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Abstract

To characterize polarization energies of organic small molecule based materials induced by
aggregation, electronic structure calculations including density function theory (DFT) method
become intractable when the size of the aggregates increases. A practical solution is to develop
force field based on electronic structure calculations and molecular dynamics simulations. In this
work, we performed B3LYP and MP2 calculations of neutral, cationic, and anionic benzene and
anthracene and used these results to derive the state specific atomic polarizabilities (SSAPs) then
to calculate the atomic dipole moments using QTAIM for better parameterization of the isotropic
atomic polarizability for ionic systems. Ren’s atomic multipole parameterization method was also
compared to a less computationally intensive B3LYP result and a grid quadrature method for
multipole analysis in GDMA. Our results show that the trend in cluster size is the same for both
parameterization methods, however, the magnitude of the apparent polarization energy is different
for the bulk with a negatively charged carrier. B3LYP produces results closer to the experimental
values for the positively charged carrier. The intramolecular electrostatic interactions of the
negative charge carrier are a major depolarizing force. This relationship is reversed in the positive

charge carrier.
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1. Introduction

Organic small molecule (OSM) based materials have been widely used in many applications,
such as in the fields of energy**® and sensing,’®¢ due to their abundance and versatility of
functionalization that makes systematically tuning device performance feasible. As such, studies
of organic small molecules have become a very active research field ranging from designing
special functionalities,®”>" studying the excited state properties of OSMs,%"" to synthesis of
OSMs’8193 and the OSM aggregates.%+1% As many of the device performances depend critically
on the properties of aggregates,>97-13 studies of the effect of aggregation on electronic properties
have become an important research frontier. Although computational studies of the aggregate
effects play an important role in our understanding of aggregation effect, the challenge of such
computational studies comes from the size effect. When the size of aggregate increases, electronic
structure calculations, which will be a choice of method, become prohibitive. Alternative methods
are therefore actively explored.

The apparent polarization (W) is a measurable quantity defined as the difference between the
ionization potential or electron affinity in the solid vs vacuum state. (Fig. 1.) Through Koopman’s
theorem it can be seen how this is particularly important for the calculation of the total band energy
splitting of small organic molecules. Specifically, the relation of IP and EA to the HOMO and
LUMO respectively, directly correlates to how excitonic energy splitting in a bulk would lower
the band gap.*! This accounts for the aggregation effects seen in organic thin films which are red-
shifted in comparison to the single molecule calculations often used as computational support.
This is particularly important for computationalist looking to examine promising materials for

OPVs. Molecular systems whose aggregative conformations effect the band gap edge more



positively, further red-shifted, and induce greater charge carrier transport will allow for better

selection of materials for thin films. 132134
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Figure 1. Energy diagram of the change in electron affinity (EA) and ionization potential (IP) between single molecule
in vacuum and solid phase. The difference between the IP and EA between single molecule and solid phase is termed
as the apparent polarization energy (W*"), respectively.

The magnitude of the apparent polarization that determines the IP and EA values in the
bulk solid are also closely related to electron and hole transport. The transport gap, the energy
required to make to independent charge carries infinitely separated in the bulk, is the difference in
the bulk IP and EA values. Additionally, the binding energy of the exciton and the charge transfer
exciton (CTE) energy play a role in free charge carriers. 131135137

While periodic QM calculations serve their purpose in studying many of the crystalline films,
amorphous materials still are difficult to study from a purely QM standpoint.?3%° Additionally,
nano-materials have garnered interest in OPVs of late and have shown promising effects on the
power conversion efficiency. In the nanomaterial and disordered solid regimes where periodic

plane-wave QM becomes difficult, most other QM methods become too computationally costly.



In this regime, QM/MM and MM calculations provide a substitute. Molecular Mechanic force
fields have become well developed and have shown to be able to calculate the polarization energy
and other electronic properties.’*%14 The AMOEBA force field in particular has been shown to
give relatively accurate apparent polarization energies. AMOEBA is a good choice as it has
explicit polarization terms that take into account the orientation and direction of the molecules in
the solid through explicit multipole and induced dipole interactions. 145146

Recently, Xu et al. has shown that induced dipole interactions can be parameterized using QM
based calculations where the parameter set of AMOEBA provided by Ren will be insufficient. Xu
calculates the AMOEBA potential using state specific atomic polarizabilities based upon QM
calculations of the neutral and ionic systems under a field. Combined with the electron density
analysis from quantum theory of atom in molecules (QTAIM) by Bader, the change in the atomic
multipole moments under electric field strengths can be used to parameterize the isotropic atomic
polarizability. SSAPs provide a QM sensitive, species specific method to produce the isotropic
atomic polarizability needed to calculate the polarization energy.47-1%0

Utilization of SSAPs and previously published extrapolation methods, will allow for
calculation of the polarization energy of the positively and negatively charged ion. Additionally,
MM methods allow for specification of the SSAPs and multipoles for individual molecules. By
assigning the SSAP and multipole tensors to specific molecules the polarization energy of surface
bulk vs infinite bulk can be compared. Additionally, Ren’s parameterization method requires
electrostatic fitting at the MP2/aug-cc-pvtz level in addition to MP2/6-311G(d,p) calculations.
MP?2 is already more exorbitant in computational cost then DFT and the aug-cc-pvtz basis set

drastically increases calculation cost for the simplest molecules.



Herein, the small cyclic aromatic hydrocarbons, benzene and anthracene, are examined. The
x-ray crystallographic structure (XRC) of each species was used to generate clusters of various
size. The clusters energy was then calculated utilizing the AMOEBA force field under neutral and
ionic conditions with SSAP parameterization. The bulk polarization energy was extrapolated by
relating the inverse number of molecules per cluster to the apparent polarization energy. lonic
charge assignments were both placed centrally in the cluster. The results will serve as a foundation

for future molecular dynamics studies*>%2 of the formation of aggregates from these molecules.

2. Methods
2.1 AMOEBA and Extrapolated Polarization
The AMOEBA polarizable force field was first produced in order to properly model water
using molecular mechanics while directly treating polarization. The direct account of polarization
through the explicit electrostatic and polarization terms allow for a direct calculation of bulk
polarization energy by extrapolation.}4®153 Specifically, by drawing a relationship between the
inverse of the number of molecules cubed of a cluster to the polarization energy, the infinite bulk
value of the polarization energy and the apparent polarization energy can be obtained.14"1%
Polarization is the difference in free energy between ionic and neutral molecules from vacuum
to solid phase, as such the source of the free energy change is the difference in intermolecular
interactions between each state. The difference in intermolecular interaction energy arises from
three particular contributors: electrostatic interaction (multipole interactions), electrostatic
polarization interactions (induced dipole interactions), and dispersion. [Eq. (1)] Each particular
contributor to the apparent polarization (AEP°!, AE®S, and AE®Y) are the difference in the change

of ion when moving from bulk top solid with that of the neutral species. [Eq.(2)]



WH/= = AE®S + AEP°' + AE%s (1)

AEPO! = (Elz;gllk,ion - Eggsl,ion) - (Elz)Jl(L)llk,neu - Eﬁiﬁ,neu) (2)

Dispersion in AMOEBA is calculated as a 14—7 function, which Ponder describes as having
a ‘softer’ repulsive region than a Lennard-Jones function and is the most suited to replicate gas
phase ab initio results. This term is based on the potential well depth and radial distances between
atom pairs. As the structures used to calculate the polarization energy are the geometrically the
same between neutral and ionic species the radial values will not change, nor will the potential
well depth, as the atom types will remain the same in the parameter set. As such the dispersion
energy will be the same. This is indicative of two things: first, that any system where dispersion is
significantly different between ionic bulk and neutral bulk application of AMOEBA will be
inaccurate; second, polarization calculated by AMOEBA arises solely, from the multipole and
induced dipole terms. For benzene and anthracene, the difference in dispersion energy should be

much weaker than that of their electrostatic interactions, as such AMOEBA should be a suitable

model.
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The explicitly treated multipole and induced dipole terms can be found in equation (3) and (4).
The induced dipole of the ith atomic moment can be found in equation (5). The atomic multipole

tensor of the ith atom (M;) accounts for the charge, dipole, and quadrupole moments. T;; is the

atomic multipole interaction matrix defined by Stone. u* is the atomic induced dipole moment,
a; is the isotropic atomic polarizability, and F;_,; is the electric field felt by the ith atom being
produced by the multipoles of the jth. The term within the parenthetical of equation (4) is the
summation of all fields felt by the ith atom from the static atomic multipoles of all other atoms.
The first term within the parenthetical of equation (4) is the summation of the fields generated by
the AMPs, while the second are those generated from induced dipole interactions. As equation 4
contains itself, AMOEBA must be solved self consistently through iteration. Thole’s damping
model was utilized to stop ‘polarization catastrophe. The thole damping values were set to
0.39.154,155

Three different models were used to interpret the summation terms. In the first interpretation,
the ith summation term in equations (3) and (4) is over all atoms within the ionic molecule and j
is over all atoms not contained within the ion. This method characterizes solely the intermolecular
interactions between the ionic molecule and its surroundings. We denote this as the intermolecular
method. The second interpretation’s ith term also only sums over the ionic molecule, while the jth
term sums over all atoms that are not the ith atom. This accounts for not only the inter molecular
interaction between the ion and its surroundings, but also the intramolecular interaction within the
ion itself. This is to be termed as ‘intrat+inter’ model. In the last interpretation, ith and jth
summation both sum over all atoms, excluding atoms interacting with themselves and those whose
values are scaled to 0 by the AMOEBA model. The AMOEBA model scales bonded neighbor

interactions based upon the number of bonds between atoms. Additionally, the model has no



polarization within a polarization group; the groups in this instance are each individual molecule.
This method is denoted as the ‘full’ model as it not only takes into account the ionic molecules
interaction with its surroundings, but the changes in the interaction energies of the surrounding
molecules with one another.

Atomic Multipoles were generated using Stone’s GDMA 2.3.14%% The neutral single molecule
structures were optimized using the 6-31+G(d,p) basis set and the B3LYP functional as well as at
the MP2 level using the 6-311G(d,p) basis set .**" Basis sets and functionals were chosen in
accordance with previous research indicating that the Gauss-Hermite Quadrature works well for
producing AMPS for functionals without diffuse functions whereas the grid based quadrature was
suitable for diffuse functions.!®® As such the grid-based quadrature was utilized for the 6-
31+G(d,p) basis set and the B3LYP functional while the Gauss-Hermite Quadrature was utilized
for MP2/6-311G(d,p). Grid Based quadrature is activated using the ‘SWITCH’ command in
GDMA. All GDMA calculations were done using the command SWITCH 2, indicating that the
grid based quadrature was to be used up to the quadrupole values.

lonic species were calculated from the optimized neutral geometries using the same basis set
and functional. MP2/aug-cc-pvtz was used to optimize the neutral molecule further and then based
upon this geometry calculate the MP2 density of the Neutral, Anionic and Cationic Species for
electrostatic potential fitting. The electrostatic potential fitting gradient was set to 0.1. All QM
calculations were done in Gaussian 16. AMOEBA calculations were run in Tinker 8.0 on crystal
structures of benzene and anthracene determined by XRC.1*° As done by Xu et al., the mutual set
stands for all atoms not contained within the same molecule as the ith atom and the direct set stands

for all atoms that are not the ith atom. Atomic charges for each ion species were placed at the



center of the sphere, or on various parts of the surface. The charge transfer exciton was represented
by placing a positively charge ion at the molecule closest to the center of mass of the cluster.!4’
2.2 State Specific Atomic Polarizabilities

As pointed out by Xu et al., there are three main limitations to the isotropic atomic
polarizabilities produced by the parameterization done by Ren. First, the values produced do not
characterize extended conjugated systems well. This is due to the particular set of training systems
used to parameterize the aromatic carbon and hydrogen polarizabilities and the need to represent
all aromatics, no matter how extended the conjugation may be, to one specific numeric
representation. Second, the values of the open-shelled ions are greater than neutral polarizabilities.
Lastly, atoms commonly used in organic aromatic systems, such as S, N, F are not parameterized
for. Here, the second issue raised is of primary importance. As such, the QM-based state specific

atomic polarizabilities (SSAPs) have been adopted.4’

Atomic polarizability is the tendency for an atomic dipole to change under the influence of
an electric field. In the bulk, something tantamount to an electric field is produced by the
surrounding molecule’s AMPS. This field felt by the individual atoms induces a change in the
atomic dipole based upon each individual atom’s susceptibility to it. More fundamentally, the
change in this dipole is caused by the change in the electron density and charge distribution within
the molecule. The relationship of atomic properties to their electron density is the fundamental
basis of the application of the quantum theory of atoms in molecules (QTAIM). Bader proposed
the use of QTAIM with a hard-space partitioning to calculate the molecular and atomic

polarizability.
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The SSAPs of benzene and anthracene are calculated using Keith’s implementation of Bader’s
hard-space partitioning of polarizability in AIMALL. QM calculations to generate the electron
density for basin analysis were completed using single point calculations on the
B3LYP/631+G(d,p) optimized geometries at the CAM-B3LYP at the 6-311+G(d,p) level.1®°
Calculations were done for the neutral, anionic, and cationic species under small electric fields of
.005 a.u. in each cartesian direct (+x,-X,+y,-y,+z,-z) in Gaussian 16.1%2162 The atomic polarizability
tensors were then found using symmetric numeric differentiation. [Eq. (6)] a™ is the isotropic
atomic polarizability of atom A in the I direction under the influence of an electric field in the m
direction. F,, is the field strength in the m direction and u; ., is the atomic dipole in the | direction
under the influence of an electric field in the m direction. The isotropic atomic polarizability was
then solved by averaging the trace of the polarizability tensor. [Eq. (7)] The resulting scalar value

was scaled by 1.4 to reproduce the molecular polarizability as shown by Machi.

3. Results and Discussion
3.1 Apparent Polarization Energy

The apparent polarization energy is the measurable energy of change between gaseous and
crystal state of the ionization potential (IP) and electron affinity (EA). This value is directly

measurable by photo electron spectroscopy. According to equation (1) and Fig. 1 is the total sum
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of change in the electrostatic, induced dipole, and Van der Waals energy between the ionic and

neutral state from gaseous state to that of the bulk. The extrapolated bulk apparent polarization

values can be found in Table 1. The apparent polarization values of each cluster and the regression

lines can be seen in Figure 2. Results show that the cationic polarization energy of the purely

intermolecular interactions between the cation and bulk has a similar energy value between the

B3LYP and MP2 method for both benzene and anthracene.

Table 1._Summary of the theoretical apparent polarization (W+/ "), the induced dipole polarization (P” 5 0), the
contribution of the induced dipole polarization to the apparent polarization (AP*"), the electrostatic energy from atomic
multipole interactions(AES*"), and the electrostatic contribution to the apparent polarization energy(AES*").

Molecule  Method Model w* & p* P p° AP* AP ES* ES ES® AES AES
(eV) (eV) (QY%) (eV) (ev) (eV) (ev) (eV) (eV) (eV) + (ev)
V)
Inter 133 129 108 166 011 097 155 074 013 038 036 -025
MP2 w/ Intra 1.34 116 108 153 010 098 143 072 009 037 035 -0.26
Anthracen Full 125 124 088 152 035 -0.28
e Inter 135 094 102 143 011 091 132 089 008 047 042 -0.39
B3LYP W/ intra 152 072 100 133 006 094 127 086 -026 029 057 -055
Full 141 083 083 138 057 -0.56
Lit 1620 1.09"
Inter 142 059 134 156 007 127 149 037 -068 021 016 -0.89
MP2 w/ Intra 143 049 134 155 006 128 149 034 -081 019 015 -1.00
Benzene Full 140 062 126 163 015 -1.00
Inter 148 124 128 165 006 122 159 054 -007 027 027 -0.34
BLYP W/ intra 171 094 126 152 00l 125 151 035 -081 - 046 -0.70
Full 164 101 118 157 o 046 -0.56
Lit 159° 1692

1 A. I. Belkindand and V. V. Grechov, Phys. Status Solidi A, 1974, 26, 377-384

2 Refaely-Abramson, S., Sharifzadeh, S., Jain, M., Baer, R., Neaton, J. B., and Kronik,L. (2013). Gap renormalization of molecular crystals from

density-functional

theory. Phys. Rev. B 88:081204. doi: 10.1103/PhysRevB.88.081204
3 N. Sato, K. Seki, H. Inokuchi J. Chem. Soc., Faraday Trans. 2, 1981,77, 1621-1633
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Figure 2. Apparent Polarization energy calculated using SSAPs as well as multipole parameters derived from the
B3LYP (Red) and MP2 (Black). (a) Anthracene apparent polarization energy due to a negatively charged carrier (W~
) (b) Anthracene apparent polarization energy due to positively charged carrier (W*) (c) Benzene apparent polarization
energy due to a negative charge carrier (W-) (d) Benzene apparent polarization energy due to a positive charge carrier
(W)

The methods really differentiate themselves in regards to the intramolecular interactions of
the ion. B3LYP has a much larger intramolecular energy due to its larger approximation of the
atomic charge and dipole values. (Supporting Information) Additionally, the intramolecular
B3LYP values increase the polarization, whereas the MP2 values are closer to zero or tend to
depolarize (decrease polarization). The depolarization components, the environment-environment
interactions and the intramolecular interactions of the environment, included in the full model have
similar values of around 0.1 eV for anthracene. For benzene the cations environmental polarization
is relatively similar in magnitude between functionals although only B3LYP predicts

depolarization. Decreasing the magnitude of the total apparent polarization energy of the cation

similar to what was found using the quantum patch method on NPB, TCTA and Ceo.1*3
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While B3LYP parameterization leads to a calculated value much closer to that of experiment
for the polarization due to a positive charge carrier, the predicted values of the negative charge
carrier has relatively similar error. However, the deviation between the predicted energy for
B3LYP and MP2 is much larger. Interestingly, the intramolecular interaction of the negatively
charged species for both molecules and functionals has the opposite contribution to the apparent
polarization than it’s positively charged counterpart suggesting that the AMOEBA model predicts
the anion’s intramolecular electrostatic to have a depolarization effect. Additionally, the
environmental interactions are no longer depolarizing. The polarization contribution of the
environment is also approximately 0.1 eV for the anion. The benzene anion has the largest
difference in its apparent polarization energy possibly due to the larger RMS potential difference
upon electrostatic fitting of MP2 to the aug-cc-pvtz basis set or drastically differing
characterization of the anion electron density of the benzene system due to a mischaracterization
of long range behavior by the exchange potential employed.*6

From looking at the cluster energies themselves in Figure 2, it can be seen that the relative
change in energy due to cluster size is equivalent for all models and methods employed. The
change in energy per the cube root of the inverse number of molecules is the same resulting in
nearly numerically identical slopes. This indicates that the cluster energy change is
parameterization resistant, the exception being when the RMS potential fitting has exorbitantly
large differences. It also implies that the induced dipole polarization values will be of similar
magnitude for both methods. Since the dipole moments for both molecules are small to
nonexistant, quadrupole interactions will play a predominate roll. As quadrupole interactions
weaken with larger interatomic distance at a greater degree than dipoles, it’s expected that the

electrostatic energy should reach a value equivalent to the bulk at a relatively small cluster size.
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Therefore, almost the entirety of the change in polarization between the cluster sizes should come

from the induced dipole polarization.
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Figure 3._Polarization energy due to induced dipole interaction energy calculated using SSAPs as well as multipole
parameters derived from the B3LYP (Red) and MP2 (Black). (a,b,c) Anthracene induced dipole polarization due to a
negative, no , and positive charge carrier respectively. (P-,P%,P*) (d,e,f) Benzene induced dipole polarization due to a
negative, no , and positive charge carrier respectively. (P-,P°,P*)

3.2 Induced Dipole Polarization and Electrostatic Energy

Breaking the apparent polarization down into its individual components it can be seen that for
both benzene and anthracene the positive charge carrier induced dipole polarization is similar
between MP2 and B3LYP (Figure 3. And Table 1). Additionally, the intramolecular induced
dipole polarization contribution is minimal. This is to be expected as AMOEBA parameterization
removes the molecular mechanics polarization from DMA using the isotropic atomic polarizability
for the single molecule, and the bonded interactions are scaled such that atoms within two bond
lengths do not ‘feel’ from one another. However, if the scalar SSAP values and the atomic
multipoles are larger, such as in the negative charge carrying species, the intramolecular interaction
is no longer insignificant(~0.1 eV). The induced dipole polarization energy of the positive,

negative and neutral bulk all had decreasing or the same induced dipole polarization when

14



intramolecular interactions were included. The contribution to the apparent polarization energy
increases by less than 0.05 eV for the bulk cluster with a positively charged carrier and experiences
a small degree of depolarization from the negative charge carrier’s intramolecular induced dipole
contribution.

Looking at the ‘Full’ model the induced dipole environmental interactions play a predominate
roll in the environmental contribution to the depolarization effect. This is further shown as there
is no significant change in the bulk electrostatic energy between the ‘intra+inter’ and ‘full model’
(Figure 4. And Table S1). The diminishing effect of the ion’s multipole strength over the radial
distance between molecules suggests that this is likely due to the interactions between the nearest
neighbors of the charge carrying molecule. The only exception to this is the benzene B3LYP
negatively charged bulk in which ~2/3 of the environmental depolarization energy comes from the
electrostatic multipole interaction. In contrast, the intramolecular interaction of the charge carrier
largely contributes to the polarization of benzene through electrostatic multiple interactions. In
anthracene, there is a clear distinction between the two models in this regard, as the electrostatic
contribution of the intramolecular interactions of B3LYP (0.15 eV) is greater than that of MP2
(~0.01 eV). B3LYP in general has larger intramolecular electrostatic contributions, accounting for
the vast majority of the difference between the two parameterization methods. It should be noted
that this could be exacerbated by molecules with larger dipole moments.

Lastly, the electrostatic interaction of the anion is always depolarizing and the cation increases
polarization. The intramolecular interaction of the cation likewise increases polarization and the
anion depolarizes. The difference in sign of the electrostatic contribution of the anion and the

cation is largely why the apparent polarization energy of the positively charged bulk is greater than
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that of the negatively charge bulk despite having a smaller induced dipole contribution to the

apparent polarization energy.
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Figure 4._ Electrostatic energy calculated using multipole parameters derived from the B3LYP (Red) and MP2
(Black). (a,b,c) Anthracene induced dipole polarization due to a negative, no , and positive charge carrier respectively.
(ES,ES°,ES*) (d,e,f) Benzene induced dipole polarization due to a negative, no , and positive charge carrier
respectively. (ES",ES?,ESY)

4. Conclusions

Herein, we have characterized benzene and anthracene’s apparent polarization energy and the
contributions the electrostatic and induced dipole interactions to the apparent polarization energy
using the AMOEBA polarizable force field. The isotropic atomic polarizabilities were obtained
using QTAIM analysis to generate the atomic multipoles of the ionic and neutral molecules under
a field and symmetric numeric differentiation. These are referred to as state specific atomic
polarizabilities. Atomic multipoles were generated using Anthony Stone’s GDMA 2.3 and the
electron density of the charged and neutral species calculated at both B3LYP/6-31+G(d,p) and
MP2/6-311G(d,p) with electrostatic potential fitting at the MP2/aug-cc-pvtz level. The Gauss-
Hermite quadrature method was used for MP2 while the grid based quadrature was used for

B3LYP. Benzene and anthracene cluster of increasing size were constructed and ionic charges

16



placed at the molecule nearest the center of mass. Bulk apparent polarizabilities were then
extrapolated by relating energy with the inverse of the cube root of the number of molecules.
Induced dipole polarization and electrostatic multipole contribution were extrapolated similarly.

This work shows that while the change in energy between cluster sizes is nearly identical
between B3LYP and MP2, the magnitude of the electrostatic multipole interactions plays a large
role in the discrepancies between the extrapolated bulk energies. In particular, the intramolecular
electrostatic interactions are larger in B3LYP owing to larger multipole moments. The bulk
apparent polarization energy of the positive charge carrier is well reproduced, but the negative
charge carrier has large variance between the two methods. Large differences in the electrostatic
are not the only cause for this. The difference in the induced dipole polarization becomes
significant owing to the larger SSAP values of the anion.

The intramolecular electrostatic interactions of the negative charge carrier are a major
depolarizing force, while in the positive charge carrier it accounts for the majority of the increase
in the intramolecular polarization. The environmental interactions have the opposite effect of the
intramolecular interactions. Where the intramolecular interactions are depolarizing the
environmental interaction contribute positively to the polarization and vice versa. The difference
between the induced dipole polarization is insignificant, however, there is a slight difference in the
neutral electrostatic polarization (<0.1 eV)

Utilization of B3LYP/6-31G(d,p) reduces computational costs significantly in
parameterization and adequately captures the value of the bulk apparent polarization of the
postively charged carrier’s interaction with its surroundings. The increased polarization due to the
intramolecular electrostatic interaction also better reproduces the experimental results. The

magnitude of the bulk values of B3LYP for the negatively charged carrier vary wildly from MP2,
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however, they still manage to capture the trend between changes in cluster size. Utilizing well
tested functionals and a basis set with sufficient long range interaction may better characterize the
negative charge carrier’s electron density. Lastly, large RMS potential differences during
electrostatic potential fitting should be considered carefully, this is the only instance where B3LYP

parameterization produced a different trend then that of MP2.
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