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Abstract 

To investigate the aggregate shape and exciton location on the polarization energies of 

benzene and anthracene aggregates, we performed calculations on the clusters in increasing size 

and differing shape. The results showed that the anthracene cluster showed no apparent difference 

in the shape dependence, however, benzene clusters differed significantly due to its nearest 

neighbors orient in a T-shape conformation compared to anthracene which is more stacked along 

its conjugated rings. Additionally, lower total energies of the ‘full’ model as well as less stable 

neutral energies for the surface molecules in the ‘intra+inter’ model suggest that the surface 

molecules interact repulsively. Due to the fact that the cube structure has a larger surface area to 

volume ratio and more benzene molecules are needed to take up said surface area more repulsive 

force may be experienced by molecules in the benzene cubes. Apparent polarization energy of 

each system increases as number of close by neighbors increases. Therefore molecules located 

centrally have larger induced dipole polarization as well as larger apparent polarization. Apparent 

polarization energy depends more sensitively on the location of the excitation than the shape of 

the cluster. Furthermore, the orientation of the nearest neighbors in each direction plays a large 

role in magnitude of the electrostatic interactions as well as the induced dipole effects.  
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1. Introduction 

The effect of aggregation on the electronic properties of organic small molecule (OSM) 

based solids on material performance is well known,1-3 however, specific and measured changes 

in the properties such as UV-Vis absorption caused by aggregation of OSMs due to long range 

columbic interactions are not fully predicted but are urgently needed in order to rationally design 

OSM based devices, such as solar cells4-27 and sensors,28-54 as well as to better utilize aggregation 

phenomenon.  Extensive studies of single molecule of OSM based materials on the property 55-95  

and synthesis 96-133 can be found, in contrast to, investigations on aggregation of OSMs have just 

become an active research field.1-3,134-168 

The change in the properties of aggregates such as in UV spectra is due to the change in 

band structure upon aggregation, the edge of which determines the lowest energy needed to excite 

electrons and thus the extent of the red-shift. The change of this band edge energy is also directly 

related to the change in the ionization potential and electron affinity through Koopman’s theorem 

and the apparent polarization energy. Specifically, changes in the IP and EA due to the apparent 

polarization can be taken as the change in the HOMO and LUMO energy to that of the band edge. 

As such, the excitonic energy splitting that creates the new band edge can be approximated by 

calculating the apparent polarization due to anionic and cationic molecules in the aggregates. 

 While the excitonic energy splitting can be somewhat characterized using the point-dipole 

approximation of the Kasha Model, explicit calculation of systems based upon the density 

functional theory (DFT) or ab initio quantum mechanical (QM) approaches are limited. 

Particularly, when molecular systems are amorphous, on the size of nanometers, or a measure of 

disorder is introduced (defects, etc.).  Outside of QM approaches and DFT which rely on accurate 

functionals, lack scalability for disordered systems, and often need to utilize some type of basis set 
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superposition correction; three types of methods have come to the fore including QM/MM, field 

model representations, and polarizable force fields. 

Each of these methods have their own strengths in weaknesses. Field models are extremely 

scalable and accurate for crystalline structures, but their inability to account for differences in 

molecular packing and small electrostatic differences make them unsuitable for many models. 

QM/MM explicitly treats a portion of the local molecular model and allows for direct extrapolation 

of bulk properties, but has been found to overestimate the polarization energy and is more costly 

than a classical approach. Additionally, QM/MM models must make decisions as to what portion 

of the system will be treated explicitly by QM methods. Last is the classical force fields who have 

a knack for being able to treat non-repeating structures at the nanoscale, and scalability allows for 

them to be used for amorphous bulk rather easy. The main drawback is that force fields are only 

tangentially related to the QM calculated properties through parameterization.  

Polarizable force fields have explicit terms to represent the electrostatic interactions 

between molecules, including multipole interactions and induced dipole interactions. The 

AMOEBA force field has been utilized by Xu et al. and others to extrapolate changes in the IP and 

EA of bulk oligoacenes. Xu et al. has shown that the isotropic atomic polarizability parameterized 

by the method put forward by Ren to be quantitatively different for anions, molecules with 

extended conjugation, and extremely electronegative atoms in organic aromatics. The introduction 

of state specific atomic polarizabilities (SSAPs) has allowed for parameterization that is specific 

for each atomic conformation. SSAPs utilize the single molecule electron density and the quantum 

theory of atoms in molecules (QTAIM) by Bader to calculate the change in the atomic multipole 

moments under a minute field. The change in the multipole moments due to the field directly show 

the susceptibility of the electron density around each atom to fields produced by other molecules.  
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Herein, Ren’s parameterization procedure is combined with SSAP parameterization to 

respectively produce the atomic multipole moments (AMPs) and the isotropic atomic polarizability 

of benzene and anthracene. The explicit polarization terms are utilized to calculate the apparent 

polarization energy of clusters of increasing size.  Using this polarizable force field model, we 

developed parameters for benzene and anthracene aggregates and calculated the polarization 

energy of various spherical aggregates.169 

The objectives of this work is twofold. Firstly, in the interest of looking at non-bulk 

nanostructures, cube shaped benzene and anthracene aggregates were studied in this work so that 

the effect of cluster shape on the polarization energy of aggregates can be explored. Specifically, 

properties of a cube cluster was compared to the spherical cluster at the same size. Secondly, 

exciton location was placed at the center as well as the surface of aggregates so that the effect of 

exciton location on the polarization energy can be investigated. Specifically, a total of 6 cubed 

anthracene aggregates and 7 cubed benzene aggregates with four different excitations, i.e. center, 

surface, corner, and ridge were studied. Furthermore, 9 spherical benzene aggregates and 10 

spherical anthracene aggregates with surface excitation were also studied here.   

 

2. Computational Details 

The cube clusters of benzene and anthracene were created using the Materials studio based 

on the experimentally determined XRD structures of the corresponding crystals in the similar 

fashion as the corresponding spherical clusters.169  Apparent polarization energy (W) was 

calculated using Eq.(1) that arises from three main terms within the AMOEBA force field as 

described previously by Xu,170 ourselves,169 and others. Each term is the differential energy 

between the change in the bulk ionic energy from that of the single ion and that of the neutral bulk 
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system and the neutral molecule Eq. (2). As dispersion has not been specifically parameterized by 

changing the potential well depth nor will the cluster geometry change between the neutral and 

ionic system, equation one simplifies to the sum of the first two terms. This has been shown to be 

a reasonable assumption as the differences in the electrostatic forces between the ionic bulk and 

neutral system are much larger than that of dispersion, making them insignificant unless the 

formation of the ion causes a relaxation and change in geometrical structure of the cluster or bulk.  

 

 

𝑊+/− = ∆𝐸𝑒𝑠 +  ∆𝐸𝑝𝑜𝑙 +  ∆𝐸𝑑𝑖𝑠     Eq.1 

 

∆𝐸𝑝𝑜𝑙 = (𝐸𝑏𝑢𝑙𝑘,𝑖𝑜𝑛
𝑝𝑜𝑙 − 𝐸𝑔𝑎𝑠,𝑖𝑜𝑛

𝑝𝑜𝑙 ) − (𝐸𝑏𝑢𝑙𝑘,𝑛𝑒𝑢
𝑝𝑜𝑙 − 𝐸𝑔𝑎𝑠,𝑛𝑒𝑢

𝑝𝑜𝑙 )    Eq.2 

 

Details of the explicit terms used to describe the induced dipole polarization (P) and the 

electrostatic interaction can be found in the original paper’s published by Ponder,171,172 the 

parameterization methods for the Tinker software by Ren, the work detailing SSAP 

parameterization by Xu,170 as well as briefly in our previous work. In order to ensure the fidelity 

of the AMOEBA force field, the TINKER 8.0 software was used. Modifications were made to the 

printable interactions within the software in order to sum the intermolecular interactions between 

the atoms of the ionic molecule and the atoms of the surrounding molecules. Additionally, the 

intramolecular interactions between the ionic molecule itself were taken into account. Adding the 

molecular interactions separately allowed for the delineation of our results into three model: the 

‘full’ model taking into account of all interactions except intramolecular induced dipole interaction 

as dictated by polarization grouping in AMOEBA), the intermolecular model taking into account 
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solely the interactions between the atoms of the ion and its surrounding molecules atoms, and the 

‘intra+inter’ molecular model which took into account intramolecular multipole interactions of the 

ionic molecule as well as the forces dictated in the ‘inter’ model. 

AMOEBA was utilized with AMPs generated from Ren’s parameterization method and 

isotropic atomic polarizabilities from SSAPs and QTAIM. For the AMPs single molecule 

structures of benzene and anthracene neutral molecules were optimized at the MP2 level using the 

6-311G(d,p) basis set. Anions and Cations were then calculated at the same level using the neutral 

molecule geometry. As dictated in Ren’s parameterization procedure GDMA2.3 was used to 

calculate the AMPs using the Gauss-Hermite Quadrature. For electrostatic potential fitting of 

AMPs benzene and anthracene neutral molecules were further optimized at the MP2/aug-cc-pvtz 

level. Anionic and cationic species electron density was additionally calculated using the geometry 

of the neutral species as before. The electrostatic potential fitting gradient was set to 0 .1.  

SSAPs were generated utilizing QM calculations of the electron density of anthracene and 

benzene species at the CAM-B3LYP / 6-311+G(d,p) level with the optimized molecular geometry 

of each neutral molecule at the B3LYP / 6-31+G(d,p) level. Calculations were done for the 

positive, negative and neutral species of both benzene and anthracene under electric fields of 005 

a.u. strength in each cartesian direction. QM electron densities were then subjected to Keith’s 

implementation of Bader’s hard-space partitioning to generate the atomic multipoles of each atom 

under each specific field condition in the AIMALL program. Atomic polarizability tensors were 

generated using symmetric numeric differentiation and the trace of the resulting matrix gave the 

isotropic atomic polarizability. The scalar values were then scaled by 1.4. All the parameters were 

obtained in our previous studies.169 
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Ionic SSAPs and AMPs were placed at the molecule nearest the COM of the Sphere and 

Cube Structures. Additionally, the Ionic SSAPs were placed on the central surface molecule, the 

central ridge molecule, and the corner molecule for the cube structure as well as on the surface of 

the sphere. AMOEBA calculations were then carried out at increasing clusters size. For the CTE 

model the cationic AMPS and SSAPs were placed at the center of the sphere and cube structures 

as well as the aforementioned surface positions. The anion was then assigned to the nearest 

neighboring molecule to the cation to create a CTE where the electron has ‘hopped’ to the adjacent 

molecule. In order to compare the CTE energy to that of its vacuum equivalent as suggested in Eq. 

(2), a dimer was calculated at the same orientation and intermolecular distance as in the crystal in 

two ways. First, both molecules were assumed to be neutral; this was the representation of the 

neutral system in gaseous phase. The second representation had the negative and positive SSAPs 

and AMPS place on the adjacent molecules in the dimer. While this system is also charge neutral, 

it is the representation of the CTE dimer with which to compare the bulk. 

 

3. Results and Discussion 

3.1 Effect of Aggregate Shape on Intermolecular Energy and Apparent Polarization 

First considering the total energy of the neutral cluster where the energy only considers the 

non-bonded interactions of the aggregate (or cluster), 𝐸 = 𝐸𝑒𝑠 +  𝐸𝑝𝑜𝑙 + 𝐸𝑑𝑖𝑠 , it can be seen that 

for Anthracene there is no distinct difference between the cube and spherical cluster. The 

extrapolated bulk values are approximately -1.43 eV for the ‘intra+inter’ model and -2.36 eV for 

that of the ‘inter’ model. This indicates that the intramolecular energy of Anthracene is around 

0.93 eV. For Benzene the electrostatic and dispersion energies indicate that the Spherical 

conformation is more stable than that of the cube. Specifically, the ‘intermolecular energies 
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extrapolated from the sphere or cube shape clusters are -1.27 and 0.07 respectively. The 

intramolecular energy should and does remain the same at 0.44 eV. Including the surrounding 

molecule’s interaction the total intermolecular energy per molecule is of anthracene is -0.17 eV. 

The benzene sphere has an intermolecular energy of -0.16 per molecule and 0.49 eV per molecule 

for the cube (also denoted as box in Figure 1 and the following Figures). 

 

Figure 1. The total intermolecular and intramolecular energy per molecule of the anthracene (left) and 

benzene aggregates (right). The total energy is made up of the 14-7 dispersion interaction, electrostatic 

multipole interaction, and the induced dipole interaction. The data for the spherical clusters was taken from 

Ref. 169. 

 

The values for the ‘full’ model are calculated as an average over the change in total energy. 

The total energy per molecule being lower as well as the more positive energies of the neutral 

clusters when the molecule of interaction is taken as a surface molecule indicate that as molecules 

are closer to the surface the intermolecular interaction becomes more repulsive. Given that the 

same number of the same molecules take up the same volume, perhaps the greater surface area of 
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the cube cluster than that of the cube increases the number of molecules exposed at the surface and 

therefore creates more negative interaction energies. Additionally, the exposure of the nearest 

neighbors of the benzene are in that of a T-Shape compared to anthracene which is more stacked 

along its conjugated rings. This could be reflected in greater repulsion between nearest neighbors 

at short range and more repulsive interactions in the long range.  

Examining closely on the apparent polarization energy, it can be seen that the induced 

dipole polarization is more equivalent between cluster differences and that a large majority of the 

discrepancy arises from AMP interaction. In particular the intramolecular AMP interaction of the 

benzene anion depolarizes benzene, leading to lower bulk apparent polarization values. 

Anthracene induced dipole polarization is extremely consistent across cluster models and the 

apparent polarization is minutely more effected by the electrostatic multipole interactions. This 

leads to slightly higher Bulk HOMO values but lower Bulk LUMO values and an nearly equivalent 

transport gap. Looking back at benzene, consistent polarization due to the cation produces identical 

bulk HOMO values, but the aforementioned difference in Anion electrostatic multipole 

interactions causes a less stable bulk LUMO for the cube structure.  

3.2 Differences in Apparent Polarization of Surface Ion between the Cube and Spherical 

Aggregates 

Figure 2 and Figure 3 show that as the number of close proximity neighbors to the charged 

species increase so to does the apparent and induced dipole polarization. The only exception to 

this is the benzene anion cube cluster. The cube cluster stabilizes the anion through induced dipole 

interactions in the same manner as the other cluster shapes, charges, and molecules. That is to say 

that the induced dipole polarization of the bezene anionic cube cluster decreases as the number of 

close proximity neighbors decreases (Central >Surface>Ridge> Corner), however the electrostatic 
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interaction of the anion for the structures with more neighbors is much higher than that of 

anthracene and end up playing a more dominant role. Whereas for the other conformations across 

the other molecules the induced dipole polarization stabilization is anywhere from 2 to 3 times as 

large, for the benzene anion the ratio is closer to 1:1. Benzene anion’s more consistent deviation 

is likely due to the larger carbon and hydrogen SSAP values, the orientation of Benzene to its 

nearest neighbors as well as the fact that the anion’s electron density symmetry seems to be broken, 

resulting in larger SSAP and AMP values for two of the carbons.  

 

Figure 2. Total inter molecular energy between the ionic molecule and the rest of the molecules in the 

spherical and rectangular cluster. The intra+inter model includes the intramolecular energy of the ionic 

molecule. Anthracene cluster total energy is on the right and benzene is on the left. The data for the spherical 

clusters was taken from Ref. 169. 
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Figure 3. The apparent polarization energy of anthracene (top) and benzene (bottom) for the positive (right) 

and negative (left) charge carrier. The data for the spherical clusters with center charge was taken from Ref. 

169. 

It can also be seen that as the number of close neighbors decreases the polarization due to 

electrostatic multipole interaction decreases at least until the ridge molecule. For the anionic 

species the AMPs create are less depolarizing, whereas for the positively charge molecule in the 

cluster the more close proximity neighbors the smaller the polarizing effect. The reverse of this 

trend between the ridge and corner structures for anthracene and the benzene cation indicate that 

the orientation of the nearest neighbors in each direction plays a large role in magnitude of the 

electrostatic interactions as well as the induced dipole effects. Additionally, it indicates that each 

specific orientation between two molecules in the crystal structure will have a specific depolarizing 

or polarizing effect. For instance, all molecules stacked along the conjugated ring structure of 
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anthracene would be expected to have a polarizing effect, stabilizing the system, whereas the end 

to end stacked conformation would be expected to be depolarizing. 

Decrease in the polarization due to both the positively and negatively charged molecules 

as the molecule comes to the surface and experience less close neighbor interactions means that 

the transport gap will decrease (Figure 4). This indicates that the creating a free charge carrier on 

the surface of a cluster and by extension the bulk solid will be increasingly more difficult. 

Decreased polarization of surface molecules could be a factor in the effect of film thickness on the 

red shift of organic thin films. The closer molecules are to the surface or smaller number of 

molecules within a certain radial distance causes a higher thin film band edge.   

 

Figure 4. The difference in the apparent polarization energy of charged and neutral clusters for anthracene 

(top) and benzene (bottom). The positive and negative charge carrier effect on the polarization are on the 

right and left respectively. The data for the spherical clusters with center charge was taken from Ref. 169. 
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3.3 Assessment of the Charge Transfer Exciton Model 

The charge transfer electron polarization can be found in Figure 5. The CTE apparent 

polarization follows the same pattern to the positive and negative charge carriers. Specifically, as 

the charge is left with fewer close neighbors the apparent polarization decreases. A cursory look 

at the induced dipole polarization shows this trend more clearly and a more linear relationship. 

This linear trend can also be seen for the apparent polarization energy of the clusters with centrally 

placed excitons although there are a few outlying points. There seems to be two distinct corner 

types of excitons for anthracene as well as different central excitons for the cube structure of 

benzene.  The electrostatic energy further exposes these truth that these are two distinct types of 

exciton. While the induced dipole polarization of the system remains linear there are large 

differences in electrostatic energy. This energy should remain relatively constant. The small 

multipole moments of benzene and anthracene due to their symmetry as well as the fact that the 

electrostatic interaction scales inversely with the r3 should indicate that the vast majority of the 

difference should be near maximum within the first 10-20 angstroms. The fact these values are so 

distinct is then most likely due to the orientation of the molecules that are nearest neighbors and 

have differing and larger than normal SSAP and AMPs values. Namely, the two molecules 

modeling the exciton.  
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Figure 5. The apparent polarization energy (WCTE - left), delta induced dipole polarization (∆PCTE -middle), 

and delta electrostatic energy (∆ESCTE - right) of the exciton for anthracene (Top Row) and benzene (Bottom 

Row). The data for the spherical clusters with center charge was taken from Ref. 169. 

 

 

This highlights that distinct excitons exists at different points along the spherical cluster 

surface, as well as the fact that the anion and cation’s SSAPs and AMPs can be oriented toward 

another in a distinctly different way despite being the same nearest neighbor. This is likely due to 

the anion’s symmetry breaking the benzene anion. Additionally, the slip stacking is different at the 

differing corners of anthracene. Care must be taken to either indicate all of the corners orientation 

values are being taken or that a specific corner orientation is being utilized. Additionally, 

orientation of symmetry broken ions must be taken into account.  
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4. Conclusions 

Calculations were performed on the clusters of benzene and anthracene molecules in 

increasing size and differing shape that were generated using the experimentally determined XRD 

structures with ionically charged SSAPs and AMPs to central and surface molecules as well as the 

neutral systems to extrapolate the dependence of apparent polarizations on the cluster shape and 

location of excitations. The results showed that the anthracene cluster showed no difference in 

stability of the neutral system and consistent intramolecular energy. Benzene, however, differed 

significantly due to its nearest neighbors orient in a T-Shape conformation compared to anthracene 

which is more stacked along its conjugated rings. This could be reflected in greater repulsion 

between nearest neighbors at short range.  Additionally, lower total energies of the ‘full’ model as 

well as less stable neutral energies for the surface molecules in the ‘intra+inter’ model suggest that 

the surface molecules interact repulsively. Due to the fact that the cube structure has a larger 

surface area to volume ratio and more benzene molecules are needed to take up said surface area 

more repulsive force may be experienced by the benzene cube model. 

Apparent polarization energy of each system increases as number of close by neighbors 

increases. Therefore molecules located centrally have larger induced dipole polarization as well as 

larger apparent polarization. By extension non-surface free charge particles will have lower 

transport gap energies. The electrostatic energy plays a large part in the depolarization of the 

benzene system causing an opposite effect in the benzene anion. This change is due to the nearest 

neighbor interactions making a larger part of the total ES contribution to the polarization, due to 

their being less neighbors within a significant distance. For the anionic species the AMPs are less 

depolarizing, whereas for the positively charge molecule in the cluster the more close proximity 

neighbors the smaller the polarizing effect. The reverse of this trend between the ridge and corner 
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structures for anthracene and the benzene cation indicate that the orientation of the nearest 

neighbors in each direction plays a large role in magnitude of the electrostatic interactions as well 

as the induced dipole effects. Specifically each orientation between two molecules in the crystal 

structure will have depolarizing or polarizing effects, e.g. molecules with 𝜋 − 𝜋 stacking would 

be expected to have a stabilizing effect whereas the end to end stacked conformation would 

destabilize. Approximations of the transport gap are relatively close to the experimental results for 

the centrally charged system, but rely heavily on an accurate description of the LUMO energy as 

well as a functional/basis set with a good description of the anion’s electron density. 

The CTE model can be employed with centrally charged molecules in the cluster and give 

relatively consistent results. Care must be taken to orient the SSAPs and AMPs toward one another 

in the same orientation despite being placed on the same nearest neighbor. This will not affect the 

induced dipole polarization, but will affect the electrostatic energy due to the multipole moments. 

Stacking and orientation between differing corner structures within the anthracene system give 

distinct differences in CTE values. All CTE energies are overestimated. They should be lower than 

the transport gap value and specifically around 1.0 eV for anthracene. 
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