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The solvated supermolecular approach, i.e., block-localized wavefunction coupled with polarizable continuum model 

(BLW/PCM), is proposed to calculate molecular ionization potential (IP), electron affinity (EA) in solid phase and their 

related electronic polarization. By the calculations of solvated supermolecule (5M) including four closest molecules, 

BLW/PCM overcomes the shortage of the monomer PCM calculation, that is, the nearly same electronic polarization for 

cation (P+) and anion (P-). The solvated supermolecular approach successfully describes asymmetric behaviors of P+ and P- 

for oligoacene crystals. In addition, we also compared two charge-localized methods, i.e., BLW and constrained density 

functional theory (CDFT) to calculate molecular IP and EA in supermolecule with/without PCM. Our results demonstrate 

that both BLW and CDFT correctly estimate EA and IP values in gas phase cluster while CDFT/PCM fails to evaluate the P- 

value of bulk system.  

Introduction 

The organic semiconductors based on π-conjugated molecules 

are widely used in various applications such as organic thin-

film transistors (OTFTs), organic photovoltaics (OPV), and 

organic light-emitting diodes (OLEDs).1-6 The design of novel 

materials requires a fundamental understanding of whole key 

processes such as exciton energy transfer, exciton dissociation, 

charge transfer, charge injection. Among them, the site 

energies of exciton and charge carriers in the bulk or interface 

region play a key role in controlling the efficiency of those 

processes. Due to the low dielectronic constant (ε ~ 3) of most 

organic solids, the site energies of excitons and charge carriers 

strongly are depended both on the intrinsic electronic 

properties of molecules and their packing behaviors. In 

particular, for the charged systems, the molecular packing 

effects can greatly influence site energies of charge carriers.7,8 

Energy shifts of IP or EA in the gas phase and condensed phase, 

which are called as electronic polarization, represent the 

electrostatic interactions between charge carriers and its 

surrounding neutral molecules. Thus, the electronic 

polarization can be a very importance factor to understand the 

functions of materials from a molecular view. 

According to the Lyons relationship, the electronic 

polarization energy of the hole carrier (P+) and electron carrier 

(P-) are defined as follows,9,10 

solid gasP IP IP+ = −  (1a) 

gas solidP EA EA− = −  (1b) 

the subscript gas/solid means single molecular IP or EA values 

in the gas or solid phase, respectively. The energy necessary to 

create a well-separated electron-hole pair, i.e., the transport 

gap (Et) is defined as11  

t solid solidE IP EA= −
 (2) 

Experimentally, these quantities can be determined using the 

ultraviolet photoelectron spectroscopy (UPS) and inverse 

photoemission spectroscopy (IPES), respectively.12,13 The 

energy levels of charge carriers can be calculated either by the 

full QM14,15, QM/PCM16-20, QM/MM16, or MM8,21-23 method. 

Very recently, D'Avino et al. review a broad spectrum of 

theoretical methods to evaluate the electronic polarization in 

organic solids.24 According to the Lyons definition eq.1, P+/P- 

can be theoretically estimated by calculating the IP and EA 

values of molecules in the gas and solid phase. The gas-phase 

IP and EA values are readily obtained by the energy difference 

between the total molecular energies of neutral and charged 

molecules. Under Koopmans approximation, IP and EA values 

can also be treated as the energies of the HOMO and LUMO of 

the neutral molecule. In particular, when the self-interaction 

error are well overcomed by optimally tuned range-separated 

functional such as LC-ωPBE, the IP and EA of the neutral 

molecule can be directly obtained by solving the Kohn-Sham 

equation.17  

Moreover, the solid-phase IP and EA values can be calculated 

using the QM method coupled with the solvent model, such as 

PCM25, 26. Norton and Brédas have used the DFT coupled with 

Conductor-like PCM (CPCM) to calculate the energies of a 

charged/neutral molecule in the solvent cavity. Interactions 

between surrounding neutral molecules and target molecule are 
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simulated by a dielectric constant (4.0) of typical nonpolar organic 

semiconductors.16 Nayak and Periasamy also used DFT/PCM 

methods to calculate IP and EA of organic molecules in solids, and 

the dielectric constant was obtained from Clausius-Mossotti 

equation and QM calculation.19, 20 In this method, no experimental 

data is required other than the molecular structure. These totally 

implicitly PCM-based approaches can quantitatively evaluate the IP 

and EA values in the solid phase. The P+/P- of oligoacenes crystals 

are summarized in Table 1. However, as Brédas mentioned 

before17, the method by putting single molecule in the solvent 

cavity cannot capture the molecular packings effects in crystals or 

thin films, which determine the exact nature of the intermolecular 

interactions8. Thus, these calculations using the PCM solvent model 

give identical or near identical values for P+ and P-, which could not 

reveal the asymmetric nature of polarization energies between P+ 

and P-, as demonstrated in experiments. To solve this problem, a 

supermolecular model coupled with PCM is employed to calculate 

the molecular IP and EA values in the solid phase. The solvated 

supermolecular method explicitly includes some neighboring 

molecules with the consideration of long-range interactions. The 

coupling of surrounding molecule can, therefore, more accurately 

describe the molecular packing character in the solid phase. This 

method has been successfully used to simulate the electronic 

spectra of solvents. Herein, in order to simulate the localized charge 

within a molecule, a specific method is required to build the 

charged localized diabatic state. To this end, we compare the two 

fragment-based methods including (BLW)27 and constrained DFT 

(CDFT)28 methods to simulate the changed localized state in the 

oligoacene supermolecular models. Our results demonstrate that 

the utilization of the solvated supermolecule methods can greatly 

enhance the accuracy of calculated polarization energies and the 

asymmetric P+ and P- in comparison with the experimental data. 

Theoretical Methods 

BLW method  

The BLW method involves a combination of valence bond (VB) and 

molecular orbital (MO) theory. For a supermolecular system, the 

electrons and primitive basis orbitals are naturally divided into 

subgroups belonging to individual monomer molecules. Each 

localized molecular orbital is expanded in terms of primitive orbitals 

which belong only to one subgroup. The molecular orbitals 

belonging to the same molecule are constrained to be orthogonal, 

while the orbitals belonging to different molecules are free to 

overlap. The final block-localized wave function is expressed by a 

Slater determinant:  

Ψ��� = A��Φ
Φ�⋯Φ�                                                      (3) 

where Ȃ is the antisymmetry operator and Φi is the successive 

product of all occupied molecular orbitals in an isolated i
th 

molecule. If all Φi are set to their isolated molecular ground-state 

occupancies, the BLW wavefunction forms an approximation to the 

standard wavefunction generated by the ground-state MO theory. 

However, if the i
th molecule is assigned an ionized occupancy, the 

corresponding wavefunction is defined as the diabatic-state one 

where the charge is localized on the ith molecule. We label this ion 

as a target system whilst the remaining molecules are labeled as its 

explicit surrounding molecules. In this representation, ΨBLW for the 

ground-state can be calculated iteratively using the Jacobi-rotation 

method33, which prevents electrons on one subgroup from 

borrowing the atomic orbitals of the other subgroups. When the 

restriction on the length of expansion of the molecular orbitals in 

eq.3 is removed, the BLW method returns to the traditional MO 

theory.  

After the BLW electron wavefunctions for charged and neutral 

molecules are optimized, the IP and EA values for the ith molecule in 

the supermolecule can be calculated as follows 

sup ,

BLW BLW BLW

i cation neutralIP E E= −  (4a) 

sup ,

BLW BLW BLW

neutral i anionEA E E= −  (4b) 

In eq.4a, the energy ,

BLW

i cationE  of i
th cation is solved by 

, ,
ˆBLW BLW

i cation i cationE H E . The wavefunction of localized charged state is 

expressed as 

Ψ�,�����
��� =A��Φ
⋯Φ�

�⋯Φ�                              (4c)    

Here, i

+Φ means the wavefunction of the i
th cation. The neutral 

ground state energy ( BLW

neutralE ) of molecule is calculated by using  

Ψ�,������
��� =A��Φ
⋯Φ�⋯Φ�  with all molecules in their ground 

states. An analogous definition for ,

BLW

i anionE  is obtained by using i

−Φ  

instead of i

+Φ  in eq.4c. 

 

Constrained-DFT 

Constrained DFT method can also be used to describe the localized 

charged state by adding a Lagrange multiplier term (Vc) to Kohn-

Sham energy functional. 
3[ , ] [ ] ( ( ) ( ) )c KS c c cW V E V w r r d r Nρ ρ ρ= + −∫  (5) 

where EKS[ρ] is Kohn-Sham energy functional, wc(r) is weight 

function which enforces Nc electrons within the specified molecule. 

Through this Lagrange multiplier term Vc, CDFT can solve the 

minimized energy of charged localized state which putting an 

excess charge on a target molecule. Then the IP/EA for the 

supermolecule are solved: 

sup ,

CDFT CDFT SCF

i cation neutral
IP E E= −  (6a) 

Table 1 Recent results16,17,20 from earlier PCM method to 

evaluate the polarization energies (P, eV) of oligoacene 

molecular crystals 
  P+ P- ∆P 

Naphta B3LYP/CPCMb (4.0) -1.48 -1.48 0 

 B3LYP/PCMc (2.43) -1.11 -1.15 0.04 

 exp. -1.72 -1.10 -0.62 

Antcen B3LYP/CPCMb (4.0) -1.32 -1.34 0.02 

 B3LYP/PCMc (2.95) -1.11 -1.17 0.07 

 exp. -1.65 -1.09 -0.56 

Tetcen B3LYP/CPCMb (4.0) -1.19 -1.24 0.05 

 B3LYP/PCMc (3.69) -1.11 -1.20 0.09 

 exp. -1.63e -0.92f -0.71 

Pencen B3LYP/CPCMb (4.0) -1.10 -1.15 0.05 

 B3LYP/PCMc (4.82) -1.10 -1.22 0.11 

 LC-ωPBE*/PCMd (4.0) -1.21 -1.17 -0.04 

 exp. -1.63 -1.17 -0.46 
a∆P = P+ - P-. Experimental values are taken from reference 

29. The values in parentheses are the dielectric constant. 
bReference 16. cReferences 19 and 20. dReference 17. 
eReferences 30 and 31. fReference 32. 
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sup ,

CDFT SCF CDFT

neutral i anionEA E E= −  (6b) 

, arg

CDFT

i ch edE  means the minimum charge state energy of 

supermolecule where the target molecule i are enforced as charged 

occupation by Lagrange multiplier in eq.5. SCF

neutralE  is the 

supermolecular neutral energy which is obtained from traditional 

MO theory. The main difference between SCF

neutralE  and BLW

neutralE  in eq.4 

is that BLW strictly limits intermolecular charge transfer (CT). This 

difference can be successfully used to analyze the CT contributions 

to total intermolecular interaction.33
 

Through this supermolecule approach, both BLW and CDFT 

methods can more accurately describe the short-range molecular 

interaction which includes the molecular packing information. 

Additionally, the long-range interactions also can be considered as 

the reaction field approaches, i.e., PCM solvent model. Then the IP 

and EA values in the solid phase can be calculated. For more "first-

principles" to evaluate the long-range interaction by solvent 

reaction field, we also use the Clausius-Mossotti equation to 

calculate the solid dielectric constant on the basis of the QM 

calculated molecular volume. In this paper, our studies aim at the 

electronic polarization energy. Thus, both EA and IP values are 

calculated on the basis of the fixed molecular geometry. The 

adiabatic EA and IP in solid phase can also be solved during the 

geometric structure optimization processes using the solvated 

supermolecular BLW/DFT method.  

Computational details 

In this study, the most neighboring four molecules of the studied 

molecule are considered to form supermolecules in oligoacene 

crystals of naphthalene (NAPHTA06)34, anthracene (ANTCEN09)35, 

tetracene (TETCEN01)36, and pentacene (PENCEN04)37. These 

pentamer supermolecules (they are defined as 5M) are shown in 

Figure 1. To testify the size effects of supermolecules on the 

electronic polarization, we also enlarge the pentamer to the 

nonamer (9M) by adding four extra neighboring molecules in the 

ab-plane of naphthalene crystal.  

Here, the charge is restricted in the central molecule using the 

BLW and CDFT methods, respectively. The BLW-based DFT 

calculations are conducted using a special GAMESS-US package38,39 

including the BLW module developed by Mo and his coworkers27, 40, 

41. The CDFT calculations are performed by using the NWChem 

package42. All the computations are at the B3LYP/6-311G(d,p) 

level.43-45  

To simulate the long-range environment, we employ the PCM 

solvent model with a molecular cavity built up from the united 

atom model, and the solvent is defined by the dielectric constant. 

The dielectric constant (ε) is calculated based on the Clausius-

Mossotti equation19,20 
1 4

2 3
AN

M

ε π ρ
α

ε
−

=
+

 (7) 

where ρ, M, NA and α are the density of material, molecular mass, 

Avogadro number and the electronic polarizability, respectively. 

ρNA/M is reciprocal of the molecular volume. Molecular volume is 

obtained at the 6-311G(d,p) level (IOp(6/45=512000) is used in the 

volume calculation for better accuracy). The isotropic static 

molecular polarizability is calculated on the optimized geometry at 

the 6-311G(d,p) level. The molecule is defined as a sphere which 

has an equivalent volume of the concerned molecule. The dielectric 

constant calculations are carried out using the Gaussian 09 code.46 

Results and Discussion 

Comparison of BLW and CDFT method for naphthalene trimer 

model 

We first take a face-to-face naphthalene trimer model with 

different separation distances as an example to compare the 

performances of the BLW and CDFT methods on the estimation of 

electronic polarizations under the gas-phase and solid-phase 

environment. In order to verify whether the BLW and CDFT 

methods can really localize an excess charge on the central 

molecule, the spin densities are plotted, which are shown in Figure 

2. We can clearly see that the unpaired electron densities are 

localized in the center of trimer, which demonstrates that the BLW 

and CDFT methods can effectively deal with electron localization. 

Furthermore, a naphthalene trimer model with radical cation center 

is similar to only one electron in HOMO and radical anion center is 

similar to only one electron in LUMO for the isolated naphthalene 

molecule, which have the similar orbital character.  

 
Fig. 1 Naphthalene various models (a) monomer(1M), (b) 5M and (c) 9M. Brown molecule is the charged molecule and other closest 

surrounding molecules are from crystal structure. These molecules are embedding in gray solvent cavity. 

Page 3 of 10 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

View Article Online
DOI: 10.1039/C7CP01534H

http://dx.doi.org/10.1039/C7CP01534H


ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

 

Fig. 2 Spin density surface (iso-surface value = 0.005 a.u.) of the naphthalene trimer model using BLW method (a,b) and CDFT method 

(c, d). Among of them, a and c mean cationic state localized on the center molecule while b and d mean with anionic state. Alpha 

density is indicated in red, and beta density is indicated in blue. HOMO (e) and LUMO (f) (iso-surface value = 0.05 a.u.) are the 

monomer of naphthalene, respectively. 

 

Fig. 3 Effective polarization energy from BLW method and CDFT method for naphthalene trimer models with a face-to-face distance 
range from 3.0 Å to 6.0 Å. (a) The optimized geometry of neutral naphthalene at B3LYP/6-311G(d,p) level. In this trimer, the middle 
molecule is the system molecule and the other two molecules are set as explicit solvation molecules. The center molecules showed 
with the ball-and-stick model represents the system molecule, the tube model represents the neighboring molecules treated with 
explicit solvation model. Calculated polarization energy (b) P+ and (c) P- of the naphthalene trimer, as a function of distance. 
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Gas-phase environment The electron polarization energy obtained 

from the BLW and CDFT methods as a function of the distances 

between naphthalenes are reported in Figure 3. It suggests that the 

results based on the BLW and CDFT methods are similar to each 

other, in particular, when the distance is larger than 3.4 Å. The 

small difference of electron polarization at the short distance can 

be explained according to eqs.4-6 where the contributions of 

charge transfer are included in the CDFT method but excluded in 

the BLW calculations for the neutral trimer. In addition, the 

electronic polarization of cation (P+) has more negative values than 

that of anion (P-). It indicates that calculations using the BLW and 

CDFT methods can successfully capture the electrostatic 

polarization feature. On the other hand, P+ and P- have been 

demonstrated to possess the asymmetric nature due to opposite 

sign of charge-quadrupole interaction. 

Figure 3 also show that the P+ values decrease with the increase 

of the distance. However, the P- values firstly decrease and then 

gradually increases with the increase of the distance. This 

phenomenon can be attributed to the balance of polarization and 

electrostatic interactions since the polarization energy is related 

with the molecular polarizability and its applied field from the 

environment. But the P+ values are always negative and decrease 

with the increase of separation distance. For electrostatic 

interactions, the quadrupole moments play a dominant role in 

electrostatic interactions because of the lack of dipole for neutral 

acenes. Among all the components of molecular quadrupole, there 

are negative values along molecular normal direction and positive 

ones around the molecular plane.21 It leads to the charge-

quadrupole values for a positive charge in the center of trimer are 

always negative while the charge-quadrupole values of negatively 

charged systems are positive.  

Solid-phase environment The molecule in solid is considered as a 

solvated system with its own type of molecules as solvent. The 

solvent in the PCM model is defined by the dielectric constant. To 

further explore whether the BLW and CDFT methods in 

combination with the PCM model indeed capture the polarization 

effect, we consider a classic electrostatic model of polarization 

associated with a charge in a dielectric.13,17,47,48 In Born 

expression49, the polarization energy from induced dipole (Pid), i.e., 

"real" polarization excluding electrostatic interaction is described as 
2

/

0

1
1

8

id e
P

Rπε ε+ −
 = − − 
 

 (8) 

where e is the elemental electron charge and R is an effective 

molecular radius. Because of only two electrons difference, we can 

image that sizes of cationic and anionic molecule are very similar. If 

the polarization effects can be properly described, the calculated 

value of P+/P- should be linear in 1 - (1/ε) for any ε, and the slopes 

of P+ and P- are very close to each other. Using our BLW/PCM and 

CDFT/PCM results of the face-to-face naphthalene trimers, Figure 4 

shows the relationship between the calculated P+/P- values and 1 - 

(1/ε). The slope of a straight line is related to the reciprocal of 2R. 

From the slope of P+/P- with the BLW method, we can get the 

effective radii for cationic and anionic molecules are 4.316 Å and 

4.478 Å, respectively, which are larger than that of neutral 

molecules listed in Table 2. In Figure 4, P+ and P- using the 

CDFT/PCM method have a good linear relationship with 1 - (1/ε). 

Yet the slopes of P+ and P- are quite different. The effective radii for 

cation and anion are 4.337 Å and 2.692 Å, respectively. Compared 

with those from the BLW/PCM calculations, the CDFT/PCM 

calculations give a similar cationic size while much underestimated 

anionic radii in solvated trimer model. Those means that PCM 

reaction field coupled with CDFT calculations would notably change 

the size of localized anions, which is in contrast to Born expression 

eq.8. In a short summary, the BLW/PCM method can successfully 

capture electrostatic polarization effect while the CDFT/PCM 

method cannot correctly describe anion polarization effects.  

 

Effect of charge delocalization on the electronic polarization 

When the electronic coupling between the neighboring molecules 

are not much smaller than the charge reorganization energy, the 

charge carriers may delocalize on several neighboring molecules. At 

this situation, the excess charge can not be constrained on the 

single molecule as we proposed before. Herein, we separately 

restrain the excess charge on 1-4 face-to-face naphthalene 

0.3 0.4 0.5 0.6 0.7 0.8 0.9

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

 BLW_P+

 BLW_P-

 CDFT_P+

 CDFT_P-
P
+
/-
(e
V
)

1-(1/ε)

Fig. 4 Calculated polarization energy P (eV) of the face-to-face 
orientation of trimer model of naphthalene using BLW method 
and CDFT method in combination with PCM model, as a 
function of 1 − (1/ε). Straight dashed lines are a linear fit. 

Table 2 Calculated values for electronic polarizability, molecular volume, radius of the molecule and dielectric constant (ε). 
Experimental ε values are given for the comparison purpose. 

Compound α/Å3 Volume/Å3 R/Å εa ε(exp.) 

Naphta 15.70 178.74 3.495 2.75 (2.43) 2.82b51 

Antcen 24.32 238.82 3.849 3.23 (2.95) 3.20b52,53 

Tetcen 34.63 298.84 4.148 3.83 (3.69) 3.2c54 

Pencen 46.54 358.96 4.410 4.56 (4.82) 4.0c55 
aThe value in parentheses had been determined at the B3LYP/6-31G(d) level of theory and reported in ref 20. bCapacitive measurement 
(±0.1). cOptical measurement. 
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multimer models. The distance of neighboring molecules is fixed at 

4 Å. These models are showed in Figure 5. In practical BLW/DFT 

calculations, we make the one or several center molecules as a 

whole subgroup which has an excess charge to investigate the 

charge delocalization effect on the electronic polarization. When 

the charge is delocalized on several molecules, the gas-phase IP and 

EA in eq.1 are for models with several molecules instead of the 

single molecule in gas phase.  

As is evident from Table 3, the larger charge delocalization leads 

to the smaller P+/- which is very similar to results from COHSEX/MM 

method50. In addition, the charge delocalization notably decrease 

the transport gap Et, which does not agree with GW/CR results 

reported by Li et al., i.e. Et is independent with charge 

delocalization.50 This difference may be due to the delocalization 

error of hybrid B3lyp functional. To this end, we compare the effect 

of range-separated functional (CAM-B3LYP51) and B3LYP functionals 

on the electronic polarization and transport energy. We can note 

that the utilization of the range-separated functional can 

remarkably weaken the charge delocalization effect on the Et 

However, the electronic polarization(P+/-) show little dependent on 

the choice of functionals.   

 

 

Electron polarization for naphthalene supermolecules 

Table 2 shows our calculated molecular electronic polarizability, 

volume, radius. Based on these parameters, the dielectric constant 

is solved using the Clausius-Mossotti eq.6. Briefly speaking, the 

calculated dielectric constant increases with the increasing 

conjugated lengths of oligoacenes. Compared with experimental 

data, we find that the calculated ε values agree well with the 

experimental data of naphthalene and anthracene, but and slightly 

larger than that of tetracene and pentacene. After carefully 

checking the measurement method, we find that the experimental 

ε values of naphthalene and anthracene were derived from the 

capacitive measurement, while the ε values of tetracene and 

pentacene were derived from optical measurement. Generally, the 

ε values from the optical measurement are smaller than the that 

from the capacitive estimation.22 For example, the ε values of C60 

have been inferred from optical measurements and capacitive 

estimate is 4.08 and 4.4, respectively.52, 53  In this regard, our 

calculations can well reproduce the dielectric constant from the 

optical measurement.  

However, our calculated ε values are 0.2 ~ 0.3 away from other 

theoretical values20, which can be ascribed to the different number 

of points per Bohr3 for Monte-Carlo calculation of molecular 

volume. We already testified that 512000 points per Bohr3 would 

produce very accuracy isodensity molecular volume.54 

Based on those data, we calculate P+, P- for the naphthalene's 

monomer (1M), 5M, and 9M supermolecules in the gas/solid 

phases. The molecular structures are showed in Figure 1. The 

experimental data are also listed in Table 4.  

In the gas phase, the BLW and CDFT calculations can give very 

similar P+ and P- values for supermolecular 5M and 9M models, 

which is in accordance with the trimer's polarizations shown in 

Figure 3. Both P+ and P- increase with the increase of the size of 

clusters from 5M to 9M. And the short-range intermolecular 

interactions cause the improved asymmetric feature for P+ and P-. 

Yet, P+ and P- for the 5M and 9M in the gas phase are much smaller 

than their experimental data, which is due to the neglect of the 

long-range interaction in the gas phase. When the supermolecules 

 

Fig. 5 The face-to-face naphthalene multimers (a) 3M-paral, (b) 4M-paral, (c) 5M-paral and (d) 6M-paral whose neighbors separated 

distance is 4 Å. These multimers are embedding in the polarizable continuum environment with dielectric constant 2.75. All the 

multimers keep two outermost molecules act as explicit solvent molecules (light blue), and the remaining molecules as a whole charge 

local (deep blue). 

Table 3 Calculated electronic polarization energy and transport 

gap for face-to-face parallel multimers. xM-paral models mean 

an excess charge is located on x-2 center molecules combined 

with two explicitly neutral molecules. 

Method Model Et P+ P- 

B3LYP 3M-paral 6.09 -1.51 -0.84 

 4M-paral 5.32 -1.18 -0.77 

 5M-paral 5.00 -0.98 -0.71 

 6M-paral 4.83 -0.85 -0.66 

CAM-B3LYP 3M-paral 6.25 -1.51 -0.83 

 4M-paral 5.92 -1.18 -0.77 

 5M-paral 5.79 -1.00 -0.76 

 6M-paral 5.75 -0.89 -0.74 
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are embedding in the solvent, the calculated P+ and P- values are, 

then, closer to the experimental data. This illustrates the long-range 

interaction described by the PCM reaction field is essential in the 

calculations of the bulk polarization for oligoacenes. 

Moreover, how the short-range interactions from neighboring 

molecules affect the polarization energies of oligoacene molecular 

crystals is discussed based on our results. Without neighboring 

molecules, i.e., 1M, P- is slightly larger than P+, which is opposite to 

experimental data. The PCM calculations of 1M completely ignore 

the molecular packing effect. The anionic and cationic molecules 

have a same solute reaction cavities on the basis of UFF radii. Thus, 

anionic system has a stronger solute-solvent interaction which 

results in a slightly larger P- value than P+. After adding four 

neighboring molecules, the BLW/PCM calculations can give a better 

P+ and P- behaviors i.e. larger P+ due to more stabilized electrostatic 

interactions between cations. With the increase of the number of 

neighboring molecules from 5M to 9M, the calculated P+ values just 

increase by 0.013 eV and P- decrease by 0.074 eV, respectively. The 

summation of explicit short-range electrostatic interaction and 

implicit long-range interaction is almost independent of the size of 

QM region, which is very agreement with the recent QM/MM 

embedding results.50 Model 5M already captures both short-range 

and long-range interaction by BLW/PCM method to estimate 

electronic polarization of electron and hole carriers.  

As we mentioned on trimer model in Fig.3, the CDFT/PCM results 

show the different slopes of P- and P+ with the increase of the 

dielectric constant ε. This difference of P- and P+ is much smaller in 

the solvated 5M and 9M models.  

 

Polarization energies for the oligoacenes using the solvated 

supermolecular approach  

The BLW method combined with the solvated 5M supermolecular 

models are employed to study electronic polarization of oligoacene 

crystal since they can give the optimal calculation results based on 

aforementioned discussion. The calculated P+ and P- values are 

listed in Table 5. Our calculated P- values can well match the 

experimental data. Yet, the P+ values are 0.4 ~ 0.5 eV lower than 

the experimental values. However, in contrast to PCM calculation 

results of 1M listed in Table 1 or in literature16,17,20, the solvated 

supermolecular approach will remarkably improve difference 

between the P+ and P- values because of the explicit consideration 

of neighboring molecules. Specifically, this solvated supermolecular 

method can consider the molecular packing effect and include the 

short-range charge-quadrupole interaction.60 The different signs of 

charge-quadrupole interactions for anions and cations successfully 

represent the asymmetric nature of P- and P+. Although our 

calculated ΔP values are 0.3~0.4 eV smaller than the experimental 

data, the results with the solvated 5M demonstrate the qualitative 

asymmetric ΔP character. From the calculations with the 9M 

models listed in Table 4, it suggests that the more accurate 

electronic polarization may be achieved when more neighboring 

molecules are included in the solvated supermolecule model.  

Given the effect of the conjugated length on the electronic 

polarization, our results demonstrate that the larger extended π-

conjugated molecules are related to the smaller electronic 

polarization. This trend is similar to other group's numerical 

Table 4 Calculated polarization energies (P, eV) of naphthalene various model and compare with experimental values.a 

Method Model 
Gas-phase Solid-phase 

P+ P- ∆P P+ P- ∆P 

BLW 1M    -1.198 -1.319 0.121 

 5M -0.496 -0.095 -0.401 -1.347 -1.067 -0.280 

 9M -0.586 -0.233 -0.353 -1.359 -0.992 -0.367 

CDFT 1M    -1.424 -1.470 0.046 

 5M -0.451 -0.079 -0.371 -1.557 -1.414 -0.143 

 9M -0.533 -0.212 -0.320 -1.582 -1.433 -0.149 

 exp.    -1.72 -1.10 -0.62 
a∆P = P+ - P-. Gas-phase and solid-phase denote the polarization energy without and with PCM model, respectively. 

Table 5 Polarization energies (P, eV) of oligoacenes obtained from the solvated 5M model and compare with experimental values. 

 Solvated 5M exp. 

 P+ P- ∆P P+ P- ∆P 

Naphta -1.347 -1.067 -0.280 -1.72 -1.10 -0.62 

Antcen -1.253 -1.053 -0.201 -1.65 -1.09 -0.56 

Tetcen -1.242 -0.972 -0.270 -1.63 -0.92 -0.71 

Pencen -1.134 -0.995 -0.139 -1.63 -1.17 -0.46 

 

Table 6. Calculated transport gap and polarization Energies (P±) 

obtained from solvated 5M supermolecular models coupled 

with different DFT functionals. 

Properties Functional Naphta Antcen Tetcen Pencen 

Et CAM-B3LYP 6.31 4.79 3.77 2.89 

 
BLYP 6.01 4.46 3.46 - 

 
B3LYP 6.14 4.61 3.59 2.74 

P+ CAM-B3LYP -1.34 -1.25 -1.24 -1.13 

 
BLYP -1.35 -1.25 -1.24 - 

 
B3LYP -1.35 -1.25 -1.24 -1.13 

P- CAM-B3LYP -1.07 -1.06 -0.98 -1.01 

 
BLYP -1.07 -1.05 -0.97 - 

 
B3LYP -1.07 -1.05 -0.97 -1.00 
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Effect of exchange-correlation functionals on the electronic 

polarization 

From Table 3, we also investigated the effect of the exchange-

correlation functionals of DFT on the electronic polarization and Et 

for 5M supermolecule on the basis of crystal structure. Here we 

respectively chose range-separated functional CAM-B3LYP, hybrid 

B3LYP and pure GGA functional BLYP61, 62 to calculate the molecular 

IP and EA in gas and solid phase which is listed in Table S6 

(Supporting Information). The transport gap and electronic 

polarization are listed in Table 6. The exchange-correlation 

functionals can significantly influence the transport gap in the solid 

phase. The calculations with the pure GGA BLYP produce the 

smaller Et values, followed by those with the B3LYP. And the 

calculations with the range-separated functional CAM-B3LYP 

generate the largest energy transport gap. Interestingly, the 

electronic polarizations are independent with the choice of the 

exchange-correlation functionals, which may be due to the 

delocalization errors of DFT functionals to the IP/EA values in gas 

and solid phase can be canceled in eq.4a-b. Thereby, the BLW 

coupled with PCM model can be accurately estimated the electronic 

polarization.  

Conclusion 

By supermolecule approach, BLW method can partially include 

molecular packing effect on localized charged state and PCM model 

can effectively simulate the long-range interaction in solid phase. 

Thus the solvated supermolecule approach, i.e., BLW/PCM combine 

explicit and implicit advantages to estimate solid-phase IP and EA 

value. The electronic polarization obtained from 5M behaves very 

nice asymmetric feature of P+ and P-, which will more accurately 

estimate the absolute values of IP and EA in solid phase. The limits 

of BLW/PCM is the short-range interaction is related to how many 

neighbor molecules are included in supermolecular model. Basically 

the more neighbor molecules result in more accurate solid-phase IP 

and EA. However, large supermolecule also cost large computation 

time for BLW calculations. Thus, the multi-core parallel 

computation needs to develop to testify larger sized BLW/PCM 

calculations.  
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