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ABSTRACT:

Complete Neglect of Differential Overlap taking into account L azimuthal quantum
number of the atomic basis set (CNDOL) is both an a priori and approximate quantum
mechanical Fockian which simplifies the raw Roothaan’s HF formulation for the
simulation of molecules. All multielectronic determinants corresponding to single
excitations of the resulting SCF ground state monoelectronic wave function are
variationally optimized after applying large-scale full singly-excited configuration
interaction (FCIS) for modeling electron excitation properties. In this study the accuracy
of CNDOL predicted excited state energies are benchmarked with respect to
experimental data and compared to state of the art TD-DFT calculations. Excitons are
expressed in terms of wave functions that comprise all valence electrons of the system
for each different energy state giving multielectronic 3D density maps in place of the
one electron nature of molecular orbitals. The binding energy of each excitation is
evaluated by the Coulomb — exchange term in order to model exciton stability and
localization. Graphics for mapping total charge distribution on the molecular geometry
of ground and selected excited states, as well as the charge transfers occurring upon
each transition are shown to be tools for a qualitative modeling and a better
understanding of molecular excitation processes. It is shown that CNDOL can be used
for building molecular wave functions comprising all valence electrons of relatively big
polyatomic systems due to the superior speed of these calculations with respect to

more sophisticated methods such as TD-DFT.



INTRODUCTION

Simulations of the light-matter interaction of molecular and complex polyatomic systems
behavior toward light is a research question with fundamental and pragmatic implications.
Theoretical investigations afford a platform for detailed investigation of these effects, and allow
us to extend our studies to systems where the relevant experiment either has not or cannot be
performed. Knowledge gained through these simulations can find practical applications, such as
designing new photovoltaic materials. Simulations using quantum mechanical (QM) models
provide independent information attending to the complexities of the systems at hand,’
although they are often very computationally intensive.

Such QM models can be derived through many different approaches. Nowadays, the most
frequently published studies in this area are those obtained with TD-DFT approachz. Kohn —
Sham’s orbitals are frequently used as molecular orbitals leading to interpretations for
understanding electron state changes in the same way as those that were obtained by working
with simple linear combination of atomic orbital (LCAO)>.

I”

The more “traditional” approach consists of calculating energies of different monoelectronic
states of the system, i.e. the eigenvalues of each molecular orbital. In this case, the expected
wavelength of an absorbed photon is deduced from the energy difference between such
involved one-electron state eigenvalues, although including the energy of electronic
interactions, as given by two-electron integrals of their corresponding molecular wave
functions. It has been described for well-known Hartree — Fock’s (HF) Self Consistent Methods
(SCF) methods*®. A configuration interaction calculation performed on singly excited
determinants (CIS), as obtained from the appropriate solution of a ground state SCF result, is a
key in reaching the accuracy of multielectronic wave functions and it is still the object of active
research”™,

Benchmarking of new, and even older methods which have found new purposes, is a common

1327 This is a frequent and useful procedure in the case of DFT based methods for

procedure
exploring the performance of new empirically or non-empirically implemented or corrected

functionals to a given set of molecules. An “in depth” analysis of both the advantages and



drawbacks of employing TD-DFT methods to describe the excited states of relatively large
systems has recently been publishedzs.

Some authors of this paper have developed an approach for obtaining a simplified Fockian
called as Complete Neglect of Differential Overlap taking into account L azimuthal quantum
number of the atomic basis set (CNDOL). The first paper checked the quality of limited CIS
calculations for spectra of several hydrocarbons®. Reliability for excited state energy
calculations with a hybrid CNDOL Fockian (as shown below) were further tested for a set of
molecules based upon significant peaks of far UV gas phase experimental spectra®’. Here, we
show comprehensive benchmarking results of the original29 approximate Fockian when the
state determinants are optimized by a full CIS of valence state molecular orbitals. This
benchmarking compares the success of CNDOL for reproducing well described experimental
absorption spectra with high quality TD-DFT calculations. The molecules selected for testing
were those inspired on the Fabian — Diaz — Seifert - Niehaus collection of compounds, with
small variations>. For these molecules all apparent maxima and shoulders seen in the
experimental data were considered, and available gas phase spectra are also added for
comparisons. Comparisons on computing time are given, to highlight the potential utility of this
method for high throughput virtual screening. Novel graphics of charge distribution maps
corresponding to all valence electrons in several states are also shown. These graphics improve
the toolbox for qualitative modeling and provides a better understanding of molecular

excitation processes.

METHOD
The CNDOL approximate SCF-MO procedure is an improvement of the former PPP and
CNDO/S* methods for modeling molecular spectroscopic phenomena. This kind of

3234 \vas made by several other proceduresa"c"40 as derived from the

improvement of CNDO
INDO* and NDDO?* Pople’s original Fockians. Typically these were always attained by
augmenting the number of terms and thus adding empirical parameters depending on a
posteriori fittings. Thus, one of our enhancements resides in simplicity for the construction of

Fock matrix’s elements and leaving a few parameters to be evaluated by experimental values



from literature and integral formulas. Those parameters are thus a priori evaluated, and
correspond to Slater exponents (£), ionization potentials (I,) and electron affinities (A,) of each
basis atomic orbital. Together with the system’s geometry, these parameters represent the only
input data for each calculation.

Consequently, CNDOL follows the philosophy of preserving theoretical coherence for a better
understanding and prediction of physical phenomena related to electronic excitations, even in
an approximate framework. We have previously shown that this method provides electronic
excitation energies and transition probabilities which are in fair accordance with experimental
data for hydrocarbons® and a few peaks of selected molecules in gas phase®. Our procedure
also gives theoretically consistent results for relatively large polyatomic systemsao’ 4244
However, as it is desirable to use the method for predictions of novel compounds with many
different elements®, the benchmarking procedure should be extended to demonstrate utility in
over a wide variety of molecules.

The CNDOL formalism can be established from the transformed Fock equations after the CNDO

33,34

approximation . The corresponding matrix elements for CNDOL are:

F;Z;NDOL = H,u;l ,uyyAA + Z( B7AB B7AB (1)

where 1z € A, and

CNDOL __ 1 Ik 2
F,uv - H;tv 2 P,uvj/AB ( )
where e Aand ve B
Here “II” can be understood as “ss” or “pp” type orbitals and “Ik” as “sp” or “ps”; p,.represents
the density matrix element of the atomic orbital x at center A; P'AA corresponds to the sum of

HIII

all those p,,, which have the same azimuthal quantum number “I” at center A and they act
upon (or modify) the corresponding two electron integral values (;)' and ;)k).
Admixing different terms of CNDO/1*® and CNDO/23? appear in tables 1 and 2, respectively, to

hold CNDOL considerations for building up to eight Fockians.



Table 1. CNDOL/1 Fockian denomination as determined by diagonal H,,, one - electron matrix

elements®
|
- ZVAB
B=A
[
ZVAB
B=A
U Ik |
a _Z( B7/AB B7AB) _ZZBFAB
B=A B=A
Split core charge: S Complete core charge: C
— +yN -7 -7
u V=2V in = 2 CNDOL/1SS CNDOL/1SC
Split core charge: S
Il I
I/‘ T m ZAyAA CNDOL/1CS CNDOL/1CC
Complete core charge: C
a. l,and A, are the valence state ionization potential and electron affinity,
respectively, of the £ AQ’s; Z is the effective nuclear charge of the atomic core;
F'AB is the interaction term between an electron with azimuthal quantum
number | on atom A with the core of atom B.




Table 2. CNDOL/2 Fockian denomination as determined by diagonal H,,, one - electron matrix

elements®

- ZVAIB

B=A

ZVAB

B=A
U Ik |
2 _Z( B7/AB B7AB) _ZZBFAB
B=A B=A
Split core charge: S Complete core charge: C
_%I +A +%]/II —ZI7II —Zkylk
U+ A== 237, CNDOL/2SS CNDOL/2SC
Split core charge: S
~ 51, +A )+ By = Z,
gooH CNDOL/2CS CNDOL/2CC
Complete core charge: C

a. l,and A, are the valence state ionization potential and electron affinity, respectively, of
the 1 AQ’s; Z is the effective nuclear charge of the atomic core; F'AB is the interaction
term between an electron with azimuthal quantum number | on atom A with the core of
atom B.

The CNDOL/2CC has been described in the first paper on this method?® and is derived by
modifying the original Pople’s procedures to include a separation of basis orbitals according
their azimuthal quantum number. A previous paper° successfully modeled the wave function
and excitation energies of the human retinal binding pocket by using the CNDOL/1CS
(previously named as CNDOL/21) Fockian. It was noted that CNDOL/2CC never converged for

this system using the original technique. We will show how the use of a novel adiabatic




approach, which allows greater stability in the convergence of the SCF, was used to successfully
perform calculations later in this study.
The two electron integrals on a single center A are evaluated by means of the Pariser’s*®

relation :

Il
7/AA:|;1_A;1 (3)
A general formula has been used for two center — two electron integrals comprising empirical

Mataga — Nishimoto’s*” *® and Ohno’s*
7/2\(8 = (al/fB + CRABaIk + RA82 T% “)

_ -1
where & 2(7AA +7BB and Rpg is the distance between centers, considered as points in
space. It becomes the Mataga — Nishimoto’s when ¢ = 2, Ohno’s when ¢ = 0, and the so-called
“modified Ohno’s” approach used in this method when ¢ = 1.

Core-electron potential terms for one center are evaluated by:

Fa=rvm=1,-A, (5)

When the electron in the x orbital on atom A interacts with the core of atom B, the two center

core-electron potentials are calculated as:

I [ n-1 2 }/2 6
FﬂB - (7AA + CRAByAA + RAB T (6)
Non-diagonal elements of the monoelectronic matrix H,, (“resonance” integral terms) are

constructed by multiplying the overlap integral by a factor representing the projection onto the

bond axis®® *°.

H, ==z, +1)f(r

L) wnere T Ll ) =S, 100y,2,009,2) )

It must be remarked that only I, A, and { Slater exponents for calculating S, are parameters,
taken from data in the literature® >,

Managing large scale CIS and Full CIS

CIS routines are consistent with QM procedures for improving excited wave functions. They are
thus taken as multielectronic states for any kind of Fockian, in the cases of either approximate
or ab initio approaches. It is a very well-known variational procedure™, although still requiring

10, 20, 22, 24

some development , and represents the construction of an improved wave function of



the whole system as a linear combination of reference state functions. It is therefore clear that
the most improvement is reached when the basis consists of as many as possible relevant
reference states. This was evidenced in several previous works*”>*°® in which big systems
provide a large basis and harbor very good results. Hence, it follows that the extension of our
“active space”, i.e. the selected reference wave functions of singly excited configuration
determinants, should improve the quality and consistency of results for properties related to

molecular excitations.

A CIS total wave function of a polyatomic system for a given & state is expressed as a linear

combination of the selected @ basis single excited determinants:

‘P§CIS = Zalaq)a (8)

Then, E (a diagonal matrix of optimized molecular excitation energies) is routinely obtained by
solving:

(H-E)a=0 (9)
where a is the matrix of CIS coefficients giving the participation of each @ singly excited

configuration in the optimized states. The elements of H matrix are calculated from all the
selected HF single excitation energies for any o electron transition between i— Kk or j— |
molecular orbitals, where k and | are empty for the ground state. Diagonal and off-diagonal of
CIS matrix terms are:

H, =¢" —&™" +2(ik|ki)—(ik|ik)
*H,_.. =2(jk|li)—=(jkil)

*H,, =¢" —&" —(ik|ik)

°*H,,. =—(jk]il)

(10)

:|57

unlessi=jandk . <ik|lik> means two electron repulsion integrals regarding i and k MO’s,

and &’s are MO’s eigenvalues.

After finding CNDOL MO'’s, all possible HF singly excited transition energies H . of a given

molecular system are evaluated and ordered according to their energy values. This constitutes

n54

our (M = Nsilted orb. X Nempty orb.)-dimensional “full active space””". A CIS matrix of order M’ is then



built with a selected number of the lowest energy terms, in order to size the active space
according to the problem at hand and/or computational requirements. Then, M’ = M means
“full CIS” (FCIS). Some authors of this paper made a previous™ careful and critical discussion on
the usefulness of FCIS for a case of fullerene cluster calculations and other similar large
systems. It was concluded that whilst FCIS is not necessarily the best option in all cases, the
small molecules selected for the present benchmarking made FCIS as a reasonable choice since
the reduced single € SCF basis set intrinsic to these molecules means that increasing the
number of reference configurations should improve the quality of the results. A recent
reference benchmark paper for semiempirical methods®® declared the elimination of certain
“spurious” o orbitals in the case of small molecules when a kind of full CIS was attempted in
order to achieve good results. We avoided such procedure because we were unable to
determine what orbitals were or were not “spurious”.In practical terms, the computer program
NDOL>® selects the order of the active space to be either n (the number of basis functions or
valence atomic orbitals used for calculating the HF procedure) or an integer multiple of this
value up to the limiting FCIS value of M. Eventual truncations for selecting the active space are
made at the higher energy SCF excited determinant eigenvalues, being meaningless what
occupied and unoccupied MQ’s were involved, i.e. if nis chosen as the order of CIS matrix, the
selected determinants are a subset comprising those n of lowest energy from the set of all
possible excitations.
Electron density terms of each o singly excited configuration can be obtained from SCF-MO
coefficient matrices:
N
Puvo = ;ni,acipciv .
where n; ;is the occupation number of each i MO in the o' SCF configuration (0, 1 or 2
according to the number of electrons in each MO corresponding to any given o determinant)
and Cj,'s are the SCF-MO coefficients.
The electron density elements of each £CIS state are given by the square of the corresponding
coefficients and densities of SCF basis configurations:
M
Puv.e= Z:laczfg va 12

10



This value can be described in atomic values by summing electron densities of all basis atomic
orbitals on the same center A:

(13)
Pre = Z‘Z P e

By working with an orthogonal basis set, the trace of p is equal to the total number of
electrons. Charges on each center are calculated by summing electrons which remain after

subtracting the core positive charge:

QA,§ =7, - PA,§ (14)

This value is useful for representing the map of charge distribution of any polyatomic system
corresponding to each electronic state £=0, 1, 2, ..., where &= 0 is the ground state. It is usual
to represent them as Sg, S1, S»,... for singlets and Ty, T», ... for triplets. Charge maps of such CIS
multielectronic (i.e. comprising all valence electrons) wave functions can be illustrative on what
happens to a polyatomic system when it becomes excited by the absorption of a photon.

An exciton is defined as a “charge — hole” pair quasi-particle in the framework of one electron
wave function representation whose stability is related to the “binding” energy between the
corresponding excited and ground states. Molecular orbital approaches therefore provide a
simple view of excitons - an i one electron molecular function leaves a “hole” when excitation
transfers its negative charge to the K virtual orbital. When describing many electron wave
functions, as provided by ground state and excited determinants, exciton binding can be related
to electron interaction terms that intervene in eq. (10) for transition energy calculations:>

'E. = 2(ik ki) —(ik|ik) (15)
3ECE = _<ik‘ik>

These are the Coulomb — exchange energy terms for each HF excitation. In the case of a single
determinant excitation, the value of <ik|ik> Coulombic (J’s) and <ik|ki> exchange (K’s) integrals
can be considered as related to the expected binding between electrons and their left empty

states (holes). Then, Coulomb-Exchange terms for each & CIS many electron excited state are

modified by the a CIS transformation matrix:

11



[E..] = %1 a2, ( (ik |ik )+ 2(ik| ki))_ (16)
[3ECE ]5 = %aig(_@k“k»g

RESULTS AND DISCUSSION
Nowadays, benchmarks are frequently published as comparisons between sets of theoretical

18,20,21, 26,59 5y the grounds that the relevant experimental data are affected by

results
molecular environmental fields and roto-vibrational structures of excited states. However, we
feel that the statistical significance of comparisons toward series of experimental data validates
the reliability of our theoretical model. Therefore, a set of relevant testing molecules were
selected from a previous benchmarking paper®?, plus adding furfuraldehyde as other type of
molecules with well determined experimental properties and interesting structures. Their
formulas are illustrated in Fig. 1.

All molecular geometries were optimized at the MP2/4-31G(d,p) level of theory using the
Gaussian 09%° suite. Such geometries were taken as the ground state to calculate UV spectra
using both TD-PBE0®" ®? [6-31G(d,p)] by Gaussian 09%° and FCIS with the CNDOL/2CC Fockian by
the NDOL2014>® computer program. In this case, valence state ionization potentials and
electron affinities of all element atomic orbitals were taken from a classical Jaffé — Hinze
paper51 and Slater exponents for overlap integral calculations were those of Clementi and
Raimondi*’.

CNDOL/2CC Fockian calculations have been observed to display SCF non-convergence problems
for some molecules. This was overcome by the use of an adiabatic procedure where the first
SCF iteration runs a density matrix obtained after diagonalizing the one electron H Hamiltonian
and then proceeding to repeat diagonalizations of F with a progressive increment of G (the
electron interaction term) up to 30 steps according to:

F(n) = H + [In(n)/ 3.401197] G

for n =1,30.

12



Table 3. CNDOL/2CC calculated electronic excitations compared with TD-PBEO[6-31G(d,p)] theoretical values and experimental

bands in inert solvents and in gas phase.’

CNDOL/2CC-full CIS

excitations®

TD-DFT
excitations®

Exp. UV/Vis maxima
in inert solvents®

Exp. UV/Vis maxima
in gas phase®

Compound
number and
name E [ﬂ A Ece tcpu E [f] A tcpu E A E A
1.
Acrolein 3.93 [0.00] 315 | 6.25 <1 3.57 [0.00]| 347 | 246 3.69 336 w 3.77F 329 w
5.59 [0.00] 222 6.24
5.97 [0.10] 208 4.10 6.50 [0.39]| 191 6.14 202 s 6.42° 193 s
2.
nitromethane 2.32 [0.00] | 534 | 8.44 <1 160
3.40 [0.00] 365 | 8.38 3.6 340 sh
4.73 [0.04] 262 4.89 4.46 [0.00]| 278 4.44 279 w 4.59 270
6.43 [0.01] 193 6.11 7.10 [0.15]| 175 6.13 202 m 6.26° 198
3.
t-azomethane 1.35 [0.00] | 920 | 8.82 8 270
3.86 [0.00] 321 7.46 3.12 [0.00]| 398 3.5 354 w 3.67" 338
4.78 [0.11] 259 4.45 7.13 [0.00]| 174 5.29 234 w 5.17" 240
4.
N, N, N’, N' -
tetramethyl-1,7-
diamino-2,4,6-
heptatriene 3.40 [0.52] 365 | 3.15 92 3.23 [1.85]| 384 | 4038 3.02 410 s

13




cation

334; | 4.68;
3.72; 3.93; | 315; | 4.70;
4.77 [0.00] 261 4.35
5.10 [0.004] | 243 3.16 4.64 [0.01]| 267 4.84 256 m
5.37; 5.52 231; | 4.23;
[0.00] 225 4.31
6.06 [0.005] | 205 3.12 5.51 [0.01]| 225 5.62 221 m
5.
diphenyl-
methane cation 2.54 [0.00] | 488 | 4.41 54 3357
3.54 [0.12] 351 3.54 3.02 [0.02]| 411 2.80 442 s
4.08 [0.005] | 304 | 3.62 3.07 [0.00]| 404 4.08 304 m
4.10 [0.07] 302 3.86 3.40 [0.70]| 364 4.20 295 m
4.31 [0.003] | 288 | 3.53
4.40 [0.01] 282 3.75 4.63 [0.02]| 268 4.65 267 m
6.
t-stilbene 3.96 [0.29] 313 3.22 71 4.09 [0.99]| 303 | 3635 4.21° 315 s 4.00° 310
4.75 [0.01]| 261
4.08; 4.20;
4.93; 5.01;
5.09 [0.00] 4.75 [0.00]| 261
5.13 [0.01] 242 | 3.13 5.35 [0.00]| 232 5.36" 231 m
5.15; 5.15;
5.24; 5.29;
5.41 [0.00] 5.42 [0.00]| 229
5.44 [0.13] 228 3.42 5.43 [0.19]| 228 5.43° 224 m
5.38; 5.62
[0.00]
5.66 [0.01] 219 3.15
5.70; 5.71;
5.74; 5.75; 5.92 [0.00]| 209

14




5.76 [0.00]

5.92 [0.57] 209 | 3.46
6.04 [0.57] 205 | 3.32 6.56 [0.12]| 189 6.15 195 s
203; | 3.99;
200; | 3.80;
198; | 3.91;
194; | 3.91;
191; | 3.82;
189; | 3.81;
6.10; 6.21; | 188; | 3.79;
6.27; 6.41; | 187; | 3.05;
6.48; 6.56; | 185; | 3.85;
6.60; 6.64; | 184; | 3.87;
6.70; 6.73; | 183; | 3.79;
6.80; 6.92; | 179; | 3.37;
6.94; 6.95 | 179; | 3.89;
[0.00] 178 | 3.45 6.56 [0.00]| 189
6.96 [0.09] 178 | 3.49 6.60 [0.05]| 188 6. 94" 179 sh
177; | 3.92;
176; | 3.78;
174; | 3.50;
173; | 3.84;
7.03; 7.05; | 173; | 3.40;
7.14; 7.18; | 172; | 3.40;
7.19; 7.20; | 171; | 3.81;
7.24; 7.25; | 171; | 3.81;
7.25; 7.29 | 171; | 3.40;
[0.00] 170 | 3.90 6.68 [0.00]| 185
6.75 [0.15]| 184
7.35 [0.19] 169 | 3.47 6.76 [0.17]| 183 7.31" 169 vs
7. 1.04; 2.39 [1190;| 5.36;
t-azobenzene [0.00] 518 | 4.59 71 2730
2.68 [0.34] 463 3.28 2.65 [0.00]| 468 2.76 449 w 2.82' 440
3.63; 4.04 341; | 3.96;
[0.00] 306 | 3.27

15




4.13 [0.01] | 301 | 3.37 3.81 [0.77]| 326 .92 316 s 4.12 301
4.23 [0.05]| 293
298; | 3.27;
296; | 4.00;
4.17; 4.19; | 277; | 5.08;
4.48; 5.01; | 247; | 4.02; 4.23; 4.96 | 293;
5.06 [0.00] | 245 | 4.00 [0.00] 250
5.37 [0.002] | 231 | 3.21 5.47 [0.00]| 227 .41 229 s 5.64 220
8.
naphthalene 4.10 [0.00] | 303 | 4.70 9 1820 .87 320 vw
4.17 [0.02] | 298 | 3.36 4.61 [0.00]| 269 .17 297 w 3.97" 313 w
4.73 [0.00] | 262 | 4.78
4.75 [0.01] | 261 | 3.65 5.99 [0.00]| 207 .51 275 m 4.45" 278 m
4.85; 4.97 | 256; | 4.75;
[0.00] 249 | 4.65
5.07 [0.01] | 245 | 3.87
5.32 [0.00] | 233 | 4.84
5.46 [0.002] | 227 | 3.68 6.20 [1.23]| 200 .61 221 s 5.89" 210 s
9.
pentacene 2.07 [0.04] | 600 | 2.44 965 1.94 [0.05]| 639 |10834 .12 585 s 2.3I" 536
3.71;
2.24; 2.40; |554;5| 3.57;
3.13; 3.13 |17;39| 2.74;
[0.00] 7;397| 3.43
3.37 [<0.01] | 368 | 3.05 3.06 [0.01]| 405 .06 404
3.52 [0.00] | 353 | 3.32
3.59 [0.05] | 346 | 3.00 3.31 [0.01]| 375 .54 350 m
3.85; 3.96 | 322; | 3.41;
[0.00] 313 | 3.71 3.32 [0.00]| 373
4.05 [0.01] | 306 | 2.79 4.14 [0.00]| 300 .10 302 s

16




10.

azulene 2.73 [0.01] | 454 | 3.94 9 2.48 [0.01]| 499 | 1574 2.1 606 w
3.38 [0.01] | 367 | 3.04 3.77 [0.00]| 329 3.8 326 m
3.95; 4.29 | 314; ]| 5.02;
[0.00] 289 | 4.68
4.42 [0.187 | 280 | 3.28 4.19 296 m
4.44; 4.52 | 279; | 4.76;
[0.00] 274 | 4.89
4.52 [0.03] | 274 | 3.56 4.80 [0.06]| 258 4.51 275 s 4.70° 264 s
11. 2.53; 3.24 | 490; | 4.04;
heptalene [0.00] 382 | 4.55 | 29 ||2.50 [0.00]| 497 | 2834 | | Long tail’
3.32 [0.05] | 374 | 3.64 3.70 [0.12]| 226 3.56 348 m
4.32
3.90 [0.03] | 318 | 3.82 [0.004] | 287
4.13:4.36 300; | 4.06;
[0.00] 284 | 4.08
4.42 [0.05] | 281 | 4.05
271; | 4.17;
4.58; 4.62; | 269; | 4.01;
4.85; 5.02 | 256; | 4.11;
[0.00] 247 | 4.14
5.12 [0.01] | 242 | 4.08 4.96 [0.177| 250 4.9 253 s
5.15 [0.04] | 241 | 4.19
12.
[18] annulene 1.76 [0.00] | 706 | 2.15 | 455 ||1.96 [0.00]| 632 |10729 1.56° 795 w
1.85 [0.00] | 670 | 2.02 2.31 [0.00]| 537 2.76 448 s
2.94 422 m
3.04 408 m
3.59
3.47d [0.89] | 358d | 2.25d [1.48]1d | 345d 3.36 369 vs
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309d;|3.41d;
4.02d; 4.27; | 291; | 3.40;
4.28 [0.00] 290 | 3.41
4.17d
4.28d [0.00] | 290d | 2.62d [0.00] 297d 4.46 278 m
285d; | 3.38d;
284d;|3.41d;
4.36d; 4.36d;| 267; | 3.37;
4.64;4.66d; |266d;|3.48d;
4.68 [0.00] 265 | 3.47
4.46d
4.70d [0.00] | 264d | 2.71d [0.00] 4.61 269 m
13. benzaldehyde| 3.96 [0.00] 313 5.20 3.68 [0.00]| 337 | 873 3.69 336 w
4.95 [0.00] 250 | 4.95 4.90 [0.02]| 253 4.46 278 m 4.51 275" m
5.17 [0.01] 240 | 3.90 5.41[0.26] | 229 5.16 240 s 5.34 232" s
5.23 [0.00] 237 | 4.93
5.49 [0.01] 226 | 3.88
5.66 [0.00] 219 5.09
5.70 [0.01] 218 | 4.18
5.71; 5.98 217; | 5.39;
[0.00] 208 5.31
6.00 [0.01] 207 | 4.11 5.90[0.00] | 210
6.05; 6.34 205; | 5.33;
[0.00] 196 | 5.11
6.47 [0.29] 192 | 4.24 6.54 [0.15]| 190 6.2 200 s 6.36 195" s
14.
nitrosobenzene 0.68 [0.00] | 1816 | 5.83 1.46 [0.00]| 847 | 845 1.65 752 w
3.53 [0.00] 352 5.73 4.14 [0.02]| 300 4.05 306 m 4,22 294° m
4.38 [0.09] 283 3.69 4.68 [0.24]| 265 4.39 282 m 4.56 272° s
4.80 [0.00] 259 5.34
4.92 [0.01] 252 3.74 4.81 [0.00]| 256 4.71 263 s
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224; | 5.41;
5.54; 5.58; | 222; | 5.47;
5.60 [0.00] 221 5.57
5.41
5.70 [0.02] 218 | 3.98 [0.001] 230 5.85 212° s
15.
p-benzoquinone | 2.25 [0.00] 552 | 5.24 <1 2.46 [0.00]| 503 | 776 .71 458 w
3.18; 3.87 | 390; | 5.43;
[0.00] 320 | 5.3 2.64 [0.00]| 470
3.93 [0.00] 316 | 4.52 3.92 [0.00]| 316 .46 278 w
4.91 [0.00] 252 | 5.36
5.10 [0.10] 243 | 3.54 5.03 [0.00]| 246 .16 240 w
16.
0- benzoquinone | 1.80 [0.00] 688 | 5.42 <1 1.79 [0.00]| 692 | 684 .11 587 w
2.99 [0.00]| 415
3.34 [0.01] 372 | 4.13 3.22 [0.05]| 385 .37 368 m
17.
pyridazine 2.68 [0.00] 463 | 6.31 <1 673
3.60 [0.00] 345 | 5.99 3.71 [0.01]| 334 .65 340 w 3.30 375 w
4.91 [0.03] 253 | 4.03 4.37 [0.00]| 284 .04 246 m 4.90 253 w
5.11 [0.00] 243 5.95 5.61 [0.00]| 221
5.25 [0.01] 236 | 4.17 5.80 [0.02]| 214 6.2 200 w
5.99; 6.50 | 207; | 5.76;
[0.00] 191 6.22
6.54 [0.01] 190 | 4.70 6.31 [0.01]| 197 6.39 194 m
6.71 [0.00] 185 | 5.83 6.69 [0.00]| 185
6.90 [0.02] 180 | 4.71
7.02 [0.03] 177 | 5.29 7.54 [0.40]| 165 7.10 175 s
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18.

pyrimidine 2.39 [0.00] | 520 | 6.45 <1 727
3.69 [0.10] | 336 | 4.08 .05 [0.01]| 306 4.16 298 w 3.85 322
4.61 [0.00] | 269 | 6.08
5.22 [0.00] | 238 | 6.74 .83 [0.00]| 256 5.08 244 m 5.00 248
5.52 [0.01] | 225 | 3.99 .56 [0.08]| 223 6.42 193
222; | 6.08;
5.59; 5.76; | 215; | 5.81;
5.80 [0.00] | 214 | 5.93 .73 [0.00]| 217
6.24 [0.01] | 199 | 4.31 .65 [0.00]| 186 6.49 191
6.45; 6.94 | 192; | 5.40;
[0.00] 179 | 6.26
7.39 [0.00] | 168 | 4.87 .76 [0.06]| 183 6.98 178
167; | 5.71;
7.42; 7.43; | 167; | 5.82;
7.69; 7.96 | 161; | 6.29;
[0.00] 156 | 5.58 .77 [0.00]| 160
8.05 [0.24] | 154 | 4.67 .98 [0.35]| 155 7.25 171
19. pyrazine 4.17 [0.00] | 298 | 6.01 <1 .40 [0.01]| 282 | 693 3.78 322 m 3.83 324
5.20; 5.45 | 238; | 5.76;
[0.00] 227 | 5.76
5.49 [0.03] | 226 | 4.49 .75 [0.00]| 261 4.77 260 m 4.81 258
6.15; 6.19 | 202; | 6.32;
[0.00] 200 | 5.97 .87 [0.00]| 211
6.50 [0.01] | 191 | 4.57 .94 [0.03]| 209 6.38 194 m 6.31 197
6.58 [0.00] | 189 | 5.86
6.60 [0.02] | 188 | 5.22 .17 [0.01]| 201 6.7 185
6.95 [0.01] | 179 | 4.76 .85 [0.04]| 181 6.84 181
20.
1,2,4,5-tetrazine | 0.80 [0.00] | 1560 | 6.99 <1 478
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2.28 [0.00] 545 | 6.49 2.28 [0.01]| 545 2.31 539 w 2.25 551 w
3.36 [0.07] 369 | 3.43 3.62 [0.00]| 343 3.7 333 sh
3.59; 4.11 345; | 6.50;
[0.00] 302 7.09
4.78 [0.02] 259 | 4.16 4.90 [0.00]| 253 4.92 252 m 5.02 247 m
21.
porphirin 1.52 [0.12] 814 1.86 1393 2.32 [0.00]| 534 |29035 2.21" 560 w 1.98 628 w
1.71 [0.09] 727 | 2.00 2.16* 575 w
525; | 3.32;
2.36; 2.50; | 496; | 3.36;
2.63;2.89 472; | 3.34;

[0.00] 429 | 3.41 2.42 512 sh
3.20 [0.00] 388 | 2.44 2.49 [0.00]| 499 2.54* 488 m 2.56* 484 m
3.48 [0.24] 356 | 2.45 3.41 [0.50]| 364 3.15" 394 s 3.33 373 vs
3.49 [0.00] 354 3.34 3.53 [0.00]| 352 3.31 375
3.63 [0.15] 342 | 2.56 3.58 [0.79]| 346 3.50° 354 3.65" 340 sh
3.68 [0.00] 337 | 3.29
3.68 [0.00] 337 | 3.32 3.75 [0.00]| 331

330; | 3.26;
326; | 3.32;
323; | 3.31;
321; | 2.81;
319; | 3.36;
318; | 3.34;
3.76; 3.81; | 313; | 3.28;
3.84; 3.86; | 311; | 3.33;
3.89; 3.90; | 310; | 3.33;
3.96; 3.98; | 305; | 3.31;
3.99; 4.07; | 298; | 3.25;
4.16; 4.23; | 293; | 3.39;
4.35; 4.51 285; | 3.34;

[0.00] 275 | 3.34
4.70 [0.15] 264 | 2.82 3.89 [0.37]| 319
4.70; 4.71 264; | 2.77;
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[0.00] 264 | 2.69

4.80 [0.20] 258 2.82 3.96 [0.75]| 313 4.17¢ 297 4.25¢ 292 s
294;
292;
291;
4.22; 4.25;| 289;
258; | 3.44; 4.26; 4.30;| 288;
4.81; 5.00; | 248; | 3.48; 4.31; 4.37;| 284;
5.09 [0.00] 244 2.73 4.43 [0.00]| 280
4.49 [0.13]| 276
4.61 [0.00]| 269
5.17 [0.75] 240 | 2.97 4.65 [0.12]| 267
240; | 3.32;
5.17; 5.18; | 240; | 2.67; 256;
5.25; 5.25 236; | 3.35; 4.84; 5.00;| 248;
[0.00] 236 | 3.25 5.35 [0.00]| 232
5.28 [1.24] 235 | 2.85 5.41 [0.14]| 229 5.39 230 5.51* 225 s
22.
OO-trans-2-
furaldehyde 3.80 [0.00] 327 5.79 <1 3.71 [0.00]| 334 786 3.89 318 w 3.50" 354 w
3.81 [0.06] 326 | 3.99 5.09 [0.36]| 244 4.65" 267 s 4.65 267 s
3.93; 4.01 316; | 5.71;
[0.00] 309 5.87
5.23 [0.02] 237 | 4.38 5.98 [0.02]| 207 5.50" 225 m

a. Energies in eV, wavelengths (A) in nm, and f are calculated oscillator strengths. Intensities: s = strong, m = medium, w = weak,
vw = very weak, sh = shoulder, f = diffuse. Ecg is the Coulomb exchange term for excitonic binding. tcpy is the CPU time for
runs calculating excitation energy, at fixed geometry, in seconds. Quantities smaller than 1 sec. have always been overscaled to
1.

b. Calculated results at the FCIS CNDOL/2CC||MP2|4-31g(d,p) level.
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Calculated results at the TD-PBEO[6-31G(d,p)]IMP2[4-31G(d,p)] level as well behaved for UV spectra values according the
conclusions of ref. %.

Ref. ® if otherwise is not quoted.

Ref. ® if otherwise is not quoted.

Ref. %.

Ref. .

Ref. .

Solution in heptane. See re
Fluorescence excitation spectrum in Ar matrix at 15 K. See re
Gas phase spectrum band reported in ref. ™.

See ref. ™.

f 68
ctre .69

. Ref. "2,

Ref. %,

Ref. ™,

Ref. ™.

Low energy absorption spectrum reported in frozen 3-methyl pentane at 77 K. See ref. "®. Other maxima found in iso-octane
solution reported in ref. .

Ref. ",

Ref.”,

Ref. ®. Solution spectrum in CH,Cl,. All referred to band maxima (vertical transitions).

Ref. &,

Ref. &,
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Our benchmark results are shown in Table 3. It should be observed that no omission was made
of any output calculated value of either method, leaving some of the resulting theoretically
forbidden transitions without an experimental counterpart. This is expected due to the very
broad bands of experimental UV-Vis spectra and the approximate nature of both theoretical
methods.

47 gas phase maxima calculated using CNDOL/2CC and 48 TD-DFT calculations were compared
in this study. The number of compared maxima for solution absorption maxima were 74 and 71,
respectively. A mean average error (MAE) of 0.27 eV of CNDOL/2CC results was found between
solution maxima and 0.29 eV between those observed in the gas phase. The corresponding
squared regression coefficients are Feom’ = 0.9332 and rgas2 = 0.9356, respectively. Values for our
PBEO TD-DFT calculations with the same set of experimental values and independent
assignments were 0.30 eV (rsn” = 0.8964) and 0.32 eV (rgas2 = 0.8913), respectively. A graphic
comparison is illustrated in Fig. 2. It was observed that problems arise with assignments of t-
azobenzene and naphthalene, with PBEO TD-DFT predicted UV maxima at both solution and gas
phases contributing to a poorer performance when using this level of theory.

Previous work using 500 compounds, with more than 700 calculated excited states as a
benchmark determined that the best functional to use with TD-DFT in order to predict
transition energies of singlet-excited states of organic molecules was such PBEQ®" % with a MAE
of 0.22eV from a set of 614 excited states.'® A more recent benchmark for UV-NIR spectra of
dyes that could potentially be utilized in dye-sensitized solar cells gave a MAE of 0.18 eV by
B2LYP TD-DFT calculations of 102 absorption maxima. Calculated transition energies of cationic
cyanines, of anionic oxonols and various related dyes are much too high (MAE = 0.52 eV, 32
data) and correspondingly the absorption wavelengths are too low.!” Our results can therefore
be interpreted to have a comparable statistical confidence, even choosing a previous and fixed
benchmarking sample, and removing no outliers from the comparison. Molecule 22, which was
added in order to extend the sample, does not contribute to produce an improved fit, as can be
easily observed in Table 3.

High throughput techniques have been shown to be effective in the design of molecules for

45, 83

photovoltaic applications . For these techniques, the CPU time expended for each
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calculation is of critical importance. This value is overwhelmingly in favor of CNDOL/2CC results
when calculated for processing the data set described in this paper. All calculations were
performed in the same standalone computer to allow proper comparisons. CNDOL/2CC
calculations resulted 25 times faster than TD-DFT as an average over all calculations. This
means that our method allows both modeling of much larger systems, allowing up to
nanoscopic dimensions, and also much larger libraries of molecules — an essential property in
the realm of High Throughput Virtual Screening.

An inspection of Coulomb - exchange (Ecg) contributions to the assigned electron transition
energies in Table 3 allows us to postulate some general rules. It becomes clear that traditional
band assignment based on nm* and wt* like transitions remains non appropriate because we
are dealing with many electron wave functions, some of them belonging to non — planar
systems, and it means that the symmetry or quasi symmetry of electron clouds with respect to
the molecular plane becomes distorted. However, Ece serves as an index of locality and binding
of excitons, as stated in a previous paperss.

Significant differences among Ecg energies only appear in molecules that involve electronic
states of different symmetry with respect to molecular planes. It can be observed that the
largest Ece term contributions, that reflect an exciton involving more intense electron
interactions, mostly appear in small molecules and chromophores with heteroatoms presenting
transitions that could be labeled as nz* type. They become even larger as the molecular
dimensions become smaller. Those excitons that imply a collective charge rearrangement over
extended 7 electron systems show lower Ecg energy values. This case can be understood as
describing phenomena of an extended charge-hole quasiparticle interactions or less bound
excitons. Qualitative results are in agreement with the aforementioned previous work where
the behavior of charge distributions upon the excitation in molecular aggregates was described
by means of Ecg values. Consequently, Ece data is here presented as a tool for defining exciton
related properties in molecular systems.

Charge distribution maps of the benchmark and Harvard’s clean energy project (CEP) molecules

can be built with the results of eq. (14) by plotting them against the molecular geometry with
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Jmol, an open source project (v. 12.2.32). A python script for parsing the appropriate output
values of NDOL2014 was written for this purpose.

A comparison of acrolein charge distribution maps is shown in Figure 3 to test the validity of
CNDOL/2CC’s charge distribution towards other values when reduced to atoms. Red to blue
regions (negative to positive values) denote an accumulation and depletion of electron density,
respectively, while green color represents those molecular regions where the partial charge is
around zero. This comparison can only be approximate, because the orthogonal basis of CNDOL
is hard to compare with Mulliken’s charge reduced to heavy atoms, or Bader’s “atoms in
molecules” considerations. However, a qualitative similarity is clearly observed over all.

Fig. 4 shows Q¢ charge distribution maps for the ground and the lowest three calculated excited
states of benzaldehyde, together with differential maps for each excited state, AQs= Qo — Q¢,
where it is shown the charge variation of each of them with respect to the ground state. It was
made with the purpose of visualizing the “dynamics” of electron cloud rearrangements upon
excitation, which should be related with the Ece gauge described above. The numerical
meaning of the color scale is doubled for the AQs maps, although in this case it represents the
density changes upon electronic excitation. Color scales are the same for all Q: figures for the
sake of facilitate comparisons.

The S; state involves a charge redistribution of the electron density only involving extreme
zones of the map, while S, and S3 states involve the whole molecule. It is reflected by the Ece
energies. Taking into account that here the « electron system is delocalized over the whole
molecule, the length scale of the charge redistribution should be similar for these excited
states. Consequently, insignificant differences could be expected among the Ecg values
compared with other examples in the present benchmark (see Table 3). However, AQ; maps
clearly show that only the S; state imply a charge rearrangement, mostly over the carbonyl
group. The other states (S, and S3) involve changes mainly over the benzene chromophore, as
expected.

Fig. 5 shows a map for the lowest two calculated excitations on a porphyrin molecule where
electron cloud migrate to both sides of the macro ring according to the symmetry. The

concentration of charge notably appears in the center of the ring, leaving a place for any cation
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(as it occurs in chlorophyll with Mg®*) to balance it in a very stable condition, even for excited
states.

Finally, CEP’s molecules are shown in Figs. 6 — 8. They are those reported in a recent paper® as
among the most promising of more than 2.6 million screened as potential organic solar cell
materials. Rules for establishing their abilities as solar light harvesters are described in the
related papers. What we easily find after a simple observation of graphics and values for
excitation energy and Coulomb — exchange term is that CEP77 seems very attractive since
expected to absorb photons in the near IR, showing the lowest exciton binding and a dramatic
charge displacement upon excitation from the donor to the Si containing portion of the

molecule.

CONCLUSIONS

A significant set of molecules selected because of their difficulty for obtaining good
reproduction of UV-Vis spectra with several methods was calculated by both FCIS CNDOL/2CC
and PBEO TD-DFT methods. The results display the reliability of the approximate quantum
mechanical MO procedure for predicting excited state properties on the grounds of a well-
designed theoretical framework for simplifications. This result show an important increase in
the efficiency of the calculation of these properties, since this approximate method displays
comparable results to the traditional, and more expensive, TD-DFT procedures. This has large
implications for High Throughput Virtual Screening efforts, in which the ability to calculate
properties for extremely large libraries of molecules within a reasonable time period is critical.
In term of method development, this contribution shows advances which show CNDOL to be a
reliable and useful tool with modest computational requirements for even significantly large
molecular systems.

It is also shown that the FCIS scheme, i.e. a very large active CIS space, provided adequate
excited state descriptions even in the case of small molecules, where the SCF basis set does not
provide good molecular basis functions.

In addition, the possibility to use several Fockians as constructed from convenient combination

of one electron matrix element terms combined with an appropriate adiabatic procedure for
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reducing probabilities of non-convergence problems, offers a flexible method for affording and
finally obtaining electronic states and density matrices of different kinds of molecular systems.
The behavior of the Coulomb — exchange energy component of FCIS electronic transitions
involving multielectronic wave functions together with calculations of density matrices of each
excited state also provide a source of valuable data for modeling and understanding processes
that cannot be perceived by experimental means.

Computer graphics of charge distribution of different electronic states are shown as a simple,
yet informative, way for perceiving a qualitative behavior of charge displacements and location
in either ground or excited states. It could be used as a tool for understanding the behaviors of

molecules and nanoscopic systems upon excitation.
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Figure 1. Selected set of benchmark molecules
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Figure 2. Plot and linear fit of calculated excitation energies according the match in Table 3 for reported UV spectra of benchmarking
molecules.
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Figure 3. Electron charge maps of acrolein ground state (Qso) according different calculation
approaches®
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a.- Red and blue regions denote a negative and positive density (accumulation and depletion of electron density

charge) respectively, and green regions represent a near to zero electron charge. All Q maps are plotted using the
same isosurface contour value.

b.- Electron charge on A atom is calculated as Q4 = 2°"°

core

a-PawhereZ7 ", is the nuclear charge.



Figure 4. Electron charge maps of lowest energy states of benzaldehyde as calculated with the
FCIS CNDOL/2CC procedure®
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a.- Electron charge on each “A” atom is calculated as Qa = 2°°"%; - P5 where 2°°, is the core charge (eq. 14 in text).
AQs, = Qsp — Qs, to illustrate charge evolution upon excitation. Ground state (Qp) and first (Q;), second (Qs,) and
third (Qs3) excited states charge maps are represented by colors. Red and blue regions denote a negative and
positive density (accumulation and depletion of electron density charge) respectively, and green regions represent
a near to zero electron charge. All Q maps are plotted using the same isosurface contour value. AQ color contrast
has been doubled with respect to Q maps to enhance the observation of differences. The Coulomb exchange term
(Ece) is shown for each excited state.




Figure 5. Electron charge maps of lowest energy states of porphirin as calculated with the FCIS
CNDOL/2CC procedure®
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a.- Electron charge on each “A” atom is calculated as Qa=Z" A - P where Z™ ", is the core charge (eq. 14 in text).
AQs, = Qsp — Qs, to illustrate charge evolution upon excitation. Ground state (Qg) and first (Qs;), and second (Qs;,)
excited states charge maps are represented by colors. Red and blue regions denote a negative and positive density
(accumulation and depletion of electron density charge) respectively, and green regions represent a near to zero
electron charge. All density Q maps are plotted using the same isosurface contour value. AQ color contrast has
been doubled with respect to Q maps to enhance the observation of differences. The Coulomb exchange term (Ecg)
is shown for each excited state



Figure 6. Electron charge maps of CEP1 ground and lowest energy excited state as calculated with the FCIS CNDOL/2CC procedure®
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a.- Electron charge on A atom is calculated as Q,=Z

core

- P where 2°°%, is the nuclear charge. AQs, = Qgo — Qs, to illustrate charge evolution upon excitation.

Element color code: H (white); C (grey); N (blue); O (red); S (sulfur); Si (rose); Se (orange)




Figure 7. Electron charge maps of CEP5 ground and lowest energy excited state as calculated with the FCIS CNDOL/2CC procedure®
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a.- Electron charge on A atom is calculated as Q,=Z

core

- P where 2°°%, is the nuclear charge. AQs, = Qgo — Qs, to illustrate charge evolution upon excitation.

Element color code: H (white); C (grey); N (blue); O (red); S (sulfur); Si (rose); Se (orange)




Figure 8. Electron charge maps of CEP77 ground and lowest energy excited state as calculated with the FCIS CNDOL/2CC procedure®
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a.- Electron charge on A atom is calculated as Qa = Z°°, - P where Z°", is the nuclear charge. AQs, = Qo — Qs, to illustrate charge evolution upon excitation.
Element color code: H (white); C (grey); N (blue); O (red); S (sulfur); Si (rose); Se (orange)




