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1 | INTRODUCTION

Federico Coppola? |

Alessio Petrone®*® | Nadia Regal®*

Abstract

Photo-induced charge transfer (CT) states are pivotal in many technological and
biological processes. A deeper knowledge of such states is mandatory for modeling the
charge migration dynamics. Real-time time-dependent density functional theory (RT-TD-
DFT) electronic dynamics simulations are employed to explicitly observe the electronic
density time-evolution upon photo-excitation. Asymmetrically substituted indenotetra-
cene molecules, given their potential application as n-type semiconductors in organic
photovoltaic materials, are here investigated. Effects of substituents with different
electron-donating characters are analyzed in terms of the overall electronic energy spac-
ing and resulting ultrafast CT dynamics through linear response (LR-)TD-DFT and RT-
TD-DFT based approaches. The combination of the computational techniques here
employed provided direct access to the electronic density reorganization in time and to
its spatial and rational representation in terms of molecular orbital occupation time evo-
lution. Such results can be exploited to design peculiar directional charge dynamics, cru-

cial when photoactive materials are used for light-harvesting applications.
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excitation energies can be not sufficient to the study above, and in fact, in

practise for photo-induced charge-transfer states as well as for modeling

Charge transfer (CT), defined here as the phenomena where a fraction of
charge is transferred between regions of space of the system,* has a cru-
cial role in photosynthesis, biochemistry, and technological applications,
such as generation and storage of electricity, photovoltaic cells, organic
chromophores (i.e., light-emission diodes).2” For these reasons it can be
very useful to study the ultrafast fate of photo-induced states and, more
specifically, the role of different functional groups on the chromophores
on CT dynamics.22 Thus, providing a molecular picture of the ultrafast
(femto-second) dynamics among initial photo-excited states is pivotal for

improving the efficiency of such devices.***¢ The value of the electronic

the dynamics of a transferring electron in real time is required to explicit
observe the electronic density evolving in time via electronic dynamics
(ED) simulations.”?2 Among non-perturbative approaches to mean-field
quantum ED, real-time time-dependent density functional theory (RT-TD-
DFT)*>1720.23-34 has been proven to be very powerful in these regards,
since via real-time methods we can explicitly propagate in time the elec-
tronic density by evolving the time-dependent Schrédinger equation.

In particular, in this article, we focus on the capability of RT-
TD-DFT in describing, simulating and interpreting on the molecular

scale the ultrafast charge recombination, and more in general photo-
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induced charge dynamics of photo-active molecules that have large
potential in organic photovoltaic (OPV) applications. It is, indeed, nec-
essary to acquire a deeper understanding of photo-induced ultrafast CT
dynamics to have full control of the molecular processes underlying
their functioning. OPV cells have several advantages since they are flex-
ible, light, cheap and can be easily used for more adjustable devices.3>”
Their peculiar and electronic properties derive from the possibility of
using a very large range of differently functionalized molecules to mod-
ify the temporal evolution of the electronic charge and to simplify the
modeling and the fine tuning of the: (i) electronic layout (i.e., the energy
displacement and character of the electronic states), (ii) bad-gap,
(iii) crystalline structure, (iv) solubility, (v) photo-stability. In recent years,
research has put efforts to boost OPV performances by exploiting also
the creation of multiexcitons (a bound coupled excited electron and an
associated hole) generation from single photon absorption. A well-
known photophysical process which typically occurs in crystalline

364546 can come in handy in this

materials,®** known as singlet fission,
field. Concerning the photophysical pathway, singlet fission is a spin-
allowed phenomenon that involves at least two chromophoric units, but
experimental and theoretical evidence concerning single molecules,

47-50 and oligomers,sf"sl'53 have been collected in

such as carotenoids
the recent years.
The model systems investigated belong to the class of alternant
hydrocarbons, promising as n-type compounds which can exploit photo-
induced CT states to potentially undergo also singlet fission. We investi-
gated photoinduced CT states of recently introduced asymmetrically
substituted indenotetracene (ASI) molecules, which have been proposed
to replace fullerene in OPV devices.>*>> The cases study are two
substituted diarylindenotetracene molecules bearing two methyls
(2-Methyl-10-phenyl-9-(p-tolyl)indeno[1,2,3-fg]tetracene, namely Methyl
ASl) or methoxy (2-Methoxy-9-(4-methoxyphenyl)-10-phenylindeno
[1,2,3-fg]-tetracene, namely Methoxy ASI) substituent groups on both
side of the indenotetracene scaffold, as reported in Figure 1. These sys-
tems have been previously synthesized and their optical absorption and

electrochemistry have been characterized as well, as promising

METHOXY ASI
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candidates for singlet fission applications.>® In this context, the synergy
between advanced spectroscopic techniques (time-resolved and non-lin-

ear)Sé—él

and cutting-edge computational strategy can give the necessary
tools to accurately understand the temporal evolution of electronic den-
sity and the relative structure-function interplay.*’-1%2162-%” While in the
actual device multiple monomeric units are arranged in a crystal or semi-
crystal manner, the characterization of the excited states and their ultra-
fast dynamics in the monomeric units is the first mandatory and crucial
step to understand CT dynamics in the ultrafast time scale of the photo-
active material. In this respect, an accurate ab initio modeling strategy is
required to understand the ultrafast photoinduced temporal evolution of
the electronic density and to rationalize the effects induced by different
functional groups.

To this aim, we first exploit linear response TD-DFT (LR-TD-DFT)
formalism to characterize excitation energies and spacing among elec-
tronic levels (the electronic layouts). Then, to understand the ultrafast
(subpicosecond) charge dynamics on the molecular scale, we rely on
the non-perturbative mean-field quantum ED via real-time time-
dependent density functional theory. RT-TD-DFT has been vastly
employed in the past to model charge transfer and excitation

dynamics directly and precisely in several donor-acceptor
15,17,64,70-72

systems and to provide the molecular interpretation of the
interaction between initial photoexcited states, 41734637376 exciton
64,77-80 81,82

and polaron formation, including relativistic effects.

The nature of the energy shift for several electronic transitions was
unveiled by correlating the electron-donor properties of the substituent
with the spatial distribution of the molecular orbitals (MOs) and their
dynamical involvement in the CT. Larger effects of the substituents were
noticed in the electronic layout of the CT transitions, where the effect of
the methoxy group resulting in a shifting of the charge transfer transition
at lower energy values for the methoxy- if compared to the Methyl ASI.
ED simulations revealed that is clear that the substituent has a role in
the directionality of the recombination dynamics in the ultrafast regime
(i.e., the Methoxy ASI shows a more complex and directional behavior

while the methyl shows a quite symmetric rearrangement). Such results

METHYL ASI

FIGURE 1
carbon in gray.
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Ball and stick representations of the Methoxy ASI (left) and Methyl ASI (right) systems. Oxygen in red, hydrogen in white, and
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can be used as grounds to design peculiar photo-active materials,

employed for light-harvesting applications.

2 | METHODOLOGY

The crystallographic structures of both Methoxy ASI and Methyl ASI
were retrieved from Reference 54 and then atomic positions of the
monomeric units were refined by gas-phase geometry optimization.
Ground state energy, gradient and higher order properties were obtained
within the DFT framework by solving the Kohn-Sham equation using the
global hybrid Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional®*8”
and split valence double-{ basis sets with additional polarization func-
tions (6-31G(d,p)). DFT represents an appropriate alternative to

90-96 as the desired balance between

explicit wavefunction methods,
computational cost and accuracy can be achieved in large-scale
systems.%?7"1%? Geometries were considered fully optimized when
both the forces (maximum and root-mean-square [rms] force
0.000450 and 0.000300 Hartree/Bohr, respectively) and displacement
(maximum and rms displacement 0.001800 and 0.001200 Bohr, respec-
tively) values for all atoms were below the threshold criteria. The second
derivatives of the energy with respect to the Cartesian nuclear coordi-
nates were calculated to confirm that optimized geometries were local
minima. All ground and linear response excited state computations are
conducted using the electronic structure suite Gaussian16.11°

21 |
TD-DFT

Excited state layout via linear response (LR-)

Vertical excitation energies and oscillator strengths are obtained by
relying on methods rooted in time-dependent DFT in the linear
response formalism (LR-TD-DFT),2325%° using B3LYP with the
Coulomb-attenuating approach (CAM-B3LYP) with 6-31g(d,p) basis
set. CAM-B3LYP!1116 s known to outperform canonical hybrid
(i.e., B3LYP, PBEO, etc.) for the description of Rydberg-like and
charge-transfer states, as some of the states of interest in this
study, due to their high sensitivity to the treatment of exact
exchange.”*7-120 | this work, we focused on the first four singlet
excited states for both the Methoxy ASI and Methyl ASI to better
understand the role of the substituent on the most experimentally rel-
evant transitions and the resulting electronic layout ruling the photo-
physics of these systems. This preliminary characterization is
mandatory for investigating the photo-induced charge dynamics

described by real-time ED, as explained in the following section.

2.2 | Ultrafast electronic dynamics via real-time
(RT-)TD-DFT

The real-time time-dependent DFT approach to many-electron
dynamics has been proven to be very powerful in describing, simulat-

ing, and interpreting on the molecular scale the ultrafast charge

RIGHTS L

recombination and, more in general, photo-induced charge phenom-
ena, since via real-time methods we can explicitly propagate in time
the electronic density by evolving the time-dependent Schrédinger
equation.?%?! Herein, we present a brief description of the technique.
Given an initial condition, the electronic density matrix is propagated
according to the TD-DFT equation, reported here, in atomic units.

LdP(t)

i = K().P(H), (1)

where P and K are density and Kohn-Sham matrices on an orthonor-
mal basis. By the use of a modified midpoint unitary transformation
algorithm,”#121 Equation (1) is numerically integrated. The density
matrix is propagated by exploiting a unitary time evolution opera-
tor, U(tn)

P(tn+1) = U(tn) : P(tn—i) . U:’L(tn)’ (2)
to obtain the time evolution operator, given a time step as At:
U(tn) = exp[—i-2At - K(tn)] = C(ty) - exp[—i-2At -€(tn)]-C'(ts), (3)

where eigenvectors C(t,) and eigenvalues €(t,) are retrieved from the
Kohn-Sham matrix at time t,. It must be emphasized that, since
the nature of the wavefunction is precisely a superposition of relevant
many-body states of the system like that observed immediately after
the photo absorption, this dynamics is representative of the motion of
a localized wave packet in a symplectic electronic parameter phase
space.!??

Since we are interested in the low-lying optically accessible states, we
first characterize the Methoxy ASI and Methyl ASI electronic layout by
performing LR-TD-DFT calculations, as discussed in the result section. To
perform RT-TD-DFT ED, the initial electronic density to propagate is pre-
pared, promoting an electron from a selected occupied MO to an unoccu-
pied one (“Koopman excitation”—orbital population swap) according to
the electronic transition of interest between the singlet ground state (So)
and the nth singlet excited state (S,), whose main orbital contributions
are resolved using preliminary frequency domain LR-TD-DFT calcula-
tions. According to a well-established procedure, the “Koopman
excitation” step creates a non-stationary electron density that is
representative of a coherent superposition of the ground and excited
states of interest. 22626489122 gince we are not allowing the nuclei to
move (fixed nuclei approximation, by starting from a minimum geome-
try), this procedure can be used as a reasonable approximation of a
vertical excitation in the Franck-Condon region in the ultrafast regime
(<50 fs). In such short simulated time, indeed, it could be assumed
that the effect of nuclear vibrations is still limited. Therefore, the
“fixed nuclei” approximation implied in these purely ED is reasonable.
To better characterize the excited state time evolution, the electronic
density in orthonormal basis is transformed back in atomic orbital
(AQ) basis by the Lowdin scheme, and the time-dependent density in
this AO basis, P'(t), is projected into the ground state MO space
giving:
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ni(t)=C/' (0P (t)Ci(0), (4)

where n; is the effective occupation number of the ground state
orbital C;(0) in the AO basis. The time-dependent dipole moment (t)
is also computed at each step from the following:

p(t)=Tr [D'P'(t)], (5)

where D' is the electric dipole momentum operator in AO basis. A 1.0
attosecond time step was used when integrating the TD-DFT equa-
tion of motion. All RT-TD-DFT calculations were performed with the
same level of theory of LR-TD-DFT computations and employing a
modified development version of Gaussian.'?®

3 | RESULTS AND DISCUSSION

3.1 | Electronic layout characterization

In the present work, the characterization of the low-lying electronic
transitions via LR-TD-DFT calculations has been extended beyond the
Sq state (this last one was studied in details in Reference 54) by ana-
lyzing the higher energy singlet transitions to locate the lowest energy
CT states. Thus, the effects of different substituents on the electronic
layout and, above all, on higher energy states (important for photo-
induced charge-dynamics) of the indenotetracene scaffold can be bet-
ter understood. Table 1 summarizes the results computed for both
Methoxy ASI and Methyl ASI substituted systems. The first electronic
transition is optically allowed for both ASI dyes and are computed at
241 and 2.44 eV for Methoxy ASI and Methyl ASI compounds,
respectively, in nice agreement with previous experimental and theo-
retical findings by Cramer and coworkers.>* We observed a moderate
red-shift for the Sy < Sp transition of —0.03 eV from Methyl ASI to
Methoxy ASI, in accordance with Reference 54 and a larger one
(—0.12 eV) for the S; «+Sq transition. Contour plots of MOs that
mainly contribute to the first two transitions (see Table 1 for MOs
contributions) are reported under Figure 2 showing a non-negligible
electronic density distribution in the proximity of the different

TABLE 1

CHEMISTRY

peripheral substituent groups for both the Methyl ASI and Methoxy
AS| compounds.

In particular, from Figure 2 we underlie that the S; < Sg presents
a similar alternating bond (AB) nature for both systems (as observed in
Reference 54), explaining also the similar values computed for the
oscillator strength (from Table 1 a difference of Af=0.024 is
observed), resulting in the bright character of these transitions for
both (oscillator strengths of 0.254 and 0.278, for the Methoxy ASI
and Methyl AS|, respectively). For the S, « Sq transition, the Methoxy
ASI presents a slightly marked intramolecular CT character while an
alternating bond character is preserved for the Methyl ASI. These
transitions are slightly allowed (f=0.032) and dark (f=0.006) for Meth-
oxy ASI and Methyl ASI, respectively, although a similar difference in
oscillator strengths, as for the previous case, is registered (Af=0.026).
We now analyze the main differences in terms of MOs isosurfaces to
emphasize the role of the substituents on the aforementioned transi-
tions. First, a very close electronic density distribution is observed for
both Methoxy ASI and Methyl ASI LUMOs. Consequently, the origin of
the red-shift for the methoxy derivative requires the comparison of the
HOMO and the HOMO-1 respectively for S; < Sg and the S; «+ So
transitions. For the S1 case, the main difference between the two
HOMOs regards a larger electronic density rearrangement on the sub-
stituent group for the Methoxy ASI with respect to the Methyl ASI.
Since methoxy is a better electron-donor group and HOMO has a
non-negligible isodensity on this moiety (while the LUMO has an
almost null contribution on it), we can say that this tendency leans
toward destabilizing the HOMO more for the Methoxy ASI with the
subsequent larger decrease in the HOMO-LUMO energy gap, result-
ing in the observed red-shift. Such findings are in perfect agreement
with the similar trend observed trough cyclic voltammetry measure-
ments.>* The S, «— Sy transition involves the HOMO-1 that shows a
different nature for the Methyl ASI case, where it is more delocalized
also on the entire indenotetracene scaffold as in the LUMO, while for
the Methoxy ASI, the substituent region plays a larger role in percent-
age. Such a difference can explain (i) the different nature of these
transitions, still alternating bond for Methyl ASI (as for the first one)
and CT for Methoxy ASI (different from the first one), (i) the larger
red-shift observed with respect to the S; < Sp, given the HOMO-1 of

LR-TD-CAM-B3LYP/6-31G(d,p) vertical excitation energy values (eV) and the frontier orbitals that mostly contribute (h states for

HOMO and | for LUMO) for the first four low-lying electronic transitions of the Methoxy ASI (left) and Methyl ASI (right).

Methoxy ASI Methyl ASI
State

AE f x Allowed AE f X Allowed
S1 241 0.254 AB h—1 Yes 244 0.278 AB h—1 Yes
S, 2.67 0.032 CT h—1-—1 Slightly 2.79 0.006 AB h—1—1 No
S3 3.53 0.069 CT h-3—1 Slightly 3.54 0.073 CT h-3—1 Slightly
S4 3.66 0.005 CT h—-2—1 No 391 0.0002 CT h—-2—1 No

Note: Oscillator strengths are reported in parentheses. The transition character is indicated in the y column where AB stands for alternating bond and CT
for charge transfer. In the last column we define if the transitions are predicted to be allowed (yes, f > 0.1), dark (no, f < 0.01), or slightly active (slightly,

0.01 < f < 0.1).
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FIGURE 2 CAM-B3LYP/6-31G(d,p) isosurfaces (isovalue = 0.02) of the frontier MOs mainly responsible (see Table 1) in the S, « Sq (top) and

S1 < So (bottom) transitions of Methoxy ASI (left) and Methyl ASI (right).
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Isosurface (isovalue = 0.01) of NTOs. Hole/hole-1 and electron/electron+1 pairs for the Sz < Sp (bottom) and S4 «+ S (top)

transitions calculated at the TD-CAM-B3LYP/6-31G(d,p) level of theory are reported for the Methoxy ASI (left) and Methyl ASI (right). The
contribution to the transition of each NTO pair is shown on top of each arrow connecting them.

Methoxy ASI more localized in percentage on an electron-donating
substituent; (i) the dissimilarity in transitions brightness, given that
the Methoxy ASI HOMO-1 has a different symmetry of the Methyl
ASI HOMO-1, slightly allowing S, < Sq transition in the first case.
Now we move to the higher energy transitions. For both Sz « Sg
and S; < Sp, multiple pairs of canonical MOs with comparable ClI
coefficients participate in defining the nature of these transitions. To

provide an easier molecular picture, we computed natural transition

RIGHTS LI N '-"l}

orbitals (NTOs)*?* which have proved useful to better analyze and
visualize the electronic redistribution in such cases in terms of a
reduced number of hole-electron pairs (see Figure 3).°>%%125 A close
inspection of Figure 3 reveals several differences between the starting
hole NTOs for Methoxy ASI and Methyl ASI regarding both electronic
transitions, showing interesting features due to the different involve-
ments of the alkoxy and alkyl substituents, while negligible differences

between the electron NTOs are observed, instead. Fort both Methoxy
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ASI and Methyl ASI, the S3 < Sp transition can be considered slightly
allowed (f=0.069 and 0.073, respectively) and almost similar in excita-
tion energy (—0.01 eV from Methyl ASI to Methoxy ASlI), their charac-
ter can be expressed by two very similar hole-electronNTOs pairs (see
Figure 3, bottom panel). Regarding the NTO pair with the highest con-
tribution (~0.7), in both cases, the hole is delocalized along the entire
indenotetracene scaffold with a non-negligible contribution of all
peripheral phenyl rings and oxygen lone pairs (both the sides of the
scaffold). The electron NTO, instead, is less symmetrically distributed
on the phenyl rings, thus, suggesting a CT nature for Sz < Sp transition
(from left to right in the figure) for both systems. In both cases, the
hole-1 electron+1 pair (contribution to the transition ~0.3) can be
described by an alternating bond redistribution.

The S4 — Sp transition can be conveniently represented by a sin-
gle NTO pair (contribution to the transition close to 1.00) for both
systems. This time in both derivatives the transition probability is very
low (f < 0.001) and a marked red-shift of —0.25 eV is observed from
the Methyl ASI to Methoxy ASI. In both cases, the hole is asymmetri-
cally localized on one side of the system (mostly the two phenyl sub-
stituent groups on the left in Figure 3 and partially on the tetracene
portion). Upon excitation, the density reorganizes towards the indeno-
tetracene moiety (electron), revealing a strong CT character for this
state. From this analysis, it is clear that the substituent plays a larger
role in this transition, explaining the larger red-shift observed this
time, since methoxy is a better electron-donor group and can more
destabilize the hole. One interesting result is the role of different sub-
stituents in inducing changes to the indenotetracene electronic layout.
In particular, the substituent nature can affect the order of the first
charge transfer transition, which is observed in the S3 < Sp in the case
of Methyl ASI while is the S, < S for the Methoxy ASI.

Similar substituent modulation of the electronic properties for
other highly conjugated molecular systems used as dyes in dye-sensi-
tized solar cells, mainly z linkers in triphenylamine, has also been pre-
dicted in previous studies.'?® To have a deeper understanding of
ultrafast CT dynamics we will examine the charge recombination
dynamics through RT-TD-DFT electron dynamics and by focusing on
the first optically active CT transitions just discussed, namely, the
S, 8o for the Methoxy ASI and the Sz < So for the Methyl ASI,

respectively.

3.2 | Electronic tuning effects of methyl and
methoxy groups

Before moving to CT dynamics, we elucidate the relationship between
the electron-donating ability of methyl and methoxy groups on the
energy of MOs involved in the electronic transition reported in Table 1,
please see Figure 4. The MOs eigenvalues of the two ASI dyes are com-
pared to the unsubstituted homologue and are reported, along with their
isodensity representations, in Table S1 and in Figure S1, respectively.
Concerning the S; < Sy transition, by direct comparison, the
LUMO is more energetic than the non-substituted indenotetracene
(0.07 eV for Methoxy ASI and 0.06 eV for Methyl ASI). The same

RIGHTS L
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energy difference (0.01 eV) is observed for the HOMO of methoxy-
and methyl-functionalized derivatives, which are, respectively, 0.08
and 0.07 eV above the HOMO of the unsubstituted molecule (—5.99
eV). The patterns found, in agreement with previous theoretical and
experimental results,>* are directly comparable with the orbital con-
tours presented in Figure S1, which show to have similar contribu-
tions on the same atoms. We investigated the energetic alignment of
the occupied orbitals just below HOMO given their crucial importance
for photo-induce CT dynamics. It is important to underline that the
occupied orbitals at lower energy present more marked energetic dif-
ferences and better emphasize the degree of electron donation of the
two substituents.

The HOMO-1 of Methoxy ASI and Methyl ASl is 0.31 and 0.11 eV
above the orbital of the non-substituted indenotetracene (—6.85 eV).
Consequently, the observed redshift for the S, < Sp transition (0.12
eV) can be explained by assuming that the p-methoxyphenyl group
provides electron density only to a portion of the indenotetracene,
leading to a slight energetic destabilization of HOMO-1 since it is not
completely delocalized as in the case of Methyl ASI.

Concerning HOMO-2 for diarylindenotetracene, the electronic
density is distributed between the peripheral phenyl rings and the tet-
racene core (left panel of Figure S1), whereas for the two derivatives,
the tetracene is less involved (central and right panels of Figure S1 in
ESI). The higher degree of electron donation of the alkoxy group leads
to a significant increase in energy (0.51 eV) compared to the Methyl
ASI| case (0.14 eV) and to the non-functionalized indenotetracene,
whose HOMO-2 is at —7.60 eV. The negligible red-shift computed for
the S3 <+ Sp transition (0.01 eV) is in agreement if it is considered that
the arrival electronic state is severely combined with other orbital
pairs (see Cl coefficients in Table S1), including LUMO+1 and LUMO
+2 located at 0.57 and 0.75 eV for Methoxy ASI and 0.53 and
0.74 eV for Methyl ASI that thus align the resultant energy gaps.

Two orbital pairs, HOMO-2-LUMO and HOMO-3-LUMO, charac-
terize the nature of the S4 < Sp electronic transition. Since for Meth-
oxy ASI and Methyl ASI the isodensity of the target orbital is very
similar, the observed red-shift (0.25 eV) may result from the mixing of
HOMO-2 and HOMO-3 which have different energies. Specifically,
for the HOMO-3 of the methyl derivative the electron density on the
ring containing the -CHjz group is responsible for the lower energy
increase (0.02 eV) with respect to the Methoxy ASI case (—7.66 eV)
for which the electronic density is mainly confined on the tetracene
moiety. Given that materials based on photoactive indenotetracene
scaffolds are also promising for photovoltaic devices in the field of
solar cells, a detailed comprehension of the ultrafast photo-induced
charge transfer dynamics on the molecular scale represent a key ele-
ment for the development of improved materials to boost novel tech-

nological applications (Figure 4).

3.3 | Real-time TD-DFT electronic dynamics

Initial conditions for resembling the CT electronic transitions of inter-

est are prepared according to the orbital swap procedure explained in
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and Methoxy ASI canonical molecular orbitals eigenvalues (in eV)
from HOMO-3 to LUMO+-2 in increasing order of energy, computed
at CAM-B3LYP/6-31G(d,p) level of theory. The MO isodensity
representations are reported in Figure S1.

the methods and by exploiting the results of the previous sections.
We focused here, given their potential role in light harvesting phe-
nomena, on the lowest (in energy) charge transfer transitions from the
ground to the Sz for the Methyl ASI (initial state prepared as
HOMO-3 to LUMO swap) and the S, for the Methoxy ASI (initial state
prepared as HOMO-1 to LUMO swap) (see Table 1). We first analyze
in Figure 5 the ultrafast (<20 fs) dynamics by monitoring the elec-
tronic dipole time evolution (along with its Cartesian components) to
better understand the charge dynamics on the system and the inter-
connected role of different substituents. The Methoxy ASI has a large
change in the dipole values upon excitation. This is expected given
the nature of the involved MOs and the CT transfer character of
the excitation. Such a charge reorganization can be seen by
inspecting the initial change (tg, right after the orbital swap) in
the value of the total dipole with respect to So (ur, (to) = 8.32 D,
Aptot ~ 5.5 D; ground state dipole components, before the swap, are:
Hy (So)=—2.10 D, p, (So) = —=1.55 D, 4, (So) = —1.01 D; piret (So) =
2.80 D) and it is initially mostly along the x direction (u, (to) = —8.16
D). The CT can be analyzed in space by monitoring the dipole compo-
nent dynamics, and we can observe an initial CT mostly located in the
plane of the indenotetracene scaffold but in the direction orthogonal
to the major axis of such moiety and thus connecting the substituent
rings on the opposite sides (see top left panel in Figure 5, for axis rep-
resentation). Then, as soon the electronic density evolves in time, the
x component of electric dipole moment (black line in the top panel of
Figure 5) shows immediately larger and larger oscillations, reaching its
maximum value after ~10 fs (u, ~ 5 D). These large amplitude oscilla-
tions are present for the entire ED until the end, but around a lower
final average value (4, ~ 1.2 D). In contrast, the y component starts
from a value similar to the ground state (u, (to) ~ —1.5 D) and we
observe small oscillations until ~ 10 fs of this component. After 10 fs,
large amplitude oscillations are present also for y,, as for the x compo-
nent, and its final average value decreases, although in a smaller mag-

nitude with respect to the final x one (final 4, ~ —1 D). There is no
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interesting dynamics along the z dipole component that shows a con-
stant value equal to the unperturbed system in its ground state, indi-
cating no net out-of-plane electronic density rearrangement. From
these trends, we can deduce an electronic density reorganization in
20 fs that starts mostly along the direction connecting the substituent
of the indenotetracene scaffold, evolving through the substituted
phenyl groups (x component) and after 10 fs, such dynamics is per-
turbed by the additional oscillation of the charge from the bottom to
the top of the major axis of the indenotetracene scaffold (y compo-
nent). Indeed, from such analysis, we can tell that the Methoxy ASI
ED clearly indicates an important CT that might involve multiple
orbitals, given the different nature and timings of the oscillations
affecting the x and y components (see following MO occupation
analysis).

The Methyl ASI dipole dynamics shows a significant CT character,
although slightly smaller with respect to the previous case (ur,; (to)=
5.51 D, Apget~ 4 D; ground state dipole components, before the
swap, are: s, (So) = 1.57 D, u, (So) = —0.33 D, y, (So) = 0.07 D; purot
(So) = 1.60 D). The major dynamics starts with an electronic
density reorganization involving only the direction orthogonal to the
indenotetracene scaffold, evolving through the substituted phenyl groups
(x direction, see Figure 5 for axis representation) (u, (to) = 5.50 D).
Then, such a x component shows both a high and a low-frequency
oscillation in its dynamics, reaching a maximum value around ~6 fs
(u, ~ 7.5 D) with a resulting larger period of ~12 fs. In this case, the
data analysis is simplified by the fact that the z and y axis oscillates
around ~0 D, indicating no net displacement outside the indenotetra-
cene scaffold plane and along its major axis during the ED.

During the electronic density evolution, monitored via the dipole
analysis, we note for both Methoxy ASI and Methyl ASI systems a
charge reorganization that affects the indenotetracene scaffold and
the spatial region connecting the phenyl groups. Comparing the elec-
tric dipole moment time evolution between the two monomers, we
record that the Methyl ASI does not show significant charge dynamics
in other regions while the Methoxy ASI seems to have a more com-
plex behavior, involving an additional component along the major axis
of such a scaffold (along the y direction). Several useful information
regarding the photoinduced charge separation can be deduced from
the trend of the total dipole moment and its respective components.
However, a detailed molecular and spatial picture can be obtained
only by a closer look at the MOs that play the larger role in the elec-
tronic density reorganization in time upon excitation and thus from
the analysis of the MO occupation number dynamics reported in
Figure 6.

In the case of the Methoxy ASI monomer (Figure 6, left), we
observe a crossing point in the orbital population around 8 fs, where
the initial populated LUMO loses ~50% of its initial value. After 12 fs,
the HOMO-1 population seems to be recovered, although the HOMO
starts to be depopulated, instead. After 15 fs, until the end, both
HOMO and HOMO-1 are still involved in exchanging ~20% of the
population. It is interesting to note what happens at about ~12.5 fs.
From the trend of the occupation numbers, it is possible to see a

switch between the most occupied orbitals leading to a more
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FIGURE 5 Time resolved electric dipole moment (total and x,y,z components) obtained by RT-TD-CAM-B3LYP/6-31G(d,p) electronic
dynamics, where initial conditions resemble the Sz «+ So (Methyl ASI, top panel) or the S, «+ So (Methoxy ASI, bottom panel) transition. In the case
of the Methyl ASI the total electric dipole moment and its x component are superimposed. Ball and stick representations of the corresponding
Methyl ASI and Methoxy ASI structures are reported on the left for convenience along with axis orientations: x axis is oriented in the direction of
the two phenyls substituent groups, the z axis is perpendicular to the molecule's plane, and the y axis is along the major axis of the

indenotetracene scaffold.

populated HOMO with respect to the HOMO-1. This situation corre-
sponds to a charge shift toward positive values along the y-axis. In the
same time interval, we can also observe the maximum value of the y
component of the dipole moment. This occupation number dynamics
explains both the charge oscillations and the resulting charge separa-
tion along both the x and y directions of the molecule, observed in
Figure 5. Indeed, HOMO-1, HOMO and LUMO are located along the
direction connecting the phenyl substituents (x direction). Moreover,
the HOMO-1 has a not symmetric density along the major indenote-
tracene scaffold axis (y direction), explaining the additional charge
dynamics along such a direction, which is absent in the Methyl ASI
(see following discussion).

For the second derivative (Methyl ASI Figure 6, right), a MO pop-
ulation recombination dynamics is observed, where the first crossing
between the occupation of the LUMO and the depleted HOMO-3
occurs around ~3 fs (faster than the previous case), with the

RIGHTS L1 N Hig

HOMO-3 occupation number reaching its maximum value at 6 fs. We
have seen that in the first 6 fs the component of the p, increased until
it reached the maximum value of ~7.5 D as well, showing again that
the dipole can be correlated to the MO occupation dynamics. After
that a decrease of the HOMO-3 population is observed and the
LUMO gains back full population at ~12 fs. Then, the density starts
oscillating back and forth between the two orbitals with a period of
~12 fs. This population oscillation mirrors the trend in the corre-
sponding dipole dynamics, where the same period can be seen in the
time evolution of the x dipole component (see Figure 5). From this
analysis is clear why in the Methyl ASI the charge recombines mostly
along the x direction, due to the spatial distribution of the HOMO-3
and LUMO, asymmetric along the direction connecting the phenyl
substituents (x direction) and symmetrically distributed along the
major axis of the indenotetracene scaffold (y direction). Indeed, by a

closer look at the involved MOs during the transition (see Figure 6,
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right side), it is clear that the MO swap does not lead to net reorgani-
zation along the y-axis. This behavior in the Methyl ASI is reflected in
the null y electric dipole moment component evolution (see Figure 5)
and the observed dynamics of the x component. At variance, in the
Methoxy ASI significant dynamics of both y and x components were
observed.

In summary, the Methoxy ASI appears to have a multi-directional
charge transfer dynamics while the Methyl ASI privileges the direction
orthogonal to the indenotetracene scaffold and connecting the phenyl
substituents (x direction in Figure 5). These results can be obtained
only by directly observing the ED via RT simulations. This technique
can provide direct access to the electronic density reorganization in
time and to its spatial and rational representation in terms of MO

occupation time evolution, indeed.

4 | CONCLUSIONS

A comprehensive study of photo-induced charge-transfer states as well
as the dynamics of a transferring electron in time has been conducted.
Via real-time time-dependent density functional theory ED, a molecular
picture of the ultrafast (femto-second) dynamics of CT states has been
unrevealed to enhance the efficiency of photo-active devices based on

organic photovoltaic materials. In this work we studied the class of
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asymmetrically substituted indenotetracene molecules and effects of
substituents with different electron-donating characters are investi-
gated on both the overall electronic energy spacing and resulting ultra-
fast CT dynamics by employing both LR-TD-DFT and RT-TD-DFT
based approaches. A red-shift in the vertical excitation energies of the
methoxy-substituted derivative with respect to the methyl-substituted
one was observed, showing the capability of different substituent
groups in tuning the electronic layout and the resulting optical absorp-
tion. For each transition, the nature of the energy shift was unveiled
by correlating the electron-donor properties of the substituent with
the spatial distribution of the canonical MOs (or NTOs) involved.
Larger effects of the substituents were noticed in the electronic layout
of the charge transfer transitions, where the effect of the methoxy
group resulting in a shifting of the charge transfer transition at lower
energy values for the methoxy- if compared to the Methyl ASI. ED
simulations allowed us to look closely at the electronic density evolu-
tion in terms of the electric dipole moment and the MO occupation
evolution. In particular it is evident that the substituent has a role in
the directionality of the recombination dynamics in the ultrafast
regime (i.e., the Methoxy ASI shows a more complex and directional
behavior while the methyl shows a quite symmetric rearrangement).
Such results can be exploited to design peculiar directional charge
dynamics, very important when photo-active materials are employed

for light-harvesting applications.
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