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Abstract

Hexahelicene is a prototype of an extended m-conjugated system with axial chirality. Its absorption (ABS) and
electronic circular dichroism spectra (ECD) show vibronic features and strong nonadiabatic effects, challenging
currently available computational methods. Here we compute the nonadiabatic ABS and ECD vibronic spectra of
hexahelicene in the full energy range, covering ~ 2 eV and 14-18 coupled electronic states, including all the relevant
nuclear coordinates. To this end we exploit a recently-proposed protocol that uses time-dependent density functional
theory to parametrize Linear Vibronic Coupling models comprising several electronic states. Spectra are computed
through quantum dynamical propagations with multiconfigurational time-dependent Hartree methods. Our results
nicely reproduce the experimental spectra providing an assignment of the main observed bands. On the contrary,
we document that application of Herzberg-Teller intensity-borrowing theory leads to large artefacts. The proposed
approach is of general applicability for rigid systems and represents a viable tool for studying the photophysical
properties of m-conjugated systems characterized by a dense manifold of interacting electronic states.



1 Introduction

Photophysical properties of molecules with extended
m-conjugation are of paramount importance in ma-
terial science. These systems are usually character-
ized by a dense manifold of electronic states so that
significant inter-state couplings, mediated by vibra-
tional modes, are expected. The calculation of the
lineshape of molecular electronic spectra has known
great progress in the last decades, and nowadays effec-
tive time-independent ¢ (TI) and time-dependent "2
(TD) vibronic approaches are available. However they
are "adiabatic”, in the sense that they assume inter-
state couplings are negligible or very weak. Therefore
they are not suitable in principle to deal with molecules
with dense manifolds of states. This contribution shows
that, if a m-conjugated system is rigid, a proper com-
putation of its nonadiabatic vibronic spectrum is now
at hand through wavepacket quantum dynamical (QD)
propagations on coupled diabatic potential energy sur-
faces (PES). This result is achieved combining the im-
pressive progresses in the multiconfigurational time-
dependent Hartree method (MCTDH), 314 and its mul-
tilayer extension,'® 17 with an effective and automatic
method we have recently proposed'® for the generation
of linear vibronic coupling (LVC) models for several ex-
cited states. 920 It exploits a maximum-overlap diabati-
zation technique and parametrize the LVC with respect
to time-dependent density functional theory (TD-DFT)
calculations. '8

Helicenes are polycyclic aromatic compounds, in
which benzenes or other aromatics are ortho-fused to
impart a chiral helical structure.2?2 They are the
prototype of systems with axial chirality and are ac-
tively explored as building blocks for new materials with
unprecedented chiroptical properties.?32* Theoretical
models and computational methods have proven to be
very helpful in the interpretation of the chiroptic prop-
erties of both single molecules,?>2% and supramolecu-
lar aggregates, thanks to the efforts born with the well
know exciton chirality method. 2”2 However, the com-
putation of the vibronic spectra of helicenes still con-
stitute a challenge. In fact even a member of the series
with moderate length like hexahelicene, made up by 6
fused benzenes ([6]helicene), exhibits an electronic spec-
trum covering ~ 2 eV with contributions (depending
on the electronic method) from 14 up to 18 electronic
states. Due to their average spacing (< 0.15 eV) a sin-
gle quantum on a collective C-C stretching vibrational
mode, like those typically activated during electronic ex-
citation, is expected to create resonances and therefore
mixing of vibronic states.

Here we show that a LVC model parametrized with
respect to TD-DFT, in combination with ML-MCTDH
propagations including all relevant normal coordinates,
allows to reproduce the experimental absorption (ABS)
and Electronic Circular Dichroism (ECD) spectra of
[6]helicene in the full frequency range, and a confident
assignment of the main bands. At the same time we doc-

ument that adiabatic vibronic approaches fail to repro-
duce several features of the spectra. In particular, ap-
plication of Herzberg and Teller (HT)?° approach, rou-
tinely adopted to describe intensity-borrowing of weak
bands due to the coupling with strong transitions, can-
not explain the existence of some bands and, what is
worse, introduces large artefacts on the intensities of
the spectra. Both problems are intrinsically due to
the limitations of HT perturbative approach. Similar
problems of adiabatic methods have been encountered
recently for other achiral! and chiral structures with
large m-systems, 3233 and are actually expected to be
quite general for systems with extended m-conjugation.

2 Methods

2.1 Theory

We consider a set of coupled electronic diabatic states d;
and a LVC Hamiltonian in the dimensionless normal co-
ordinates q (and associated momenta p) of the ground
state (g),

H o= 3 (K4 Vi) )
+ > vige(a) (1) (a5l + 1)) (@l ) (1)

1,5>1

The kinetic (K') and potential (V') terms are
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where € is the diagonal matrix of the vibrational fre-
quencies of state g. E? is the ith excited-state energy
at the g equilibrium geometry, A;; is the energy gradi-
ent of state ¢ and accounts for a shift of the equilibrium
position and A;; is the gradient of the inter-state cou-
pling V;4“(q). Therefore V9“(q), the PES of diabatic
state i, is a quadratic function of q that shares the same
normal modes and frequencies of g and the inter-state
couplings V;4(q) are linear functions of q.

In a TD framework the ABS ¢(w) and ECD A¢(w)
spectra (at 0 Kelvin) can be written as
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where C. and Ca. collect physical constants specified in
the SI and we introduced a quadratic damping ruled
by a parameter I', corresponding to a Gaussian broad-
ening in the frequency domain. p,; = (g|p|d;) and
my; = Im[(g|m|d,)], are respectively the so called elec-
tric and magnetic transition dipole moments, and 0 is
the ground-vibrational state of the ground electronic
state (whose energy is set to 0). Practically, in order
to perform the calculations, we propagate in time un-
der the effect of the LVC Hamiltonian each doorway
state |d;; 0) obtained by a vertical excitation to state j.
This allows us to compute the auto- (¢ = j) and cross-
(i # j) correlation functions in the integrals in Eqgs.
5 and 6. The latter functions are then summed with
weights equal to the corresponding scalar products of
the electric transition dipoles (ABS), or of the electric
and magnetic transition dipoles (ECD). As a last step,
the vibronic spectra are obtained by Fourier transform.
These spectra are "nonadiabatic”, in the sense that they
explicitly account for inter-state couplings which affect
both the diagonal contributions (e;(w) and Ae;;(w))
and the off-diagonal ones (¢;;(w) and A¢;;(w)). In the
SI we connect Egs 5 and 6 to the more popular TT sum-
over-states expressions.

LVC can be viewed as a generalization of the adia-
batic approach known as Vertical Gradient (VG).3* Like
LVC, VG assumes that excited-states normal modes and
frequencies are equal to those of the ground state but it
neglects inter-state couplings. In LVC model we use di-
abatic states, defined so to be ideally independent of the
nuclear coordinates; therefore the vectors p;, and mg
can be considered constant, an approximation known
as Condon or Franck-Condon (FC). On the contrary,
adiabatic states change with coordinates and the de-
pendence on g of transition dipoles can be expressed
with a Taylor expansion:
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Accounting only for the constant term, computed at
the FC position, qugC and mfgc, leads to the model
known as FC|VG, while considering also the linear terms
one uses the so called HT approximation;C spectra that
sum the FC and HT terms will be named FCHT|VG.

Obtaining the adiabatic states by diagonalization of
the LVC Hamiltonian matrix, one can show that the en-
ergy gradients of the adiabatic states of the VG model
and the energy-gradients of the LVC diabatic PES Vj;
coincide. Moreover, first-derivatives of the adiabatic
transition dipoles are easily obtained.3®

This procedure reflects the fact that the linear depen-

dence on q of the transition dipoles arises from the ex-
istence of the inter-state couplings (see SI). Such a con-
nection was exploited by HT, who proposed to use these
linear terms to introduce the intensity-borrowing effect
due to inter-state couplings in ”adiabatic” approaches.

Egs. 5 and 6 hold of course also for FC|VG and
FCHT|VG models, but in this case d shall be inter-
preted as adiabatic states. It is readily seen that since
VG model neglects inter-state couplings, FC|VG and
FCHT|VG spectra can be computed as the sum of the
independent contributions of each adiabatic state. In
particular only auto-correlation functions are different
from zero and, since they describe the wavepacket mo-
tion on harmonic PES they can be computed analyti-
cally. 712

The calculation of the spectra can be further simpli-
fied by totally neglecting the effect of vibrational mo-
tion, i.e. setting the correlation functions in Egs. 5 and
6 to 1. In that case we obtain what is usually known as a
purely-electronic spectrum where any vibronic informa-
tion is lost and the contribution of each electronic state ¢
is simply a Gaussian whose integral for ABS and ECD is
proportional respectively to the dipole (DgFiC = |u5ic\2)
or rotatory (Rgic = mficugc) strength.

Analytical expressions for the total intensities can be
straightforwardly obtained considering ABS and ECD
lineshapes, €(w)/w and Ae(w)/w, neglecting the prefac-
tors C. and Ca, and integrating over the frequency.
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Since in the LVC case the electronic transition dipoles
are independent of the coordinates, they can be taken
out of the brackets and we simply obtain
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This means that for absorption (ECD), total inten-
sities are equal respectively to the sum of the dipole
(rotatory) strengths D;’;C (Rgic) from the ground state
g to all the considered excited states 7. This is clearly
the same result one would obtain for a purely-electronic
calculation. For an adiabatic FC|VG calculation, the
electronic transition dipoles are taken to be equal only
to the constant term in the rhs of Egs. 7 and 8.

Therefore, also in this case we have
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On the contrary, for an adiabatic FCHT calculation
both the terms in the rhs of Eqs. 7 and 8 must be
considered. The integrals can be quickly evaluated in
second quantization g, = 1/v/2(as + a) obtaining
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Therefore at FCHT level the total intensities are not
equal to the FC and LVC cases, since each state con-
tributes with two terms: the FC one and a second one
(HT) which depends on the transition dipoles deriva-
tive. Notice that for absorption the HT terms is always

positive, therefore I{SHT > 15S.

2.2 Computational Details

Here we report calculations in gas-phase with TD-DFT,
adopting mainly the M06-2X functional in combination
with the 6-31G(d) basis set. Convergence tests were
performed with the more extended 6-311+G(2d,2p) ba-
sis set, and some spectra have been computed also
with B3LYP and CAM-B3LYP functionals including
Grimme’s dispersion corrections with Becke-Johnson
damping (GD3BJ).2¢ In the literature, accurate cou-
pled cluster methods have also been employed at
pure-electronic level for [6]helicene with very good re-
sults,3” however the computational cost would make
the parametrization of the LVC Hamiltonian unfeasi-
ble. All electronic calculations were run with Gaus-
sian 16.%® The LVC Hamiltonian was parametrized on
the grounds of a maximum-overlap diabatization, with
a house made code, available upon request, interfaced
with Gaussian package.!'® Details on the diabatization
protocol are given in Section S1 of the SI. In practice, in
a first step, adiabatic states at the ground state equilib-
rium geometry are computed and taken as a reference
to define the diabatic states. Then, the molecular struc-
ture is displaced along all normal modes, and at each
new geometry diabatic states are defined as the rotation
of the adiabatic states that resemble as much as possi-
ble the reference states. Therefore, as far as electronic
computations are concerned, the cost is equivalent to
the one for the calculation of numerical gradients for all

the involved states, plus the computation of the over-
laps between transition densities at displaced geometries
(performed by our code). Once obtained the LVC pa-
rameters, MCTDH and ML-MCTDH wavepacket prop-
agations were run with the Quantics code, 340 with the
specific settings described in the SI. We included the 14
(18 for BBLYP) lowest-energy diabatic states and all the
normal coordinates « (63 out of 120, 65 for B3LYP) for
which the absolute value of any of the A;;(a) coupling
constants is larger than 0.02 eV. Increasing the thresh-
old to 0.03 eV reduces the number of normal modes to
40 (CAM-B3LYP) without appreciable changes in the
spectra (see Sction S3.2 of the SI). The normal coordi-
nates were combined as shown in the ML-MCTDH tree
in Figures S4, S8 and S9 for M06-2X, CAM-B3LYP and
B3LYP parametrizations, respectively. To improve the
reproduction of the weak bands in the 3.0-3.3 eV region
discussed in Section 3.2.3, the number of single parti-
cle and primitive functions was increased as reported
in Figure S7. Convergence of the spectra was checked
with respect to the number of coordinates, single par-
ticle functions and the dimension of the primitive basis
set in Section S3.2 of the SI. FC|VG and FCHT|VG
adiabatic spectra (including the effect of all the 120
vibrational coordinates) have been computed with our
code FCclasses 3.0,! from analytical TD correlation
functions, '2 or with effective TI pre-screening methods
which make easier the assignments in terms of vibra-
tional quantum numbers. 34

3 Results and Discussion

3.1 Electronic Spectra

Figure 1 compares purely-electronic ABS and ECD
spectra of (M)-[6]helicene with experiments in chlo-
roform.*? Computations were performed in gas phase
for the first 20 states with the 6-31G(d) and 6-
311+G(2d,2p) basis sets (see Table S1 for details). The
shape of the spectra with the two bases is similar, in
particular up to 4.5 eV (exp. values). Since electronic
spectra miss vibronic details, which are however ob-
served in the experiment, it is not possible to estab-
lish a one-to-one correspondence between computed and
experimental peaks and so estimate an "error” in the
computed vertical excitations. In Figure 1 we approx-
imately matched the computed lowest-energy strong
ABS peak (due to state S3) with the two experimental
peaks at 3.9-4.0 eV. This suggests a blue-shift of 0.30
and 0.20 eV for the calculations with 6-31G(d) and 6-
3114-G(2d,2p), respectively. Figure 1 also suggests that
the error is larger by an additional ~0.2-0.25 eV for the
bands above 4.5 eV. In any case the first 14 electronic
states appear sufficient to simulate the energy range
covered by experiments. Notice that the experimental
band at ~3.5-3.6 €V is missing in the computations and
that, on the other hand, the computed ECD band at
4.20 eV in Figure 1, due to state S6, seems not to have
an experimental counterpart. As discussed later, the ex-
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Figure 1: ABS (top) and ECD (bottom) spectra of (M)-
[6]helicene calculated at pure-electronic level with MO062X/6-
31G(d) and M062X/6-311+G(2d,2p), shifted and scaled as shown
in the legends, are compared to experiment. All stick transitions
were convoluted with a Gaussian with HWHM = 0.15 eV. Notice
that the intensity of S2 stick bands has been amplified to make
them visible.

perimental spectra exhibit also an extremely weak pro-
gression of bands with an onset at 3.0 eV, which arises
from the contribution of S1 and cannot be appreciated
with the scale of Figure 1. Their intensities are better
reproduced with the 6-3114+G(2d,2p) basis set.

Therefore in the following we report vibronic calcu-
lations for the first 14 states on the grounds of PES
parametrized with the more convenient 6-31G(d) ba-
sis set, but we correct the transition dipoles with the
6-311+G(2d,2p) basis set. For comparison, results ob-
tained with the 6-31G(d) transition dipoles are given in
Figure S2 of the SI.

3.2 Vibronic Spectra

We start analysing the performance of the adiabatic
FC|VG approach. Sketches of the most relevant nor-
mal modes for the following analysis are given in Figure
S13 of the SI. The two central panels of Figure 2 com-
pares FC|VG spectra with experiment for ABS (panel
b) and ECD (panel ¢). Panels a (ABS) and d (ECD) of
the same Figure reports the contribution of each of the
14 electronic states with the assignments of the main
bands. Interestingly, besides the contribution of low-
frequency modes which only introduce a broadening, the
vibronic structure of most of these spectra is similar and
essentially due to a progression along mode v85, a to-
tally symmetric ring deformation with frequency ~1400
ecm~!. Up to 4.5 eV, FC|VG remarkably improves over
the purely-electronic results in Figure 1. The error on
the position is reduced from ~ 0.3 to ~ 0.21 eV, and
the modulation of the experimental ABS intensity be-
tween 3.8 and 4.0 eV is now explained by a vibronic
progression along mode v85 on state S3. Furthermore,
it emerges that the spurious ECD band at 4.2 eV, was
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Figure 2: Comparison of (M)-[6]helicene experimental ABS (b)
and ECD (c) spectra with the predictions of FC|VG, FCHT|VG
and LVC (including 63 coordinates and only the auto-correlation
terms in Eqs.5,6). Calculated spectra were redshifted by 0.2 eV
and scaled by a factor of 0.7. All stick transitions were convo-
luted with a Gaussian of HWHM = 0.05 eV. Panels (a) and (d)
show the FC|VG contribution of each state and the vibronic stick
transitions for ABS and ECD, respectively; S1 and S2 intensity
were increased by a factor of 200. Assignments m'™ in terms of
modes m and quanta n are given in panel (a) for the most intense
vibronic transitions.

not due to an inaccuracy in the electronic calculations.
In fact, once vibronic contributions are included, the
band is erased by the compensation between the bands
of S3 and S6 (see panel d). Despite these improve-
ments, FC|VG calculations cannot explain the exper-
imental band at ~3.5-3.6 eV.

We then apply the LVC model in combination with
ML-MCTDH propagations. In Figure S17 of the SI we
show that the contribution of off-diagonal terms in Egs.
5 and 6 (i # j) is very small so it will be neglected in
the following. Figure 2b and 2¢ show that LVC suc-
cessfully reproduce the missing ABS and ECD band at
~3.5-3.6 eV. Its origin is investigated below. As far as
the other portions of the spectrum are concerned, LVC
significantly improves over FC|VG up to < 4.5 eV, since



Table 1: If:gs, Ifgs, Iig?T absorption intensities (in atomic

units) for S2, S3 and S10-S13 excited states.

ABS Inteunsity (a.u.)

State Taps 1ips Taps
S2(A) 0.0l 331  3.32
S3(B) 370 007 377
Total Intensity 3.71  3.38 7.09
ST10(A) 145 237  3.82
S11(B) 046 456  5.02
S12(A) 298 646  9.44
S13(B) 3.42 8.75 11.52

Total Intensity 7.66 22.14  29.80

it better reproduces the smoothing of the vibronic struc-
tures observed in the experiment. The comparison at
energies > 4.5 eV is postponed to Section 3.3.

3.2.1 Failure of the FCHT approximation
above 3.5 eV

As we discussed above, intensity-borrowing due to inter-
state couplings can be, in principle, described also
with the adiabatic FCHT|VG approach. FCHT|VG
has been very successful and its application is straight-
forward.*? 1! Focusing on ECD, FCHT approximation
has been able to reproduce and explain weak bisignated
ECD spectra of single electronic states, sometimes de-
scribed as ”forbidden-character” of ECD. 43747

However, for [6]helicene Figure 2b and 2c document a
spectacular failure of the FCHT|VG approach for both
ABS and ECD spectra. On one side FCHT|VG is not
able to reproduce the band at ~3.5-3.6 eV, correctly
described by LVC, on the other side it predicts spectra
very similar to the FC|VG in shape but by far more
intense, remarkably worsening the agreement with ex-
periments. Notice, in fact, the breaks along the y axis
in the central panels of Figure 2 (full-range figures are
given in Figure S16). Both problems are intrinsically
connected with the perturbative HT approach. On one
side, in VG model vibrational states and energies are
assumed to not be affected by the inter-state couplings.
On the other side, there is a fundamental problem with
the intensity predicted by FCHT.

As we showed in Egs. 13-16, the equivalent of FC and
LVC total intensities indicate that inter-state couplings
can redistribute the intensity of the spectrum lineshape
but do not alter its integral. On the contrary, FCHT
predicts that the total intensity of the spectrum devi-
ates from the FC case and depends on the derivatives
of the transition dipoles with respect to the normal co-
ordinates.

The issue with the intensity is better explained fo-
cusing on ABS because, as noticed above, by construc-
tion T5SHT > T5S,. Table 1 reports the largest val-
ues of I{L which are predicted for states S2 and S10-
S13. Also S3 values are given since S2 acquires intensity
through the coupling with S3. Equivalent data for other
states can be found in Section S3.4 of the SI. The sum

of the TFSHT for $2-S3 and S10-S13 is respectively two
and three times larger than I§Ss. For ECD the prob-
lem is less evident because of the mutual cancellation of
intensities but it clearly exists (Table S4).

Inspection of the contribution of the different normal
modes shows that I mainly originates from 4 normal
modes (v97, v99, v102 and v104, see Table 2). They are
B-symmetry deformations of the carbon backbone with
frequencies in the range 1600-1700 cm~! (0.20-0.21 eV),
and are responsible for the largest inter-state couplings
(Table 3).

It is noteworthy that the largest HT intensities are
found for two bright states S12 and S13. Their transi-
tion dipoles acquire a linear dependence (HT term) be-
cause the two states are coupled. However, when such
HT terms are used in FCHT|VG, the effect is not a
redistribution of the intensities between the two states
(as predicted by LVC), but an overall spurious increase
of the intensity of both states by a factor 3-4. This
formally-wrong prediction usually introduces no prob-
lem when FCHT|VG is applied to very weak transitions,
according to the spirit of the original HT theory. On the
contrary, our results on [6]helicene show that it can in-
troduce large artefacts if it is applied indiscriminately
to weak and strong transitions. This feature strongly
reduces the applicability of HT theory for systems char-
acterized by a dense manifold of coupled states

3.2.2 Assignment of the 3.5-3.6 eV band.

We now turn to analyse the origin of the band at ~3.5-
3.6 eV. It is related to S2, because it disappears if S2
state is removed from the LVC model or if S2/S3 cou-
plings are switched off (Figure S19 of the SI). However,
this band is lower in energy than any S2 vibronic state
(~0.04 eV, by comparing panels (a) and (b) of Figure
2). This new vibronic state combines S2 and S3 contri-
butions, and this is the reason why it can be predicted
by LVC and not by FCHT|VG.

This explanation can be supported in different ways.
First, with a "relaxation” calculation with MCTDH we
can compute the lowest-energy vibronic state and, turn-
ing on or off the inter-state S2/S3 coupling we can inves-
tigate its effect. When the coupling is active, the energy
of the lowest vibronic state is 0.07 eV lower than for the
case it is switched off (Table S5 of the SI). This value
is in line with the gap (~0.04 eV) observed in Figure 2
between the lowest-energy band in the LVC spectrum
(panel b) and lowest LVC band (panel a). The increased
stability of the lowest vibronic state is connected with
the existence of a double-well profile on the second adi-
abatic state due to the S2/S3 coupling (Figure S20 in
the SI). A more direct confirmation can be obtained re-
computing the spectrum in a TI framework, i.e. from
the sum of the contributions of the vibronic eigenstates
of the LVC model. In fact, with this approach each
eigenstate (i.e. each band) can be analysed in terms of
the contributions of the states of the basis set. Unfortu-
nately, a TI calculation is only viable for systems with



Table 2: HT contributions of the most relevant B symmetry vibrational normal modes to the absorption intensities (in atomic units) of
S2 and S10-S13 states. The sum of the contributions of the normal modes here displayed and the total HT intensity (Ifgs) are shown,
together with the fraction of the total that these modes represent.

ABS Intensity (a.u.)

Mode S2(A) S10(A) Si1(B) Si12 (A) S13 (B)
vo7 0.87  0.40 0.36 0.02 0.04
v99 112 0.10 0.30 0.03 0.26
v102 0.20  0.01 0.05 0.73 1.08
v104 0.23  0.34 0.38 2.80 4.02
Sum 242 0.85 1.09 3.58 5.40
Total I4Ls 3.31 2.37 4.56 6.46 8.75
Fraction of I{Ls  0.73 0.36 0.24 0.55 0.62

few degrees of freedom. Therefore, we designed a 3-
states, four-modes reduced model, only considering S1-
S3 and the two normal modes with largest couplings of
each symmetry (v85(A), v88(A), v97(B) and v99(B)).
Results for ABS are shown in Figure 3 and compared
with FC|VG and FCHT|VG predictions for the same re-
duced model (ECD analysis is in Figure S23 of the SI).
The lowest-energy LVC transition is intense for both
ABS and ECD and is responsible for the band at ~3.5-
3.6 eV in the experiment. It is more stable than any S2
level because of its mixed character involving both S2
and S3: it has a contribution 40% from the lowest (0)
S3 level which is coupled to S2 states with 1 quantum
number on the two B modes v97 and v99, i.e. those
modes responsible for the S2/S3 coupling. The peaks
at 3.8 and 4.0 eV also have a mixed nature which deter-
mine their energy: they are made up by S2 states with
an odd number of quanta on the two B modes and few
S3 states, namely 0 and other ones with an even num-
ber of quanta on the B modes. Finally the band at ~4.1
eV includes contributions from progressions along the A
mode v85. Differently from LVC, FC|VG spectrum pre-
dicts a non-vanishing intensity only for S3 vibrational
states; in particular it is made up by the 0 band and
a progression along mode v85. FCHT|VG does include
the effect of S2/S3 coupling. However, since it assumes
that the vibrational states do neither mix nor change
their energy, the result is even worse than for FC|VG.
In fact FCHT|VG predicts a significant enhancement of
the S2 intensity for vibrationally-excited states with 1
quantum on modes v97 or v99. These states fall prac-
tically at the same energy of the S3 progression along

Table 3: Interstate couplings (A;;(c), in eV) between states ¢
and j, S2/S3, S10/S11 and S12/S13 states due to the normal
coordinates (a) with largest transition dipole derivatives. The
total coupling (i.e. the norm of the vector A;;)) for each pair of
states is also given.

Normal Coordinate  S2/S3  S10/S11  S12/S13
vo7 0.121 0.033 0.000
v99 0.182 0.005 -0.002
v102 -0.026  -0.010 -0.026
v104 -0.029 0.020 -0.048

Total Coupling (eV)  0.263 0.066 0.071

v85, resulting in an erroneous and remarkable increase
of the intensity in the region of S3.
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Figure 3: Experimental ABS spectra of (M)-[6]helicene com-
pared with FC|VG (top), LVC (center, auto only) and FCHT|VG
(bottom) predictions for a reduced model with states S1-S3 and
the four normal modes with largest couplings: v85(A), v88(A),
v97(B) and v99(B). Assignments are reported for the most intense
stick transitions in terms of the adiabatic vibronic states. LVC
eigenstates are made up by many contributions and only those
corresponding to the three largest weights (in decreasing order)
are given. Notice the larger y—scale for FCHT|VG, and that
FC|VG S2 spectrum was amplified by a factor of 50. Calculated
spectra were redshifted by 0.28 eV, a value larger than in Fig-
ure 2 to account for the zero point energies of the missing modes,
and scaled by a factor of 0.7. All stick transitions were convoluted
with a wider Gaussian of HWHM=0.07 eV to phenomenologically
account for the missing coordinates.



3.2.3 The onset of the spectrum at ~ 3.0 eV

We now focus on the onset of the experimental spec-
tra at ~3 eV that is too weak to be observed with the
y-scale of the previous figures. This portion of the spec-
trum was already investigated at FCHT level in ref.4®
with CAM-B3LYP/TZVP calculations, concluding that
it is strongly affected by the intensity-borrowing from
higher-energy states. Here we evaluate the performance
of LVC model in this region, comparing LVC, FC|VG
and FCHT|VG spectra in Figure 4. Before entering in
the discussion, we notice that according to our level of
calculation, S1 is too close in energy to S2 and S3. In
fact Figure S25 shows that, according to all vibronic
models, the S1 contribution is overwhelmed by the on-
set of the S2/S3 coupled signal (giving rise to the peak
at 3.5-3.6 €V), which erases the vibronic bands actually
observed in the experiment. Therefore results presented
in Figure 4 have been obtained applying to S1 vertical
excitation a relative red-shift by 0.27 eV with respect
to S2 and S3.

Both FCHT|VG and LVC nicely reproduce the spec-
tra and attribute the main bands to a progression along
mode v85 (and also a weaker one along v88). FC|[VG
performs very poorly (most of all for ECD) confirm-
ing that the spectral shape in this region is dominated
by the effect of inter-state couplings. More in detail,
FCHT|VG provides a perfect agreement for the first two
bands of ABS. However, it predicts a monosignated neg-
ative ECD, while in the experiment the lowest-energy
experimental band is weak but positive. LVC improves
over FCHT|VG by successfully reproducing the bisig-
nated ECD shape, although the computed band at ~
3.0 eV is too broad. One can notice that the LVC ABS
band at ~ 3.20 eV lacks some intensity with respect to
FCHT|VG. In Figure S26 we show that this inaccuracy
is not corrected by including the effect of the cross-terms
in Eq.5; it may be connected to the lack of the contribu-
tion of some weakly-involved modes, considered in VG
(120 modes) but not in LVC (63 modes). However, it
should be noticed that, part of the apparent intensity
of this band in the experiment could actually be due
to the fact that it almost coalesces with the onset of
the S2/S3 coupled band peaked at ~3.5-3.6 eV. In the
computations, this effect is not observed because such
band is narrower and therefore rises at higher energies.
We should further highlight that, by applying a relative
red-shift to Sy (by ~ 0.27 eV), we made an approxima-
tion, which in LVC calculations may have less innocent
implications than in VG model. In fact LVC couplings
and energy gaps are not anymore fully coherent and this
may, in principle, lead to a distortion of the adiabatic
PESs and/or an alteration of the affect of the couplings
on the transition intensities. In summary, it is not easy
to establish which between LVC and FCHT|VG per-
forms better for the relative intensity of the band at ~
3.20 eV.

Computation of the spectrum in this frequency region
with the same three-states four-modes LVC TI model
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Figure 4: FC|VG, FCHT|VG and LVC ABS (top) and ECD
(bottom) spectra of (M)-[6]helicene in the region 2.8-3.6 eV com-
puted with MO062X functional (for LVC, 63Q, 14 states, auto-
correlation terms only). S2 and S3 position was blueshifted by
0.27 eV to correct the error on the excitation energies, and the
overall spectra were redshifted by 0.48 eV, and scaled by a factor
of 0.7. All stick transitions were convoluted with a Gaussian of
HWHM=0.05 eV (0.06 eV for LVC, to include the effect of the
missing coordinates).

adopted for Figure 3 leads to a reasonable agreement
with the experiment (see Figure S24 the SI). Analy-
sis of the S2 and S3 contributions to the lowest two
bands (those at ~ 3.05 and 3.2 eV in Figure 4 indi-
cates that they are minimal < 0.1% (Table S8). The
weak-coupling assumption of the HT theory is there-
fore fulfilled and this explains why in this energy-region
the FCHT approach is successful. We can conclude that
in this energy region FCHT|VG and LVC performs in
a similar way and that at least part of the residual dis-
crepancy of the computed spectral shapes with respect
to the experiment is due to inaccuracies in the computed
energy gaps between the three lowest-energy states.

3.3 Accuracy of the electronic calcula-
tions and LVC models with other
functionals

LVC model allowed us a rather complete description of
the vibronic bands and their different origin, and the
assignment of the experimental bands. Therefore we
can now also use these results to post-analyse the accu-
racy of the adopted M06-2X/6-31G(d) electronic level
of theory. As far as S1 is concerned, as just discussed,
we can conclude that is blue-shifted by ~ 0.48 eV. Fo-
cusing on the other regions of the spectrum, even the
simple electronic spectrum in Figure 1 indicates that
the computational error on the position of bands is dif-
ferent in the regions 3.3-4.4 eV and > 4.4 eV. Since our
LVC computations predict that the main features of the
computed spectra in each of the two regions do not sig-
nificantly depend on the states falling in the other region
(see Figure S27), in Figure 5 we analyse separately the
two different regions. FCHT|VG data are not reported
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Figure 5: Experimental and calculated ABS (top) and ECD
(bottom) spectra of (M)-[6]helicene in the regions (in eV) 3.2-4.4
(a,c), and 4.4-5.6 (b,d). All spectra were computed with M062X
functional (for LVC, 63Q, 14 states, auto-correlation terms only).
The spectra on panels a,c (b,d) were redshifted by 0.21 (0.58) eV,
and scaled by a factor of 0.7. All stick transitions were convoluted
with a Gaussian of HWHM=0.05 eV.

since, as documented above, they exhibit large artefacts.
Figure 5 suggests that at M06-2X/6-31G* level of the-
ory, the computed spectrum it is blue-shifted by ~ 0.21
eV in the region 3.3-4.4 eV and by ~0.58 eV above 4.4
eV.

Panels (b) and (d) of Figure 5 emphasize that also
in the high-energy range the LVC spectral shapes are
in good agreement with the experimental results, and
improve over FC|VG, although only moderately. More
specifically, especially for absorption, LVC bands are
broader and less structured than FC|VG ones being
more similar to the experimental ones. As already dis-
cussed, in the 3.3-4.4 eV range, LVC successfully pre-
dicts three bands at 3.5-3.6, 3.8 and 4.0 eV for both ABS
and ECD, whereas FC|VG completely misses the band
at 3.5-3.6 eV. The most significant inaccuracy of the
LVC predictions concerns the ECD intensity at 4.0 eV,
which is strongly overestimated. This happens because,
in the region ~ 3.6-4.0 eV, LVC predicts very similar
shapes for ABS and ECD (apart from the sign), while
experiments show a remarkable difference for the band
at 4.0 eV. This discrepancy can have many causes, but
surely inaccuracies in the electronic calculations have a
significant impact. The possible effects of the level of
electronic theory are analysed in Figure 6 comparing the
predictions of LVC models parametrized with respect to
MO06-2X (previous Figures), BSLYP/GD3BJ and CAM-
B3LYP/GD3BJ, with the 6-31G(d) basis set. It is note-
worthy that BSLYP/GD3BJ provides spectral shapes in
very good agreement with experiment (perfect for ECD)
in the region 3.7-4.2 eV, and also slightly improves the
predictions in the region 4.4-5.6 eV. However, the band
at ~3.5-3.6 eV appears slightly red-shifted and, most
of all, the sign inversion of the ECD at ~3.0 eV is
not reproduced (Figure S30). As far as the position
of the spectrum is concerned B3LYP/GD3BJ red-shifts

it by ~ 0.3 eV with respect to M062X. Finally, a LVC
parametrized with CAM-B3LYP/GD3BJ delivers spec-
tra very similar to MO6X (Figure 6, considering both the
shape and the position). On the balance these results
confirm that the residual discrepancies with experiment
might derive in large part from inaccuracies of the elec-
tronic calculations.
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Figure 6: Comparison of (M)-[6]helicene ABS (top) and
ECD (bottom) LVC spectra obtained from diabatization of
the excited states calculated at the M062X/6-31G(d) (63Q, 14
states), B3LYP/GD3BJ/6-31G(d) (65Q, 18 states) and CAM-
B3LYP/GD3BJ/6-31G(d) (63Q, 14 states) levels of theory. Com-
puted spectra were shifted (0.2 eV to the red for M062X and
CAM-B3LYP and 0.1 eV to the blue for B3LYP) and scaled by a
factor of 0.7. All stick transitions were convoluted with a Gaus-
sian of HWHM = 0.05 eV.

4 Conclusions

In this contribution we have shown that, thanks to the
effective methodology recently developed to parametrize
LVC models for several coupled states from TD-DFT
calculations, ® and to the capabilities of ML-MCTDH
QD propagations,® it is nowadays possible to get a re-
liable description of the nonadiabatic effects of the ab-
sorption and ECD spectra of [6]helicene in a range of
~ 2 eV, including all the couplings among the lowest
14 electronic states (18 for B3LYP/GD3BJ) and the
contributions of all relevant normal coordinates (>60).
These effects are particularly strong between S2 and
S3, creating a double-well in the lower adiabatic PES



and new vibronic bands, which mix S2 and S3 contri-
butions and cannot be described with perturbative ap-
proaches like HT theory. The proposed computational
protocol is effective enough to represent a feasible root
to describe vibronic effects in the optical and chiropti-
cal properties of more extended helicene-like compounds
and, more in general, of large m-conjugated systems.
Beside its application to steady-state spectroscopy, this
protocol will also help to study the QD of internal con-
versions in these systems (an example is in Figure S31
of the SI). HT theory was originally developed to de-
scribe intensity borrowing of weakly-coupled weak tran-
sitions. Our results clearly document that an indiscrim-
inate use of FCHT approach, extended also to bright
states with strong couplings, can lead to huge artefacts,
such as an unphysical growing of the intensity, mak-
ing the FCHT predictions unreliable. The relevance of
this conclusion goes beyond the specific case of [6]he-
licene, rising a general warning to the use of HT the-
ory to describe vibronic contributions in systems with
many close electronic states. For these systems, non-
perturbative coupled approaches like LVC should be the
method of choice. If simpler adiabatic calculations are
performed for a first qualitative analysis of the spec-
trum, FC approximation should be preferred to FCHT
since, at least, it guarantees the correct reproduction of
the total intensity.

Supporting Information

Theory and computation details. Convergence tests.
Comparison of LVC spectra (setting the couplings to
zero) and FC|VG spectra for each state. Additional
analysis on the S1 and S2-S3 regions of the spectra.
Sketches of the most relevant normal modes. Further
details on the origin of the 3.5-3.6 eV band. Assign-
ment of vibronic states using a time-independent LVC
model. LVC spectra parametrized with different func-
tionals. Example of population dynamics.
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