half-maximum of 1000 cm ™! for vibronic and 1200

cm~! for VE calculations.

overtones and combination bands, represent 90% of the most intense transitions.
Indeed, the most prominent contributions are ascribed to the fundamentals of
modes 28 and ?i’), which are more intense than the 0-0, transition between the
vibrational ground states. These modes, depicted in Figure [§] involve the con-
certed oscillation of several atoms spread over the whole molecule, making their
classification difficult. Nonetheless, all of them are predominantly localized on
the two 2-(2,4-difluorophenyl)-pyridyl (dfppy) ligands, in line with the geomet-
ric rearrangements and the difference in electron density reported in Figures S2
and S3 in Supplementary material, with this finding underlining once more the
necessity of a good set of coordinates for the proper description of the coordi-

nation sphere.

4.2.2. Owerall vibronic spectra of KA

The simulation of higher-energy states at the AH level is conditioned by the
optimization process, which can become extremely challenging.[? ] Further-
more, as the density of states grows in the energy range of interest, the most
important aspect becomes the reproduction of the most intense bands, which
are connected to the region of high overlap with the ground electronic state.
For this reason, vertical models are generally more suitable to treat spectra

involving several highly-excited electronic states. The VH model is the most ac-
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Figure 8: Representation of the most relevant normal modes related to the vibronic contribu-

tions.

curate, but it requires frequency calculations for each electronic state, which can
make the computations very expensive. Moreover, it is significantly dependent
on the anharmonicity of the final-state PES and the vicinity of intersections,
which can cause a breakdown of the adiabatic picture. In the present case, as
shown in Figure S4 in Supplementary material, the VH|FC model does not rep-
resent an improvement with respect to the simpler VG|FC approach, whereas
the VH|FCHT model shows an unphysical behavior, which prevents its use. In
conclusion, the VG model offers the best compromise between accuracy and
feasibility, [? ? ? ? | and has been selected for the next part of our study.
Considering the density of the electronic states, vibronic contributions need
to be computed for the first 23 transitions of the systems under investigation,
making problematic the systematic use of diffuse functions for the gradient eval-
uation of such a large number of different electronic states, especially for the
large KC and KD systems. For this reason, the reliability of smaller basis sets
for excited-state gradients needs to be assessed. In the present work, the follow-
ing strategy was devised. All the calculations for the ground electronic states
were performed with the larger basis set, with the corresponding equilibrium
geometry being used as reference. The transition dipole moments and excita-
tion energies, which require single-point calculations and are necessary for the

VE spectra, were obtained at this level as well. Then, the forces were com-
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puted at a lower-level and compared with their higher-level counterparts. As a
matter of fact, the gradients obtained for 12 electronic states with a lower-level
computational model employing the LANL2DZ setup for Ir and the 6-31G(d,p)
basis set for all the other atoms are in remarkable agreement with higher-level

counterparts (see Figure E[)
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Figure 9: Comparison of the Sy, + Sop ECD spectra of KA at the VG|FC level with n=1 to
12. The B3PW91/LANL2DZ/SNSD (dashed lines, labelled SNS) and B3PW91/LANL2DZ/6-
31G(d,p) (solid lines, labelled 631) levels of theory were used for the force calculations. All
other calculations were carried out at the BSBPW91/LANL2DZ/SNSD level (see text for de-

tails). The broadening was simulated by mean of Gaussian distribution functions with half-

widths at half-maximum of 1000 cm 1.

For nearly all the electronic spectra, the band-shape is characterized by a
prominent 0-0 transition, and a pattern of vibrational progressions on the high-
energy wing, whose vibronic transitions are related to vibrations involving the
relative rotation of the ring of the ligands. A graphical representation of the

most relevant normal modes is provided in Figure S5 in Supplementary material.
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4.3. Toward larger systems: a combinational approach

The hybrid VG method described above can effectively predict the UV-vis
spectra in the lower- to medium-energy region. At higher energy, the density
of electronic states becomes huge, thus reducing significantly the visibility of
vibronic contributions. Hence, pure electronic spectra can be used at this point.
It is thus possible to produce high-quality UV-vis spectra by combining properly
vibronic and electronic spectra to maintain the overall computational cost under
control. Such a procedure becomes mandatory when larger systems, like KC and
KD, are tackled. However, several aspects must be carefully considered in this
process. Besides finding the right number of transitions to treat at the vibronic
level, the problem of the relative broadening schemes need to carefully assessed.
In order to get the most reliable description, the broadening can be chosen
initially by fitting the vibronic spectra to experimental data, possibly using some
alternative schemes to represent the solvent effects.[? ] Then, the broadening
to be used for the more approximate VE model can be chosen to match the
final vibronic spectra. This was done here using the S; < Sy transition of KA.
Gaussian distribution functions with HWHMs of 1200 cm~! and 1000 cm™*
were used as broadening functions for pure electronic and vibronic transitions,
respectively. These results confirm the initial choices for the pure electronic
spectral band-shape.

The final OPA and ECD spectra of KA are shown in Figure [I0] with the
simulated ones computed at different levels and shifted by -22 nm. The purely
electronic spectrum, already reported in Figure |5} is compared to several hybrid
vibronic-electronic models. For all of them, transitions from the ground state
to So up to Sas are treated at the VG|FC level, with the forces computed with
the 6-31G(d,p) basis set for the non-metallic atom, as described above. The
last 27 transitions (Sa4 to Sso) are represented by purely electronic transitions.
The difference among the three hybrid models lies in the representation of the
first transition, obtained at the AH|FC, AH|[FCHT and VG|FC levels. All the
spectra were normalized to focus on the band-shape, while the non-normalized

spectra are reported in the Supplementary material (Figure S6). For OPA, the
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overall agreement was qualitatively good already at the purely electronic level,
with small but significant changes being introduced by more refined approaches.
Inclusion of the vibronic contributions for the first 23 electronic transitions
improves the shape o the spectrum above 300 nm, and the visible VE band at
about 320 nm becomes a shoulder, in closer agreement with experiment. The
differences between AH|FC and AH|FCHT are mild, but the slope of the lower-
energy wing is too low for the latter, which is due to an overestimation of the
intensity of the first transition, likely related to an excessive influence from the
neighbor states. This effect is less obvious in ECD because of the changes in the
relative transition dipoles orientation which compensate the gain in intensity.
Focusing now on the ECD spectra, the band at 310 nm is more clearly separated
from the intense peak at about 280 nm, in line with experiment, but it remains
still significantly underestimated in terms of relative intensity. For the first large
band between 340 and 420 nm, VG|FC shows a relative intensity closer to the
experimental band, compared to both AH and VE. Since the transitions involved
in the 340-380 nm region should be at the same level (VG|FC) also for AH,this
improvement is due to the counterweight of the large negative band from the first
transition. The low-intensity negative band observed in the AH computation is
partially compensated by the large positive neighboring band, resulting in a flat
region between 410 and 450 nm, without any negative feature, in agreement with
experiment. The flatter FCHT band gives a lower contribution at 360 nm, which
is thus slightly higher than the FC counterpart. Still both vibronic methods give
a significantly less intense first band than VE.

As a result, for the current family of systems, the hybrid vibronic-electronic
scheme is very appealing in terms of accuracy, with the transition corresponding
to the first electronic state in the vertical region being better described at the
AH level. While Herzberg—Teller effects can be sometimes significant, here they
are small, due primarily to the large broadening used, which causes a dilution
of the small transitions. Moreover, the intensity borrowing highlighted in the
OPA spectra suggests that the HT terms should be added with special care

in the present context. For these reasons, the hybrid scheme chosen for the
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larger systems will be AH|FC for the first excited electronic state, VG|FC for
the transitions to the successive states covering the first bands (up to about

300 nm), and finally purely electronic transitions for higher energies.
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Figure 10: Simulated OPA and ECD spectra of KA, compared to experiment. All the spectra
were normalized with respect to the highest band. The purely electronic transitions (VE)
were computed at the BSPW91/LANL2DZ/SNSD level, like the data for the vibronic models
AH|FC and AH|FCHT. For VG|FC, all the data were computed at the same level, except the
energy gradients, generated at the BSAPW91/LANL2DZ/6-31G(d,p) level (see text for details).
Purely electronic transitions were broadened by means of Gaussian distribution functions with

HWHMs=1200 cm ™!, while HWHMs of 1000 cm~! were used for the vibronic models.

The protocol developed for KA was applied directly to KC and KD, tun-
ing only the thresholds, i.e., the number of excited states treated at each level.
Interestingly, for both KC and KD, a crossing occurs during the optimization
step between the first two electronic states, which was not observed for KA.
For consistency with KA, the first excited singlet obtained by full geometry op-
timization was selected, which actually corresponds to Sy at the ground-state
equilibrium geometry, as confirmed by the analysis of the orbital transitions.
Using this numbering, the transitions to the first 19 excited states for KC and
18 for KD were computed at the VG|FC level, except for the second one, com-
puted at the AH|FC level. The other transitions up to Sso were treated at the
VE level. The final hybrid spectra were shifted by -24 nm for KC and -30 nm for
KD. The OPA and ECD spectra are reported in Figure In analogy with KA,
the spectra were normalized with respect to the most intense experimental band

in order to compare the band-shapes, whereas the non-normalized spectra are
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reported in Figure S7 of the Supplementary material. In the-low energy region
(above 350 nm) of the OPA spectrum, vibronic effects reinforce the contribu-
tion of the first transitions for both systems, thus providing less steep curves,
whose shape resembles more closely the experimental counterpart. For ECD,
the purely electronic spectra show already a good qualitative agreement with
experiment and, in particular, a reproduction of the right sign pattern between
300 and 450 nm. The impact of the inclusion of vibronic effects is here more
subtle, with a slight red-shift of the first-band maximum closer to experiment,
but a small overestimation of its intensity for both systems. For KC, vibronic
effects smoothen the spectrum profile in the region including the two compo-
nents of the large positive band between 300 and 380 nm, but at the price of
an overestimation of the red-wing intensity. Conversely, in KD, vibronic effects
lead to the appearance of two distinct peaks in the 280-320 nm region, in agree-
ment with experiment. The band at 340 nm remains too narrow and intense. In
conclusion, the results confirm the importance of vibronic effects for the reliable
reproduction of spectral shapes. Higher levels of theory, combined with larger
basis sets could potentially improve slightly the results, but with a dramatic
increase of the overall computational cost.

These results give us a good level of confidence to tackle the problem of the
T1 — Sp phosphorescence spectra of KC and KD. Proper computation of inten-
sities for circularly polarized phosphorescence (CPP) spectra requires additional
elements in the definition of the Hamiltonian, with the inclusion of relativistic
effects, which are not readily available in standard electronic structure calcula-
tions. Several programs have been tested to this end, with only partial success.
In particular, the latest revision of the ORCA packageﬂ cannot provide the sign
of the rotatory strength, the standalone ReSpect prograrrﬂ failed to produce

LORCA 4.2.1 at the time of writing (Dec. 2020), see https://orcaforum.kofo.mpg.de/

viewtopic.php?f=26&t=5336
“ReSpect 5.1.0 at the time of writing (Dec. 2020), see http://www.respectprogram.org/

program.html
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Figure 11: Simulated OPA and ECD spectra of KC (upper panels) and KD (lower panels),
compared to experiment. All the spectra were normalized with respect to the highest band.
The purely electronic transitions (VE) were computed at the B3PW91/LANL2DZ/SNSD
level and the same applies to the vibronic models AH|FC and AH|FCHT. For the VG|FC
model, all the data were computed at the same level, with the exception of energy gradi-
ents, which were evaluated at the BSPW91/LANL2DZ/6-31G(d,p) level (see text for details).
Purely electronic transitions were broadened by means of Gaussian distribution functions with

HWHMs=1200 cm ™!, while HWHMs of 1000 cm~! were used for the vibronic models.

any usable result and the Dalton programﬂ supports only the B3LYP functional
for CPP calculations. As a consequence, the quality of B3LYP was first assessed
looking at the S; < Sy transition on the systems of interest to check that it
could at least reproduce the sign of the transition. The rotatory strengths for
the first transition of KA, KC and KD are given in Table S4 in the Supplemen-
tary material. For all the systems, the sign of the ECD spectra are coherent

with those computed at the B3PW91 level using GAUSSIAN16, though the rela-

3Dalton2020 at the time of writing (Dec. 2020), see https://gitlab.com/dalton/dalton/

tree/release/2020
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tive intensities are different. However, for what concerns the CPP spectra, the
sign is correctly predicted for KA and KC, but not for KD. Since at the FC
level, the transition moments are assumed constant, they act as simple scaling
factors of the overall band-shape intensity, so that unitary transition moments
can be use instead to evaluate vibronic effects on the band-shape. Let us start
with the one-photon phosphorescence (OPP) spectra, which are better resolved
experimentally to use as reference. The vibronic AH|FC band-shape is reported
in Figure and matches well the experimental results, confirming that the
inclusion of vibrational effects is necessary to reach a satisfactory agreement.
The two major bands in the spectra are well reproduced both in their position
and relative intensity, and the shoulder at 630 nm is present, even if more pro-
nounced in the theoretical spectra. At this level, we see a strong contribution
from the 0-0 transition in the first peak with the contribution of modes 39 and
7:0, the first being characterized by Ir---N stretchings, as well as stretchings
and bendings delocalized on all the ligands, while the latter is mostly localized
on the two dfppy ligands. However, the most intense peak in the spectrum at
~565 nm is characterized by the vibronic contributions of modes 190 and 2?8,
both of them being entirely localized on the helicene fragment of KB ligand (see
Figure S8 in SI). These observations confirmed the crucial role played by the
helicene in the phosphorescence process as also suggested by the electron density
difference between the T7 and Sy states (see Figure S9 in Supplementary mate-
rial). Overall, a number of paths for improving the results can be considered.
First, more robust and user-friendly implementations would strongly help the
generalization of such calculations. Second, the proper inclusion of Herzberg—
Teller effects is not yet possible to the best of our knowledge, even if our code
is already able to handle it. Analytic first derivatives have been proposed for
the perturbative description of the relativistic effects,[? | but they do not seem
available in standard quantum chemical packages. Conversely, the variational
formulation provides a more robust path, but the derivation is less straight-
forward, and it has not yet been fully developed. Numerical differentiation is

impractical in both cases because of the problem of the phase.
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Figure 12: Simulated one photon phosphorescence (OPP) spectra of KC (upper panels)
and KD (lower panels), compared to experiment. All the spectra were normalized with re-
spect to the highest band. The purely electronic transitions (VE) were computed at the
B3PW91/LANL2DZ/SNSD level and a shift of 22 nm was applied. HWHMs of 200 cm~?!

were used for the vibronic model.

4.4. At the origin of the iridium complex/helicene interaction: Transition Cur-

rent Density

As for the parent KA system, the first transition for both KC and KD has
mainly a metal-to-ligand character with a major HOMO to LUMO+1 contri-
bution (see Table S3 in the Supplementary material for the description of the
transitions in terms of molecular orbitals (MOs) and Figure S2 for a representa-
tion of Ap). As previously suggested,[? | a strong interaction exists between the
m-helical-carbene moiety and the iridium atom. Although minor, the analysis of
the frontiers molecular orbitals (see Figure S10 in the Supplementary material)
highlights the involvement of the helicene fragment in the transition. Indeed,
though similar in their nature (see Figure S2 and Table S3 in the Supplemen-
tary material), the rotational strengths of the first transition are quite different.
If we compare the rotational strengths (RS) of the unperturbed KA prototype
molecule (-62.4-107° esu?cm?) and the ones of KC and KD, we find that it is
almost doubled in KC (-105.5-107%% esu?cm?) and halved in KD (-28.4-10~40

esu?cm?) testifying a matching and miss-matching interaction between the two
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chiral cores of the complexes. With the aim of better investigating the in-
teraction between the two chiral centers within the system, we looked at the
electronic transition current density (ETCD).[? 7 ? | ETCD is a vector field,
which represents the paths connecting two different probability densities and its
integral is associated with the velocity form of the electric dipole transition mo-
ments. The visualization of the vector field and the identification of linear and
curved patterns in the charge flow occurring upon excitation allows to relate
them to the electric and magnetic dipole transition moments, respectively, a
possibility recently applied successfully to the investigation of chiral signatures
in electronic spectra of medium-large inorganic systems.[? ] It is worth noting
that all the required quantities to compute the ECTD are readily available from
the calculation requested for the vibronic calculations, making its computation
inexpensive.

In the left panels of Figure the ETCD vector fields of KC and KD are
represented by means of “streamtube” objects. For both systems, an intense
circulation of charge is observed around the metal center.[? ] Although less
intense than the field surrounding the Ir atom, it is possible to observe linear
patterns of charge flowing from the metal atom to the two dfppy ligands, where
they cross the conjugated systems. This phenomenon is likely the source of
the electric dipole transition moments. In order to highlight the small con-
tributions of the helicene fragment to the ETCD, we attempted to partition
the ETCD contribution over different molecular fragments. Since KC and KD
are substantially the KA complex where the carbene ligand is replaced by a
carbene-helicene ligand, a natural partition scheme would be to separate the
KA fragment and the helicene (See Figure S11 in the Supplementary material
for a visual representation of the fragments).

As recently proposed by some of us,[? ] the vector field partition was ac-
complished by using the quantum theory of atoms in molecules[? | to partition
the total space, according to the topology of the initial-state electron density,
into atomic basins, which were then combined to obtain the subspace of each

fragment. In the central panels of Figure “Hedgehog” representations of the
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ETCD in which the helicene contribution (depicted in red shades) was magni-
fied by 20 times, are reported. Aside from the prevalent charge flow connecting
the metal to the two dfppy ligands (in blue shades), only small regions of cir-
culation of charge are observable on the helicene fragments. In Figures S11
and S12 in the Supplementary material, the contribution of each fragment to
the dipole strength (DS) and the RS are represented graphically. Two different
partitions were attempted, favoring the KA or KB fragments, respectively. For
both system, the major contribution, which determines the sign of the first ECD
band is related to the iridium fragment, while the direct impact of the helicene
on the RS is marginal, independently of the representation chosen. However,
the cross-terms, which represent the couplings of the transition dipole moments
localized on different fragments, are non-negligible. For KC, they enhance the
strength of the signal, while for KD, they are opposite, resulting in a reduction
of the transition intensity.

In order to overcome the problem of visualizing contributions to the vector
field with different orders of magnitudes, an alternative representation is used in
the right panels of Figure [[3] An effective rotatory strength, R™, is built from
the scalar product between the electronic transition moment of the magnetic
dipole at each point of a 3D grid and the total electric transition dipole moment,
both quantities being computed from the ETCD vector field.[? 7 | Integration
of this scalar field over all space yields the ECD intensity. This representation
shows the spatial dependence of magnetic component of the rotatory strength,
with red isosurfaces denoting negative contributions to RS and the blue ones
positive contributions. This latter representation clearly depicts the interaction
between the two chiral centers in the molecule with the P configuration of the
helicene which concur to the negative sign of the transition, therefore allowing
the emergence of the first negative band in the ECD spectrum of KC. On the
other hand, the M configuration going in an opposite direction with respect to
the contribution of the A configuration at the metal sensibly reduces the inten-
sity of the first transition which is therefore hidden by the transitions at higher

energy with positive signs. A complementary representation (R*), reported in
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Figure 13: In the left panels, the the ETCD (J4ec vector fields are represented by mean
of streamtube objects. In the central panels, the ETCDs have been partitioned between
the Ir block and helicene contributions, with the helicene field being magnified 20 times.
The resulting fields are displayed using the “Hedgehog” representation. In the right panels,
isosurface representations of the point-by-point value of the rotatory strength (R™ scalar
field) are displayed. Red lobes correspond to negative contributions to the rotatory strength,

blue for the positive ones.

Supplementary material (Figure S13, can be obtained by projecting the point-
by-point transition electric dipole moment on the total magnetic one, which
provides information on the spatial dependence of the electronic components of
the rotatory strength. Concerning the helicene fragment, the “R* representa-
tion” reveals contributions similar to “R™”, confirming the strong interaction

between the helicene-carbene conjugate system and the [Ir(dfppy)s] fragment.

5. Conclusions

Thanks to ongoing efforts in different groups, the route has been paved for

the routine computation of vibronic spectra for a growing number of systems of
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increasing size and complexity. On these grounds, the main aim of this contri-
bution was the presentation and application of novel effective quantum chemical
tools going beyond the standard practice of simulating chiroptical spectra by
a collection of vertical electronic transitions modulated by phenomenological
shape functions.

For purposes of illustration, we have developed and validated a computa-
tional protocol for the simulation of OPA and ECD spectra of a family of Ir
complexes, starting from the benchmark of density functionals and basis sets
for a prototypical molecule to the simulation of the vibronic spectra of more
complex systems involving tens of elementary electronic transitions. This pro-
tocol paves also the way to the study of chiral and non-chiral phosphorescence
spectra, where the band-shape can be closely matched by vibronic calculations.

Concerning vibronic effects, after tuning different parameters in order to
achieve a reliable yet effective description of the spectral shapes, we have finally
reached the following conclusions: (i) curvilinear coordinates play a crucial role
in decoupling the vibrational modes, thus allowing an improved representation
of the structural changes induced by electronic transitions. Clever selection
of generalized internal coordinates offers thus a clear advantage over custom-
ary Cartesian coordinates; (ii) different strategies can be followed in different
regions of the spectra according to the density of the transitions and then com-
bined to obtain the final spectrum. Starting from the most refined adiabatic
models for well-resolved or isolated bands, one can shift to vertical approaches
for reproducing the envelope of more closely-spaced electronic transitions and
then to a pure electronic description of the high-energy portion of the spectrum,
where the density of the transitions justifies the use of phenomenological band-
shape functions. A further reduction of the computational cost can be achieved
by a hybrid scheme coupling excited-state gradients computed at a relatively
low level of theory with transition energies, transition moments and ground-
state force constants computed at a higher level. Purposely tailored graphical
representations, like electronic transition current density, which shows the local

contributions to the electric and magnetic transition dipole moments, can be

35



770

775

780

785

790

profitably used to investigate the interaction between the two chiral centers,
identifying the regions giving the largest contributions to the main features and
the intensity of the first band.

Even pending further developments in several aspects of the proposed com-
putational strategy (e.g., improved functionals, explicit solute-solvent interac-
tions, more effective treatment of spin-orbit coupling derivatives, automatic
definition of internal coordinates) we think that the present study convincingly
shows that we already dispose of a quite general, robust and user-friendly tool
for accompanying the experimental spectroscopic investigation of large systems

of current scientific and technological interest.
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