Journal of Visualized Experiments

Excitonic Hamiltonians for Calculating Optical Absorption Spectra and Optoelectronic

Properties of Molecular Aggregates and Solids
--Manuscript Draft--

Article Type: Invited Methods Atrticle - JOVE Produced Video

Manuscript Number: JoVEGB0598R2

Full Title: Excitonic Hamiltonians for Calculating Optical Absorption Spectra and Optoelectronic
Properties of Molecular Aggregates and Solids

Section/Category: JoVE Chemistry

Keywords: Exciton model; multiscale modeling; numerical simulations; absorption spectra;

molecular materials; optoelectronics

Corresponding Author: Aleksey Kocherzhenko

UNITED STATES
Corresponding Author's Institution:
Corresponding Author E-Mail: aleksey.kocherzhenko@csueastbay.edu
Order of Authors: Aleksey Kocherzhenko
Sapana V. Shedge
Pauline F. Germaux
Mohammad Heidarian
Christine M. Isborn
Additional Information:

Question Response

Please indicate whether this article will be Standard Access (US$2,400)
Standard Access or Open Access.

Please indicate the city, state/province, Hayward, CA
and country where this article will be
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;60598_R2.docx %

1  TITLE:
2 Excitonic Hamiltonians for Calculating Optical Absorption Spectra and Optoelectronic Properties
3  of Molecular Aggregates and Solids
4
5  AUTHORS AND AFFILIATIONS:
6 Aleksey A. Kocherzhenko,'* Sapana V. Shedge,? Pauline F. Germaux,! Mohammad Heidarian,*
7  Christine M. Isborn?
8 !Department of Chemistry and Biochemistry, California State University, East Bay, Hayward, CA,
9 USA
10 2Department of Chemistry and Chemical Biology, University of California, Merced,
11  Merced, CA, USA
12
13 Email addresses for co-authors:
14  Aleksey A. Kocherzhenko (aleksey.kocherzhenko@csueastbay.edu)
15 Sapana V. Shedge (ssoni2@ucmerced.edu)
16  Pauline F. Germaux (pgermaux@horizon.csueastbay.edu)
17  Mohammad Heidarian (mheidarian@horizon.csueastbay.edu)
18  Christine M. Isborn (cisborn@ucmerced.edu)
19
20  Corresponding author:
21  Aleksey A. Kocherzhenko (aleksey.kocherzhenko@csueastbay.edu)
22
23 KEYWORDS:
24 exciton model, multiscale modeling, numerical simulations, absorption spectra, molecular
25  materials, optoelectronics
26
27 SUMMARY:
28 Here, we present a protocol for parametrizing a tight-binding excitonic Hamiltonian for
29  calculating optical absorption spectra and optoelectronic properties of molecular materials from
30 first-principles quantum chemical calculations.
31
32  ABSTRACT:
33  Rational design of disordered molecular aggregates and solids for optoelectronic applications
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polarization of the electron density on a molecule by the charge distribution on surrounding
molecules. Such model Hamiltonians can be used to calculate optical absorption spectra and
other optoelectronic properties of molecular aggregates and solids.

INTRODUCTION:

In the past two decades, solids and films that are made from aggregated organic molecules have
found multiple applications in optoelectronic devices. Devices based on such materials have
many attractive properties, including small weight, flexibility, low power consumption, and
potential for cheap production using inkjet printing. Displays based on organic light emitting
diodes (OLEDs) are replacing liquid crystalline displays as state of the art for mobile phones,
laptops, television sets, and other electronic devices'™. The importance of OLEDs for lighting
applications is expected to increase in the coming years®. The performance of organic
photovoltaic devices is steadily improving, with power conversion efficiencies above 16%
recently reported for single-junction organic solar cells>. Organic materials also have the potential
to disrupt other technologies, such as fiber-optic communications, where their use enables the
development of electro-optic modulators with extremely high bandwidths of 15 THz and
above®’.

A major challenge in optimizing solid-state molecular materials for applications in
optoelectronics is that typically their properties strongly depend on the nanoscale structure of
the material. The production process allows defining the nanostructure of a material to some
extent by using controlled growth techniques, such as chemical vapor deposition,® templating of
optically active molecules onto another material (i.e., a polymer matrix>°, thermal
annealing'¥'2, etc.). However, nanoscale disorder is intrinsic to most molecular materials and
usually cannot be eliminated entirely. Therefore, understanding how disorder affects the
properties of a material and finding ways to engineer it for optimal performance is essential for
the rational design of organic optoelectronic materials.

The degree of disorder in molecular materials is usually too great to treat it as a perturbation of
a periodic crystalline structure with an electronic structure that can be described by band theory.
On the other hand, the number of molecules that must be included in a simulation to reproduce
the properties of a bulk material or a film is too great to use first principles quantum chemical
methods like density functional theory (DFT)'31* and time-dependent density functional theory
(TD-DFT)*>1, Organic molecules with applications in optoelectronics typically have relatively
large m-conjugated systems; many also have donor and acceptor groups. Capturing the correct
charge-transfer behavior in such molecules is essential to calculating their optoelectronic
properties, but it can only be accomplished using long-range corrected hybrid functionals in TD-
DFTY720, Calculations that use such functionals scale super linearly with the size of the system
and, at present, they are only practical for modeling the optoelectronic properties of individual
organic molecules or small molecular aggregates that can be described using no more than ~10%
atomic basis functions. A simulation method that could describe disordered materials that consist
of large numbers of chromophores would be very useful for modeling these systems.

The magnitude of intermolecular interactions in molecular materials is often comparable to or
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smaller than the order of variation in the energetic parameters (such as the eigenstate energies
or excitation energies) between individual molecules that make up the material. In such cases,
multiscale modeling is the most promising approach to understanding and optimizing the
optoelectronic properties of large disordered molecular systems?'=23, This approach uses first-
principles quantum chemical methods (usually DFT and TD-DFT) to accurately calculate the
properties of individual molecules that compose the material. The Hamiltonian of a material
sample that is large enough to represent the bulk molecular material (perhaps, by employing
periodic boundary conditions) is then constructed using the parameters that were calculated for
individual molecules. This Hamiltonian can then be used to calculate the optoelectronic
parameters of a large molecular aggregate, a thin film, or a bulk molecular material.

Exciton models are a subclass of multiscale models in which excited states of a molecular material
are represented in a basis of excitons: electron-hole pairs that are bound by Coulomb
attraction?#%>. For modeling many excited state processes, it is sufficient to only include Frenkel
excitons?®, where the electron and the hole are localized on the same molecule. Charge transfer
excitons, where the electron and the hole are localized on different molecules, may need to be
included in some cases (e.g., when modeling charge separation in donor-acceptor systems)?”:28,
Although exciton models are multiscale models that can be parametrized using only first-
principle calculations on individual molecules, they still account for intermolecular interactions.
The two primary interaction types that they can account for are (a) excitonic couplings between
molecules that characterize the ability of excitons to delocalize across or transfer between
molecules and (b) electrostatic polarization of the electron density on a molecule by the charge
distribution on surrounding molecules. We have previously shown that both of these factors are
important for modeling the optical and electro-optic properties of molecular aggregates, such as
the optical absorption spectra?® and first hyperpolarizabilities3°.

In this paper, we present a protocol for parametrizing exciton models that can be used to
calculate the optical spectra and other optoelectronic properties of large molecular aggregates
and bulk molecular materials. The excitonic Hamiltonian is assumed to be a tight-binding

Hamiltonian?%%,

N N N

f= z gala, + z z bi;(ala; +a.a0),

i=1 i=1 j=i+1
where ¢; is the excitation energy of the it" molecule in the material, bj is the excitonic coupling
between the it and the jt" molecules, ﬁ:r and 3; are the creation and annihilation operators,
respectively, for an excited state on the i molecule in the material. The excitonic Hamiltonian
parameters are found using TD-DFT calculations that are performed on individual molecules that
make up the material. In these TD-DFT calculations, the charge distribution on all other molecules
in the material is represented by electrostatic embedding of atomic point charges to account for
electrostatic polarization of a molecule’s electronic density. The excitation energies, &;, for
individual molecules are taken directly from the TD-DFT calculation output. The excitonic
couplings, bj;, between molecules are calculated using the transition density cube method3?, with
the ground-to-excited state transition densities for the interacting molecules taken from the
output of a TD-DFT calculation in Gaussian® and post-processed using the Multiwfn
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multifunctional wavefunction analyzer33. For simulating the properties of bulk molecular solids,
periodic boundary conditions may be applied to the Hamiltonian.

The current protocol requires that the user have access to the Gaussian3? and Multiwfn3
programs. The protocol has been tested using Gaussian 16, revision B1 and Multiwfn version
3.3.8, but should also work for other recent versions of these programs. In addition, the protocol
uses a custom C++ utility and a number of custom python 2.7 and Bash scripts, the source code
for which is provided under the GNU General Public License (Version 3) at
https://github.com/kocherzhenko/ExcitonicHamiltonian. The calculations are intended to be
performed on a machine running an operating system from the Unix/Linux family.

PROTOCOL:
1. Splitting the multi-molecular system into individual molecules

1.1. Generate the structure of the system for which the excitonic Hamiltonian needs to be
constructed in Tripos MOL2 molecular file format. This structure can be a snapshot from a
molecular dynamics or Monte Carlo simulation of the system.

1.2.  If all molecules in the system consist of the same number of atoms, use the python 2.7
script getMonomers.py to generate files that contain the Cartesian coordinates for atoms in
individual molecules that compose the system. Molecules that make up the system do not have
to be identical (e.g., they can be isomers). This script takes two input parameters.

1.2.1. Specify the name of the Tripos MOL2 file that contains the geometry of the system from
step 1.1 (a string).

1.2.2. Specify the number of atoms in each individual molecule that makes up the system (an
integer). To complete this step, use the command:

./getMonomers.py YLD124-300K_0-210000.mol2 125
Takes the structure that is contained in the sample file YLD124-300K_0-210000.mol2 on Github;
writes Cartesian coordinates of individual molecules to files monomer_N.com in XYZ format,
where N is a four-digit number that identifies the molecule in the system.

1.3. If a system consists of molecules with different numbers of atoms, generate the
structures for individual molecules using an alternative script or manually. The procedure
described in subsequent steps can be used without any modifications.

2. Generating ground state point charges for atoms in individual molecules

2.1.  Set up a plain text file, chargeOptions.txt, with the options for a Gaussian DFT calculation
of the atomic point charges in the ground state of an electrically neutral molecule. In order to
obtain a reasonably accurate charge distribution for transitions with charge-transfer character,
it is recommended to specify the parameters as follows.
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2.1.1. Use a long-range corrected density functional (such as wB97X)3*.

2.1.2. Use a sufficiently large basis set that includes at least d polarization functions on non-
hydrogen atoms (such as 6-31G*)3°>:3¢,

2.1.3. Use a superfine integration grid.

2.1.4. Use a very tight self-consistent field convergence criterion (energy convergence to 1071°
Hartree).

2.1.5. Use atomic point charges that are fit to reproduce the electrostatic potential in the
vicinity of the molecule, as is done in the CHelpG method?’, because the calculated atomic
charges will be used to represent the electrostatic environment.

NOTE: In typical molecular aggregates and solids distances between molecules are relatively
large, so it is often acceptable to use other atomic point charge definitions, such as Mulliken
charges38.

2.1.6. Include the NoSymm keyword in the input file to ensure that the atomic coordinates in
the Gaussian output file are written in input orientation, rather than in standard orientation.

2.1.7. Specify the name of the calculation in the comment line of the Gaussian input file.

2.1.8. Specify the charge and multiplicity of the molecule (0 and 1, respectively) in a separate
line. Sample calculation options specified in the file chargeOptions.txt may be:
#p wB97X/6-31G* Integral(Grid=SuperFineGrid) NoSymm SCF(Conver=10) Pop=CHelpG

Monomer charges
01

2.2.  Set up the Gaussian input files for all individual molecules that make up the system using
the parameters in the file chargeOptions.txt. This step can be efficiently accomplished using the
following Bash script:
for f in monomer_*.xyz
do

cat chargeOptions.txt > ${f%xyz}com

tail -n +3 $f >> ${f%xyz}com

echo "" >> ${f%xyz}com
done

NOTE: The script will produce Gaussian input files with the same names as the XYZ files generated
in step 1.2, but with the extension .com. These files will contain the calculation options specified
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in chargeOptions.txt and the atomic coordinates from the respective .xyz files, terminated by a
blank line.

2.3.  Runthe Gaussian calculations, specifying the output file name to be the same as the input
.com filename, but with the extension .log.

2.4.  Extract the CHelpG atomic point charges from the Gaussian output files with the
extension .log, using the python 2.7 script getCHelpG.py. The script takes 2 input parameters:
the name of the Gaussian output file with the extension .log and the number of atoms in a single
molecule.

NOTE: The script getCHelpG.py writes a file with the same name as the Gaussian output file, but
with the extension .chg. There are 4 columns in this file: the first three with the Cartesian
coordinates of atoms in the molecules, the last one with the CHelpG atomic point charges. The
following Bash script can efficiently extract charges from all files:

for fin monomer_*.log; do ./getCHelpG.py $f N; done

(N is the number of atoms in a molecule.)

2.5. If a definition of the atomic point charges other than CHelpG was used in step 2.1, extract
the charges from the Gaussian output file using an alternative script or manually.

3. Calculating the excitation energies and transition densities of individual molecules in
the material in the presence of an electrostatic environment

3.1. Set up a plain text file, monomerOptions.txt, with the options for a Gaussian TD-DFT
calculation of the excited state energies and ground-to-excited state transition density matrices
for individual monomers. Suggested parameters are the same as those used for the calculation
of the atomic point charges in step 2.1.

3.1.1. Use a range-separated density functional, such as wB97X3%.

3.1.2. Use a sufficiently large basis set that includes at least d polarization functions on non-
hydrogen atoms (such as 6-31G*)3>36,

3.1.3. Use a superfine integration grid.

3.1.4. Use a very tight self-consistent field convergence criterion (energy convergence to 1071°
Hartree).

3.1.5. Include the NoSymm keyword to ensure that the atomic coordinates in the Gaussian
output file are written in input orientation, rather than in standard orientation;
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3.1.6. Inorder to obtain reasonably accurate transition densities, set a low threshold for printing
eigenvector components (i.e., even coefficients for basis functions with very small contributions
to an eigenvector —ideally, at least to the order of 10~ — should be printed to the output file).

NOTE: To set this condition, one needs to use Gaussian internal options: set overlay 9, option 40
to the absolute value of the exponent for the threshold for printing eigenvector components
(e.g., 10p(9/40) = 5 sets the cutoff threshold to 107>).

3.1.7. Specify the name of the calculation in the comment line of the Gaussian input file.

3.1.8. Specify the charge and multiplicity of the molecule (0 and 1, respectively) in a separate
line. Sample calculation options specified in the file monomerOptions.txt may be:

#p tda(NStates=10) wB97X/6-31G* Integral(Grid=SuperFineGrid) NoSymm SCF(Conver=10)
iop(9/40=5)

Monomer with charges
01

3.2. Set up the Gaussian input files for the calculation of the excitation energies and transition
densities of all individual molecules in the material in the presence of an electrostatic
environment represented by the point charges on all other molecules in the material, with file
name monomer_N_wCh.com.

3.2.1. Include arequest to save a Gaussian checkpoint file with filename monomer_N_wCh.chk
in the Gaussian input file.

NOTE: For the naming convention described in this protocol, this step can be accomplished using
the python 2.7 script getMonomerWCh.py that reads in the calculation options specified in the
file monomerOptions.txt, the atomic coordinates for individual molecules in the system that are
stored in files monomer_N.xyz, and atomic point charges for all individual molecules that are
stored in files monomer_N.chg (N is the number of the monomer).

3.3. Runthe Gaussian calculations, specifying the output file name to be the same as the input
.com filename, but with the extension .log. The calculation will also save a checkpoint file with

the same filename, but with the extension .chk.

4. Extracting excitation energies for bright states of individual molecules that make up the
system from the Gaussian output files

4.1. Copy the excitation energies for the bright excited states of individual monomers from
the Gaussian output files with the extension .log to a plain text file called all_energies.txt.

NOTE: If there is only one bright excited state and all Gaussian output files are in the same
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directory, then this step can be efficiently accomplished by creating an empty plain text file,
all_energies.txt, then appending the line in the output file that contains the excitation energy of
the bright state for each monomer using the following Bash script:

for f in monomer*WCh.log; do grep "Excited State M" $f >> all_energies.txt; done

(M is the number of the excited bright state; the number of spaces between the word State and
the number M should be the same as in the Gaussian output files.)

4.2. Inthefile all_energies.txt, keep only the column that contains the numerical values of the
excitation energies (in eV); delete all other columns.

5. Calculating the excitonic couplings for all pairs of molecules that make up the molecular
system

5.1.  Convert the checkpoint files to human-readable format using the formchk utility that is
part of Gaussian using the following Bash script:
for f in monomer_*.chk; do formchk $f; done

NOTE: The human-readable formatted checkpoint files will have the same name as the original
checkpoint files, but with the extension .fchk.

5.2.  Use the python 2.7 script switchSign.py that takes the name of the Gaussian output file
with the extension .log and the number of excited states N included in the calculation as input
parameters.

NOTE: This script prints out the contents of the .log file switching the direction of the transition
dipole moment vectors from the ground to all excited states if the angle between the ground
state permanent dipole moment vector and the transition dipole moment vector for the ground
to first excited state transition is obtuse.

5.3.  Save the output produced by the script switchSign.py to a file that has the same name as
the .log file, but with the extension .log2.

5.4.  For molecules where the angle between the ground state permanent dipole moment
vector and the transition dipole moment vector for the ground to first excited state transition is
acute, copy the .log file to a file with the same name and extension .log2.

NOTE: If the naming convention recommended in this protocol is used, steps 5.2-5.4 can be
accomplished efficiently for all individual monomers using the following Bash script:
for f in monomer*_wCh.log
do

./switchSign.py $f 10 > ${f}2

if [ -s ${f}2]

then

echo 'Switching transition dipole moment signs for' $f
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else
echo 'Copying' $f 'to' ${f}2
cp ${f} 5{f}2
fi
done

5.5.  Use the Multiwfn multifunctional wavefunction analyzer to write the transition density
cube file based on the Gaussian formatted checkpoint file with the extension .fchk and the
processed Gaussian output file with the extension .log2.

NOTE: Gaussian only natively supports saving the spatial density distribution to a density cube
file for observables that correspond to Hermitian operators. Because the transition density
operator is not Hermitian, a postprocessing program is required to obtain a density cube file.

5.5.1. Launch the Multiwfn program.

5.5.2. Submit the Gaussian formatted checkpoint file (the file with the extension .fchk
generated in step 5.1) as the input file.

5.5.3. Select option 18, Electron excitation analysis, from the Main function menu.

5.5.4. Select option 1, Analyze and visualize hole-electron distribution, transition dipole
moment and transition density, from the Electron excitation analyses menu.

5.5.5. Submit the Gaussian output file with adjusted signs for the transition dipole vectors (the
file with the extension .log2 saved in step 5.2) when prompted to Input the path of the Gaussian
output file or plain text file containing excitation data.

5.5.6. Specify the transition for which the transition density cube file should be generated (if
there is only one bright state, it is the transition from the ground state to that state).

5.5.7. Select option 1, Visualize and analyze hole, electron and transition density and so on, in
the next menu.

5.5.8. Select the number of points in the grid for which the transition density cube file will be
generated: a larger number of points results in more accurate excitonic couplings, but increases
the calculation time significantly, in most cases, option 1, Low quality grid, covering whole
system, about 125000 points in total, is sufficient.

5.5.9. Select option 13, Output cube file of transition density to current folder, in the following
menu. Transition density cube file transdens.cub will be written, rename this file to have the

same name as the .log2 and .fchk files, with the extension .cub.

NOTE: Multiwfn is intended to run interactively, with calculation options entered from the
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keyboard in response to prompts. However, it is more convenient to set up a file with processing
options and then to have Multiwfn read them from that file.

5.6. To efficiently generate set up files with Multiwfn processing options for all .fchk files in
the current directory, use the Bash script makeOpt.sh. The files written by the script makeOpt.sh
have the same names as the .fchk files with the extension .opt.

5.7.  Generate the transition density cube files in a single batch using the following Bash script:
for f in monomer*_wCh.fchk
do
Multiwfn $f < ${f%fchk}opt
mv transdens.cub ${f%fchk}cub
done

NOTE: Figure 1 shows the transition density for a molecule of 2-[4-[(E,3E)-3-[3-[(E)-2-[4-[bis[2-
[tert-butyl-(dimethyl)silyl]Joxyethyllamino]phenyl]ethenyl]-5,5-dimethylcyclohex-2-en-1-
ylidene]prop-1-enyl]-3-cyano-5-phenyl-5-(trifluoromethyl)furan-2-ylidene]propanedinitrile
(commonly referred to as YLD 124)3° in the presence of point charges of surrounding molecules.

5.6.  Convert .cub files to files that explicitly specify the coordinates of the centers of all cubes
on the grid used in step 5.5.8 (first 3 columns) and the values of the transition density inside the
cube (last column) using the python 2.7 script cubeFormat.py. The script takes the name of a
.cub file as input. To convert all .cub files in a directory, use the Bash script:

for fin monomer_0*.cub; do echo $f; ./cubeFormat.py $f; done

NOTE: The script cubeFormat.py writes a formatted density cube file with the same name as the
input file it takes, but with the extension .fcub.

5.7. Use the .fcub files generated in step 5.6 to calculate the excitonic couplings between all
pairs of molecules in the system using the transition density cube method3*. This step can be
accomplished using the cubePairGen program that takes two .fcub files for different molecules
as input. To run it, use the command:

./cubePairGen monomer_N_wCh.fcub monomer_M_wCh.fcub

NOTE: The program returns a file named coup_N_M with a single line that contains three
numbers: the molecule numbers N and M, followed by the excitonic coupling between these two
molecules in eV. The program source code in the file CubePairGen.cpp can be compiled using the
C++ compiler in the GNU Compiler Collection with the command:

g++ CubePairGen.cpp —o cubePairGen

5.8. If the file naming convention suggested in this protocol is used, the calculations can be
run as a batch for all pairs of individual molecules that make up the system studied. To run these
calculations, use the following Bash script:
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for fin *.fcub
do
for gin *.fcub
do
ff=${f#monomer_}
gg=5{g#monomer_}
fif=5{ff%_wCh*}
ggg=5{gg%_wCh*}
if [ "Sfff" -gt "Sggg" ]
then
(*) ./cubePairgen' $f $g '> coup_'${fff}'_'S{ggg}
fi
done
done

NOTE: Figure 2 shows the transition densities for two molecules of YLD 124 that are used to
calculate the excitonic coupling between these molecules. For large systems, where the total
number of molecule pairs is large, the line marked by an asterisk in the Bash script can be
modified to submit calculations to a supercomputing cluster’s queuing system.

5.9. Once the calculations in step 5.8 are finished, create an empty file all_couplings.txt and
combine all excitonic couplings into a single file using the following Bash script:
for fin coup_0*; do cat $f >> all_couplings.txt; done

6. Setting up the excitonic Hamiltonian

6.1. Combine the excited state energies in the file all_energies.txt that was generated in step
4.2 and the excitonic couplings in the file all_couplings.txt that was generated in step 5.9 into a
single file that contains the complete excitonic Hamiltonian matrix using the python 2.7 script
SetupHam.py using the terminal command:

./Setup_Ham.py all_energies.txt all_couplings.txt N > Hamiltonian.txt

NOTE: The program will write a file Hamiltonian.txt with three columns: the row number, column
number, and value in eV for each matrix element, with rows separated by blank lines.

6.1.1. Specify the name of the file that contains excitonic energies.
6.1.2. Specify the name of the file that contains excitonic couplings.

6.1.3. Specify the dimension N of the Hamiltonian matrix (the number of molecules in the
system).

REPRESENTATIVE RESULTS:
In this section we present representative results for computing the optical absorption spectrum
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of an aggregate of six YLD 124 molecules, shown in Figure 3a, where the structure of the
aggregate was obtained from a coarse-grained Monte Carlo simulation. YLD 124 is a prototypical
charge-transfer chromophore that consists of an electron-donating group of diethyl amine with
tert-butyldimethylsilyl protecting groups that is connected via a m-conjugated bridge to the
electron accepting group 2-(3-cyano-4,5,5-trimethyl-5H-furan-2-ylidene)-malononitrile®. This
molecule has a large ground-state dipole moment, ~30 D. Electronic structure calculations for
individual molecules were performed using the wB97X34 functional with the 6-31G* basis set3>36,
TD-DFT calculations used the Tamm-Dancoff approximation. Partial atomic charges were
computed with the CHelpG population analysis method?’.

The Hamiltonian for this system, constructed using the protocol described in this paper, is shown
in Table 1.

The absorption spectrum calculated for this excitonic Hamiltonian is shown in blue in Figure 3b.
Because there are six molecules with only a single bright excited state for each molecule, a 6-by-
6 excitonic Hamiltonian was generated, resulting in six transitions. The eigenvalues of this
Hamiltonian are the lowest six excited state energies for the molecular aggregates. The height of
the vertical lines represents the oscillator strength f; for each transition from the ground to the

it excited state of the molecular aggregate. It can be found using the expression?®
2 2

om N 2 N N
fi =32 B (Z c}cuiﬁ) + (Z c}cui) + (Z Ckui) :
k=1 k=1 k=1

where m is the electron mass, e is the elementary charge, # is the reduced Planck’s constant, e
is the elementary charge, N is the total number of molecules in the aggregate, E; is the eigenvalue
that corresponds to the /™ excited state of the molecular aggregate, c,ic is the expansion
coefficient for the contribution of the k™ molecule in the aggregate to the it excited state of the
aggregate written in the basis of bright excited states on individual molecules, and uj are the
components of the transition dipole moment vector for the ground to k™ molecule in the
aggregate, @ = x,y, z. The values of E; and c,ic are found by solving the eigenvalue equation for
the Hamiltonian matrix (the time-independent Schrédinger equation). The values of uy can be
found in the “.log2” files that are generated in step 5.2 of the protocol. The total spectrum is a
smooth line created by summing over Gaussian functions centered at each of the excitation
energies and weighted by the corresponding oscillator strengths?°.

For comparison, the spectrum computed from an all-electron TD-DFT calculation on the entire
molecular aggregate is shown in magenta. For these spectra, the integrated intensity of the
exciton spectrum is larger than the TD-DFT spectrum (lexc/Ito-orr = 1.124) and the difference in the
mean absorption energies is Eexc — Eto-orr = 0.094 eV. These offsets are systematic for molecular
aggregates of a given size and can be corrected for to obtain very good agreement between
exciton model and TD-DFT spectra. For instance, for a set of 25 molecular aggregates that each
consists of 6 YLD 124 molecules, the average integrated intensity ratio lexc/lto-oer = 1.126, with a
standard deviation of 0.048, and the difference in the mean absorption energies is Eexc — Etp-per =
0.057 eV, with a standard deviation of 0.017 eV. The exciton model and TD-DFT spectra shown in
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Figure 3b also have similar shapes, as characterized by Pearson’s product-moment correlation
coefficient [Randolph2013]*! between them of 0.9818 and Pearson’s product-moment
correlation coefficient between their derivatives of 0.9315. On average, for a set of 25 molecular
aggregates that each consists of 6 YLD 124 molecules, the agreement in spectral shape is even
better than for the example shown, with values of 0.9919 (standard deviation of 0.0090) and
0.9577 (standard deviation of 0.0448) for the two Pearson’s coefficients, respectively?®. Our
earlier work suggests that the spectral shape is primarily determined by local electrostatic
interactions between chromophores in the aggregate that are accounted for in the exciton model
described in this paper, whereas the excitation energy and intensity depend considerably on the
mutual polarization between the chromophore and its environment that the model neglects?°.

FIGURE AND TABLE LEGENDS:
Figure 1. An isosurface for the transition density plotted for a single molecule of YLD 124. The
the positions of atomic charges on surrounding molecules are shown by gray dots.

Figure 2. The transition densities plotted for two molecules of YLD 124, i and j, that are used
for computing the excitonic coupling bjj between these molecules. The surrounding charges are
not shown.

Figure 3. The structure and calculated spectrum for an aggregate of six YLD 124 molecules. (a)
The aggregate structure used in the sample calculation. (b) The corresponding absorption spectra
created using the exciton model Hamiltonian (blue) and an all-electron TD-DFT calculation on the
entire aggregate (magenta).

Table 1. The Hamiltonian for a sample calculation on the aggregate of six YLD 124 molecules
shown in Figure 3a. The diagonal elements are the excitation energies of individual molecules;
the off-diagonal elements are the excitonic couplings between molecules (all values are in eV).

DISCUSSION:

The method presented here allows for multiple customizations. For instance, it is possible to
modify the parameters of the DFT and TD-DFT calculations, including the density functional, basis
set, and specific definition of the atomic point charges.

Using long-range corrected functionals, such as wB97X, wB97XD, or wPBE, is recommended in
order to obtain reasonable transition densities for transitions with charge-transfer character. It
may be interesting to study to what extent the specific choice of functional (or of the functional
parameters, such as the amount of exact exchange or the value of the range separation
parameter w) affects the calculated optoelectronic properties for specific systems*?4,

The accuracy of the Hamiltonian parametrization can potentially be improved by using larger
basis sets, but at the expense of computational cost. Furthermore, given the approximations
intrinsic to the exciton model®*?>, improving its parametrization may not always lead to a
significantly improved agreement with experimental observations.



566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609

We have found the choice of the specific definition of atomic point charges in the Hamiltonian
parametrization to have only a small effect on the resulting optical absorption spectra for
aggregates of YLD 124 molecules. It may even be acceptable to use the atomic charges from force
fields for roughly representing a molecule’s electrostatic environment. However, using atomic
point charges that are computed from first principles for specific molecules in a molecular
aggregate for parametrizing the excitonic Hamiltonian leads to improved agreement with
absorption spectra calculated using TD-DFT.

Step 5.2 in the protocol in necessary because the transition dipole moment between the ground
and excited states of a monomer is not an observable and its phase may be chosen arbitrarily.
Gaussian selects this phase so that the components of the transition dipole moment vector are
real, but this restriction leaves the signs of the transition dipole moment vector components
ambiguous. For calculating the excitonic couplings between monomers, one must ensure that
the directions of the transition dipole moment vectors are selected uniformly for all molecules
that make up the system. To accomplish this task, one can find the angles between the transition
dipole moment vector of each molecule and some vector observable for that molecule (e.g., its
permanent ground state dipole moment). If the molecular system is made up of molecules of the
same type, even with some geometric variations, the angle between the transition dipole
moment and the ground state dipole moment vectors should be relatively similar for all individual
molecules. If it turns out that the angle between these vectors is acute for some molecules and
obtuse for others, then the direction of the transition dipole moment vector in Gaussian has not
be selected uniformly for all molecules. To make it uniform, the signs of the vector components
should be reversed either for all molecules where this angle is acute or for all molecules where
this angle is obtuse (it does not matter which).

With the exception of step 1.2, the current protocol can be applied to aggregates that consist of
multiple molecular species. For such systems, the script getMonomers.py would need to be
modified, or the system could be split into individual molecules manually. The protocol can also
be easily extended to systems that consist of molecules with more than a single bright excited
state. The sequence of steps, in this case, would remain unchanged, but a larger number of
parameters would need to be calculated: excitation energies for all bright excited states and
excitonic couplings between all bright excited states. Modifications to steps 4 and 5 would need
to be made accordingly.

The molecular exciton model proposed here only includes Frenkel excitons on the individual
molecules in the aggregate or molecular solid and neglects any charge transfer that may occur
between molecules. Our earlier work suggests that this approximation is reasonable for
aggregates of YLD 124 molecules?®. However, in some cases intermolecular charge transfer states
may significantly affect the optoelectronic properties of molecular materials*®. In principle, such
charge transfer can be incorporated into exciton models?”:?8, albeit at a considerably increased
computational cost compared to the case when only Frenkel excitons are accounted for.

In the current model, the effect of molecular vibrations on the optical absorption spectrum is
represented by applying Gaussian broadening to the stick spectrum that is calculated using the
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exciton model. This approximation is rather crude: a more accurate broadening function can be
calculated, for instance, by treating the temperature-dependent broadening classically through
the sampling of the possible configurations of molecular arrangements in the material (e.g., from
molecular dynamics or Monte Carlo simulations) and including the quantum mechanical vibronic
contributions as a zero-temperature correction to each vertical transition*”4¢, Alternatively, the
spectral density for the vibrational bath that interacts with Frenkel excitons in molecular
assemblies can be efficiently calculated using the density functional theory based tight-binding
(DFTB) method*°.

When parametrizing the excitonic Hamiltonian for very large systems, it may be reasonable to
only calculate excitonic couplings between molecules that are within some cutoff distance from
each other and assume the couplings for molecules at larger distances to be negligibly small.
However, when determining this cutoff distance, one must keep in mind that the excitonic
couplings depend on the relative orientations of molecules, as well as on the distance between
them?. For simulating the optoelectronic properties of bulk molecular solids, periodic boundary
conditions may be used, so long as the dimensions of the simulated material cell are larger than
the cutoff distance for excitonic interactions.

When simulating the optoelectronic properties of bulk molecular solids, it is also important to
adequately sample the various possible arrangements of chromophores in the molecular solid. A
sufficiently large number of snapshots with representative arrangements of chromophores in the
solid sample can be obtained (e.g., from a Monte Carlo simulation of the sample’s
microstructure®®). The calculated optoelectronic properties (e.g., the calculated optical
absorption spectra) should then be averaged over all snapshots.

Properties beyond optical absorption spectra can also be computed with the exciton model. For
example, the hyperpolarizability of molecular aggregates has been calculated using the exciton
approximation to a two-state model®*C. In addition to the properties of organic materials for
optoelectronics, the excitonic Hamiltonians described in this paper are also useful for studying
the properties of natural and artificial photosynthetic systems.
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of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
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Aleksey A. Kocherzhenko
Department: i i i
|Department of Chemistry and Biochemistry
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Title: Assistant Professor
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Response to Editorial and Reviewer comments on

Excitonic Hamiltonians for Calculating Optical Absorption Spectra
and Optoelectronic Properties of Molecular Aggregates and Solids

Aleksey A. Kocherzhenko,>" Sapana V. Shedge,? Pauline F. Germaux,?
Mohammad Heidarian,! Christine M. Isborn?

Response to Editorial Comments:
We have addressed the editorial comments as follows:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

We have proofread the manuscript to the best of our ability.

2. Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial
policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure
has been modified from [citation].”

All figures in this paper are original and have not been published previously.

3. For in-text referencing, the superscripted reference number should be inserted before a period
or comma.

This issue has now been corrected.
4. Please avoid long steps (more than 4 lines).

We have tried to make the steps in the protocol concise. However, we feel that, in addition to
providing the sequence of commands for the calculation, it is helpful to provide the users with
explanations of the parameters that are passed to the programs, as well as of the options that
users can modify to tailor the calculation to their specific needs. This makes the description of
certain steps longer, but we believe that it contributes to the clarity and user-friendliness of the
protocol, even for inexperienced users. In this respect, we appreciate the comment of Reviewer
1 that “The protocol is written in a friendly way that is easy to follow even for specialists outside
the area of computer simulations,” as well as the comment of Reviewer 2 that “it could be useful
for newcomers in this important field of Physical Chemistry.”

L]
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We hope that the JoVE editorial team agrees to keep the information about the options that are
available to users in the protocol itself (the motivation for our recommendations to use specific
options is explained in the Discussion). However, we are prepared to make further modifications
to the protocol, if necessary.

5. For steps that are done using software, a step-wise description of software usage must be
included in the step. Please mention what button is clicked on in the software, or which menu
items need to be selected to perform the step.

The protocol is to be executed in a Unix/Linux terminal and the sequence of commands for the
calculation is provided. None of the steps in the protocol require clicking buttons or selecting
menu items. The input files for the calculations can be set up in any text editor of the user’s
choice (e.g., vi, emacs, Notepad, or AlphaX).

6. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.qg., “Do this,” “Ensure that,” etc.). Any text that cannot be
written in the imperative tense may be added as a “Note.”

We have checked that each step in the protocol contains an actionable item written in the
imperative tense. (Some steps additionally include explanations of user options and suggestions
for specific option choices, as explained in the response to point 4 of the editorial comments.)

7. Each figure must be accompanied by a title and a description after the Representative Results
of the manuscript text.

Figure captions are provided in the “Figure and Table Legends” section that follows the
“Representative Results” section. Please advise if any other text should accompany the figures.

8. JoVE cannot publish manuscripts containing commercial language. This includes company
names of an instrument or reagent. Please remove all commercial language from your manuscript
and use generic terms instead. All commercial products should be sufficiently referenced in the
Table of Materials and Reagents.

To the best of our knowledge, the manuscript contains no commercial language. We do specify
the names of software packages (Gaussian and Multiwfn) in the text, as the protocol has been
developed specifically for use with those software packages. Please advise us on an alternative if
such usage is not acceptable.

Please let us know if you have further requests regarding the manuscript: we will be happy to
make additional modifications, if necessary.



Response to Reviewer Comments:
We thank the reviewers for their comments. We address these comments individually below.
Reviewer #1:

Is there interaction between transitional dipole moments of the molecular aggregate? Is the
aggregate (generated at 1.1) formed from excited state molecules stable?

The density of excitations in organic materials is typically low. Aggregates with sizes of a few
hundred to a few thousand molecules that can be simulated using the method we propose will
typically have only a single excitation. Therefore, there are no concerns about the stability of the
aggregate and it isn’t necessary to model interactions between multiple excitations in the
aggregate. However, an excited state in the material may be delocalized over multiple interacting
chromophores. These interchromophore interactions are accounted for using the tight-binding
Hamiltonian (line 129).

The example of the protocol is given for 108 molecules (line 161). While absorption spectra Figure
3 (Representative results section) are computed for 6 molecule aggregate only (line 464).

The protocol works for any number of molecules. We chose to present the calculated spectra for
6 molecules simply because it allows to clearly show the energies and intensities for individual
transitions (“stick spectrum”) in addition to the broadened aggregate spectrum. A stick spectrum
for much larger aggregates simply contains too many lines to be informative.

For comparison of exciton model with TD-DFT calculation (Fig. 3) authours claim the presence of
the offset. Please comment on the origin of the offset and how it depends on the number of
molecules in the aggregate. Name the model that gives more correct spectra and the model to be
corrected with the offset.

The offset is likely related to the neglect of mutual polarization of the electron density on
chromophores by surrounding chromophores.

The following statement was added to the paper:

“Our earlier work suggests that the spectral shape is primarily determined by local
electrostatic interactions between chromophores in the aggregate that are accounted for in the
exciton model described in this paper, whereas the excitation energy and intensity depend
considerably on the mutual polarization between the chromophore and its environment that the

model neglects?.”



Reviewer #2:
- The important issue of sampling of different configurations should be briefly discussed, which
contributes considerably to the numerical effort. May be the authors could point to different

situations such as aggregates and solids which have rather different demands in this respect.

We have added the following paragraph to the Discussion:

“When simulating the optoelectronic properties of bulk molecular solids, it is also important
to adequately sample the various possible arrangements of chromophores in the molecular solid.
A sufficiently large number of snapshots with representative arrangements of chromophores in
the solid sample can be obtained, e.g., from a Monte Carlo simulation of the sample’s
microstructure®®. The calculated optoelectronic properties, e.g., the calculated optical absorption
spectra, should then be averaged over all snapshots.”

- According to the protocol interactions between all molecules are calculated. How about
screening of interactions between non-nearest neighbors?

For bulk molecular solids, such screening can be accounted for simply by dividing the calculated
values of the intermolecular interactions by the dielectric constant of the material (typically, in
the 2—4 range for organic materials). For relatively small molecular aggregates, there is no simple
way to account for the screening of intermolecular interactions, but screening is also much less
significant than for bulk molecular solids.

- How about intermolecular CT transitions which have attracted considerable attention - see D.
Bellinger, J. Pflaum, C. Briining, V. Engel, and B. Engels, Phys. Chem. Chem. Phys. 19, 2434 (2017).

All excitons in the model presented in this paper are Frenkel excitons; charge transfer excitons
are neglected. It is true that intermolecular CT transitions may have non-negligible effects on the
optoelectronic properties of materials in certain cases (as mentioned in lines 113-115). In
principle, the exciton model can be extended to incorporate CT transitions: e.g., as we have done
in Ref. [28]. However, one major downside of including these transitions is that the scaling of the
Hamiltonian size with the number of chromophores is considerably worse than for models that
only include Frenkel excitons, leading to significantly increased computational costs.

Fortunately, for disordered molecular solids the effect of CT transitions on the optoelectronic
properties, such as the absorption spectra, are often relatively minor (in part, because charge
transfer interactions scale exponentially with intermolecular distance). In such cases, the exciton
model that is presented in the current paper is expected to work relatively well. Indeed, in earlier
work (Ref. [29]) we have calculated spectra for aggregates of up to 10 YLD124 chromophores
both using the exciton model and using TDDFT on the entire aggregate (a method that accounts
for possible charge transfer between chromophores). The reasonable agreement between the
two methods suggests that, at least for this system, the effect of intermolecular CT transitions on
the absorption spectrum is relatively minor.



We have added the following paragraph to the Discussion:

The molecular exciton model proposed here only includes Frenkel excitons on the individual
molecules in the aggregate or molecular solid and neglects any charge transfer that may occur
between molecules. Our earlier work suggests that this approximation is reasonable for
aggregates of YLD 124 molecules?®. However, in some cases intermolecular charge transfer states
may significantly affect the optoelectronic properties of molecular materials*®. In principle, such
charge transfer can be incorporated into exciton models?”:?8, albeit at a considerably increased
computational cost compared to the case when only Frenkel excitons are accounted for.

- The influence of molecular vibrations (intramolecular and intermolecular) should be addressed.
In this respect the computationally more efficient approach of ref.

P.-A. Pl6tz, J. Megow, T. Niehaus, and O. Kiihn, J. Chem. Theory Comput. 14, 5001 (2018)

could be mentioned.

We have added the following paragraph to the Discussion:

“In the current model, the effect of molecular vibrations on the optical absorption spectrum
is represented by applying Gaussian broadening to the stick spectrum that is calculated using the
exciton model. This approximation is rather crude and involves a fitting parameter, the width of
the Gaussian function. A more accurate broadening function can be calculated by treating the
temperature-dependent broadening classically through the sampling of the possible
configurations of molecular arrangements in the material (e.g., from molecular dynamics or
Monte Carlo simulations) and including the quantum mechanical vibronic contributions as a zero-
temperature correction to each vertical transition*”#. Alternatively, the spectral density for the
vibrational bath that interacts with Frenkel excitons in molecular assemblies can be efficiently
calculated using the density functional theory based tight-binding (DFTB) method>°.”

Reviewer #3:

1. Some care should be adviced to take into account in the treatment of high level portions: DFT
is a theory developing yet (!!), and specially in the case of weak interactions as dispersive forces
one is required for looking a best treatment. Though Gaussian has very modern versions to it,
anyway the users should think in testing others codes, to be sure of better treatment of the point.

We agree that DFT is a developing theory, with new density functionals regularly proposed.
Because the intermolecular interactions that are accounted for in our model are electrostatic in
nature, our main concern is with adequately reproducing the charge distribution within the
molecules. Long-range separated density functionals, such as ®B97X, ®B97XD, or wPBE, are most
suitable for predicting the intramolecular charge distribution (and, consequently, the transition
densities), as explained in the second paragraph of the discussion (lines 531-536).



As explained in the first paragraph of the discussion (lines 528-530), the exciton model can be
parametrized using any density functional (or, for that matter, even using a method of the user’s
choice other than TDDFT). It would require minimal changes to the Gaussian input file: namely,
specifying the selected method.

Parametrization of the exciton model using quantum chemistry packages other than Gaussian is
certainly possible (see, e.g., Ref. [31] that uses QChem for calculating transition densities on
individual molecules). However, because different quantum chemistry packages format output
files differently, scripts for postprocessing of the data in these files are necessarily written for
specific packages. We opted to use Gaussian because of its popularity.

2. Work have to be made, in the sense of testing more DFT functionals, and compare them with
hard post-Hartre-Fock methods ( as CAS, and so..).

We agree that comparisons between various quantum chemical methods are important. In fact,
a comparison between the parametrizations of the exciton model and the optical spectra
calculated using TDDFT with the B3LYP and wB97X density functionals, as well as using CIS, can
be found in our earlier work, Ref. [29].

The objective of the current paper is to present the protocol for parametrizing the exciton model
that can, in principle, be performed using any quantum chemical method without any changes
to the procedure (beyond specifying the method of choice in the Gaussian input files). We believe
that benchmarking the performance of various quantum chemical methods falls beyond the
scope of the current paper, particularly because the method choice may depend on the specific
molecular system to be simulated.

3. Work is also needed to test the method when a solvent is around the system. This could be
hard, due to the treatment of polarization effects on the energy and orbitals levels.

The current method is intended to study the properties of large molecular aggregates
(nanoparticles) and of molecular solids. No solvent is present in these systems.
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