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1 Computational Details

The quantum chemistry /physics code OCTOPUS is a real-space TDDFT software designed to
perform time-propagation calculations. The code is highly parallelized in space domains for
evaluation of the Hamiltonian used, as well as in Kohn-Sham states for the time propaga-
tion. These features make OCTOPUS the ideal code for the implementation of our method to
compute the excitation coupling between different molecules.

The benzaldehyde molecule geometry has been optimized using ORCA at the DF'T level
using the exchange Becke88! and correlation Perdew86? (BP86) GGA functionals, the atom-
pairwise dispersion correction with the Becke-Johnson damping scheme (D3BJ)*? and the

contracted split valence plus polarization basis set def2-SVP.? The resolution of the identity



(RI-J) approximation for the Coulomb potential® is applied with the def2/J auxiliary basis
set.” The optimized geometry is then used for the generation of supramolecular systems, i.e.
dimer and cluster geometries.

ORCA package is used to compute excited states within linear-response TDDF'T solving
the full Casida’s equation. Usually excited states calculations require the use of an extended
basis set and augmented diffuse functions. We apply the ma-def2-TVZP basis set®® and
the def2/J auxiliary basis set for the RI approximation. For these calculation, we use the
Perdew, Burke and Ernzerhof (PBE) exchange-correlation functional. 19

The time-propagation TDDFT calculations are performed with the 0CTOPUS code. The
real-space grid is defined by the minimum mesh formed by spheres of the radius of 4.5
A centered around each atom (except for the isolated molecule study, where we use the
radius of 6.0 A) and the spacing between grid points of 0.18 A. To make the calculations
computationally affordable, the core electrons are treated with norm-conserving Troullier-
Martins pseudopotentials. For the calculation of absorption spectra, three different time-
propagation runs are carried out starting from the ground state wave function. In each of
these simulations, the system is perturbed by a delta kick of the electric dipole potential
polarized along one of the Cartesian axes. The strength of this external electric field is set to
0.01 A", The electronic time propagations are performed for the total propagation time of
7 = 40 fs with the time step of dt ~ 1.49 as. These parameters ensure the spectral resolution
of dw ~ 0.1 eV. The absorption spectra are generated from the Fourier transform of the
dynamic polarizability using the Gaussian damping that ensures that the function acquires
the value equal to 10~ at the end of the propagation time. This values causes a broadening
of excitation peaks of ~ 0.083 ¢V at the half maximum (see section below for the detailed
description and derivation).

As described in the main text, the local density domains around each molecule are de-
termined as argued by the "Quantum Theory of Atoms in Molecules" developed by R.F.W.

Bader. In particular, the electronic density belonging to each molecule is found following the



gradient paths until reaching atoms of the molecule, where the density becomes maximum.
We have implemented this procedure in the recent version of the OCTOPUS code.

We have also implemented in OCTOPUS the utility for Fourier transformation of time-
dependent electronic densities necessary for computing transition densities. The calculation
of excitation couplings is also implemented in a local repository and will be soon available

in the development version of the 0CTOPUS code.

2 Damping factor effect on the peak broadening

As explained in the main text, the practical implementation of equation (4) in the main text
requires the addition of a damping function to remove spurious peaks. We use the Gaussian
function with the damping parameter n that ensures that the this function achieves the value

of 10~* at the end of the propagation time:

D(t)=¢e 7%, (1)
n = M' (S2)

Then, the dynamic polarizability is obtained using

1

anw) = /0 [ (1) = (0)Je™ e (S3)

Fourier transformation of this expression now involves the Fourier transformation of the

damping function:

Fi[Dl(w) = —ze =7, (S4)
Ohwhm = W 1, (S5)

where pynm is the half-weigth at half-maxima (HWFM) of the Gaussian function, and the



Fourier Transform pair of a function f(x) is defined through equations F, (k) = \/%7 7 fz)etr
and f(r) = ﬁ [ Fu(k)emie.
Let us now determine which broadening acquires the spectral function due to the damp-

ing function. Looking at equations (7) in the main text and (S4), we see the following

proportionality:

F(Tr(Sm(a(t))] « Zn d(w — ), (S6a)
F[D(t)] x G(w). (S6b)

where (G is the normalized Gaussian function characterized by its HWHM value, opunm-
Using the convolution theorem, we see that the convolution of the delta function with

the Gaussian function gives just a displacement of the Gaussian function,

FlTr(Sm(a(t))D(t)] = F[Tr(Sm(a(t)))] x« F[D(t)] Z G(w — Q). (S7)

n=1



3 Supplementary Figures
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Figure S 1: Charge density evolution during a P-TDDFT run for one benzaldehyde molecule
in a dimer with the molecules separated by 4 A in the z direction for the electric field
polarized along the y direction. Since we use the sglb pseudopotential, the ground state
(GS) charge corresponding to valence electrons for one benzaldehyde molecule is 40 electrons.
The maximum oscillation of the charge corresponds to 0.0012 electrons, i.e. a 0.005%. GS
Domains refers to the electron charge inside the domain determined for the GS density, while
for the TD Domains, the local charge analysis is performed at each time step stored. The
difference between two values is always smaller than 0.00025 electrons.
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Figure S 2: (S2a) Transition density corresponding to the 3' A’ +— 0 transition for the isolated
molecule. (S2b-S20)Transition densities of benzaldehyde molecules in the cluster for the main
excitation peak below 5 €V corresponding to the 3' A’ <— 0 transition (isosurface 0.0075 A‘?’).
The color sequence correlates with the colors used in Figure 6 in the main text.
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Figure S 3: Map of the exciton coupling between benzaldehyde molecules in the cluster.
Labels correspond to Figure 6a. The up-diagonal part (red) shows the difference between
the exciton coupling computed using the transition density cube method (TDCM) and in the
ideal dipole approximation (IDA) with the transition dipole moment obtained by fitting the
dynamic polarizability for each local charge density (LDT). The absolute values are rescaled
by the maximum difference found and expressed in parenthesis in wavenumber units (cm™).
The low-diagonal part (blue) represents the inter-molecular distance. The absolute values
are rescaled by the maximum distance found and expressed in parenthesis in Angstrom units

(A).
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Figure S 4: Map of the exciton coupling between benzaldehyde molecules in the cluster.
Labels correspond to Figure 6a. (S4a) The up-diagonal part (red) shows the exciton cou-
pling computed using the transition density cube method (TDCM), while the low-diagonal
part (blue) is computed in the ideal dipole approximation (IDA) with the transition dipole
moment of one isolated benzaldehyde molecule (IM). The absolute values are rescaled by the
maximum found for each method and expressed in parenthesis in wavenumber units (cm™).
(S4b) The up-diagonal part (red) corresponds to the difference between the exciton coupling
computed using the TDCM method and IDA-IM. The absolute values are rescaled by the
maximum difference found and expressed in parenthesis in wavenumber units (cm™). The
low-diagonal part (blue) represents the inter-molecular distance. The absolute values are
rescaled by the maximum distance found and expressed in parenthesis in Angstrom units

(A).
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4 Supplementary Tables

Table S 1: Comparison of several ground-state eigenvalues (in €V) between the results ob-
tained using the real-space grid (OCTOPUS) and localized atomic orbitals (ORCA). HOMO
and LUMO refer to the high occupied and low unoccupied molecular orbital, respectively.
The grid used in OCTOPUS is defined by spheres of radius 6 A and spacing between the
points of 0.16 A. The basis set used in the ORCA calculations is the contracted basis set
ma-def2-TZVP.>78

Molecular Level 0CTOPUS ORCA
real-space grid | localized atomic orbitals

HOMO-3 -8.6524 -8.6246
HOMO-2 -6.8793 -6.8621
HOMO-1 -6.7969 -6.7799
HOMO -5.9734 -5.9588
LUMO -2.9816 -2.9480
LUMO+1 -1.7735 -1.7417
LUMO+2 -0.5967 -0.5505
LUMO+3 -0.5681 -0.5491

Table S 2: Reoriented transition dipole moments for the 3! A’ <— 0 excitation of benzaldehyde
molecules in the cluster obtained from the transition dipole moment of the isolated molecule

(IM).

Label | €(3'4") /eV | po / A | py /A | p. /A
1 4.78 -0.0098 | -1.3783 | 0.1776
2 4.78 -0.5444 | -0.0297 | -1.2783
3 4.78 0.9039 | 0.0055 | 1.0556
4 4.78 -1.0592 | 0.5706 | 0.6956
5) 4.78 1.0208 | -0.9426 | 0.0279
6 4.78 0.9347 | -0.4129 | 0.9418
7 4.78 -0.5710 | -0.8309 | 0.9564
8 4.78 -0.6981 | 0.6185 | -1.0302
9 4.78 -1.1502 | 0.7648 | 0.1528
10 4.78 0.8254 | -0.1992 | -1.1001
11 4.78 0.2703 | -0.5444 | 1.2497
12 4.78 0.3723 | -1.0771 | 0.7953
13 4.78 0.4017 | -1.1673 | 0.6382
14 4.78 0.3666 | -1.2260 | 0.5419




Table S 3: Transition dipole moments of benzaldehyde molecules in the cluster for the
main excitation peak below 5 eV computed from the Gaussian fit and diagonalization of the
dynamic polarizability tensor (LDT).

Label | €(3'4") /eV | po / A | py /A | . / A
1 4.77 0.0266 | -0.5579 | 0.0247
2 4.77 0.2024 | -0.0093 | 0.6587
3 4.93 -0.1856 | 0.4075 | 0.2034
4 4.73 -0.6661 | 0.1066 | -0.0641
5t 4.76 -0.2347 | -0.0419 | -0.6937
6 4.73 -0.3999 | -0.4336 | 0.2609
7 4.66 0.4185 | 0.2295 | -0.2002
8 4.80 0.1992 | 0.4691 | 0.4749
9 4.80 -0.6338 | -0.2158 | 0.0737
10 4.77 -0.2081 | -0.2351 | -0.3186
11 4.34 -0.0105 | 0.4355 | -0.0970
12 4.76 -0.0889 | 0.5971 | -0.4433
13 4.75 0.5147 | -0.4065 | 0.2970
14 4.78 -0.6536 | 0.1830 | -0.1261

Table S 4: Transition dipole moments of benzaldehyde molecules in the cluster for the main
excitation peak below 5 eV computed from the transition density as defined in equation 20.

Label | €(3'4") /eV | o / A | py /A | po / A | AlplEBE,, / A | Twist /©
1 4.77 -0.0658 | 0.5628 | -0.1024 0.0167 8.6396
4.77 -0.2729 | -0.0109 | -0.6597 0.0248 5.6426
3 4.93 0.1453 | -0.4332 | -0.2194 0.0151 5.5251
4 4.73 0.6793 | -0.1425 | 0.0315 0.0172 3.9378
) 4.76 0.2188 | 0.0388 | 0.6947 0.0041 1.2288
6 4.73 0.4617 | 0.4478 | -0.2114 0.0320 6.3991
7 4.66 -0.4258 | -0.1706 | 0.0470 0.0564 18.1737
8 4.80 -0.2100 | -0.4681 | -0.4691 0.0014 1.0082
9 4.80 0.6385 | 0.2481 | -0.0752 0.0155 2.4176
10 4.77 0.1193 | 0.2061 | 0.3283 0.0417 11.3373
11 4.34 -0.0301 | -0.4409 | 0.1051 0.0080 5.2234
12 4.76 0.0692 | -0.5934 | 0.4625 0.0065 2.0565
13 4.75 -0.5239 | 0.3991 | -0.2291 0.0227 0.2637
14 4.78 0.6526 | -0.2319 | 0.1201 0.0125 3.9217
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