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SUMMARY:
Here, we present a protocol for parametrizing a tight-binding excitonic Hamiltonian for calculating optical absorption spectra and optoelectronic properties of molecular materials from first-principles quantum chemical calculations.

ABSTRACT:
Rational design of disordered molecular aggregates and solids for optoelectronic applications relies on our ability to predict the properties of such materials using theoretical and computational methods. However, large molecular systems where disorder is too significant to be considered in the perturbative limit cannot be described using either first principles quantum chemistry or band theory. Multiscale modeling is a promising approach to understanding and optimizing the optoelectronic properties of such systems. It uses first-principles quantum chemical methods to calculate the properties of individual molecules, then constructs model Hamiltonians of molecular aggregates or bulk materials based on these calculations. In this paper, we present a protocol for constructing a tight-binding Hamiltonian that represents the excited states of a molecular material in the basis of Frenckel excitons: electron-hole pairs that are localized on individual molecules that make up the material. The Hamiltonian parametrization proposed here accounts for excitonic couplings between molecules, as well as for electrostatic 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 [Tsujimura2017, Barnes2013, Mizukami2018, Koden2017]1–4. The importance of OLEDs for lighting applications is expected to increase in the coming years [Koden2017]4. The performance of organic photovoltaic devices is steadily improving, with power conversion efficiencies above 16% recently reported for single-junction organic solar cells [Fan2018]5. 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 [Dalton2015, Robinson2018]6,7.

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 [Duan2016],8 templating of optically active molecules onto another material (i.e., a polymer matrix [Wanapun2009, Siao2013]9,10, thermal annealing [Sepeai2009, Mao2011]11,12, 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) [Parr1989, Dreizler 1989]13,14 and time-dependent density functional theory (TD-DFT) [Burke2005, Ullrich 2012]15,16. Organic molecules with applications in optoelectronics typically have relatively large π-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-DFT[Vydrov2006, Tawada2004, Rohrdanz2008, Autschbach2008]17–20. 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 ~104 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 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 [Nelson2009, Walker2009, Wang2010]21–23. 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 [Davydov1971, Agranovich2008]24,25. For modeling many excited state processes, it is sufficient to only include Frenkel excitons [Frenkel1931]26, 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) [Kocherzhenko2015, Lee2017]27,28. 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 [Kocherzhenko2017]29 and first hyperpolarizabilities [Kocherzhenko2019]30.

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 [Davydov1971, Agranovich2008]24,25,

where  is the excitation energy of the ith molecule in the material, bij is the excitonic coupling between the ith and the jth molecules,  and  are the creation and annihilation operators, respectively, for an excited state on the ith 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, bij, between molecules are calculated using the transition density cube method [Krueger1998]31, with the ground-to-excited state transition densities for the interacting molecules taken from the output of a TD-DFT calculation in Gaussian [Gaussian16]32 and post-processed using the Multiwfn multifunctional wavefunction analyzer [Tian2012]33. 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 Gaussian [Gaussian16]32 and Multiwfn [Tian2012]33 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. [bookmark: _Hlk23633652]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.

2.1.1. Use a long-range corrected density functional (such as ωB97X [Chai2008])34.

2.1.2. Use a sufficiently large basis set that includes at least d polarization functions on non-hydrogen atoms (such as 6-31G*) [Hehre1972, Hariharan1973]35,36.

2.1.3. Use a superfine integration grid.

2.1.4. Use a very tight self-consistent field convergence criterion (energy convergence to 10–10 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 [Breneman1990]37, 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 charges [Mulliken1955]38.

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

0 1

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 in chargeOptions.txt and the atomic coordinates from the respective .xyz files, terminated by a blank line.

2.3. Run the 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 f in 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 ωB97X [Chai2008]34.

3.1.2. Use a sufficiently large basis set that includes at least d polarization functions on non-hydrogen atoms (such as 6-31G*) [Hehre1972, Hariharan1973]35,36.

3.1.3. Use a superfine integration grid.

3.1.4. Use a very tight self-consistent field convergence criterion (energy convergence to 10–10 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;

3.1.6. In order 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 10–5 – 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., IOp(9/40) = 5 sets the cutoff threshold to 10–5).

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

0 1

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 a request 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. Run the 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 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. In the file 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
  else
    echo 'Copying' $f 'to' ${f}2
    cp ${f} ${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 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]oxyethyl]amino]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 [Jen2005])39 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 f in 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 method [Krueger1998]31. 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:

for f in *.fcub
do
  for g in *.fcub
  do
    ff=${f#monomer_}
    gg=${g#monomer_}
    fff=${ff%_wCh*}
    ggg=${gg%_wCh*}
    if [ "$fff" -gt "$ggg" ]
    then
(*)      ./cubePairgen' $f $g '> coup_'${fff}'_'${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 f in 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 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 -conjugated bridge to the electron accepting group 2-(3-cyano-4,5,5-trimethyl-5H-furan-2-ylidene)-malononitrile [Jen2005]39. This molecule has a large ground-state dipole moment, ~30 D. Electronic structure calculations for individual molecules were performed using the ωB97X [Chai2012]34 functional with the 6-31G* basis set [Hehre1972, Hariharan1973]35,36. TD-DFT calculations used the Tamm-Dancoff approximation [Hirata1999]40. Partial atomic charges were computed with the CHelpG population analysis method [Breneman1990]37.

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  for each transition from the ground to the ith excited state of the molecular aggregate. It can be found using the expression [Kocherzhenko2017]29

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,  is the eigenvalue that corresponds to the ith excited state of the molecular aggregate,  is the expansion coefficient for the contribution of the kth molecule in the aggregate to the ith excited state of the aggregate written in the basis of bright excited states on individual molecules, and  are the components of the transition dipole moment vector for the ground to kth molecule in the aggregate, . The values of  and  are found by solving the eigenvalue equation for the Hamiltonian matrix (the time-independent Schrödinger equation). The values of  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 [Kocherzhenko2017]29.

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 (Iexc/ITD-DFT = 1.124) and the difference in the mean absorption energies is Eexc – ETD-DFT = 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 Iexc/ITD-DFT = 1.126, with a standard deviation of 0.048, and the difference in the mean absorption energies is Eexc – ETD-DFT = 0.057 eV, with a standard deviation of 0.017 eV. The exciton model and TD-DFT spectra shown in Figure 3b also have similar shapes, as characterized by Pearson’s product-moment correlation coefficient [Randolph2013]41 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 [Kocherzhenko2017]29. 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 [Kocherzhenko2017]29.

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 bij 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 ωB97X, ωB97XD, or ωPBE, 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 ω) affects the calculated optoelectronic properties for specific systems [Garrett2014, Sekino2007, Johnson2014]42–44.

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 [Davydov1971, Agranovich2008]24,25, improving its parametrization may not always lead to a significantly improved agreement with experimental observations.

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 [Kocherzhenko2017]29. However, in some cases intermolecular charge transfer states may significantly affect the optoelectronic properties of molecular materials [Bellinger2017]46. In principle, such charge transfer can be incorporated into exciton models [Kocherzhenko2015, Lee2017]27,28, 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 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 [Zuehlsdorff2018]47,48. 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 [Plötz2018]50.

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[Lee2018]45. 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 [Tillack2018]50). 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 [Kocherzhenko2019]30. 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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