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Abstract 

Organic electronic materials are a new generation of materials that have the potential to 

move our society to clean and renewable energy sources, but the efficiency of these 

materials has only recently become competitive with that of their inorganic counterparts. 

One of the major challenges to increasing the efficiency of organic materials is our present 

inability to understand in detail the mechanisms of energy and charge transport within 

them. Computational modeling can play a very important role in understanding such 

mechanisms and discovering new materials. However, accurate modeling of charge and 

energy transfer processes remains challenging for many electronic structure methods. 

Often it is not enough to just model static properties of these systems, and charge and 

energy transfer dynamics need to be studied as well. Considering the large size of these 

systems, such modeling is still not practical with ab-initio electronic structure methods and 

current computational power. 

Herein, I report studies of the charge-transport properties of both small organic electronics 

and molecular wires. We have tried to understand structure-function relationships in these 

materials and suggest how chemical modification may affect charge-transport mechanisms. 

We have also tested multiconfiguration pair-density functional theory, which is a very 

accurate electronic structure method for recovering both static and dynamic electron 

correlation, for ground- and excited-state charge transfer. Finally, we have developed a 

new method for modeling electronic dynamics in chemical systems by combining 

semiempirical Hartree-Fock theory with real-time dynamics. We have used this method to 

calculate UV/Vis spectra of medium and large organic systems. We have developed a new 
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approach to characterize different peaks in real-time spectra, and we have also developed 

a new approach for modeling exciton dynamics using real-time approaches.  
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1.1 Overview 

One of the greatest challenges for humankind revolves around the search for clean, 

abundant and renewable energy resources. Solar energy is considered as one of the most 

promising alternatives to fossil fuels. However, solar resources currently fulfil less than 

1% of total global energy demands. There are many reasons for this and perhaps the most 

important ones are the high cost and low efficiency of modern solar cells. It necessitates 

the need to design cheaper and more efficient cells for converting energy from sunlight to 

usable energy forms. Over the last decade, organic solar cells (OSC) using highly 

conjugated molecules have attracted a great deal of interest due to their electronic 

properties, potential low cost, versatility of functionalization and ease of processing.1,2,3 

Organic electronics are molecular solids that might be modified by changing the molecular 

structure. This contrasts to inorganic material, which typically are condensed or doped 

elemental solids, and whose properties are determined by condensed matter physics. All 

these factors may make organic semiconductors competitive for use in solar cells compared 

to their inorganic counterparts. This is in spite of their well-acknowledged low efficiencies4 

and low longevity. However, widespread adoption of organic molecules in commercial 

solar cells can be accelerated if their efficiencies are significantly increased. 

When excited by photons, π- conjugated organic molecules produce bound electron 

and hole pairs (these bound pairs are called excitons) as a result of their low dielectric 

constants. This is in contrast to their inorganic counterparts. However, the formation of a 

charge-separated state (free electron and hole) is necessary for photovoltaic materials, as 

otherwise radiative and nonradiative decay of the excitons will occur. This makes the 

charge separation a critical step in the performance of an organic solar cell. In many cases, 
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efficient charge separation has been achieved by using donor-acceptor bilayer devices.5 

However, the efficiency of such materials is limited by the diffusion length of the exciton 

as well as the mobility of the holes and the electrons in the material. Mobility characterizes 

the ability of a charge to move in a bulk material. Specifically, the excitons need to reach 

the donor-acceptor interface for efficient charge separation to occur.6  For this reason, 

thickness of the material that one can efficiently use in donor-acceptor bilayer devices is 

dependent on the exciton diffusion length. Although thick materials can increase the 

efficiency of the solar cell by absorbing more photons, they will be ineffective if the 

excitons cannot reach the donor-acceptor interface.  

Figure 1. Mechanism for charge separation in organic solar cell. a) Bound electron-hole 

pair (exciton), b) bound electron and hole in different materials (charge transfer state) c) 

charge separated state. The acceptor and donor material are described as n and p 

respectively. 

 

At the donor-acceptor interface, initial charge-separated states are called charge-

transfer states; where the electrons and the holes are on different materials (acceptor for 

electrons and donor for holes) but they are still bound by the Coulombic interaction. To 

attain a fully charge-separated state, the hole and the electron in the charge transfer state 

need to move away from each other. This evolution from a charge-transfer state to a fully 

charge-separated state will be facilitated if the donor and acceptor materials have a very 

high hole and electron mobilities. If the bound electrons and holes in the charge-transfer 
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state do not move away from each other rapidly, they can recombine, a process that 

decreases the efficiency of the material. It is important to differentiate organic photovoltaic 

(OPV) devices that use organic semiconductors in generating energy from the light-

emitting diodes (LEDs)7 that use similar molecules in producing light. LEDs have a similar 

overall architecture to OSCs, although they have a completely opposite mode of operation. 

In LEDs, charge (holes or electrons) is initially injected from a metal into different organic 

layers. The electrons and holes drift in opposite direction under the influence of a static 

electric field, generated by forward bias voltage. After reaching the donor-acceptor 

interface, the electrons and holes recombine to produce singlet or triplet excitons (Figure 

1)8. These excitons can decay radiatively to generate light. 

Organic semiconducting materials can also be used to increase the efficiency of a 

typical silicon solar cell by using π-conjugated molecules as a coating.9 This is because 

silicon materials can absorb low energy photons very efficiently due to their low HOMO-

LUMO gap but high energy photons are mainly wasted as heat because of the low 

efficiency of these materials to absorb those photons. On the other hand, several organic 

π-conjugated molecules can absorb high energy photons and in principle give more than 

100% quantum yield through singlet fission10. In singlet fission, two low energy triplet 

excitons are produced from one high energy singlet exciton (Figure 2). Thus, it is 

theoretically possible to get two excitons from one absorbed photon, resulting in a 

theoretical quantum yield of 200%. These excitons, if transferred to the silicon 

semiconductors, will result in very high efficiencies for the hybrid silicon-organic 

photovoltaic device.  
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Figure 2. Singlet Fission in a rubrene dimer: high energy (ES) singlet exciton producing 

two low energy (2ET) triplet excitons. Requirement for singlet fission 
1 1( ) 2 ( )E S E T . 

 

1.2 Mechanisms of Charge Transport 

The mechanism of charge transport in organic electronics is highly debated.11-13 

Temperature dependent mobility measurements show different behavior in different 

temperature ranges.14 The mechanism also changes with the purity of organic crystals. 

Over the years, a number of theories have been proposed but most of them can be used 

effectively only in certain specialized conditions.15 -17  A general theory is required to 

understand the transport mechanisms in all possible conditions. Understanding the charge 

transport mechanism is critical to the systematic development of organic electronics. The 

structure-property relationship of these materials has to be understood, and this is not 

possible without a sound and accurate model.   

There are two extreme types of carrier mechanism in solids.18 In one, the carrier 

moves as a highly delocalized plane wave in a broad carrier band and in this case mobility 

μ  >> 1 cm2 V-1 s-1 . In this wide band mechanism the temperature dependence goes as 

𝜇 𝛼 𝑇−𝑛 where n >1. At the other extreme case carrier is highly localized and hops from 
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one site to another. For the hopping mechanism, mobility μ << 1 cm2 V-1 s-1 and μ α 
E

KTe


 

where E is the activation energy. 

One of the earliest studies of charge transport was done on single crystal of 

naphthalene.19 Three regions were found in the mobility vs temperature plot. From 324K 

to 150K, mobility is almost independent of temperature. From 150K to 100K, the mobility 

decreases slightly with temperature. Below 100K, the mobility increases rapidly with 

decreasing temperature. This kind of transition between different temperature 

dependencies can be found in different organic crystals, but depending on the transition 

temperature, only one or two regions may be clearly accessible in experiment for a 

particular system. None of the mechanisms that have been explained before can explain all 

the regions.  Different temperature dependence arises due to the interplay of electronic 

interaction and electron-vibration interactions. A general theory is required that is valid for 

an arbitrary strength of these interactions. Here the charge transport mechanism will be 

discussed with the help of a model Hamiltonian that takes into account all of the electronic 

and electron-vibration interactions, as well as the effect of crystal defects and impurities.  

Model Hamiltonian:- A classification of different types of carrier transport in solids can 

be made within the context of a model one electron Hamiltonian H (equation 1)18. This 

Hamiltonian assumes a low carrier density and ignores the effect of eletron correlation and 

Coloumb interaction. In spite of these approximations, this Hamiltonian is very useful in 

illustrating different limiting cases of charge transport. 

𝐻 = 𝐻0 + 𝐻1 + 𝐻2 + 𝐻3 + 𝐻4   (1) 

where, 
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𝐻0 = ∑ 𝜀𝑛𝑎𝑛
+𝑎𝑛

𝑛

+ ∑ ħ𝜔𝑗 (𝑏𝑗
+𝑏𝑗 +

1

2
)

𝑗

    (2) 

𝐻1 = ∑ 𝑡𝑛𝑚𝑎𝑛
+𝑎𝑚

𝑛,𝑚(𝑛≠𝑚)

   (3) 

𝐻2 = ∑ ∑ 𝑔𝑖𝑗
2 ħ𝜔𝑗𝑎𝑛

+𝑎𝑛

𝑛

(𝑏𝑗 + 𝑏𝑗
+)

𝑗

   (4) 

                     

𝐻3 = ∑ ∑ 𝑓𝑚𝑛𝑗
2

𝑗

ħ𝜔𝑗𝑎𝑛
+𝑎𝑛(𝑏𝑗 + 𝑏𝑗

+)

𝑛,𝑚(𝑛≠𝑚)

    (5) 

 

       𝐻4 = ∑ 𝛿𝜀𝑛𝑎𝑛
+𝑎𝑛 + ∑ 𝛿𝑡𝑚𝑛𝑛,𝑚(𝑛≠𝑚) 𝑎𝑛

+𝑎𝑛𝑛   (6) 

The creation and the destruction operator of an excited electron in an orbital of 

energy εn at molecular site n is represented by 
na and 

na , respectively. The creation and 

destruction operator for a vibrational mode of energy ħ𝜔𝑗 are represented by 
jb  and 

jb . 

Here εn is the energy of a site n in a perfectly ordered lattice and 𝛿𝜀𝑛 is the variation of εn 

due to static disorders (crystal defects, impurity etc), tmn is the transfer integral between m-

th  and n-th molecule and 𝛿𝑡𝑚𝑛 is its variation due to static disorder and 𝑔𝑚𝑛 and 𝑓𝑚𝑛𝑗 are 

the dimensionless coupling constants for local and nonlocal electron-phonon coupling 

respectively. Index n and m run over all the lattice sites, j runs over all the vibrational 

modes. 

𝐻0 yields the total energy of the system where molecule and lattice are excited but 

there is no interaction between molecule and the lattice. 𝐻1 gives the electron transfer from 

site m to site n. Changes in the site energies due to linear coupling to the lattice vibrations 

are designated by 𝐻2. In 𝐻3, alteration in the magnitude of the transfer integral between 

site m and n due to lattice vibration has been taken into account. 𝐻4 considers the effect of 
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static disorder which describes the changes to the site energy and the transfer integral due 

to the variations in the structure of a molecular solid. Since the interactions considered in 

𝐻2 and 𝐻3 are based on coupling of the electronic excitation with the lattice vibration, they 

introduce “dynamic” disorder of the system in the Hamiltonian. On the other hand, as 𝐻4 

considers changes due to morphological structure of the film or crystal (example 

intermolecular distance, orientations etc), it is referred to as the “static” disorder. In the 

matrix form of 𝐻, site energies appear as the diagonal elements, so the variation in site 

energies are referred to as “diagonal disorder” and changes in the transfer integral as “off-

diagonal disorder”. 

The nature of charge transfer is determined by the relative magnitudes of the 

transfer integrals (𝑡𝑚𝑛), the strength of electron-phonon couplings (𝑔𝑚𝑛, 𝑔𝑚𝑛𝑗) and static 

disorder (𝛿𝜀𝑛, 𝛿𝑡𝑚𝑛). Three possible cases will be discussed here- 

i) If the nearest neighbor transfer integrals are large compared to static and dynamic 

disorder then charge transport takes place through a Bloch band. 

ii) If 𝐻1 is small compared to 𝐻2  and 𝐻3 , transport is dominated by the coupling of 

electronic excitations and inter and intra- molecular vibration. Here charge carriers are 

termed as polarons. 

iii) If fluctuations in the orientation of molecules and intermolecular distances give rise to 

large fluctuations in transfer integral and site energies, the charge transport is dominated 

by static disorder. In this case, the charge carrier moves by uncorrelated hops and thermal 

activation is required to overcome the difference in energies of different sites. 
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Figure 3. Schematic description of (i) weak coupling limit (nonadiabatic), (ii) strong 

coupling limit (solid line diabatic state and dotted line adiabatic state), (iii) delocalization. 

Transfer integral:- The transfer integral, tif, can be expressed  (equation (7)) as20-22: 

tif =transfer integral = ⟨𝛹𝑖|𝐻̂|𝛹𝑓⟩    (7) 

where 
i and 

f   are the wave function of the charge localized states (diabatic states) on 

site i and f, respectively and 𝐻̂ is the electronic Hamiltonian of the system.  

In figure 3, the effect of different values of transfer integral has been depicted. In 

the weak coupling limit, transfer integral values are negligible. In these cases, electron 

transfer is sudden and occurs at the crossing point of two diabatic potential energy surfaces. 

But as the transfer integral value increases (strong coupling limit) avoided crossings 

become more prominent than the diabatic crossing. In these cases, the electron transfer 

process occurs more gradually with progress along the nuclear coordinate than the weak 
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coupling limit. In extreme case [figure 3 (iii)], the separation between ground state and 

excited state becomes so large that the electron transfer occurs completely along the 

adiabatic potential energy surface (PES).  

In the two-state model if 𝛹𝑖and 𝛹𝑓  are orthogonal (overlap 𝑆𝑖𝑗 = ⟨𝛹𝑖|𝛹𝑓⟩= 0) then 

correspondence between diabatic and adiabatic models arises from the secular determinant, 

|𝐻 − 𝜀𝐼| = 0   (8) 

|
𝐻𝑖𝑖 − 𝜀 𝑡𝑖𝑓

𝑡𝑖𝑓 𝐻𝑓𝑓 − 𝜀
| = 0   (9)            

𝑡𝑖𝑓
2 = (𝐻𝑖𝑖 − 𝜀)(𝐻𝑓𝑓 − 𝜀)  (10)     

𝜀2 − (𝐻𝑖𝑖 + 𝐻𝑓𝑓)𝜀 + 𝐻𝑖𝑖𝐻𝑓𝑓 − 𝑡𝑖𝑓
2 = 0  (11) 

𝜀 =
(𝐻𝑖𝑖 + 𝐻𝑓𝑓) ± √(𝐻𝑖𝑖 + 𝐻𝑓𝑓)

2
− 4(𝐻𝑖𝑖𝐻𝑓𝑓 − 𝑡𝑖𝑓

2 )

2
    (12) 

 

∆𝜀 = √(𝐻𝑖𝑖 − 𝐻𝑓𝑓)
2

+ 4𝑡𝑖𝑓
2      (13) 

            Equation 13 indicates that at the diabatic crossing point where Hii and Hff are equal, 

the transfer integral is equal to half of the adiabatic splitting. This is the basis of the simplest 

approach to calculate the transfer integral, the “Energy Splitting in Dimer method 

(ESD)”23 . In this approach, the energy difference between HOMO and HOMO-1 (or 

LUMO and LUMO+1) is approximated as two times the hole transfer integral (or electron 

transfer integral).  
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If the initial and final states are not orthogonal (𝑆𝑎𝑏 = ⟨𝛹𝑎|𝛹𝑏⟩ ≠ 0) then the 

situation is much more complicated. Let the nonorthogonal initial and final states be 
a

and 
b , respectively.  

|
𝐻𝑎𝑎 − 𝜀 𝑡𝑎𝑏 − 𝜀𝑆
𝑡𝑏𝑎 − 𝜀𝑆 𝐻𝑏𝑏 − 𝜀

| = 0   (14) 

(1 − 𝑆2)𝜀2 − (𝐻𝑎𝑎 + 𝐻𝑏𝑏 − 2𝑆𝑡𝑎𝑏)𝜀 + 𝐻𝑎𝑎𝐻𝑏𝑏 − 𝑡𝑎𝑏
2 = 0    (15)     

∆𝜀 =
1

1−𝑆2
√(𝐻𝑎𝑎 − 𝐻𝑏𝑏)2 + 4 (𝑡𝑎𝑏 −

(𝐻𝑎𝑎+𝐻𝑏𝑏)𝑆

2
)

2

     (16)      

∆𝜀 = √(
𝐻𝑎𝑎−𝐻𝑏𝑏

1−𝑆2 )
2

+ 4(𝑡𝑎𝑏
𝑒𝑓𝑓

)
2

     (17)         

where, 

𝑡𝑎𝑏
𝑒𝑓𝑓

=
1

1−𝑆2 (𝑡𝑎𝑏 −
(𝐻𝑎𝑎+𝐻𝑏𝑏)𝑆

2
)    (18)     

The derivation shows that for a nonorthogonal basis, off-diagonal matrix elements 

do not correspond to the half of the adiabatic splitting at the diabatic crossing. Equation 18 

gives the effective transfer integral value for an orthogonal basis, using the matrix elements 

obtained from the nonorthogonal basis.    

1.3 Challenges for Computational Modeling 

In addition to the development of new synthetic, characterization and measurement 

techniques, quantum chemical modeling has played an important role in the ongoing 

development of organic photovoltaic materials. For further optimization, it is essential to 

understand charge- and energy-transport mechanisms in these materials. It is well known 
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that transport properties have strong relations with structural properties of the molecules in 

both crystals and thin films.11,12 Controlling these parameters in a systematic way has been 

a long-standing focus of materials scientists. One of the difficulties in applying quantum 

modeling in organic electronic materials is the size of these systems. Ab-initio electronic 

structure methods are often computationally too demanding to apply to crystalline 

materials. For modeling charge transport properties very often dimer or monomer models 

are used. In such cases, it is important that all possible conformers of a molecule are 

considered. For short-range charge transfer, the predominant mechanism is single-step 

electron tunneling. However, π-conjugated systems can transfer charge over long distances 

with a mechanism that changes from single-step tunneling to multistep hopping in which 

electron moves from one charge-localized state to another. Unlike tunneling, many details 

associated with the multistep hopping are still not well understood, especially the role that 

molecular vibrations play in such processes. In addition, small oligomers show very 

different charge- and energy-transport mechanisms compared to polymers. The transport 

mechanism in polymers is mostly intramolecular in nature whereas in small molecules it 

is mostly intermolecular in nature. Kohn-Sham density functional theory (KS-DFT)24 is 

one of the most widely used method of choice for computational modeling of organic 

semiconductors. However, approximate density functionals often have trouble modeling 

charge transfer processes in an accurate manner. Modeling energy transfer processes are 

even more challenging, as it requires modeling of excited states. Time dependent density 

functional theory (TDDFT)25 has been the most widely used method for modeling excited 

states for last couple of decades. However, along with many of the deficiencies of ground 

state KS-DFT, TDDFT also suffers from the fact that it cannot model doubly excited states. 
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It is important to develop electronic structure methods that are capable of treating different 

types of excited states with same accuracy as ground state. Another major challenge for the 

computational method is modeling dynamic properties of organic semiconductors. 

Although many important information can be obtained from static electronic structure 

calculations, it is important to model dynamics of these systems for proper understanding 

of the charge transport mechanism in these systems. Such a calculation with ab-initio 

electronic structure methods is still beyond the scope of the current computational facilities. 

Semiempirical electronic structure methods can be useful in this context as they are often 

computationally very efficient in treating large systems.26 On the other hand dynamic 

properties of the system can be studied with the real-time dynamics method.27,28 Even 

though model-Hamiltonian-based electron dynamics has been successfully used in last few 

years to study charge and energy transport processes, the lack of availability of a versatile 

code has limited their widespread use. It has been a challenge for such calculations to 

couple nuclear dynamics with electron dynamics. Some recent developments have been 

made in coupling nuclear dynamics with these approaches. 29  Even with a model 

Hamiltonian, performing quantum dynamics calculation for a process that occurs at a 

picosecond time scale requires a method that has numerical stability and a very efficient 

algorithm. 

1.4 Overview of Computational Methods 

In this section, basic concepts of electronic structure methods will be discussed. 
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1.4.1 Time-independent Schrodinger Equation 

In quantum mechanics, all the information about a state of a system is contained in 

the wave function of that state ( ) and each physical quantity is related to an operator. As 

an example, the energy of the system (E) is obtained as an expectation value of the 

Hamiltonian ( Ĥ ) for that system. For a system, the time-independent Schrödinger equation 

allows us to obtain the total energy, from only knowledge of a wave function. 

𝐻̂𝛹 = 𝐸𝛹    (19)       

For many-electron molecular systems, the form of the non-relativistic Hamiltonian, in 

atomic units, is expressed as: 

𝐻̂ = − ∑
1

2
∇2 − ∑

1

2𝑚𝐴
∇𝐴

2

𝐴

− ∑
𝑍𝐴

𝑟𝑖𝐴
𝑖,𝐴

+ ∑
1

𝑟𝑖𝑗
+ ∑

𝑍𝐴𝑍𝐵

𝑟𝐴𝐵
𝐴<𝐵

     (20)

𝑖<𝑗𝑖

 

where mA and ZA are the mass and charge of the nucleus A respectively, 
2  is the Laplacian 

operator that gives the kinetic energy of the particle of interest, indices i and j run over all 

the electrons, while A and B run over all the nuclei. The distance between electron i and 

nucleus A is represented by riA while rij is the distance between electron i and j.  

In equation 20, the first and second terms represent the kinetic energies of the 

electrons and the nuclei, respectively. In contrast, the third term depicts the Coulombic 

attraction between the nuclei and the electrons; the fourth term describes repulsion between 

the electrons while the last term describes the repulsion between the nuclei.  

  As nuclei are considerably heavier, it is reasonable to consider them as stationary 

compared to electrons. This is the basis of the Born-Oppenheimer approximation, which 
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allows us to consider electrons in a molecule moving in the field of fixed nuclei.  Due to 

this approximation, the nucleus-nucleus repulsion term in equation 20 becomes a constant 

and the second term becomes zero. The approximate Hamiltonian of the system becomes: 

𝐻̂ = − ∑
1

2
∇𝑖

2 − ∑
𝑍𝐴

𝑟𝑖𝐴
+ ∑

1

𝑟𝑖𝑗
+ ℎ𝑛𝑢𝑐

𝑖<𝑗𝑖,𝐴𝑖

    (21) 

where hnuc is the nucleus-nucleus repulsion energy for a particular geometry of the system. 

 

1.4.2 Approximate Wave Function for a Molecular System 

According to the Pauli Exclusion Principle, an electronic wave function of a 

molecular system must be anti-symmetric with respect to exchange of particle, i.e.  

𝛹(1,2,3, … ) = −𝛹(2,1,3, … . )  (22)  

where 1, 2, 3…. represent indices of electrons 1, 2, 3… respectively. Products of molecular 

orbitals is called a Hartree product. One way to enforce anti-symmetry condition is to take 

anti-symmetrized linear combination of Hartree product. Such a wave function is called a 

Slater determinant30, 

|𝛹⟩ =
1

√𝑁!
[

𝛹1(𝑥1) ⋯ 𝛹𝑁(𝑥1)
⋮ ⋱ ⋮

𝛹1(𝑥𝑁) ⋯ 𝛹𝑁(𝑥𝑁)
]   (23) 

where N is the number of electrons, the prefactor is the normalization constant and 𝛹𝑖   are 

the real orthonormal molecular orbitals (MO). Here xi represents the spin and spatial 

coordinate of the electron i. If we exchange two particles, it is equivalent to exchanging 

the corresponding rows in the Slater determinant. According to the properties of a 
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determinant, this exchange produces a prefactor of -1, thus satisfying the anti-symmetric 

properties of the wave function.  

1.4.3. Ab initio Hartree-Fock Theory 

In Hartree-Fock (HF) theory31, for a closed-shell system, the molecular orbitals 

(MO), 𝜓𝑖 are considered as a linear combination of atomic orbitals (LCAO) 𝜙𝜇, 

𝜓𝑖 = ∑ 𝐶𝑖𝜇𝜙𝜇

𝜇

    (24) 

where 𝐶𝑖𝜇 is the linear expansion coefficient. Molecular orbitals are optimized by solving 

the matrix equation, 

         𝐹𝐶 = 𝑆𝐶𝐸    (25)                 

where F and S are the Fock and overlap matrices, C is the matrix of the linear expansion 

coefficients and E is the diagonal matrix containing the MO eigenvalues, respectively. 

Matrix elements of S are given by,  

𝑆𝜇𝜐 = ∫ 𝜙𝜇
∗ (𝑟1)𝜙𝜐(𝑟1)𝑑𝑟1     (26)    

and those of F are given by, 

𝐹𝜇𝜐 = 𝐻𝜇𝜐 + ∑ 𝑃𝜆𝜎 [(𝜇𝜐|𝜆𝜎) −
1

2
(𝜇𝜆|𝜐𝜎)]

𝜆𝜎

    (27) 

 where the one-electron contribution is given by 

𝐻𝜇𝜐 = ∫ 𝜙𝜇
∗(𝑟1) [−

1

2
∇2 + ∑

𝑍𝐴

𝑟1 − 𝑅𝐴

atoms

𝐴

] 𝜙𝜐(𝑟1)𝑑𝑟1  (28)  
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where ZA is the nuclear charge of atom A, 𝑟1 is the electronic position and RA is the atomic 

position and the two-electron electron-repulsion integrals are computed as 

(𝜇𝜐|𝜆𝜎) = ∬ 𝜙𝜇
∗ (𝑟1)𝜙𝜐(𝑟1)

1

𝑟12
𝜙𝜆

∗(𝑟2)𝜙𝜎(𝑟2)𝑑𝑟1𝑑𝑟2   (29) 

where 𝑟12 is the interelectronic distance. The one electron reduced density matrix is given 

by 

𝑃𝜆𝜎 = ∑ 𝐶𝜇𝑖
∗ 𝐶𝑖𝜎 

𝑀𝑂

𝑖

  (30) 

where the index i runs over only the occupied molecular orbitals. 

1.4.4 Multiconfigurational Self-Consistent Field Methods (MCSCF) 

Many systems cannot be described to a good approximation by only a single way 

of distributing the electrons in the orbitals of a Slater determinant. These systems are often 

referred to as muticonfigurational systems. Electronic structure methods based on single 

configuration can fail to explain the properties of these systems. For these systems, one can 

employ a wave function constructed as a linear combination of several determinants or 

Configuration state function (CSF)s (symmetry adapted linear combination of SDs)32. Here 

we will describe these methods in terms of SDs. 

𝛹 = 𝐶0𝛹0 + 𝐶1𝛹1 + 𝐶2𝛹2 + 𝐶3𝛹3 + ⋯   (31) 

𝛹0, 𝛹1, 𝛹2, 𝛹3, …  are the SDs corresponding to the different excited states. Here 𝛹0 is 

usually obtained from the HF reference and  𝛹1 , 𝛹2 , … are different excited states 

configurations obtained by exciting electrons from reference state 0 . C0, C1,.. are the 
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configuration interaction (CI) coefficients for each configuration. In full CI (FCI), all 

possible electronic configurations are obtained by distributing the electrons in the MOs in 

all possible ways. Energy of the system obtained from FCI calculation is EFCI.  

Ecorr = EFCI - EHF     (32)   

The difference between HF energy and the FCI energy is defined as the electron 

correlation energy for the system.33 FCI calculation is not practical for anything other than 

very small systems because the number of configurations in FCI calculation scales 

factorially with the number of electrons and orbitals. Several approximate methods have 

been developed to include only important configurations in the CI expansion. 

The complete active space SCF (CASSCF)34 method is one of them. The CASSCF 

wave function is generated by selecting a certain number of electrons and orbitals (which 

would be relevant to the process under consideration). The electrons are allowed to occupy 

the orbitals in all possible ways. The CASSCF wave function is thus a Full CI wave 

function in the active space. In analogy with closed-shell HF where orbitals are divided 

into occupied and virtual, in CASSCF the orbitals are divided into doubly occupied, active 

and virtual. In the active space the various configurations of SDs are generated by allowing 

the electrons to occupy the orbitals. In contrast, the virtual orbitals are always unoccupied 

in all SDs. Inactive orbitals remain doubly occupied for all the configurations. The 

CASSCF wave function is variationally optimized by optimizing both the CI coefficients 

in the CI expansion and the MOs at the same time. Although CASSCF is one of the most 

widely used electronic structure methods to study the multiconfigurational systems, 
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computational expense rises exponentially with the number of the active orbitals and active 

electrons. 

1.4.5. Kohn-Sham Density Functional Theory 

At the current moment, Density functional theory (DFT) is the most popular 

electronic structure approach. In DFT, the density is considered the most fundamental 

quantity, not the wave function. The density (𝜌(𝑟))
 
is a non-negative scalar function of 

only three variables x, y and z that describes the probability of finding electron(s) in real 

space. It is computationally much easier to handle than the wave function, which is a 

function of 3N coordinates. Density 𝜌(𝑟) obtained from, 

𝜌(𝑟) = ∑|𝜙𝑖|2

𝑜𝑐𝑐

𝑖

   (33) 

  

where r is the spatial coordinate and i runs over all occupied spin orbitals 
i . 

  The total number of electrons (N) in a system can be obtained by integrating the 

density over all space. 

𝑁 = ∫ 𝜌(𝑟)𝑑3𝑟  (34)        

In 1964, Hohenberg and Kohn provided the proof of two theorems that form the foundation 

for modern Kohn Sham density functional theory (KS-DFT).35 The first of these theorems 

states that the electron density uniquely determines the external potential v(r) within a 

trivial additive constant and the second theorem establishes that the ground state density 

has the minimum energy for the exact energy functional.   
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Now, expressing energy as a functional of the electron density, Kohn and Sham 

came up with a Hartree-Fock like equation (equation 35) for interacting particle, 

𝑓𝐾𝑆 = 𝑇̂ − 𝑉̂𝑖𝐴 + 𝐽 + 𝑉̂𝑥𝑐   (35)     

where 𝑓𝐾𝑆  is the KS-DFT Fock operator, T̂  is the kinetic energy operator, 𝑉̂𝑖𝐴  is the 

nucleus electron attraction operator, Ĵ  is the coulomb operator and 𝑉̂𝑥𝑐 is the exchange 

correlation operator. The exchange-correlation potential (𝑉̂𝑥𝑐) is defined as the fractional 

derivative of the exchange-correlation energy with respect to the density. 

𝑉̂𝑥𝑐 =
𝛿𝐸𝑥𝑐

𝛿𝜌(𝑟)
     (36) 

Exchange correlation energy is usually partitioned into an exchange part and a correlation 

functional: 

𝐸𝑥𝑐 = 𝐸𝑥 + 𝐸𝑐   (37)    

The exchange term is defined as the difference between the classical electron-

electron repulsion term and the expectation of the many body electron-electron energy 

term. The correlation energy is defined as the missing energy necessary to make the Exc 

exact. 

The Hamiltonian leads to electronic energy as a function of energy density, 

𝐸[(𝜌(𝑟))] = −
1

2
∑⟨𝜙[𝜌(𝑟)]|∇2|𝜙[𝜌(𝑟)]⟩

𝑎

+ ∫ 𝜈(𝑟)𝜌(𝑟)𝑑𝑟 +
1

2
∫

𝜌(𝑟)𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟𝑑𝑟′ 

+𝐸𝑥𝑐[𝜌(𝑟)]        (38) 

where the first term represents the kinetic energy of a system of the noninteracting 

electrons, a runs over all the occupied DFT orbitals, ν(r) is the external nuclear attraction 
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potential, the third term is the classical Coulombic repulsion between electrons and Exc is 

the exchange-correlation energy functional of an interacting system. For one-electron 

system, the exchange term of the exchange-correlation energy would cancel the self-

interaction of an electron with itself coming from the classical Coulombic repulsion term. 

So, Ex contains the energetic contribution from the antisymmetric character of the many-

body wave function. The exchange-correlation functional also contains the difference 

between the kinetic energy of the non-interacting system and the real interacting system. 

Kohn-Sham DFT is an exact theory, if we know the exact form and nature of the 

exchange correlation functional. Although the universal or exact exchange-correlation 

functional remains unknown, some of its properties have become well known over the 

years, allowing the development of many approximate exchange correlation functionals36. 

These approximate functionals satisfy many of the known properties of the universal 

exchange-correlation functional. Approximate functionals can be classified into various 

classes depending on the local, semi-local and non-local quantities that they include. 

However, different variations of exchange-correlational functionals and their forms are not 

discussed further. 
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Chapter 2. Charge Transport Properties 

of Small Organic Electronics 
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2.1 Introduction 

Small organic electronics along with conjugated polymers have often been used as 

p-type of n-type transistors. Although both small organic electronics and polymers share 

similar characteristics, they often follow very different charge transport mechanisms. Due 

to the longer length, organic polymers often transport charge following the intramolecular 

transport mechanisms while small organic molecules transport charge mostly following the 

intermolecular mechanisms. However, in both the cases, it is important to understand 

charge transport mechanisms in the currently available materials to propose more efficient 

materials in future. Here we have studied a p-type organic semiconductor, rubrene and a 

potential n-type semiconductor diarylindenotetracene.  

2.2 Charge Transport Properties of Rubrenes: Effects of 

Backbone Structure and Dimer Packing 

2.2.1 Computational Modeling of Rubrene and Its Derivatives 

Acenes and their derivatives37,38 , especially rubrene39-48  are some of the most 

studied π-conjugated organic materials because of their electronic properties. For example, 

rubrene-based single-crystal transistors show contact-free intrinsic hole mobilities as high 

as 40 cm2V-1s-1.39 This makes them interesting as potential building units for OSC and 

OLEDs. Notwithstanding the high hole mobilities observed for single crystal rubrene 

transistors, the charge mobility of rubrene decreases significantly when it is fashioned into 

thin-film transistors. This observation has motivated many investigations of the structural 

and electronic properties41,43,45,48 of rubrene and its derivatives, as well as their crystal-

structure packing motifs. These studies have largely focused on improving the charge 
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mobilities of crystalline rubrene as well as searching for derivatives that maintain high 

charge mobilities in thin-film transistors, but that are otherwise more suitable for 

widespread applications.49 

 Recent computational studies have shown that there are two conformations of 

molecular rubrene in the gas phase as well as in aqueous solution.41,48, 50
  The first 

conformation is characterized by a flat tetracene backbone while in the other the backbone 

is twisted.43,44,47 The twist angle δ associated with the tetracene backbone is defined in 

Figure 4. For the flat conformer of rubrene, δ is 0° and the energy difference between the 

flat and twisted conformations for different derivatives using different density functionals 

has been found to vary from 1.7 to 3.6 kcal/mol with the twisted conformation always being 

found to be more stable than the flat conformer.41,48,50 These results from theory are 

particularly interesting in so far as parent rubrene exists only in the flat conformation in all 

crystal polymorphs reported to date43,44,47,51, although various rubrene derivatives exhibit 

flat or twisted geometries in their respective crystalline structures. 43,44,47  

 

Figure 4. Two stationary conformations of rubrene. a) δ defines the twist angle of the 

tetracene backbone. b) Flat conformation of rubrene. c) Twisted conformation of rubrene. 
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Figure 5. Dimer models associated with different packing arrangements of separate rubrene 

molecules in a crystal (or in thin films): (a) Parallel Displaced (PD), (b)Twisted PD (TPD), 

(c) Herringbone Displaced, (d) Twisted HD, (e) Slipped HD, and (f) Slipped PD 

configuration. 

In addition, for different rubrene derivatives, or different crystal polymorphs for 

single compound, the orientations of individual rubrene molecules relative to one another 

in the unit cell can also be different.52 A few examples of such packing arrangements for 

rubrene and its derivatives are shown in Figure 5, where we use dimer models to illustrate 

these characteristic packing arrangements. In the parallel displaced (PD) configuration, two 

rubrene molecules are arranged in a parallel fashion with a significant overlap between the 

two tetracene backbones, although the backbones are displaced in such a way that they do 

not overlap completely.47 In the twisted parallel displaced (TPD) configuration, the dimer 

geometry is similar, but the tetracene backbones of the two rubrene monomers are both 

twisted.50 Other arrangements labelled as HD, twisted HD (THD), or slipped-HD (SHD) 

orient the acene axis of one rubrene molecule orthogonal to that of the second with an edge-
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face interaction between the two acenes.47 In the slipped-PD (SPD) geometry, the two 

rubrene molecules are parallel to one other, but there is no facial  overlap between the 

two backbones.51 Several experimental and computational analyses of the packing motifs 

of rubrene and its derivatives in crystalline systems have emphasized the importance of 

parallel π-stacking arrangements for efficient charge transport (Figure 6).43-45,47 However, 

engineering such arrangements in thin films is more challenging than in single crystals 

given the intrinsic disorder of the former. 

 

Figure 6. π-stacking interaction in a parent rubrene crystal structure. 

 Small energy differences between flat and twisted conformations of rubrenes 

together with the possibility of different packing arrangements implies substantial potential 

to tune charge-transport mobilities if these factors can be controlled. One way to exert such 

control may be modification of the phenyl substituents decorating the tetracene core of 

rubrene. Examples of such modified rubrene molecules are listed in Figure 7; specifically, 

the phenyl side chains in these derivatives, differentiated as R1 and R2, are methylated, 

fluorinated, or trifluoro-methylated, thereby rendering the phenyl rings more electron-

donating (CH3) or electron-withdrawing (F, CF3). 
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Figure 7. Chemically modified rubrene molecules (1-7). 

 

 With respect to rubrene monomers, Douglas et al.47 have recently suggested that 

the flat conformation of molecular rubrene can be stabilized through the introduction of 

electron-donating or electron-withdrawing groups on the substituent phenyl rings of 

rubrene. With respect to rubrene dimers, Bredas et al.48 have studied the effects of different 

intermolecular interactions on crystal packing. Bredas et al. also calculated the relative 

energies of flat and twisted conformations for several rubrene derivative monomers; they 

did not examine the energetics of interconversion between alternative conformers.  

 In this work, we have applied KS-DFT to investigate the relative energies of twisted 

and flat conformations for rubrene and several derivatives (1–7) as well as characterizing 

the interconversion between them. We also examine the effect of the different rubrene 

dimer configurations shown in Figure 6 on charge transport properties including the effects 

of phenyl-ring substitution. 
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2.2.2 Computational Methods 

Monomers: The geometries of the flat and twisted conformations of rubrene and 

derivatives 1–7 were optimized in the gas-phase using the M06-L53 exchange-correlation 

density functional and the 6-31G(d,p) basis set. The geometries of the twisted and flat 

conformations of the radical cations and radical anions were also optimized. Vibrational 

frequency analyses were performed to confirm the nature (minimum or transition-state 

(TS) structure) of all stationary points. We define the “untwist energy” as the (positive) 

energy difference between the flat and twisted conformer of a structure. The barriers for 

the interconversion of the two conformers were computed by scanning the dihedral/twist 

angle δ from 0 to 60° by intervals of 5° while optimizing all other internal coordinates. 

Untwist energies and interconversion barrier heights were also calculated for the M06-L 

geometries with the M06 and ωB97XD functionals and the 6-31G(d,p) basis set. All 

calculations on monomers made use of the Gaussian 0954 suite of electronic structure 

programs. 

Transfer integrals: We used dimer models to elucidate the transfer of holes and electrons 

through different packing arrangements of separate rubrene molecules. These dimer 

models were first extracted from available crystal structures. PD and HD dimer models 

have been extracted from crystal structure of bis(trifluoromethyl)-dimethyl-rubrene (fm-

rubrene)47. TPD1 and THD dimer mfodels have been obtained from crystal structures of 

derivative 3 and derivative 7 respectively. The SHD dimer model has been obtained from 

crystal structure of derivative 1 and the SPD dimer model has been obtained from rubrene 

crystal structure in triclinic phase.51 Subsequently, the positions of the atoms in the 

tetracene backbones were constrained while the phenyl side chains were optimized with 
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any appropriate substituents, i.e., we keep the bulk intermolecular distance constant for all 

rubrene derivatives within a particular dimer model so as to separate substitution effects 

on the electronic structure from such effects on any minimum-energy dimer geometry. 

Such an approach is further justified in so far as many dimer geometries are not local 

minima in the absence of a crystal lattice to enforce local orientation. Constrained 

optimizations employed the PBE55 functional and double-ζ Slater-type orbital basis sets 

containing one polarization function (DZP). Damped dispersion effects were included with 

the pairwise D356 correction of Grimme et al. and the damping function of Becke and 

Johnson57. 

Following optimization of the dimer geometries, charge transfer integrals were 

calculated at the PBE058/DZP level of theory using the fragment molecular orbital (FMO)59 

approach. In this approach, dimer Fock matrix is constructed in the basis of monomer 

orbitals. Off-diagonal elements of the Fock matrix are  𝑡𝑚𝑛 = ⟨𝜑𝑚|ℎ𝐾𝑆|𝜑𝑛⟩ , where φi 

represents the fragment molecular orbitals and i represents the sites (m or n). For the matrix 

elements relevant to the hole (or the electron) transfer integral between the mth and nth sites 

in a system, 𝜑𝑚 and 𝜑𝑛 are the HOMOs (or LUMOs) of mth and nth site respectively. In 

our dimer model, sites represent individual monomers and hKS is the one electron Kohn-

Sham Fock operator.60 Diagonal elements of the Fock matrix are, 𝜀𝑖 = ⟨𝜑𝑖|ℎ𝐾𝑆|𝜑𝑖⟩.  Smn is 

the overlap matrix element between orbital  𝜑𝑚  and 𝜑𝑛 . Since the Fock matrix is 

constructed here by using nonorthogonal monomer orbital basis, effective transfer integral 

(𝑡𝑚𝑛
𝑒𝑓𝑓

) is calculated using the formula, 

𝑡𝑚𝑛
𝑒𝑓𝑓

=
𝑡𝑚𝑛 −

1
2

(𝜀𝑚 + 𝜀𝑛)𝑆𝑚𝑛

1 − 𝑆𝑚𝑛
2

     (39)   
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         All these calculations on dimers were carried out with the Amsterdam Density 

Functional suite of electronic structure programs61. 

2.2.3 Results and Discussion 

Structural Properties of Rubrene Derivatives: Untwist energies for 1–7 are listed in 

Table 1 (for convenience, we will hereafter refer to rubrene itself as 0). For every case, 

both the flat and twisted conformations were found to be local minima, and also in every 

case the twisted conformation was more stable than the flat. Interestingly, rubrene itself 

has one of the highest untwist energy at all levels of theory. As the flat conformation 

enforces greater proximity of each pair of phenyl ring substituents on their respective sides 

of the tetracene, on the one hand this might appear to suggest that steric interactions 

between these rings are not particularly important, given the unsubstituted nature of those 

rings in parent rubrene. However, there appears to be an interplay of steric interactions and 

favorable charge-transfer -stacking interactions that are not easily separated. Thus, for 

instance, 5 has the lowest untwist energy, which likely derives from the better -stacking 

between its adjacent electron-poor and electron-rich phenyl rings in the flat conformation, 

together with a lack of clashing between substituents at positions meta to the tetracene 

substituting ipso position in both adjacent rings (only the trimethyl substituted ring has 

meta substituents). Compounds 6 and 7 have similar untwist energies, which suggests a 

near balance between such steric clashing associated with meta substitution and the relative 

polarization of the individual phenyl rings through their degree of substitution. 
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Table 1. Untwist energies (kcal/mol) computed for rubrene and derivatives.a 

 M06-L M06 ωB97XD 

0 3.5 3.4 2.4 

1 2.9 2.8 1.9 

2 2.2 2.4 1.7 

3 1.9 2.0 1.7 

4 2.7 2.8 1.3 

5 1.8 1.0 0.7 

6 2.8 3.0 2.3 

7 3.0 3.5 2.6 

a M06-L/6-31G(d,p) geometries. 

In any case, the small span in predicted untwist energies as a function of substitution 

is consistent with previously reported experimental work on crystalline rubrene derivatives 

that suggested that steric interactions between adjacent phenyl substituents are not decisive 

in inducing twist in the tetracene backbone44, especially when taking into account the 

estimated strength of intermolecular π-stacking interactions (20-25 kcal/mol48) between 

rubrene monomers in crystals. 

 We have also computed activation energies for conversion of flat to twisted 

conformers (Table 2; analogous conformational transitions have been studied with DFT 

for other π-conjugated molecules as well62,63). Our calculations show that, irrespective of 

substitution, the barriers for going from flat to twisted structures are very small. Indeed, in 

several instances, including parent rubrene itself, the nominal TS structure has an energy 

below the zero-point vibrational energy associated with the reaction coordinate (within the 

harnomic-oscillator normal-mode approximation); this very small activation energy made 

it impossible for optimization algorithms to fully optimize the TS structure, which is why 
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we carried out restrained optimizations to characterize the isomerization coordinate. At 298 

K, one would expect the monomers of 0–7 to exist as dynamic populations dominated by 

enantiomerically related twisted conformers interconverting on the picosecond time scale. 

The observation of flat backbones in some rubrene crystal structures suggests that lattice 

packing forces can successfully outweigh the intrinsic preference for a twisted backbone. 

However, since thin films do not have the long-range order found in crystalline phases, 

twisted conformations may be considerably more prevalent in the former depending on 

local ordering. This will have implications for charge transport, to which we now turn.  

Table 2. Activation energies (kcal/mol) for conversion of flat to twisted conformers.a 

 M06-L M06 ωB97XD 

0 0.01 0.0 0.1 

1 0.03 0.02 0.0 

2 0.2 0.1 0.4 

3 0.2 0.1 0.1 

4 0.5 0.7 0.6 

5 0.0 0.1 0.0 

6 0.7 0.3 0.2 

7 0.2 0.0 0.02 

a M06-L/6-31G(d,p) geometries. 

Effective charge transfer integrals: The smallest possible model that can be used to 

compute transfer integrals is a dimer model. We took into account the existence of several 

different packing arrangements for two adjacent molecules based on orientations found in 

different experimental crystal structures of rubrene and its derivatives (Figure 6), and we 

considered both flat and twisted tetracene backbones. As the value of a given transfer 

integral decrease exponentially as a function of the intermolecular distance between 
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fragments, we chose to enforce identical intermolecular distances (as defined by common 

tetracene backbones) for all rubrene derivatives when considering any one dimer packing 

model. This allows us to assess specifically the electronic-structure effect of chemical 

modifications on the calculated transfer integrals, as opposed to second-order effects 

associated with decreased or increased separation between fragments as a function of 

substitution.  

The calculated effective hole transfer integrals for rubrene and its derivatives in the 

PD, TPD, HD, THD, SHD and SPD configurations are presented in Figure 6. The PD 

conformation incorporating two monomers with flat tetracene backbones has the highest 

effective hole transfer integral, while (somewhat perversely) the TPD configuration 

containing two monomers with twisted tetracene backbones has the lowest value. The 

differences in these calculated transfer integral values arise from the greater intermolecular 

distance and smaller overlap between tetracene backbones in the case of the TPD 

configuration compared to the PD. There are modest variations in hole transfer integral 

values for all other geometries, with PD generally providing maximal values within the set. 

Other than PD, only TPD2 provide transfer integrals greater than half of PD conformation 

of the corresponding derivative. 
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Figure 8. Absolute values of effective hole transfer integrals (meV, PBE0/DZP) for parent 

rubrene and its derivatives 1–7 for dimer models PD, TPD1, TPD2, HD, THD, SHD and 

SPD. 

 

 The results in Figure 8 offer insight into the observed low hole mobility of rubrene 

in thin-film transistor devices. Although a crystal structure of rubrene is known that has a 

flat tetracene, our calculations show that rubrene has an untwist energy of about 3 kcal/mol 

in the gas phase with a negligible barrier between the two conformations. It is reasonable 

to expect that rubrene may exist mainly as the twisted conformer in thin film devices, which 

lack the long-range regular packing motif and π-stacking interactions that must stabilize 

the flat conformer in the crystalline phase. Among twisted dimer configuration TPD2 

shows high hole transfer integral because of short distance between two rubrene conformer. 

However, such configuration is only observed experimentally in derivative 1 and 3. All the 

other configurations have very low hole transfer integrals. 
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Figure 9. Absolute values of effective electron transfer integrals (meV, PBE0/DZP) for 

parent rubrene and its derivatives 1–7 for dimer models PD, TPD1, TPD2, HD, THD, SHD 

and SPD. 

 

 A very similar trend to that for the hole transfer integrals was found for the effective 

electron transfer integrals (Figure 9). The very much larger calculated value for the PD 

configuration compared to all others is indicative of how strongly the two  systems 

interact in the PD orientation. Taken in their entirety, our calculations suggest that the flat 

tetracene conformation and PD π-stacking interactions evidently enforced by the 

crystalline framework of rubrene are of paramount importance in conferring high charge 

mobilities in the single-crystalline solid state. To maintain high charge mobilities in thin 

film devices, methods to grow the films with structures and interactions as near to this as 

possible will need to be developed in order to maintain good charge carrier mobility, since 

transfer integrals for all other orientations are comparatively ineffective. 
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2.3 Electronic and Transport Properties of Substituted 

Diarylindenotetracenes 

2.3.1 N-type Organic Photovoltaics 

Over the past decades the demand for cheaper, faster, and smaller electronic devices 

has driven chemists to discover a large number of new small-molecule, electron-donor, p-

type materials. Over the same period, however, there has been significantly less 

development of novel small-molecule, electron-acceptor, n-type materials, especially for 

use in organic solar cells.64  To date, the benchmark electron acceptor material for organic 

photovoltaics has been the fullerene C60, owing to its high electron affinity and efficient, 

isotropic charge transport. 

However, despite having good solid-state properties that allow for efficient electron 

transport, fullerenes are not ideal materials for OPVs. The several drawbacks of fullerenes 

include poor solubility in organic solvents, limited stability, and high cost. Another 

drawback of fullerenes is their poor absorption of light in the visible region. In OPVs, this 

relative transparency necessitates a thick absorber layer in order to produce sufficient light-

generated charge carriers (excitons). Although the thicker absorber layer does result in 

greater exciton generation, it also decreases charge separation efficiency of the device due 

to the short diffusion length of excitons in the organic material.65,66  

Recently, efforts to overcome the inherent deficiencies of fullerenes led to the 

development of several novel, non-fullerene, electron acceptors. 67 - 69   Non-fullerene 

electron acceptors have the potential to greatly improve OPV performance through design 

of materials with strong light absorption, tuned highest occupied molecular orbital 
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(HOMO)/lowest unoccupied molecular orbital (LUMO) levels, and improved 

processability and photostability. Among these novel electron acceptors, indene-fused 

aromatic compounds have shown promise as possible replacements for fullerenes in OPVs.  

 The intrinsic electron deficiency of indene-containing molecules originates from 

the anti-aromatic 4n π-system. The drive towards aromaticity (4n+2) makes materials 

containing indenes good electron acceptors. Extending the range of indene-based materials 

as new n-type acceptors, Douglas group has prepared and studied 

diarylindenotetracenes. 70 , 71  Previously, they have reported on the development of 

symmetrically substituted indenotetracenes. Here, we have examined and modeled 

electronic and physical properties indenotetracene and their derivatives to evaluate their 

potential for use as n-type materials in organic photovoltaics.  

 

Figure 10. Diarylindenotetracene and its derivatives. 
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2.3.2 Computational Methods 

Monomer: We optimized monomer geometries for neutral and radical cation and anion 

species in the gas phase using M06-L exchange-correlation and 6-31+G(d,p) basis set. 

Vibrational frequency analyses confirmed the nature of all stationary points. Linear 

response time dependent density functional (LR-TDDFT) calculations are performed on 

neutral optimized geometries in gas phase using M06-2X exchange-correlation functional 

and 6-31+G(d,p) basis set.  

Dimer: We used dimer models to elucidate the transfer of holes and electrons through  

packing arrangements of different diarylindenotetracenes derivatives. we extracted dimer 

models from experimental crystal structures of different diarylindenotetracenes 

derivatives. Subsequently, we constrained the backbone of the diarylindenotetracene 

derivatives and optimized peripheryl aryl groups and the subtituents. It is important to 

constrain the backbones because transfer integral value changes exponentially with the 

intermolecular distance between monomers of the dimer model. As we keep the 

intermolecular distance between backbone same as crystal, the dimer models correctly 

model the charge transport capability of different derivatives in crystal. Constrained 

optimization of dimers are peroformed using the PBE functional and 6-31G(d,p) basis set. 

Damped dispersion effects were included with the pairwise D3 correction of Grimme et al. 

and the damping function of Becke and Johnson.  

 Optimized dimer geometries were used to calculate charge transfer integrals using 

PBE0/6-31G(d) level of theory using the fragment molecular orbital (FMO) approach. In 

FMO approach, dimer Fock matrix is constructed in the basis of monomer orbitals. Off-

diagonal elements of the Fock matrix are  𝑡𝑚𝑛 = ⟨𝜑𝑚|ℎ𝐾𝑆|𝜑𝑛⟩, where φi represents the 
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fragment molecular orbitals and i represents the sites (m or n). For the matrix elements 

relevant to the hole (or the electron) transfer integral between the mth and nth sites in a 

system, 𝜑𝑚 and 𝜑𝑛 are the HOMOs (or LUMOs) of mth and nth site respectively. Here, as 

we are using a dimer model, sites represent individual monomers and hKS is the Kohn-Sham 

Fock operator. Diagonal elements of the Fock matrix are site energies, 𝜀𝑖 = ⟨𝜑𝑖|ℎ𝐾𝑆|𝜑𝑖⟩.  

Smn is the overlap matrix element between orbital  𝜑𝑚 and 𝜑𝑛. Since the Fock matrix is 

constructed here by using nonorthogonal monomer orbital basis, effective transfer integral 

(𝑡𝑚𝑛
𝑒𝑓𝑓

) is calculated using the formula in equation 39. 

   All optimization of monomers and dimers and LR-TDDFT calculations were 

peroformed using Gaussian09 software. Transfer integral calculations are performed using 

a developer version of NWChem72.      

2.3.3 Results and Discussion 

First we have computed excitation energies for 1st excited state as reported in table 

3 for all the derivaties listed in Figure 10. TDDFT calculations agree well with the 

experimental UV-vis spectra and all derivatives shows very similar first π to π* singlet and 

triplet excitations. This indicates that HOMO-LUMO (Figure 11) energy level is not 

affected significantly by different substituents for the neutral molecules. Singlet fission 

(SF) is a process where one singlet exciton can be converted into two triplet excitons in a 

spin allowed process. SF can greatly enahance efficiency of organic solar cells. One of the 

energetic criterion for SF to be feasible is that singlet excited state must be exoergic or 

atleast isoergic to the multiexcitonic state with two correlated triplet excitons i.e 𝐸𝑆 ≥ 2𝐸𝑇. 

Diarylindenotetracene and its derivatives satisfy that criteria, as in all cases 𝐸𝑆1
> 2𝐸𝑇1 . 
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Table 3. LR-TDDFT first singlet and triplet excitation energies (eV, M06-2X/6-

31+G(d,p).a 

Derivative Singlet excitation 

energy 

Triplet excitation 

energy 

8a 2.5 1.2 

8b 2.4 1.1 

8c 2.4 1.1 

8d 2.3 1.1 

8e 2.3 1.1 

8h 2.4 1.1 

 aM06-L/6-31+G(d,p) geometries 

 

 

Figure 11. Orbital pictures for i) HOMO and ii) LUMO for diarylindenotetracene (single 

point with M06-2X/6-31+G(d,p)). 

 

First, we have computed hole and electron reorganization energy for 

diarylindenotetracene derivatives. Table 4 shows that hole reorganization energy is smaller 

than electron reorganization energy for all the derivatives except for derivatives 8e. In case 

of derivative 8e, presence of -OMe groups significantly increases hole reorganization 

energy compared to other derivatives but electron reorganization energy remains 

comparable to other derivatives for 8e. Nevertheless, we can say that hole and electron 
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reorganization energies are comparable to each other for all the derivative and it is not 

possible to classify these compounds as hole or electron carrier only on the basis of hole 

and electron reorganization energies. 

Table 4. Reorganization energies (meV) predicted for various diarylindenotetracene 

derivatives.a 

Derivative Hole Reorganization energy 

(meV) 

Electron Reorganization Energy 

(meV) 

8a 114 136 

8b 128 152 

8c 150 169 

8d 116 184 

8e 224 167 

8f 134 150 

8g 118 169 

8h 131 160 

8i 119 150 
aM06-L/6-31+G(d,p) 

Hole and electron transfer integrals were computed for compounds 8a–e, h using 

dimer models developed from the solved single-crystal X-ray structures of each compound 

(Table 5). For compounds 8a and h, C2/c crystal structures with 1-D brick packing, the 

electron transfer integral is significantly higher than the hole transfer integral. However, 

8c, also C2/c and 1-D brick packing, the hole and electron transfer integrals are 

comparable. Compound 8b, Pbca packing, has an absolute electron transfer integral   

significantly higher than the hole transfer integral. The P21/c crystal system gives two very 

different results depending on the substitution. Methoxy substituted ASI, 8e, has hole 

transfer integral 3 times larger than the electron, however, CF3 substituted ASI, 8d, has 

comparable electron hole and electron transfer integrals. Computed Transfer integrals for 

8a–d, h are comparable to those seen in perylene diimide, 10 to 200 meV depending on the 

functional group and the model used, a proven small molecule electron transport material. 
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When considering both the reorganization energies and charge transfer integrals theoretical 

calculations predict that compounds 8a–d, h would function as either an electron transport 

or ambipolar material allowing them to function as n-type semiconductors in OPVs.  

Table 5: Absolute values for effective transfer integral (meV, PBE0/6-31G(d)) predicted 

for compounds 8a-e, h.  

Compounds Crystal Packing 
Transfer integrals 

Electron (meV) 

Transfer integrals 

Hole (meV) 

8a C2/c 32 5 

8b Pbca 34 4 

8c C2/c 19 28 

8d P21/c 87/53a 82/81a 

8e P21/c 19 57 

8h C2/c 44 7 
a Compound 8d contains two molecules in the asymmetric unit with slightly different π–π 

distances. Transfer integrals were calculated for both distances. 

 

Using the solved crystal structure, ASIs are predicted to have either electron 

transport or ambipolar character in organic photovoltaic devices. Our findings demonstrate 

the potential of asymmetrically substituted indenotetracenes to function as a novel class of 

non-fullerene electron transport material in organic photovoltaics with the potential to 

improve device lifetime and efficiency. 
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Chapter 3. Polaronic Transport in 

Molecular Wires 
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3.1 Overview 

Molecular wires are long π-conjugated molecules that can transport charge over 

long distances.73,74 These molecules are efficient for transporting charge between donor 

and acceptor. Charge transport mechanism in molecular wire is intramolecular in nature. 

Synthetic chemists over the years have developed skills to synthesize molecular wires of 

different lengths. Thus, these systems are ideal for modeling both short and long-range 

charge transport and understand their properties. 

 

Figure 12. Pictorial representation of (a) short-range charge tunneling, (b) long-range 

charge hopping. Barrier represents the molecular wire between electrodes in the molecular 

junction. 

Long range charge transport follows a very different mechanism compared short-

range charge transport.75 While short-range charge transport follows single step ballistic 

charge tunneling mechanism, long-range charge transport follows multi-step hopping 

process. These two types of charge transport also follow very different temperature 

dependence.75 While short-range charge transport rate is independent of temperature, long-

range charge transport is a thermally activated process. In case of short-range charge 
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transport, the rate of transport changes linearly with the length of the molecular wire, 

whereas in the case of long range charge transport, the rate changes exponentially.  

In the context of molecular electronics, molecular wires are often used as a bridge 

between metal electrodes. Properties of short molecular wires in these molecular junctions 

are well studied whereas properties of long molecular wires in molecular junction are less 

explored. Frisbie and co-workers were among the first to show a change in the charge 

transport mechanism from single-step tunneling to multi-step hopping in a molecular 

junctions based on conjugated oligophenyleneimine (OPI) wires.75 They contacted OPI 

wires grown from one Au electrode using controlled aryl imine addition chemistry, a metal-

coated atomic force microscope (AFM) tip was used to make the second contact. They 

showed that mechanism of charge transport changes abruptly near 4 nm which can be seen 

from striking changes in the length, temperature dependence. For junctions based on 

molecules with lengths of 1-3 nm, the transport mechanism is usually direct tunneling. In 

this mechanism, an electron passes from one metal contact to the other in a single step, i.e., 

the electron is never localized on the molecule (Figure 12a). As the molecules in a junction 

become longer, direct metal-to-metal tunneling may no longer be the most efficient channel 

for electron transport. Instead, it becomes possible to inject an electron into an orbital of 

the molecule (Figure 12b). The resulting charge localizes to form a polaron, i.e., a charge 

with associated coupling to nuclear degrees of freedom. The polaron then hops along the 

molecular backbone driven by the applied electric field. The polaronic nature of the charge 

carriers in π-conjugated films has been inferred from the results of absorption 

spectroscopy 76 , 77  and electron spin resonance experiment 78 , 79  and also by quantum 

chemical calculations80,81 that indicate significant polaron binding energies. In terms of 
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transport, polaron motion is generally expected to be thermally activated with transition 

states corresponding to near-conical intersections of two diabatic electronic PESs, Figure 

13. However, polaron tunneling between the PESs is possible and indeed it has been 

proposed as an important charge transport mechanism in films of polymer semiconductors. 

 

Figure 13. Potential energy surfaces corresponding to the initial and final polaronic states 

involved in the electron transfer process. 

 

3.2 Charge Transport in Molecular Wires with Interrupted 

Conjugation: Evidence for Thermally-Assisted Polaron 

Tunneling 

3.2.1 Introduction 

Previous work has shown that transport in long (> 4 nm) OPI wires is thermally 

activated and that π-conjugation is disrupted by torsional vibrations of the aromatic 

subunits about C-N and C-C bonds.75 KS-DFT calculations have further confirmed the 

localization of charge and spin density, i.e. the formation of polarons in these systems. 

Open questions include the spatial extent (or localization length) of the polarons, the key 
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vibrational modes, particularly those associated with the transition states and barriers 

important for transport (Figure 13), and the number of polaron ‘‘hops’’ required to traverse 

individual molecules. 

 To address these issues, Frisbie et al. built three conjugation-broken (CB) OPI 6-

like wires in which π-conjugation was intentionally disrupted by adding one or two 

cyclohexyl groups, Figure 14.82  For CB3-OPI 6 and CB5-OPI 6, we anticipated that 

resistance of the wires would increase, consistent with earlier studies, but we were 

interested in whether the specific location of the CB unit would impact the resistance or 

the activation energy for polaron transport. In the case of CB3,5-OPI 6, the question was 

whether two blocking units would further increase the resistance and change the transition 

state and activation energy for polaron hopping.  

 

Figure 14. Molecular structures of OPI 6 and CB-OPI 6 wires. The conjugation breaking 

cyclohexyl unit is shown in red. The numbers followed by “CB’’ indicate the position of 

the cyclohexyl group relative to Au surface (each phenyl ring is counted as one). 
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Figure 15. Arrhenius plot for OPI 6, CB3-OPI 6, CB5-OPI 6 and CB3,5-OPI 6 wires. Each 

data point is the average of low bias resistance from 100-200 I-V traces obtained at 6 

different locations on the sample in the range of -0.2 to 0.2 V. Error bars represent one 

standard deviation. Straight lines are the linear fits to data and activation energy was 

calculated from the slope of each line. Reprinted with permission from ref 82. Copyright 

2016 American Chemical Society. 

3.2.2 Temperature Dependence of Resistance 

 To investigate the transport mechanism, the temperature dependence of the 

resistance was measured for CB-OPI 6 wires. An Arrhenius plot of log (R) versus (1/T) is 

shown in Figure 15. Clearly, all wires display strong thermally activated transport, which 

is characteristic of hopping as discussed above. This plot also shows that for all the 

measured temperatures, the resistances of CB-OPI 6 wires trend as: CB3,5-OPI 6 > CB3-

OPI 6 ~ CB5-OPI 6 > OPI 6. According to Figure 15, the activation energies are in the 

range of 0.18-0.26 eV. For the three CB-OPI 6 wires in particular, the values are quite close 

and variation is only about 0.03 eV. Nevertheless, a striking observation is that the 

activation energy for hopping is highest for the fully conjugated OPI 6, and lower for all 

of the conjugation-broken analogs, i.e. the activation energy follows a trend opposite the 

resistance, namely OPI 6 > CB3-OPI 6 ~ CB5-OPI 6 > CB3,5-OPI 6. 
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  3.2.3 Computational Methods 

 The geometries of neutral and radical cation species of OPI 6 and CB-OPI 6 wires 

including one gold atom as a thiolate contact were optimized at the Kohn-Sham density 

functional level of theory with the CAM-B3LYP83 exchange-correlation functional, using 

the Stuttgart pseudopotential and associated double zeta valence basis set for Au and the 

6-31G(d,p) basis set for C, N, and H. With 65% Hartree-Fock exchange at long range, 

CAM-B3LYP is expected to minimize the spurious delocalization of spin densities 

resulting from DFT self-interaction error. For OPI 6 radical cation species, CAM-B3LYP 

predicts maximum polaronic lengths of 5 rings (Figure 18) which is consistent with 

previous experimental results on OPI wires and validates our choice of functional.75 The 

Gaussian 09 software package was used for all the calculations. Vibrational frequency 

analysis was performed for all optimized structures to confirm their natures as local minima 

or TS structures.  

Vertical electronic excitations energies of the neutral wires were calculated using 

LR-TDDFT for optimized structures of each system. For these calculations the M06 

functional was used with the Stuttgart pseudopotential and associated double zeta valence 

basis set for Au and the 6-31+G(d,p) basis set for C, N, and H. The first bright singlet 

transition involving the π framework was considered here for comparison to experiment, 

as described below.  
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Figure 16. UV−vis spectra of CB-OPI 6 wires. Optical gaps (Eg) are depicted in the inset. 

Reprinted with permission from ref 82. Copyright 2016 American Chemical Society. 

   

3.2.4 UV-Vis Spectra 

  UV-Vis absorption spectra of the CB-OPI 6 wires are shown in Figure 16. 

Interestingly, the spectra only change very slightly from OPI 6 to CB3-OPI 6 or CB5-OPI 

6 (2.6-2.7 eV). This indicates that incorporating one saturated unit into the conjugated 

chain does not significantly change the HOMO-LUMO gap. There is still a major part of 

the wire that remains conjugated. With two saturated units, conjugation is mainly lost (it 

extends to two phenyl rings at most) and thus the optical gap rises significantly. λmax values 

show a similar trend as they shift to lower wavelengths by moving from OPI 6 to CB3,5-

OPI 6 (Figure 16). 
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Figure 17. π and π* orbitals (isovalues 0.03) of (a) OPI 6, (b) CB3-OPI 6, (c) CB5-OPI6, 

and (d and e) CB3,5-OPI 6 wires involved in low lying intense π−π* singlet excitations for 

neutral optimized geometries (single point with the M06 functional). 

The observations from UV-Vis spectroscopy are consistent with DFT calculations. 

We examined the HOMOs of the neutral optimized geometry of each system (Figures 17). 

The extents of delocalization (conjugation) for the HOMOs of OPI 6, CB3-OPI 6 and CB5-

OPI 6 are similar (Figures 17a, 17b, and 17c), but delocalization becomes much smaller in 

the case of the CB3,5- OPI 6 system (Figure 17d and 17e). TDDFT calculations show that 

for OPI 6, the most intense low lying π-π* excitation is at 2.88 eV (430 nm) (Figure 17a). 

For both CB3-OPI 6 and CB5-OPI 6, the most intense low lying π-π* excitations are found 

at 3.02 eV (410 nm) (Figures 17b and 17c). This is consistent with the experimental results, 

since the excitation energy does not change significantly from OPI 6 to CB3-OPI 6 and 
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CB5-OPI 6. For CB3,5-OPI 6, there is a moderate intensity (oscillator strength of 0.46) π-

π* excitation at 2.40 eV (516 nm) (Figure 17d) and also a relatively high intensity 

(oscillator strength of 0.67) excitation at 3.51 eV (353 nm) (Figure 17e). All these excited 

states primarily involve single acceptor orbitals in every case that is π* in nature and largely 

localized over the same fragments as the π orbitals. In the case of CB3,5-OPI 6 wire, the 

low energy excitation (2.40 eV) involves the π HOMO and the corresponding π* orbital 

(Figure 17d), whereas the high energy excitation (3.51 eV) involves the π HOMO-1 and 

corresponding π* orbital (Figure 17e). The low-energy excitation is associated with the 

region of the molecule directly in contact with the gold surface, unlike all of the other 

excitations in the various wires, which are well localized away from the surface. This is 

likely why the low energy transition fails to be particularly evident in the experimental 

spectrum of the CB3,5-OPI 6 wire (Figure 16). 

3.2.5 Mechanism of Charge Transport 

 DFT calculations provide opportunities to understand the microscopic charge 

transport mechanisms in molecular wires. For the radical cation species of OPI 6 and CB-

OPI 6, the presence of charge in a particular region of the molecule is represented by spin 

density on that same part of the system. During the transport process, charge (and 

associated spin) is sequentially localized over different parts of the system and these 

distinct localizations represent different stationary polaronic states of the radical cation 

species of OPI 6 and CB-OPI 6 wires. With DFT calculations one can explore optimized 

structures of those charge-localized states (on a ground-state PES having multiple minima) 

and also identify intermediate transition state structures that are involved in the nuclear 

geometry changes that are coupled with the transport process from one charge-localized 
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state to another. First we examined the charge-localized structures of OPI 6+., for which 

three charge-localized minima (OPI 6A+., 6B+., 6C+.) were found in the absence of any 

external bias potential, Figure 18A. OPI 6C+. is the most stable with spin density mostly 

localized on the last five rings. In OPI 6B+., spin density is delocalized over the first five 

rings with greater amplitudes away from the thiolate terminus compared to the third 

minimum, OPI 6A+., in which the spin density is localized over first three rings. OPI 6B+. 

and OPI 6A+. are 0.05 eV and 0.12 eV higher in energy, respectively, than OPI 6C+.. A 

transition state (OPI 6-TS1+.) connects the two charge-localized structures OPI 6A+. and 

OPI 6B+. and the reaction coordinate corresponds to a twisting of the dihedral angle 

between two intermediate phenyl rings with an associated imaginary frequency of 52i cm-

1. A similar transition state (OPI 6-TS2+.) was also found for the transfer of charge from 

OPI 6B+. to OPI 6C+. with an imaginary frequency of 38i cm-1 again corresponding to 

torsional vibrations. None of the minimum energy structures show complete delocalization 

of spin density over the entire wire. This is a clear indication that charge transport in OPI 

6+. is expected to happen through a multistep hopping process of polaronic charge carriers. 

This computational result is consistent with the temperature dependent resistance 

experiments (Figure 15). 

Like the OPI 6+. wire, the CB-OPI 6+. wires also show localization of spin/charge 

density, but the zero-bias energy differences between polaronic states are predicted to be 

larger than in the case of the OPI 6+. wire (Figures 18B, 18C, and 18D). Interestingly, 

delocalization of spin is completely disrupted by the cyclohexyl spacer in all three 

conjugation-broken wires. The energy differences between the polaronic states (only two 

such states, at opposite ends of the wire, are found in every instance) are 0.16 eV, 0.46 eV, 
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and 0.38 eV, in CB3-OPI 6+., CB5-OPI 6+., and CB3,5-OPI 6+., respectively. For CB3,5-

OPI 6+., the central phenyl ring connecting the two cyclohexyl spacers do not have any spin 

density localized upon it in either minimum energy structures or in the TS structure, 

attempts to force charge localization onto this isolated aromatic ring failed. This suggests   

 

Figure 18. Charge/spin densities and relative energies of charge-localized polaron 

structures and the TS structures connecting them for (A) OPI 6+., (B) CB3-OPI 6+., (C) 

CB5-OPI 6+., and (D) CB3,5-OPI 6+. wires. Reprinted with permission from ref 82. 

Copyright 2018 American Chemical Society.   

 

that this phenyl ring may not play any direct role in the hopping process. All TS structures 

connecting the charge-localized states of the various CB-OPI 6+. wires were also found. 

The activation energies associated with the TS structures for CB3-OPI 6+., CB5-OPI 6+. 
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and CB3,5-OPI 6+. are 0.28 eV, 0.49 eV, and 0.50 eV, respectively. Interestingly, unlike 

the two TS structures fostering polaronic hopping along the OPI 6+. wire, the reaction 

coordinates for the transition states in the CB-OPI 6+. wires do not involve inter-aromatic 

torsional motion, but instead involve multiple C=C and C=N stretching vibrations that 

transpose local aromatic and quinoidal structures, the latter bsteing associated with charge 

localization. Given that change, the imaginary frequencies are expectedly much higher for 

the CB-OPI 6+. wires compared to OPI 6+.: 1049i cm-1, 1217i cm-1, and 531i cm-1, for CB3-

TS+., CB5-TS+. and CB3,5-TS+., respectively (cf. Figures 18B, 18C, and 18D) versus 52i 

cm-1 and 38i cm-1 respectively for OPI 6-TS1+.  and OPI 6-TS2+.. Thus, theory predicts (i) 

the activation energy for hopping should be higher for the CB-OPI 6+. wires than for OPI 

6+.; (ii) that the activation energy should depend on the position of cyclohexyl spacer in the 

molecular wire (although it is important to recall that these are zero-bias values) and (iii) 

that the reaction coordinates correspond to C=C and C=N stretches rather than torsional 

vibrations for CB-OPI 6 wires. 

At first glance, these computational results appear to be inconsistent with our 

experimental observations in that they predict a trend in Ea that is opposite to what we 

measure. However, we propose a possible resolution for the discrepancy between measured 

and computed Ea values. As shown in Figure 13, an alternative pathway for the polaron to 

hop is to tunnel through the potential barrier rather than going over it. This process can be 

thermally assisted, but its overall temperature dependence is lower than classical hopping, 

which leads to a smaller apparent (or “effective”) activation energy (Ea’ < Ea). Hence, the 

lower measured activation energies for the CB-OPI 6 wires compared to the computed 

semiclassical values may be an indication of polaron tunneling. Moreover, as is well 
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known, tunneling probability increases along the reaction coordinates having narrower 

barrier widths (i.e., having larger imaginary frequencies for their associated TS 

structures). 84 , 85  Thus, the larger imaginary frequencies for the CB-OPI 6+• wires are 

consistent with a higher propensity for nuclear tunneling contributions to the overall rate. 

We therefore suggest that charge transport in the CB-OPI 6+• wires involves a combination 

of over-barrier polaron hopping and thermally-assisted tunneling. 

There are however a number of additional aspects about the transport mechanism 

that remain unclear at this time. The CB3,5-OPI 6 wire results illustrate this well. 

Computation suggests the central aromatic ring between the two cyclohexyl spacers plays 

no role in the transport. However, if that is the case, then a polaron must hop (tunnel) across 

two cyclohexyls and the phenyl ring to traverse the wire and that jump is roughly 3 times 

further than the hop across the single cyclohexyl in CB3-OPI 6 or CB5-OPI 6. Given the 

general exponential dependence of tunneling on length, one might anticipate a very large 

increase in resistance of the CB3,5-OPI 6 wire relative to CB3-OPI 6 or CB5-OPI 6. Yet, 

the increase in resistance is only a factor of 4. Thus, the picture of transport in CB3,5 or 

any of the other wires, for that matter, is not fully resolved. 

Another consideration is the role of intermolecular interactions. Polarons could 

potentially be stabilized by delocalization onto adjacent molecules. The DFT calculations 

considered only isolated wires. Further work will aim to address intermolecular effects 

both computationally and experimentally. 

Despite these uncertainties, there are clear opportunities to gain a better 

understanding of intramolecular polaron transport over truly microscopic length scales 
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(nanometers) by combining molecular synthesis, nanotransport measurements, and 

quantum chemical calculations. Future work with isotopically labeled sub-units may help 

clarify the importance of the nuclear tunneling contribution. The combination of theory 

and experiment like that described here offers promising opportunities for further 

understanding the details of microscopic charge transport mechanisms in conjugated 

molecules. 

3.3 Effect of Isotopic Substitution on Thermally Activated 

Polaron Tunneling 

Polaronic tunneling rate can be affected by isotopically substituting different atoms 

in the molecular wires. Now, it is important to determine which atom should be substituted 

to obtain maximum change in the polaron tunneling rate. Such information can be obtained 

from the imaginary frequency of the transition state involved. Probability of tunneling will 

decrease as isotope substitution will increase the effective mass of the polaron. This will 

increase the effective activation energy for polaron transport (Figure 19) as probability of 

semiclassical hopping will increase. 

 

Figure 19. Effect of isotopic substitution on thermally activated tunneling barrier. 



 

58 
 

Since the length of polaronic tunneling is longest for CB3,5-OPI 6 wire, we would 

expect CB3,5-OPI 6 to show maximum change in the activation energy barrier upon 

substitution. Since the imaginary frequency related to the polaron transport process in 

CB3,5-OPI 6 wire involves C=N stretching motions, most effective isotopic substitution 

would be to substitute atoms involved in that frequency with higher isotopes. 

 

Figure 20. Proposed isotopic substitution to get maximum reduction in the imaginary 

frequency at the transition state. 

 

Table 6. Effect of isotopic substitution proposed in figure 20.  

Molecular wire Imaginary frequency 

without substitution 

Imaginary frequency after 

substitution 

(percentage change) 

CB3,5-OPI 6 531 cm-1 505 cm-1 (4.9%) 

 

Isotopically substituted molecular wire presented in Figure 20 shows ~4.9% (Table 

6) change in the imaginary frequency related to TS. Obviously the question is if the current 

temperature dependent resistance study can detect 5% change in the imaginary frequency. 

Further improvement in experimental measurement techniques might be required to detect 

polaron tunneling mechanism in conjugation broken molecular wires.  
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4.1 Introduction 

One of the earliest wave function theory approximation methods to be developed 

was HF theory31, in which the electronic wave function of the system is represented by a 

single Slater determinant, and every electron is considered to be moving in an average field 

of all the other electrons and the nuclei; this is an example of a mean-field approximation. 

In electronic structure theory, a configuration is a specific way to assign electrons to 

orbitals or sometimes to spin-orbitals. A CSF is a many-electron trial wave function 

corresponding to a single configuration that has a definite spin symmetry, and sometimes 

it is also constrained to have a desired point group symmetry. A Hartree-Fock calculation 

consists in the variational optimization of the orbitals of a single CSF; in the case of closed-

shell singlet, this would be a single Slater determinant. To include electron correlation in 

WFT, one must consider a superposition of CSFs. Standard approaches for doing this are 

the configuration interaction (CI) method, perturbation theory (PT, e.g., Møller-Plesset 

second-order perturbation theory)86, and coupled cluster87 methods, each of which has 

many variants. 

Correlation effects often can be divided into two types of interactions88: (i) static 

correlation, also called nondynamic correlation or left-right correlation 89 , 90  and (ii) 

dynamic correlation, also called dynamical correlation. Although it is practically 

impossible to differentiate these kinds of correlations in a quantitative way, their origin is 

different in nature. Static correlation arises from the near degeneracy of several 

configurations. In such cases, e.g., the singlet ground state of dissociated H2, a single Slater 

determinant is inadequate to represent the wave function of the system accurately. Dynamic 

correlation on the other hand arises from the tendency of electrons to avoid one another at 
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short distances to minimize repulsion or due to their correlated motion at long distances 

leading to dispersion and dispersion-like forces. 

In KS-DFT, as in HF theory, electrons are treated as formally independent particles 

in the mean field of all other electrons but electron correlation is now included by virtue of 

an extra energy term calculated as a functional of the density called the exchange-

correlation (XC) functional. Kohn and Sham calculated the kinetic energy and the classical 

Coulomb energy from a Slater determinant and approximated rest of the energy (correction 

to the kinetic energy, entire exchange energy, and entire correlation energy) by a density 

functional. KS-DFT would be an exact theory if one used an exact XC functional, but it is 

unknown and probably unknowable. (Note that the classical Coulomb energy depends only 

on the density and for an atom or molecule in a field-free environment, it equals the sum 

of the attractive electron interactions with the nucleus or nuclei and the repulsive electron-

electron interactions, with the latter calculated by classical electrostatics). Many 

approximate XC functionals have been proposed. In spite of the less expensive nature of 

KS-DFT compared to most of the wave-function-based methods, it is still a single-

configuration theory. Thus, even though density functionals are very efficient in recovering 

dynamic correlation energy for many systems, and they can also recover some static 

correlation energy (one might prefer to say that they avoid some static correlation error), 

they are unable to treat near degeneracies in a system in a natural way. Furthermore, they 

require time-dependent methods for practical calculations on excited states. 91,92,93,94 

Ground and excited state charge transfer processes are especially challenging for 

the conventional KS-DFT exchange-correlation functionals. Most of the local functionals 

predict over delocalization due to the presence of self-interaction error (SIE). Hybrid 
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functionals can solve this problem. However, the amount of exact exchange required for 

accurate prediction of charge transfer properties can be systematic and state specific. Wave 

function based methods do not suffer from SIE. However, to accurately predict ground and 

excited charge transfer properties, a method must be able to model both static and dynamic 

correlation properly. Methods like CASPT2 that accurately takes into account both static 

and dynamic correlation are computationally expensive and can only be applied to small 

and medium size systems. 

Thus, charge transfer processes are perfect examples where a method that can 

combine benefits of both KS-DFT and WFT methods, will be useful. Several attempts have 

been done in this regard for a long time. Multiconfiguration pair-density functional theory 

is one of the possible ways of addressing this problem 

4.2 Multiconfiguration Pair-density Functional Theory 

Gagliardi and Truhlar exploited the idea of using pair-density functional to recover 

missing dynamic correlation in MCSCF wave function.95 In their approach, instead of 

combining MCSCF energy with DFT energy only kinetic energy and multireference wave 

function from MCSCF is used. This new approach is named multiconfiguration pair-

density functional theory (MC-PDFT)95. One feature of KS-DFT is that the variational 

optimization of the XC functional for open-shell systems involves separately optimizing 

the orbitals in the alpha and beta spaces, which leads to broken-symmetry solutions that 

are not spin eigenfunctions. This arises due to the fundamental quantities that are used with 

standard KS-DFT, namely, spin-up (𝜌𝛼) and spin-down (𝜌𝛽) densities and their gradients, 

which may not be appropriate variables if one wants to obtain the correct spatial and spin 
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symmetries for a system. Instead of using spin-labeled densities one could also use the total 

density, ρ(r), given by 

𝜌(𝑟) = 𝜌𝛼(𝑟) + 𝜌𝛽(𝑟)  (40) 

The spin magnetization density, m(r), given by  

𝑚(𝑟) = 𝜌𝛼(𝑟) − 𝜌𝛽(𝑟)    (41) 

and the spin polarization is given by, 

𝜉(𝑟) =
𝑚(𝑟)

𝜌(𝑟)
    (42) 

But all of these may not be appropriate variables if one wants to impose the correct 

spin symmetry. Therefore, it was suggested to use 𝜌 and 𝛱 as fundamental variables for 

density functionals, where 𝛱 represents on-top two-particle density at a point r in space. 

The resulting density functional theory that is based on 𝜌  and 𝛱  is called on-top pair 

density functional theory (PDFT).96-99   

Gagliardi and Truhlar proposed a scheme to translate a standard spin-polarized 

KS-DFT, which is expressed in terms of 𝜌 and m and the magnitudes of their gradients, 

𝜌′(= |∇𝜌|) and 𝑚′(= |∇𝑚|),  into pair-density functional, which is expressed in terms of  

𝜌, 𝜌, and 𝛱. The spin magnetization density, 𝑚(𝑟), can be expressed in terms of  𝜌 and 𝛱 

as follows:  

𝑚(𝒓) =  𝜌(𝒓)√1 − 𝑅(𝒓)   (43)   

where 
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𝑅(𝒓) =  
4Π(𝒓)

𝜌(𝒓)2     (44)    

For a single-configuration wave function, R ≤ 1 at all points in space, while for a 

multiconfiguration wave function R can be greater than one. To avoid imaginary quantities 

in multireference case, in regions where 𝑅 > 1, m and m’ are set equal to zero. So, for a 

given 𝐸𝑥𝑐(𝜌, 𝜌́, 𝑚, 𝑚́) , the on-top functional can be written as, 

𝐸ot(𝜌, Π) =  𝐸𝑥𝑐 (𝜌(𝒓), { 𝜌(𝒓)√1−𝑅(𝒓) for 𝑅 ≤1

0                            for 𝑅>1 
} , 𝜌′(𝒓), { 𝜌′(𝒓)√1−𝑅(𝒓)for 𝑅 ≤1

0                            for 𝑅>1 
})    (45)  

Several functionals are used for these translation – translated forms of PBE, BLYP, 

revPBE were named tPBE, tBLYP, and trevPBE, respectively. 

Now, they also made modification to total CASSCF energy equation to avoid 

double counting of electron correlation. The CASSCF total energy can be written as, 

𝐸𝐶𝐴𝑆𝑆𝐶𝐹 = 𝑉𝑛𝑛 + 2 ∑ ℎ𝑖𝑖𝑖 + ∑ (2𝑔𝑖𝑖𝑗𝑗 − 𝑔𝑖𝑗𝑖𝑗)𝑖𝑗 + ∑ ℎ𝜐𝑤𝐷𝜐𝑤𝜐𝑤 + ∑ (2𝑔𝑖𝑖𝜐𝑤 −𝑖𝑗

                      𝑔𝑖𝜐𝑖𝑤) 𝐷𝜐𝑤 +
1

2
∑ 𝑔𝜐𝑤𝑥𝑦𝜐𝑤𝑥𝑦 𝑑𝜐𝑤𝑥𝑦                                                          (46)  

where 𝑉𝑛𝑛  is nuclear repulsion energy, g and h are two– and one–electron integrals, 

respectively, D and d are the one and two-electron density matrices, respectively. Indices 

i, j denote inactive orbitals, whereas υ, w, x, and y denote active orbital. In MC-PDFT total 

energy, exchange integrals are removed and two electron density matrices are written as a 

product of one-electron density matrices. It is done to remove all the exchange and dynamic 

correlation contribution from MCSCF energy, which is recovered using 𝐸ot(𝜌, Π). The 

MC-PDFT total energy can be written as, 
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𝐸𝑀𝐶−𝑃𝐷𝐹𝑇 = 𝑉𝑛𝑛 + 2 ∑ ℎ𝑖𝑖

𝑖

+ 2 ∑ 𝑔𝑖𝑖𝑗𝑗

𝑖𝑗

+ ∑ ℎ𝜐𝑤𝐷𝜐𝑤

𝜐𝑤

+ 2 ∑ 𝑔𝑖𝑖𝜐𝑤

𝑖𝑗

𝐷𝜐𝑤

+
1

2
∑ 𝑔𝜐𝑤𝑥𝑦

𝜐𝑤𝑥𝑦

𝐷𝜐𝑤𝐷𝑥𝑦 + 𝐸𝑜𝑡[𝜌, Π]                                            (47) 

The GGA that has been most extensively tested for translation is PBE, and is 

labeled as tPBE. To remove the discontinuity at R >1 fully translated gradient 

approximation was developed. Functionals with these translations are called ‘ft’ 

functionals.100  

The cost of an MC-PDFT calculation is dominated by the cost of an MCSCF 

calculation. The timing and memory requirements of CASPT2 and MC-PDFT were 

compared with respect to system size. While CASPT2 has larger memory and time 

requirements, MCPDFT is similar to CASSCF in this regard for the same system size.  

Here we have tested the performance of MC-PDFT for charge transfer excited states and 

strongly correlated organic systems. 

4.3 Inter- and Intra-Molecular Charge Transfer Excited States 

4.3.1 Computational Details 

CASSCF calculations variationally optimized for the energy averaged over N states 

will be called SA(N)-CASSCF. All CASSCF, CASPT2, and MC-PDFT calculations are 

done nonrelativistically in a locally modified version of Molcas101. Reasonable active 

spaces are chosen for calculations, and they are specified in footnotes to the tables, in which 

the active space for a particular calculation is labeled as (m,n) where m is the number of 

electrons in the active space, and n is number of active orbitals. In all cases the same active 
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space is used for CASSCF, CASPT2, and MC-PDFT calculations on a given system. All 

CASPT2 calculations were performed with the standard imaginary shift102 of 5.44 eV and 

the default IPEA shift103 of 6.80 eV.  

All KS-DFT calculations are done using the Gaussian 09 software, and the EOM-

CCSD 104 , 105  and δ-CR-EOMCC(2,3),A 106  calculations are done using the GAMESS 

software package with the 2013 patch.  

4.3.2 Charge transfer Excitations 

Excitation energies obtained in this section are compared with both with KS-DFT 

and with high-level wave function calculations (EOM-CCSD, SAC-CI, δ-CR-

EOMCC(2,3),A, or MS-CASPT2) or experiments .  

At long range, a charge transfer excitation energy should follow the asymptotic 

equation 

      (48)  

where IPD is  the ionization potential of the donor, EAA is the electron affinity of the 

acceptor, and R is the distance between the donor and acceptor centres. Equation 48 is 

equally applicable to singlet and triplet charge transfer excitation energies. 

Inter-molecular charge transfer excitation for H2NH…HNO2 system 

First, we consider charge transfer excitation energies and their behaviour with 

increasing distance R between the donor nitrogen atom and acceptor nitrogen atom for the 

H2NH…HNO2 system that was suggested as a prototype singlet intermolecular charge 

transfer system by Song and Hirao.107 For comparison, we calculated the excitation energy 

wCT (R) ~
R®¥ IPD +EAA -

1

R
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by EOM-CCSD and MS-CASPT2 at all distances.108  The results are in Table 7 and Figure 

21.  

Table 7. Excitation energies (eV) of the 1A1 charge transfer excited state of NH3•••HNO2
a  

Distance 

(Å) 

SA- 

CASSCF 
PBEb   

 

PBE0b   ωB97Xb   CAM-

B3LYPb  

EOM-

CCSD 

tPBE MS- 

CASPT2 

 

3.6772 6.05 2.21 3.94 6.24 5.23 7.51 7.49 7.10 

6.1133 7.16 1.85 3.90 7.18 5.70 8.58 8.59 8.22 

8.5632 7.69 1.78 3.97 7.71 6.01 9.15 9.16 8.75 

11.0156 8.01 1.75 4.03 8.03 6.21 9.47 9.49 9.13 

13.4708 8.22 1.74 4.07 8.24 6.34 9.68 9.71 9.35 

15.9272 8.37 1.73 4.10 8.39 6.44 9.83 9.86 9.51 

18.3868 8.48 1.73 4.13 8.51 6.51 9.95 9.97 9.62 

23.3034 8.64 1.72 4.16 8.66 6.61 10.10 10.06 9.77 

25.7630 8.70 1.72 4.18 8.72 6.65 10.16 10.11 9.83 

MUEc  1.06 7.47 5.15 1.04 2.91 0.39 0.40 NAd  

aAll calculations are done with the jul-cc-pVTZ basis set. All geometries are obtained from 

ref. 107. The active space for SA-CASSCF, MS-CASPT2, and tPBE is (2,2). For SA-

CASSCF, MS-CASPT2 and tPBE, the calculations of ground and excited-state energies 

are obtained by averaging over two states.  

bLR-TDDFT is used to calculate excitation energies for PBE, PBE0, ωB97X, and CAM-

B3LYP. 

cThe MUE is computed with respect to δ-CR-EOMCC(2,3),A at the three smallest 

distances108 and with respect to MS-CASPT2 at other distances. 

dNA denotes not applicable (see text). 
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Figure 21. Distance dependence of 1A1 charge transfer excitation energies for the 

NH3•••HNO2. Note that the tPBE curve is visually indistinguishable from EOM-CCSD. 

 

Other than PBE, all the methods in Table 7 predict an increase of excitation energy 

with the intermolecular distance, as expected from equation 48. Although PBE0 with 25% 

Hartee-Fock exchange predicts an excitation energy that increases with R, it severely 

underestimates excitation energies and the rate of increase of the excitation energy. We 

also note the large MUEs of the long-range-corrected exchange-correlation functionals. 

First consider CAM-B3LYP; this exchange-correlation functional has 65% Hartree-Fock 

nonlocal exchange in the large-R limit. Even though it does not have 100% Hartree-Fock 

nonlocal exchange at long range, it was developed specifically to improve performance for 

charge transfer excitations, and it performs reasonably well for some charge transfer 

transitions with intermediate spatial overlap (sometimes even outperforming functionals 

with 100% Hartree-Fock exchange at large interelectronic separation) but it is not very 

accurate for this case of charge transfer between systems whose electron density does not 

significantly overlap. Next consider B97X109; this exchange-correlation functional has 
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100% Hartree-Fock nonlocal exchange in the large-R limit. The unsatisfactory 

performance of even this method illustrates that even exchange-correlation functionals 

designed to have improved long-range behaviour do not solve the long-range 

intermolecular charge transfer excitation energy problem. Therefore, simply adding full 

Hartree-Fock exchange at long range is not a satisfactory solution of the problem. In this 

light, the outstanding performance of the MC-PDFT method with the gradient 

approximation tPBE for the on-top density functional is very encouraging because this 

energy is computed with no nonlocal exchange or correlation in the energy expression and 

has an MUE that is as good as EOM-CCSD. Furthermore, unlike MS-CASPT2, MC-PDFT 

does not require an empirical IPEA shift, and the cost, memory requirements, and 

computational scaling are all much more affordable.  

The EOM-CCSD calculation is in general even more expensive than MS-CASPT2. 

One interesting and somewhat unexpected result in Table 3 is the way that tPBE and EOM-

CCSD track one another. In fact, they have a mean unsigned deviation from one another 

of only 0.04 eV over the whole range of R. 

Triplet charge-transfer excitation energy of ethylene–tetrafluoroethylene dimer 

Next, we consider the lowest triplet charge transfer excitation energy (3B2) for the 

C2H4
…C2F4 system, again as a function of increasing intermolecular distance.108 The 

absolute excitation energies at large R differ because the different methods predict different 

ionization energies for C2F4 and different electron affinities for C2H4, so we draw 

conclusions on the basis of the R dependence. According to equation 48, the excitation 

energy should increase as 1/R in the long-range region where the subsystem charge clouds 

do not overlap. We define  as the increase in the excitation energy over the region from 
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R = 9 Å to R = 15 Å. Assuming that both of these distances are in the nonoverlapping 

region, equation 48 leads to the expectation that  = 0.64 eV. Table 4 gives our computed 

excitations in this case, and the last row of the table gives .  

Table 8. Excitation energies (in eV) for the C2F4
…C2H4  

3B2 state.a  

Distance 

(Å) 

SA-

CASSCF 

MS-

CASPT2 

tPBE PBEb PBE0b ωB97Xb CAM-

B3LYPb 

5 12.68 9.85 10.71 5.04 6.72 9.05 7.20 

6 13.23 10.35 11.25 5.10 6.91 9.90 8.45 

7 13.59 10.68 11.61 5.13 7.15 10.18 8.63 

8 13.93 10.91 11.88 5.15 7.20 10.42 9.05 

9 14.13 11.10 12.08 5.16 7.26 10.61 9.19 

10 14.29 11.26 12.24 5.16 7.30 10.76 9.28 

11 14.43 11.39 12.38 5.17 7.34 10.89 9.34 

12 14.54 11.50 12.49 5.17 7.37 11.00 9.42 

13 14.63 11.59 12.58 5.17 7.39 11.09 9.48 

14 14.72 11.67 12.66 5.17 7.42 11.17 9.53 

15 14.78 11.74 12.73 5.17 7.42 11.24 9.57 

 0.65 0.64 0.65 0.01 0.26 0.63 0.38 
        

aAll calculations are done using the aug-cc-pVDZ basis set.  The SA-CASSCF, MS-

CASPT2, and tPBE calculations are done with a (4,4) active space. For SA-CASSCF, MS-

CASPT2, and tPBE, the ground-state energies are calculated from single-state calculations, 

and the excited states are calculated by averaging over four triplet states. The active space 

includes the π and π* orbitals of C2H4 and C2F4.  

bLR-TDDFT is used to calculate excitation energies for PBE, PBE0, ωB97X, and CAM-

B3LYP. 

c is the difference in excitation energies att R = 9 and 15 Å; the reference value of  is 

0.64 eV. 

 

In Table 8, CASSCF, CASPT2, and tPBE all have the correct long-range behavior, 

with  close to 0.64 eV. On the other hand, both PBE and PBE0 seriously underestimate 

the excitation energies and show the wrong long-range dependence as functions of R.  

Although tPBE overestimates the excitation energy at , it is a huge improvement 

over PBE, PBE0, and CASSCF.  The table shows that it is even better than CAM-B3LYP 

for the excitation energy in the large-R limit, although in this triplet case the B97X 

R
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functional, with 100% Hartree-Fock nonlocal exchange at large R, is in much better 

agreement with MS-CASPT2 value of the large-R limit of the excitation energy. 

Triplet charge transfer excitation energy for NH3
…F2 at 6 Å 

Table 9 shows excitation energies for the lowest charge transfer excited state, the 

3A1 state, in NH3
…F2 system at an intermolecular distance of 6 Å.108 The trends presented 

in Table 9 are similar to those already discussed with regards to Table 7 and 8, our 

conclusions are qualitatively the same whether we use CASPT2 or SAC-CI as the reference 

value. In particular, all the density functionals except tPBE underestimate the excitation 

energy by more than 1 eV; tPBE is too low compared to SAC-CI and too high compard to 

CASPT2. In fact, tPBE, even outperforms the long-range-corrected functionals (B97X 

and CAM-B3LYP). 

Table 9. Excitation energy E (in eV) for lowest charge transfer excited state (3A1) of 

NH3
…F2 at a separation distance of 6 Å.a  

 CASSCF CASPT2 tPBE PBEb  PBE0b  ωB97Xb  CAM-

B3LYPb  

SAC-

CI 

E  7.58 7.66 8.32 0.12 2.83 6.20 4.65 9.46 

aAll calculations are done using the 6-31+G** basis set. CASSCF, CASPT2, MCPDFT 

calculations are done with a (2,5) active space. For CASSCF, CASPT2 and tPBE, the 

excited-state and ground-state energies are obtained from single-state calculations.  

bLR-TDDFT is used for calculating E.  

 

Singlet charge-transfer excitation energy of benzene (B) and tetracyanoethylene 

(TCNE), dimer 

Table 10 shows excitation energies for lowest charge transfer excited state in a 

donor-accepter complex of benzene (B) and tetracyanoethylene (TCNE).110 As we saw in 



 

72 
 

other systems tPBE performs better than the parent functional PBE and hybrid functional 

PBE0. 

Table 10. Excitation energy E (in eV) for lowest charge transfer excited state (1A1) of 

B-TCNE.a  

 CASSCF CASPT2 tPBE PBEb PBE0b Ref 

E 4.48 3.84 3.63 1.35 2.08 3.59 

aAll calculations are done using the 6-31+G** basis set. CASSCF, CASPT2, MCPDFT 

calculations are done with a (2,5) active space. For CASSCF, CASPT2 and tPBE, the 

excited-state and ground-state energies are obtained from single-state calculations.  

bLR-TDDFT is used for calculating E. 

Intramolecular charge transfer excitations in p-nitroaniline (pNA) and 

4-(dimethylamino)benzonitrile (DMABN) 

Table 11 shows excitation energies for lowest intramolecular charge transfer states 

for pNA and DMABN.110 In case of intramolecular charge transfer error for conventional 

XC functional has less error than intermolecular charge transfer as reported in table 7, 8, 9 

and 10.  

Table 11. Excitation energy E (in eV) for lowest charge transfer excited state (1A1) of 

pNA and DMABN.a  

 Active Space CASSCF CASPT2 tPBE PBEb PBE0b Ref 

pNA SA(3)-(12,12) 6.09 4.62 3.92 3.55 4.16 4.30 

DMABN SA(3)-(12,12) 6.18 4.87 4.28 4.36 4.77 4.57 

  aAll calculations are done using the 6-31+G** basis set. For CASSCF, CASPT2 and 

tPBE, the excited-state and ground-state energies are obtained from single-state 

calculations.  

bLR-TDDFT is used for calculating E. 
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4.4 Generalized-Active-Space Pair-Density Functional Theory  

4.4.1 Strongly Correlated Conjugated Organic Molecules 

Open-shell organic systems are important in several areas of chemical science 

including magnetism111-113, photovoltaic materials114, photochemistry and light-powered 

devices such as switching and sensing devices112,115.However, studying their electronic 

structure is challenging because they often exhibit strong electron-correlation, i.e., their 

electronic structure is strongly multiconfigurational due to near-degeneracy correlation, 

often called static correlation (systems of this type will be called multireference systems, 

and those without strong static correlation will be called single-reference systems). 

Quantitative treatments of open-shell systems require one to describe not only static 

correlation but also dynamic correlation. Organic molecules with open-shell singlet 

character are prime examples of strongly correlated systems. Oligoacenes (compounds 

consisting of several linearly fused benzene rings; see Figure 22) have singlet ground states 

that develop increasing open-shell character with increasing length and are considered as 

prime test cases to study the performance of electronic structure methods for open-shell 

systems. 116 - 129  These open-shell singlets may be considered to be diradicals for 

oligoacenes of moderate length, and polyradicals for still longer ones, with about two 

unpaired (or significantly partially unpaired) spins (one , one ) for each five or so rings. 

In the last few decades, oligoacenes and their derivatives have also become of great interest 

for applications due to their charge transport properties, complex excited state dynamics, 

and electronic structure. 
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Figure 22. n-Acene series. 

An excellent overview of the electronic structure of oligoacenes and a review of the 

various theoretical treatments up to 2010 has been provided by Bettinger.130 Angliker et al. 

extrapolated available experimental UV-vis data and predicted all oligoacenes beyond 

nonacene to have a triplet ground state. 131  This was supported by initial KS-DFT 

calculations that considered only closed-shell singlet states132, but when open-shell singlet 

states were considered employing a broken-symmetry formalism, KS-DFT calculations 

predicted singlet diradical states as ground states for oligoacens beyond 

pentacen. 133 Several electronic structure calculations including density matrix 

renormalization group (DMRG) calculations with a Pariser-Parr-Pople (PPP) 

Hamiltonian134 and with an ab-initio Hamiltonian116, two electron reduced density matrix 

(vRDM) calculations118, coupled cluster calculations119,120 also predicted all acenes up to 

dodecacene to have a singlet ground state, i.e., the diradicals and polyradicals are 

antiferromagnetically coupled. More recently Ibeji and Ghosh employed spin–flip methods 

to compute the ST gaps of oligoacenes and through extrapolation of their data, they have 

shown that there is no singlet-triplet crossover for infinite chain acenes.125  

Diradicals and polyradicals are strongly correlated, and one of the reasons behind 

these differences in the prediction of the spin ground state of long oligoacenes is that there 

have been no electronic structure methods that can reliably treat systems that are both 
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strongly correlated and large. The KS-DFT method is affordable for large systems, and it 

represents open-shell singlets using broken-symmetry Slater determinants with electron 

spin component MS equal to 0 and having two (or more) unpaired electrons with opposite 

spins in different molecular orbitals. These broken-symmetry states are a mixture of a 

singlet and a triplet state; if one were able to use the exact XC functional, KS-DFT could 

give the exact results for the singlet using this broken-symmetry solution, but available 

approximate functionals tend to give an energy between that of the singlet and triplet. 

Although several methods have been advanced to extract the singlet state energy using the 

broken-symmetry solution and although they are sometimes successful, they are not 

reliable. 

An alternative with greater prospects for success in treating multireference systems 

is a method that adds dynamical correlation to a multiconfiguration self-consistent field 

(MCSCF) wave function that has the correct spin symmetry and is variationally optimized 

for both the orbitals used in the configuration state functions (CSFs) and the coefficients 

of the CSFs in a configuration interaction expansion of the wave function. There are several 

possible ways to choose the configurations in the CI expansion to try to balance accuracy 

(which can demand a large number of configurations) and affordability (which can demand 

a smaller number). Many of these are best explained by first considering the complete 

active space self-consistent field (CASSCF) method, which is a special case of MCSCF in 

which a full configuration interaction expansion (i.e., one including all possible ways to 

assign the electrons to orbitals) of the wave function is constructed over a specified active 

space of n electrons and m orbitals with all the other orbitals either doubly occupied or 

vacant. However, the number of CSFs in this full-CI-within-a-window wave function 
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increases exponentially with the active-space size and this approach already reaches its 

limit for closed-shell singlets when n = 18 and m = 18 and for open-shell states with similar 

n and m (depending on the state). This means that CASSCF calculations including all 

oligoacene valence- orbitals in the active space are possible for at most up to tetracene. 

Therefore methods like the generalized active space SCF (GASSCF) 135,136
, the restricted 

active space SCF (RASSCF) 137 - 140 , the occupation restricted multiple active space 

(ORMAS)141, and split-GAS142 have been developed to remove many of the less important 

CSFs from the full CI. For example, in the GASSCF model, the active orbitals are placed 

into distinct subspaces, and accumulated minimum and maximum electron occupation 

numbers are applied to each subspace. Within a subspace, one includes all possible spin- 

and symmetry-adapted CSFs that can be constructed with this occupation number 

constraint plus, optionally, a restricted set of intersubspace excitations. This allows larger 

active spaces (larger n and m) than one can treat with CASSCF, while keeping the numbers 

of CFSs affordable. 

Since a MCSCF calculation includes only a small fraction of the dynamic 

correlation, one must include the remaining dynamic correlation, which is necessary for 

chemical accuracy, by a post-SCF step.  Until recently, the most affordable method that 

uses an MCSCF wave function as a reference for adding dynamic correlation in a post-

SCF step has been complete active space second order perturbation theory (CASPT2) or 

restricted active space second order perturbation theory (RASPT2). Recently, the 

capability has been developed to also carry out GASPT2 calculations, although with the 

approximation that excitations into the orthogonal complement of the GAS space in the 

CAS space are omitted from the perturbed wave function. For this reason, the GASPT2 
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results presented in the following have only a subset of the second-order terms. However, 

it is still useful to report the GASPT2 results, because they are the only affordable 

calculations that one can perform at present using a perturbation treatment on top of a 

GASSCF wave function. Although these PT2 methods are capable of providing high 

accuracy, they are not suitable for large systems due to the rapid increase of computational 

cost and memory requirements. 

As an alternative, MC-PDFT can also be used to recover dynamic correlation. In 

general, any method that generates a two-body density matrix can be used as an MC-PDFT 

reference, although so far applications have been limited to using CASSCF and GASSCF 

wave functions, for which one may view MC-PDFT as a post-MCSCF method. For 

calculations based on GASSCF, a special case of GASSCF called the separated pair (SP) 

approximation has been defined and proven to be successful. SP is the special case in which 

no more than two orbitals are included in any GAS subspace and in which inter-subspace 

excitations are excluded. The SP approximation typically leads to far fewer configurations 

than CASSCF for the same n and m, and it has been successful for ground-state 

calculations. For excitation energies in the present paper, we explore alternative GASSCF 

partitions based on frontier orbitals. 

MC-PDFT using CASSCF or GASSCF reference wave functions have been tested 

only for small systems. In the present study143, we employed MC-PDFT to compute the 

singlet-triplet energy difference for oligoacenes ranging in length from napthalene to 

dodecacene. A reasonable choice of active space for a π-conjugated system is an 

unabridged valence-π active space, with each occupied orbital having a correlating orbital, 

but a CASSCF with this active space reaches its limit at tetracene (18 electrons in 18 
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orbitals). On the other hand, within the GASSCF formalism, active spaces as large as 50 

electrons in 50 orbitals can be employed. We here test the performance of MC-PDFT for 

various GASSCF wave functions with the aim of providing a general prescription on how 

to perform MC-PDFT calculations on large π-conjugated systems. 

4.4.2 Computational Methods   

The geometries of the oligoacenes for both the singlet and triplet states were 

optimized using the B3LYP exchange-correlation functional and the 6-31G(d,p) basis set. 

For comparison with the present MC-PDFT calculations, we also carried out KS-DFT 

calculations with the 6-31+G(d,p) basis set with the PBE0 exchange-correlation functional 

as well as with the PBE one on which both PBE0 and tPBE are based. All KS-DFT 

calculations were performed with the unrestricted broken-symmetry approach using 

Gaussian 09.  

All CASPT2 and GASPT2 calculations were performed using the standard 

empirical IPEA shift value of 6.80 eV (0.25 a.u.) and an imaginary shift of 5.44 eV (0.2 

a.u.). All MC-PDFT calculations were performed with the tPBE on-top functional. The 6-

31+G(d,p) basis set was used for the CASSCF, GASSCF, CASPT2, GASPT2, and tPBE 

calculations. For all these calculations, Cholesky decomposition via resolution of the 

identity, was used to facilitate the computation of the two-electron integrals. All CASSCF, 

GASSCF, CASPT2, GASPT2, and tPBE calculations were performed in a locally modified 

version of Molcas 8.1. 

Oligoacenes ranging from naphthalene (n-acene with n = 2) to dodecacene (n-acene 

with n = 12) were investigated. All calculations were performed by imposing D2h 
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symmetry. In this point group, all singlet states considered belong to 1Ag irreducible 

representation, and the triplet states belong to the 3B3u irreducible representation. Adiabatic 

singlet–triplet energy gaps were determined as electronic energy differences between the 

energies calculated at the respective optimized geometries of the singlet ground state and 

the triplet state, whereas the vertical ST gaps are calculated at the optimized singlet 

geometries. To calculate ST gaps for infinite chain acenes for tPBE, we have fitted our data 

to an exponential decay of the form 𝑎 + 𝑏 𝑒𝑥𝑝 (−𝑐𝑥) as done in reference 125. 

Several CASSCF and GASSCF active space choices were tested, as discussed next. 

CASSCF active space choices: For the CASSCF calculations, we use the notation 

CAS(n,m) where n is the number of active electrons, and m is the number of orbitals in the 

active space. In the paper, we report the performance of MC-PDFT and CASPT2 for a 

minimal active space, i.e., CAS(2,2).  

GASSCF active spaces: All GASSCF active spaces include all valence π orbitals in the 

active space, but four GASSCF partitions are examined in which different choices are made 

for the accumulated minimum and maximum electron occupation numbers (Figure 24). 

Frontier partition with one set of interspace excitations (FP-1): In this partiton, GAS1 

includes the HOMO and LUMO orbitals, GAS2 includes all other occupied π orbitals, and 

GAS3 include all unoccupied π* orbitals. Single and double excitations are allowed within 

GAS1. Moreover, single and double excitations are allowed from GAS2 to GAS3, and no 

excitations are allowed in or out of GAS1. 

Double-frontier partition with one set of interspace excitations (DFP-1): In this partition, 

GAS1 includes the HOMO and LUMO orbitals, GAS2 includes the HOMO-1 and 
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LUMO+1 orbitals, GAS3 includes all the other occupied π orbitals, and GAS4 includes all 

the remaining unoccupied π* orbitals. In this case, single and double excitations are 

allowed within GAS1 and within GAS2; no intersubspace excitations are allowed for 

GAS1 and GAS2; single and double excitations are allowed from GAS3 to GAS4. 

Wide-frontier partition with one set of interspace excitations (WFP-1): In this partition, 

GAS1 includes the HOMO, LUMO, HOMO-1, and LUMO+1 orbitals, GAS2 includes all 

the other occupied π orbitals and GAS3 include all the other unoccupied π* orbitals. Thus, 

GAS1 has four orbitals, and GAS2 and GAS3 each have (n  4)/2 orbitals, where n is the 

number of valence π orbitals (n equals the number of carbon atoms in the oligoacene). All 

excitations are allowed within GAS1; single and double excitations are allowed from 

GAS2 to GAS3 and no intersubspace excitations are allowed for GAS1. 

Wide-frontier partition with three sets of interspace excitations (WFP-3): In this partition, 

labelling of GAS1 and GAS2 are switched with respect to the WFP-1 case, and GAS3 

remains the same, but now single and double excitations are allowed from GAS1 to GAS2, 

GAS1 to GAS3, and GAS2 to GAS3. The minimum and maximum number of electrons in 

GAS1 are n  6 and n  4, respectively; and the  minimum and maximum numbers of 

electrons in GAS1+GAS2 are n  2 and n  respectively (so the maximum excitations into 

GAS3 is 2). All excitations are allowed within GAS2. 
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Figure 23. Pictorial representations of different generalized active space partitions for 

tetracene: (i) FP-1, (ii) DFP-1, (iii) WFP-1, and (iv) WFP-3. Reproduced from reference 

143 – published by The Royal Society of Chemistry.    

  

4.4.3 Highest-level available literature estimates and asymptotic limit 

Literature values for vertical and adiabatic ST gaps in oligoacenes from previous 

electronic structure calculations are reported in Table 12. The CCSD(T) values are obtained 

starting from restricted Hartree-Fock reference wave functions. Such CCSD(T) 

calculations become less reliable as oligoacene size increases because of the increasingly 

strongly correlated character. The DMRG values are based on complete active space 

configuration interaction without orbital optimization and with small basis sets, and for 

hexacene and smaller acenes they include three π* orbitals for each π orbital (for octacene 

and larger acenes they use the same active space as used here, i.e., one π* orbital for each 

π orbital, but with the very small STO-3G basis set, and these resuls are not used for 

comparsion here). The vRDM results118 are based on an active space containing all valence 

 electrons (as in some of the present calculations – see below). But neither DMRG nor 
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vRDM attempt to recover all the dynamic correlation energy, which makes the accuracy of  

these results questionable. The multireference Moller-Plesset (MRMP) results for 

anthracene and tetracene are based active spaces with 12 electrons in 12 orbitals where six 

π and six π* orbitals are included.144 Even though MRMP is capable of recovering dynamic 

correlation energy, such calculations with balanced active spaces are not affordable for 

larger acenes. Multireference configuration interaction singles and doubles with correction 

for quadruple and higher excitations (MRCISD+Q)145 results are obtained using reference 

states obtained from complete active space calculations using an active space of 8 electrons 

in 8 orbitals. The +Q correction approximately corrects for the underestimate of dynamic 

correlation energy by MRCISD as it only includes single and double excitations. We take 

the results in the vertical gap column and the average adiabatic gap column as highest-level 

available literature estimates, and in the following we report average absolute deviations 

from these values as mean unsigned deviations (MUDs).  

In reference 125, the authors fit the best estimates of the adiabatic ST gaps to an 

exponential decay of the form 𝑎 + 𝑏 𝑒𝑥𝑝 (−𝑐𝑥), from which the extrapolated ST gaps for 

infinitely long polyacenes are 5.06  kcal mol-1 for the best estimates and 5.37 kcal mol-1 for 

their best spin-flip results. We will compare our long chain ST gap values to the value of 

5.06 kcal mol-1. 
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Table 12. Highest-level available literature estimates from computational studies for 

vertical and adiabatic singlet-triplet energy gaps (kcal/mol) in oligoacenes   

Molecule Vertical gapa Adiabatic gap Average adiabatic gap 

Napthalene 76.0 65.8a
, 63.5b,61.0c,67.3d 64.4f 

Anthracene 56.8  48.2a, 44.8b,44.0c,48.0d,46.1e 46.2f 

Tetracene 40.4 33.5a, 31.9b,31.9c,38.3d,34.8e 34.1f 

Pentacene 31.3 25.3 a,23.3b,23.4c,25.1d 24.3f 

Hexacene 22.8  17.7 a,17.6b,17.5c,21.9d 18.7f 

Heptacene 18.1 13.4 a,13.9b,14.5d 13.9f 

Octacene 13.4  9.2 a,11.5b,13.8d 11.5f 

Nonacene 10.7 10.1b,10.6d 10.4f 

Decacene 8.1 9.0b 9.0 

Undecacene 7.1 9.4b 9.4 

Dodecacene NAg 8.9b 8.9 

Infinite chainh   5.1 

aCCSD(T)/CBS from ref 120, where “CBS” denotes extrapolation to a complete one-

electron basis set. bvRDM/CBS from ref 118. cDMRG/DZ from ref 116.  
d π-MR-CISD+Q/CAS(8,8)/6-31G from ref 145. eMRMP/cc-pVDZ from ref 144.  fAverage 

of the values in adiabatic gap column.  gNot available. hfrom ref 125. 

4.4.4 Results and Discussion 

We first discuss the CASPT2 and tPBE results using the CAS(2,2) active space. 

Both CASPT2 and tPBE predict a singlet ground state for all oligoacenes. From nonacene 

to dodecacene, the vertical ST gap is lower than the adiabatic one, which cannot occur 

physically but it must be recalled that these energy differences are all computed using fixed 

B3LYP geometries (to facilitate comparison with prior predictions), i.e., these are not 

vertical excitation energies for each different theory’s ground-state geometry. This 

inversion of the energy ordering is observed for other active spaces as well, and it would 

be interesting in future work to optimize all geometries at the CASSCF, CASPT2, and 
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tPBE levels; at present, however, this is not technically feasible. In any case, the reported 

MUD is meaningful since all vertical excitation values in the table (both our new 

calculations and the literature values) are computed for the same geometries. 

Table 13. Singlet-triplet energy gap (kcal/mol) for CAS(2,2) active spacea  

Acene CASSCF CASPT2 tPBE 

(CAS-PDFT) 

     Literature 

     valuesb 

 Vert. Ad. Vert. Ad. Vert. Ad. Vert.c  Ad.d  

Naphthalene 86.4 72.2 77.0 68.2 74.5 66.4 76.0 64.4 

Anthracene 61.2 50.2 60.1 51.9 59.6 51.8 56.8 46.2 

Tetracene 46.5 37.5 40.8 34.4 37.2 31.8 40.4 34.1 

Pentacene 37.7 29.6 34.2 28.5 31.3 26.4 31.3 24.3 

Hexacene 25.3 19.4 23.6 19.9 19.7 16.8 22.8 18.7 

Heptacene 18.5 15.3 18.5 17.4 14.2 13.6 18.1 13.9 

Octacene 10.0 7.7 14.0 13.6 9.6 9.7 13.4 11.5 

Nonacene 8.8 6.4 11.3 11.5 5.8 6.6 10.7 10.4 

Decacene 4.7 2.0 10.2 10.4 5.4 6.1 8.1 9.0 

Undecacene 4.8 1.3 8.4 8.8 2.0 3.3 7.1 9.4 

Dodecacene 2.8 -1.6 8.7 9.1 3.5 4.6 NAe  8.9 

MUDf  4.1 5.1 1.3 2.2 3.1 3.0   

aGeometries are optimized using B3LYP/6-31G(d,p) level of theory (with broken-

symmetry solutions). CASSCF, CASPT2, and tPBE calculations are performed using the 

6-31+G(d,p) basis set.  bHighest-level available literature estimates. cCCSD(T)/cc-pV∞Z 

from 120.  dAverage adiabatic gaps from Table 12.  eNot available.  fMean unsigned 

deviation from highest-level available literature estimates. 

Table 13 shows that both CASPT2 and tPBE with the (2,2) CASSCF active space 

agree remarkably well with the literature values up to decacene; however, tPBE predicts 

increasingly small gaps for undecacene and dodecacene, which is not in agreement with 

the best available literature values. Extrapolation of the CASPT2 and tPBE results give 

limiting ST gap of 7.1 kcal mol-1 and 1.3 kcal mol-1 respectively for an infinite acene 

compared to the value of 5.1 kcal mol-1 noted above as a previous best estimate. We note  
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Table 14.  Number of CSFs for valence- CASSCF and GASSCF calculations 

Acene CASSCF FP-1 DFP-1 WFP-1 WFP-3 

 Singlet Triplet Singlet Triplet Singlet Triplet Singlet Triplet Singlet Triplet 

Napthalene 4956 7440 182 235 256 369 500 735 866 1247 

Anthracene 6.9105 1.3106 778 1134 1692 2745 3424 5555 4944 7843 

Tetracene ~108  2382 3615 6296 1.1104 1.3104 2.2104 1.7104 2.8104 

Pentacene ~1010  5706 8898 1.7104 2.9104 3.5104 6.0104 4.3104 7.3104 

Hexacene ~1013  1.2104 1.9104 3.8104 6.6104 7.8104 1.3105 9.3104 1.6105 

Heptacene ~1015  2.2104 3.5104 7.4104 1.3105 1.5105 2.6105 1.8105 3.0105 

Octacene ~1017  3.7104 5.9104 1.3105 2.3105 2.7105 4.7105 3.1105 5.3105 

Nonacene ~1020  5.9104 9.5104 2.2105 3.8105 4.4105 7.8105 5.0105 8.6105 

Decacene ~1022  9.0104 1.5105 3.4105 6.0105 6.9105 1.2106 7.7105 1.3106 

Undecacene ~1024  1.3105 2.1105 5.0105 9.0105 1.0106 1.8106 1.1106 2.0106 

Dodecacene ~1027  1.9105 3.0105 7.3105 1.3106 1.5106 2.6106 1.6106 2.8106 

 

that prior studies have indicated that it is important to add other π orbitals into the active 

space, 121 especially for longer oligoacenes, to fully account for diradical and ultimately 

polyradical character. The most systematic way to do this, of course, would be to include 

all occupied and unoccupied valence π orbitals in the active space. However, such a large 

active space is not affordable beyond tetracene in the CASSCF formalism; instead, we do 

this in the present work with the GASSCF frontier partitions defined above. Table 14 

reports the number of CSFs for the GASSCF and corresponding CASSCF wave functions, 

including all valence π orbitals; this table shows a tremendous reduction in CSFs for the 

GASSCF cases. We also performed GASPT2 calculations when computationally practical. 

Tables 15 and 18 show complete results for the smallest and largest CSF lists among the 

four GASSCF partitions, namely FP-1 and WFP-3. Complete results for the other CASSCF 

active spaces, for the other two partitions of the valence π GASSCF spaces are given in 

Table 16 and 17, and mean unsigned deviations for the CASSCF(2,2) active space, for all 
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four frontier partitions of the valence π GASSCF spaces and for KS-DFT will be compared 

below. 

Table 15. Singlet-triplet energy gaps (kcal/mol) for FP-1 partitionsa 

Acene (n,m) GASSCF GASPT2 tPBE 

(GAS-PDFT) 

Literature  

valuesb 

  Vert.  Ad. Vert. Ad. Vert. Ad. Vert.c  Ad.d  

Naphthalene (10,10) 85.0 68.5 80.8 67.3 77.6 70.6 76.0 64.4 

Anthracene (14,14) 66.5 55.2 60.2 52.2 51.3 45.5 56.8 46.2 

Tetracene (18,18) 46.2 36.1 44.2 36.5 39.0 33.6 40.4 34.1 

Pentacene (22,22) 43.1 33.8 38.3 31.4 29.7 25.3 31.3 24.3 

Hexacene (26,26) 27.6 20.5   22.9 19.7 22.8 18.7 

Heptacene (30,30) 22.2 18.3   17.3 16.5 18.1 13.9 

Octacene (34,34) 11.8 9.1   12.4 12.4 13.4 11.5 

Nonacene (38,38) 10.9 8.3   11.4 11.8 10.7 10.4 

Decacene (42,42) 6.7 3.7   7.7 8.3 8.1 9.0 

Undecacene (46,46) 6.5 2.7   8.7 9.4 7.1 9.4 

Dodecacene (50,50) 4.9 0.18   5.9 6.8 NAf  8.9 

MUDe   4.9 5.1   1.5 1.6   

aGeometries are optimized using B3LYP/6-31G(d,p) level of theory. GASSCF, GASPT2 

and tPBE calculations are performed using 6-31+G(d,p) basis set.  bHighest-level 

available literature estimates. cCCSD(T)/cc-pV∞Z from ref 120.  dAverage adiabatic gaps 

from Table 12.  eMean unsigned deviation. f Not available. For vertical excitations MUD 

is calculated for the values from naphthalene to undecacene only.  
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Table 16. Singlet-triplet energy gaps (kcal/mol) for DFP-1 partitions 

Acene (n,m) GASSCF GASPT2 tPBE 

(GAS-PDFT) 

Literature valuesa 

  Vertical Adiabatic Vertical Adiabatic Vertical Adiabatic Verticalb Adiabaticc 

Napthalene (10,10) 70.7 62.1 75.0 66.0 76.9 62.6 76.0 64.4 

Anthracene (14,14) 69.1 57.8 59.9 51.9 48.1 42.1 56.8 46.2 

Tetracene (18,18) 42.5 32.8 41.6 36.5 36.8 32.9 40.4 34.1 

Pentacene (22,22) 37.7 29.6   29.9 24.9 31.3 24.3 

Hexacene (26,26) 22.5 15.6   28.4 24.8 22.8 18.7 

Heptacene (30,30) 21.1 17.6   14.0 13.0 18.1 13.9 

Octacene (34,34) 19.3 16.7   12.7 12.4 13.4 11.5 

Nonacene (38,38) 15.0 12.7   6.3 6.3 10.7 10.4 

Decacene (42,42) 15.0 12.2   6.6 6.9 8.1 9.0 

Undecacene (46,46) 13.2 9.9   3.6 3.7 7.1 9.4 

Dodecacene (50,50) 13.5 8.9   4.4 4.9 NAe  8.9 

MUDd  5.3 3.5   3.4 2.9   

Geometries are optimized using B3LYP/6-31G(d,p). GASSCF, AGASPT2 and tPBE 

calculations are performed using the 6-31+G(d,p) basis set. aHighest-level available 

literature estimates. bCCSD(T)/cc-pV∞Z from ref 120. cAverage adiabatic gaps from Table 

12. dMean unsigned deviation. eNot available. For vertical excitations MUD is calculated 

for the values from naphthalene to undecacene only.  
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Table 17. Singlet-triplet energy gaps (kcal/mol) for WFP-1 partitions 

Molecule (n,m) GASSCF GASPT2 tPBE 

(GAS-PDFT) 

Literature valuesa 

  Vertical Adiabatic Vertical Adiabatic Vertical Adiabatic Verticalb Adiabaticc 

Napthalene (10,10) 72.2 64.0 76.2 67.4 77.4 63.1 76.0 64.4 

Anthracene (14,14) 69.8 59.1 60.0 52.6 47.9 42.2 56.8  
46.2 

Tetracene (18,18) 42.0 31.9 40.9 35.9 35.8 32.6 40.4 
34.1 

Pentacene (22,22) 45.0 37.2   28.4 23.3 31.3 
24.3 

Hexacene (26,26) 31.4 24.8   24.3 21.1 22.8  
18.7 

Heptacene (30,30) 24.6 21.3   14.9 13.8 18.1 
13.9 

Octacene (34,34) 20.5 18.0   13.1 13.1 13.4  
11.5 

Nonacene (38,38) 14.6 12.5   6.3 6.5 10.7 
10.4 

Decacene (42,42) 14.9 12.3   6.7 7.3 8.1 
9.0 

Undecacene (46,46) 12.4 9.4   3.2 3.7 7.1 9.4 

Dodecacene (50,50) 13.0 8.6   4.0 4.9 NAe  
8.9 

MUDd  7.0 4.9   3.3 2.5   

Geometries are optimized using B3LYP/6-31G(d,p). GASSCF, AGASPT2 and tPBE 

calculations are performed using the 6-31+G(d,p) basis set. aHighest-level available 

literature estimates. bCCSD(T)/cc-pV∞Z from ref 120. cAverage adiabatic gaps from Table 

12. dMean unsigned deviation. eNot available. For vertical excitations MUD is calculated 

for the values from naphthalene to undecacene only.  
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Table 18. Singlet-triplet energy gaps (kcal/mol) for WFP-3 partitionsa  

Acene (n,m) GASSCF GASPT2 tPBE 

(GAS-PDFT) 

Literature 

valuesb 

  Vert.  Ad. Vert. Ad. Vert.  Ad. Vert.c  Ad.d  

Naphthalene (10,10) 72.8 63.4 74.5 65.7 74.9 64.7 76.0 64.4 

Anthracene (14,14) 57.9 49.0 54.1 46.6 50.4 43.1 56.8  46.2 

Tetracene (18,18) 45.5 37.8 40.4 33.9 34.7 28.8 40.4 34.1 

Pentacene (22,22) 34.0 27.1   25.0 20.5 31.3 24.3 

Hexacene (26,26) 25.6 20.4   17.3 15.0 22.8  18.7 

Heptacene (30,30) 16.9 14.5   10.6 10.0 18.1 13.9 

Octacene (34,34) 12.4 10.7   5.4 6.4 13.4  11.5 

Nonacene (38,38) 9.8 8.4   4.4 5.0 10.7 10.4 

Decacene (42,42) 8.2 6.5   3.7 5.1 8.1 9.0 

Undecacene (46,46) 7.8 5.6   1.6 3.1 7.1 9.4 

MUDe   1.9 2.2   5.7 4.1   

aGeometries are optimized using B3LYP/6-31G(d,p) level of theory. CASSCF, GASPT2 

and tPBE calculations are performed using 6-31+G(d,p) basis set. bHighest-level available 

literature estimates. cCCSD(T)/cc-pV∞Z from 120. dAverage adiabatic gaps from Table 

11. eMean unsigned deviation.  

 

Table 15 shows that tPBE with FP-1 partition agrees extremely well with literature 

values; in particular, the MUDs are respectively 1.5 kcal/mol and 1.6 kcal/mol for vertical 

and adiabatic ST gaps. It is also encouraging to notice that tPBE predicts asymptotic value 

of 7.6 kcal/mol compared to reference value of 5.1 kcal mol-1. GASPT2 and tPBE predict 

very similar results for naphthalene, but they differ more for anthracene and tetracene.  

Table 18 shows that for WFP-3 calculations, which include more configurations in 

the CI expansion because single and double excitations between GAS spaces are allowed, 

tPBE again agrees reasonably well with the literature values, with MUDs of 5.7 kcal/mol 

and 4.1 kcal/mol for vertical and adiabatic ST gaps, respectively. These results are a little 
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worse than with the smaller CSF list of FP-1 when compared to the literature values. WFP-

3 predicts the asymptotic gap of 1.9 kcal/mol which is narrower than FP-1. Note that 

GASPT2 calculations could only be performed up to tetracene with the WFP-3 partition 

because of unaffordable resource demand (maximum available runtime is 240 hours) for 

the larger systems. Nevertheless, it is interesting that tPBE and GASPT2 agree quite well 

with each other for the first three systems. Note that GASSCF calculations with this larger 

CI expansion are affordable only up to undecacene as such calculations for dodecacene 

would require longer time than maximum available runtime of 240 hours. 

With wave function methods, one would expect – all other things being equal – 

more accurate results with a larger CI expansion in the active space, but it is well known 

that this is not always the case because it is equally important or more important that the 

active space includes the qualitatively important near-degeneracy effects in a well-

balanced way as that it is large. The same balance is important in MC-PDFT, and the results 

with the larger configuration lists are not always more accurate. With that caveat, we note 

that for both wide-frontier partitions (WFP-1 and WFP-3), tPBE systematically 

underestimates both vertical and adiabatic ST gaps for longer acenes with respect to the 

literature values. This is not surprising, though, since the DMRG and v2RDM literature 

values were all obtained without taking into account the total dynamic correlation. In our 

calculations, dynamic correlation is recovered using the on-top functional of pair-density 

functional theory. It has been predicted previously that the inclusion of dynamic correlation 

effects would decrease the ST gaps by a few kcal/mol. Thus, while the reported MUD for 

the WFP-3 partition is larger than that for the FP-1 partition, the predictions may be more 

accurate for the former and may indeed constitute the set of reference values against which 
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other models should be compared. From a chemical standpoint, it is particularly significant 

that neither the tPBE calculations with the (2,2) CASSCF space nor the tPBE calculations 

with any of the frontier-orbital partitions of active spaces including all  orbitals show a 

singlet-triplet crossover up to dodecacene.  

Table 19. Mean unsigned deviations (kcal/mol) for singlet-triplet energy gaps  

Multireference methods 

 MCSCF  tPBE 

 CSFs Vert. Ad.  Vert.  Ad. 

CAS(2,2) 2(singlet), 1(triplet) 4.1 5.1  3.1 3.0 

FP-1 182–3.0105 4.9 5.1  1.5 1.6 

DFP-1 256–1.3106 5.3 3.5  3.4 2.9 

WFP-1 500–2.6106 7.0 4.9  3.3 2.5 

WFP-3 866–2.6106 1.9 2.2  5.7 4.1 

Kohn-Sham density functional theory 

  PBE  PBE0 

 CSFs Vert. Ad.  Vert.  Ad. 

 1(singlet), 1(triplet) 8.4 7.2  5.7 4.3 

Table 19 compares MC-PDFT mean unsigned deviations for CASSCF(2,2) 

reference wave functions and all four GASSCF partitions of the valence  active space. It 

is encouraging that the results do not depend strongly on the MCSCF wave function. It is 

interesting that the results are even slightly better on average for the frontier partitions 

involving smaller CSF lists, especially when we recall the caveats associated with the 

dependence of the results on the size of the configuration list and with the unknown 

accuracy of the literature values. 
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Figure 24. Percentage of the HF configuration for the singlet state for different acenes. 

Reproduced from reference 143 – published by The Royal Society of Chemistry.    

The percentage contribution of the most dominant configuration (the nominal HF 

configuration) for the singlet state decreases along the series (Figure 24) suggesting the 

presence of significant multiconfigurational character for longer oligoacenes. The 

oscillations in Figure 24 are reminiscent of that for the fundamental excitation gap of 

oligoacenes, that Korytár et al. have attributed to a Dirac-like cone in the band structure.146 

However, the smooth decrease in the HF configuration weight observed with the more 

complete WFP-3, suggests that the observed oscillations with fewer CSFs may 

alternatively be an artefact of a small active space. 

Several studies have discussed the diradical and polyradical character of long 

oligoacenes. This character can be analyzed in terms of the occupation numbers of the 

GASSCF natural orbitals (NOs). Figure 25 shows the occupation number of the HONO-1, 

HONO, LUNO, and LUNO+1 for different oligoacenes for the FP-1 and WFP-3 partitions 

of the active space. Here – if n denotes the number of valence π electrons – HONO denotes 
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the NO with occcupation number n/2 when the orbitals are ordered by decreasing 

occupation number, and LUNO denotes orbital (n/2)+1; HONO–1  denotes orbital (n/2)–

1, and LUNO+1 denotes orbital (n/2)+2. The LUNO occupation number usually increases 

along the series, but again the trend is not monotonic. No symmetry switch occurs between 

the HONO and LUNO up to dodecacene, contrary to the observations in reference 118 and 

126. Interestingly for WFP-3, the occupation number of LUNO+1 also tends to increase, 

although at a slower rate than the LUNO occupation. An increasing occupation of the 

LUNO+1 is a signature of growing polyradical character.116 Again, significantly reduced 

oscillatory behaviour with WFP-3 is possibly attributable to the more complete nature of 

this active space. 

 

Figure 25. Occupation number of the HONO-1, HONO, LUNO, and LUNO+1 orbitals for 

different acenes for (i) FP-1, and (ii) WFP-3. Reproduced from reference 143 – published 

by The Royal Society of Chemistry.    

The adiabatic ST gaps obtained for tPBE using CAS(2,2), FP-1, and WFP-3 active 

spaces, and the literature values are compared in Figure 26. With both CAS(2,2) and FP-1 

reference wave functions, tPBE results match reasonably well with the literature values, 

while with WFP-3 reference wave functions tPBE predicts systematically smaller adiabatic 
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ST gaps than the literature values, which may reflect better accounting for the differential 

effects of correlation on the two state energies.  

 

Figure 26. Adiabatic singlet-triplet gaps (kcal/mol) for oligoacenes. Literature values are 

average adiabatic singlet-triplet gaps from Table 12. Reproduced from reference 143 – 

published by The Royal Society of Chemistry.    

The GASSCF method has great potential to generate physically meaningful wave 

functions for large systems, and MC-PDFT based on these wave functions can provide 

chemical accuracy. Overall this study provides a framework in terms of both wave function 

theory and density functional theory that can be extended to study ground- and excited-

state properties of organic electronic materials and other problems involving large, strongly 

correlated, conjugated systems. 
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Chapter 5. Real-time Dynamics with 

Semiempirical Effective Hamiltonians 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

96 
 

5.1 Introduction 
 

In the last decade, performing large-scale static and dynamic calculations has 

become essential in different areas of chemical research26, including, e.g., modeling the 

explicit solvation of chromophores, the active sites of enzymes, homogeneous clusters, 

proteins, photochemistry, and the properties of crystals, polymers, and nanomaterials. 

Performing ab initio electronic structure calculation on large systems has become 

significantly more practical, thanks to advances in computational hardware and new 

efficient algorithms. DFT calculations are now regularly performed for systems of up to 

O(103) atoms (using local functionals), although more stringent limitations are associated 

with post-HF methods that take increasing account of electron correlation. Even in 

favorable instances, however, such large-scale calculations tend to be restricted to 

molecular (or supermolecular) geometries that are static. In many instances, it is important 

not only to model interactions of the system with its environment but also its dynamical 

properties. When explicit solvation is included, many relevant chemical systems require 

from 103 to 104 atoms for a physical treatment, and such systems are not yet trivially 

accessible with ab initio DFT and post-HF methods. 

Combined quantum mechanical/molecular mechanical (QM/MM) methods have 

often proven effective for the study of large systems147, but the accuracy of QM/MM 

methods is strongly dependent on the chosen size of the QM region, the accuracy of the 

electronic structure methods used, and the minimization of boundary effects. Treating an 

entire system at a single level of theory avoids such complications, and approximate 

electronic structure methods employing effective Hamiltonians have long been the subject 

of extensive study owing to their computational efficiency. Such methods were first 
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developed by neglecting selected electron-electron repulsion integrals, and computing the 

remaining terms in the Hamiltonian by correlating them with different physical properties 

of relevant chemical systems. The first semiempirical methods to appear in the literature 

were restricted to π orbitals in organic systems, e.g., the Hückel and Pariser-Parr-Pople 

(PPP) methods. 148 - 150  Subsequently, Hoffmann and co-workers extended the Hückel 

method to describe both π and σ electronic bonding. Pople and coworkers then developed 

all-valence-electron semiempircal methods based on HF theory, including three 

semiempirical approximations: complete neglect of differential overlap (CNDO), 151 , 152 

intermediate neglect of differential overlap (INDO)153 and neglect of diatomic differential 

overlap (NDDO)154. Among these approximate methods, INDO received special attention 

from Zerner and co-workers, who parametrized the INDO (INDO/S) method specifically 

to compute accurately the UV/Vis spectra of organic molecules at the configuration 

interaction including single excitations (CIS) as well as within the random phase 

approximation.155-159  

In the framework of semiempirical methods, wave packet dynamics with an 

extended Hückel Hamiltonian160 has been applied to gas phase systems,161 molecules in 

solution,162 and dye-sensitized semiconductor interfaces163-168 (recently, this latter model 

has been combined with nuclear dynamics as well169,170). Real-time dynamics approaches 

formulated for DFTB have also been used to study electron dynamics171 as have analogs 

formulated for semiempirical HF methods,172-175 with both applied to the study of both 

ground and excited states in small- to medium-sized systems. In the specific case of DFTB, 

interesting recent applications include the study of non-adiabatic electron-hole dynamics 

in nanoscale solar cell materials.176-178 
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Regarding the prediction of UV/Vis spectra, the CIS method has been extensively 

explored with semiempirical methods,179,180 with the INDO/S Hamiltonian having been 

used in particular to study excited states in organic electronics, 181 - 183  conjugated 

polymers, 184 - 187  biological molecules, 188 - 191  and nanoparticles. 192 ,193  Other approaches 

applied to study very large systems include combining CIS with PPP to study the UV/Vis 

spectra of organic dyes 194 ,195  and combining linear-response time-dependent (LR-TD) 

theory with DFTB196. 

In this chapter, we have presented implementations of real-time dynamics 

approaches for semiemprirical HF methods , in the NWChem, computational chemistry 

program for modeling electron dynamics in large molecular complexes. We first outline 

the general methodology for real-time density matrix propagation with a semiempirical 

Hamiltonian. We have used this approach to study UV/Visbile spectra of medium and large 

chemical systems. We have also introduced a reduced orbital space molecular orbital 

decomposition approach to accelerate the convergence and characterize the UV/Visible 

spectra. Finally, we have proposed a new approach to build initial guess wave function for 

excited state absorption and exciton dynamics study based on the MO decomposition 

approach.  

5.2 Real-time Dynamics Method 

Time propagation of the density matrix is governed by the von Neumann equation, 

𝑖
𝜕𝑃

𝜕𝑡
= [𝐹(𝑡), 𝑃(𝑡)]          (49) 
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where 𝑃(𝑡) and 𝐹(𝑡) are the time-dependent density and Fock matrix, respectively. During 

time propagation, the density matrix is in general complex. In the case of the Fock matrix, 

it can be shown that the contribution to the imaginary part comes exclusively from the 

exact exchange part of the Fock matrix. The von Neuman equation can be solved via a 

unitary transformation evaluated at the midpoint of the time interval, 

𝑃(𝑡𝑘+1, ∆𝑡) = 𝑈(𝑡𝑘,∆𝑡)𝑃(𝑡𝑘−1)𝑈∗(𝑡𝑘, ∆𝑡)     (50)        

where Δt is the time step and 𝑡𝑘is the midpoint between 𝑡𝑘−1 and 𝑡𝑘+1. 

𝑈(𝑡𝑘,∆𝑡) = 𝑒−2𝑖∆𝑡𝐹(𝑡𝑘)       (51)  

The unitary propagator can be calculated using different approaches. Some of the 

widely used approaches are- 4th order Runge-Kutta, Magnus and Chebyshev. A general 

overview of different time propagation schemes can be found in reviews by Kosloff197 and 

by Castro and coworkers.198 We have used Chebyshev propagator199 to compute the unitary 

propagator. 

 5.3 Chebyshev Propagator 

Any complex matrix X can be written in terms of Chebyshev polynomial, 

𝑒−𝑖𝛼𝑋 = 𝑁 ∑(−𝑖)𝑛𝑎𝑛(𝛼̃)𝑇𝑛(𝑋̃)

∞

𝑛=0

   (52) 

𝑇𝑛(𝑋̃) is the set of Chebyshev polynomial of first order, subject to the condition that the 

eigenvalues of 𝑋̃ are between +1 and -1. an is the expansion coefficients corresponding to 

the Chebyshev polynomials, given by, 
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𝑎𝑛(𝛼̃) = (2 − 𝛿𝑛0)𝐽𝑛(𝛼̃)       (53) 

𝐽𝑛(𝛼̃) = ∑
(−1)𝑚

𝑚! (𝑚 + 𝑛)!
(

𝛼̃

2
)

2𝑚+𝑛∞

𝑚=0

       (54) 

Our implementation of Chebyshev propagator: 

𝑒
−𝑖(𝛾∆𝑡)(

𝐹
𝛾

)
= ∑(−𝑖)𝑛𝑎𝑛(𝛾∆𝑡)𝑇𝑛(𝐹̃)

∞

𝑛=0

   (55) 

where F is the Fock matrix, 𝐹̃ is the scaled Fock matrix (F/γ), Δt is the time step and γ is 

the scaling factor used to scale the eigenvalues (ε) of F within -1 and +1. In current 

implementation,  

𝛾 =
3

2
(𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛)    (56)     

𝑇0(𝐹̃) = 𝐼     

𝑇1(𝐹̃) = 𝐹̃        (57) 

𝑇𝑛(𝐹̃) = 2𝐹̃𝑇𝑛−1(𝐹̃) − 𝑇𝑛−2(𝐹̃) 

Current implementation is an iterative process. The flowchart in Figure 27 

describes all the steps. 
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Figure 27: Flowchart for our implementation for Chebyshev propagator. GCheb is the total 

Chebyshev propagator and 𝐺𝐶ℎ𝑒𝑏
𝑛 is the individual terms in the propagation. 

 

From the above equations, it is clear that the Chebyshev propagator only involves 

matrix multiplications. However, in principle, determination of the parameter α requires 

on-the-fly diagonalization of the Fock matrix. For weak or no external perturbations, where 

fluctuations in the eigen spectrum are small, only a single diagonalization step is required 

to obtain the scaling factor. In our implementation, the Chebyshev expansion is truncated 

to an accuracy of 10-10.      

In semiempirical HF methods, the commutator [𝐹0, 𝑃0] (where 𝐹0 and 𝑃0 are the 

Fock and density matrices before perturbation, respectively) is small but nonzero owing to 

the zero differential overlap approximation. In such cases, the evolution equation can be 

re-written as172,174,200 
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𝑖
𝜕(𝑃0 + 𝑊(𝑡))

𝜕𝑡
= [𝐹(𝑃0 + 𝑊(𝑡)), (𝑃0 + 𝑊(𝑡))]      (58) 

𝑖
𝜕𝑊(𝑡)

𝜕𝑡
= [𝐹(𝑃0 + 𝑊(𝑡)), (𝑃0 + 𝑊(𝑡))] − [𝐹0, 𝑃0]      (59) 

Using a small scaling factor 𝑔  (equal to 10-5 times the norm of W), the von 

Neumann operator, within linear-response, is constructed as, 

𝐿𝑊(𝑡) =
𝜕𝑊(𝑡)

𝜕𝑡
= −𝑖

[𝐹(𝑃0 + 𝑔𝑊(𝑡)), (𝑃0 + 𝑔𝑊(𝑡))] − [𝐹0, 𝑃0] 

𝑔
   (60) 

where L is called the Liouville superoperator. This way the response of the system can be 

studied under the influence of a weak delta function pulse. 

The time-dependent Fock matrix in the presence of an applied time-dependent field 

is given by, 

𝐹𝜇𝜐(𝑡) = 𝐻𝜇𝜐
𝑐𝑜𝑟𝑒 + 𝐺𝜇𝜐[𝑃(𝑡)] − 𝐷𝜇𝜐𝐸(𝑡)        (61) 

where 𝐺𝜇𝜐 is the two-electron component of the Fock matrix element, 𝐷𝜇𝜐 is an element of 

the dipole matrix, 

𝐷𝜗𝜇
𝑥 = ∫ 𝜑𝜇

∗ (𝑟)𝑥𝜑𝜗(𝑟) 𝑑𝑟         (62) 

 and E is the external electric field. 

For a delta function electric field pulse,  

𝐸(𝑡) = 𝛿(𝑡)𝐸0           (63) 

where 𝐸0  is the strength of the delta electric field. Under the influence of the weak 

perturbation, the difference between the instantaneous density 𝑃(𝑡) and initial density (𝑃0) 

matrices can be written as, 

𝑊(𝑡) = 𝑃(𝑡) − 𝑃0 = −𝑖[𝐸 ∙ 𝐷, 𝑃0]   (64) 

The equation can be solved using a modified Chebyshev propagator, 
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𝑊(𝑡) = 𝑒𝐿∆𝑡𝑊𝑠𝑡𝑎𝑟𝑡 = ∑(2 − 𝛿𝑛0)𝐽𝑛(𝛾∆𝑡)𝑇𝑛 (
𝐿

𝛾
) 𝑊𝑠𝑡𝑎𝑟𝑡

𝑛

= ∑(2 − 𝛿𝑛0)𝐽𝑛(𝛾∆𝑡)𝜁𝑛      (65)

𝑛

 

where 𝐽𝑛 are Bessel functions of the first kind of order n, ∆𝑡 is the time step, and α is a 

parameter required to scale eigenvalues of the Fock matrix into the range [−1,1]. In our 

implementation 

𝛾 =
3

2
(𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛)    (66) 

where 𝜀𝑚𝑎𝑥  and 𝜀𝑚𝑖𝑛  are the maximum and minimum eigenvalues of the Fock matrix, 

respectively. Usually, α needs to be slightly bigger than the spectral range of the Fock 

matrix for efficient propagation. 𝜁𝑛 is the modified Chebyshev series, 

𝜁𝑛 = 𝑇𝑛 (
𝐿

𝛾
) 𝑊𝑠𝑡𝑎𝑟𝑡       (67) 

The modified Chebyshev polynomials can be evaluated recursively using following 

equations, 

𝜁0 = 𝑊𝑠𝑡𝑎𝑟𝑡 

𝜁1 =
𝐿𝑊𝑠𝑡𝑎𝑟𝑡

𝛾
       (68) 

𝜁𝑛 = 2
𝐿𝜁𝑛−1

𝛾
+ 𝜁𝑛−2 
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5.4 INDO/S Method 

The INDO/S method is based on the INDO/1 method153 and can be summarized 

as follows:  

(i) Overlap integrals (equation 26) are neglected unless 𝜇 = 𝜐. Given S = 1, this reduces 

equation 25 to 

𝐹𝐶 = 𝐶𝐸        (69) 

(ii) Integrals of type  (𝜇𝜐|𝜆𝜎) are set equal to zero unless 𝜇 = 𝜐 and 𝜆 = 𝜎, in which case, 

if the two pairs of basis functions are located on different atoms 

(𝜇𝜐|𝜆𝜎) = 𝛿𝜇𝜐𝛿𝜆𝜎𝛾𝐴𝐵 (μ on atom A and  on atom B)   (70) 

where the Mataga-Nishimoto-Weiss formula155 takes 

𝛾𝐴𝐵 =
𝑓𝛾

𝑅𝐴𝐵+
2𝑓𝛾

(𝛾𝐴𝐴+𝛾𝐵𝐵)

       (71) 

and 𝛾𝐴𝐴 = 𝐼𝐴 − 𝐴𝐴, where IA and AA are the ionization potential and electron affinity of 

atom A,155,156 respectively, and Weiss suggested a value of 1.2 bohrs ∙ hartree for 𝑓𝛾 

parameter. 𝑅𝐴𝐵  is the distance between atom A and B. Single-center electron-repulsion 

integrals in the INDO model are expressed through Slater-Condon parameters155 

(𝑠𝑠|𝑠𝑠) = (𝑠𝑠|𝑝𝑝) = 𝐹0 

(𝑠𝑝|𝑠𝑝) =
1

3
𝐺1(𝑠𝑝) 

(𝑝𝑥𝑝𝑥|𝑝𝑥𝑝𝑥) = 𝐹0(𝑝𝑝) +
4

25
𝐹2(𝑝𝑝)    (72) 

(𝑝𝑥𝑝𝑥|𝑝𝑦𝑝𝑦) = 𝐹0(𝑝𝑝) −
2

25
𝐹2(𝑝𝑝) 
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(𝑝𝑥𝑝𝑦|𝑝𝑥𝑝𝑦) =
3

25
𝐹2(𝑝𝑝)           

(iii) Diagonal one-electron matrix elements for atomic orbitals ϕμ centered on atom A are 

computed as 

𝐻𝜇𝜇
𝑐𝑜𝑟𝑒 = 𝑈𝜇𝜇 − ∑ 𝑍𝐵𝛾𝐴𝐵          (73)

𝐵≠𝐴

 

where 𝑈𝜇𝜇 is the one-center core integrals. 

(iv) Two-center off-diagonal one-electron matrix elements are calculated using the 

weighted overlap approach 

𝐻𝜇𝜐
𝑐𝑜𝑟𝑒 = 𝑓𝜇𝜐(𝛽𝜇

0 + 𝛽𝜐
0)𝑆𝜇𝜐         (74) 

where the parameter fμυ is equal to 1.267 and 0.585 for σ and π overlap156, respectively, 𝑆𝜇𝜐 

is computed using Slater orbitals (i.e., atomic orbitals are not assumed to be orthonormal 

for this step), and a single βA is used for each element and semiempirically adjusted to yield 

best agreement with reference spectroscopic data. 

Using the above approximations, F can be defined for closed-shell system as, 

𝐹𝜇𝜇 = 𝑈𝜇𝜇 − ∑ 𝑍𝐵𝛾𝐴𝐵

𝐵≠𝐴

+ ∑ 𝑃𝜐𝜐 [𝛾𝐴𝐴 −
1

2
(𝜇𝜐|𝜇𝜐)]

𝜐

              

+ ∑ ∑ 𝑃𝜆𝜆𝛾𝐴𝐵

𝜆∈𝐵

     (𝜇, 𝜐 ∈ 𝐴, 𝜆 ∈ 𝐵)

𝐵≠𝐴

 

𝐹𝜇𝜐 =
1

2
𝑃𝜇𝜐(3(𝜇𝜐|𝜇𝜐) − 𝛾𝐴𝐴)  (𝜇, 𝜐 ∈ 𝐴)       (75) 

𝐹𝜇𝜆 = 𝑓𝜇𝜐(𝛽𝜇
0 + 𝛽𝜐

0)𝑆𝜇𝜐 − 𝑃𝜇𝜆𝛾𝐴𝐵  (𝜇 ∈ 𝐴, 𝜆 ∈ 𝐵 ) 
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The INDO/S approximation uses a Slater-type minimal basis set. Equation 75 can 

be easily extended for open-shell systems and our implementation can perform such 

calculations. However, all the systems reported in this paper are closed-shell. 

5.5 Computing UV/Visible Spectra 

The time-dependent dipole moment is computed in the atomic orbital (AO) basis 

according to 

𝜇(𝑡) = 𝑇𝑟[𝐷𝑃(𝑡)]      (76) 

Real-time calculations are performed for each polarization of the external field pulse and 

the complex on-diagonal polarizability tensor is computed as 

𝛼𝑖𝑖 =
𝜇𝑖(𝜔)

𝐸𝑖(𝜔)
  𝑖 = 𝑥, 𝑦, 𝑧      (77) 

where 𝜇𝑖(𝜔) and 𝐸𝑖(𝜔) are the Fourier transforms of the dipole moment and electric fields 

in the i direction. The absorption cross section formula is obtained from 

𝜎(𝜔) =
4𝜋𝜔

𝑐
𝐼𝑚[𝛼(𝜔)]    (78) 

and the resulting dipole strength function is 

𝑆(𝜔) =
1

3
𝑇𝑟[𝜎(𝜔)]          (79) 

5.5.1 Computational Details 

All calculations were performed with a development version of NWChem. 

Geometries for P3B2 and f-coronene were obtained from reference 201 and the geometry 

for ubiquitin was obtained from reference 196, respectively. RT-TDDFT and LR-TDDFT 
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results with B3LYP/6-31G(d) method for P3B2 and f-coronene were obtained from 

reference 201. The gas-phase geometry of isolated tyrosine was optimized at the 

B3LYP/cc-pVTZ level. QM/MM calculations were performed to prepare the solvated 

betanin dye system in two solvents, water and methanol. Solvent partitions of 3080-water 

and 1263-methanol molecules were assigned as the MM regions, and the betanin molecule 

was treated as the QM region, respectively. The water molecules were assigned SPC/E 

force field parameters, while the methanol molecules were assigned AMBER ff99 

parameters. For the betanin molecule, the Def2-SVP basis set and hybrid PBE0 functional 

was used. Initially, both the water-solvated and methanol-solvated betanin system 

geometries were optimized. After 1 ps of equilibration with the Berendsen thermostat 

(NVT) at 298 K and a time step of 0.25 fs, QM/MM molecular dynamics simulations were 

performed for 10 ps. 10 snapshots of the trajectory were extracted to generate cluster 

models having a 7 Å thick shell of solvent molecules. Cluster generation and visualization 

were done with VMD.  

For all systems considered, starting from the ground state, RT-INDO/S calculations 

were carried out under the influence of a weak delta function electric field pulse with a 

field strength of 0.0001 a.u. A time step of 0.1 a.u. (0.0024fs) was used and the system was 

propagated for 10000 time steps (24 fs). Since infinite time propagation is not practical, we 

multiply the time-dependent dipole moment by a damping factor 𝑒−𝑡/𝜏with  τ = 200 a.u. 

before taking the Fourier transform in order to produce the absorption spectra. This has the 

effect of introducing artificial and identical lifetimes for all of the excited states. 
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5.5.2 Results and Discussion  

First, we have performed calculations on two medium size organic molecules, P3B2 

and f-coronene, composed of 130 and 162 atoms, respectively. We compare our results 

with previous RT-TDDFT and LR-TDDFT calculations. Real-time methodsare able to 

obtain spectra for a broad energy range because the delta function electric field pulse 

samples all frequencies and the resolution of a spectral window depends only on the time 

step and length of propagation.  For instance, to resolve an excitation of energy ω, one 

requires a time step  <  π / ω, and typically a tenth of that for accuracy.  In both cases, RT-

INDO/S spectra show qualitative agreement with both RT-TDDFT and LR-TDDFT 

(Figures 29 and 30). However, the intensities of different peaks predicted by RT-INDO/S 

are different from RT-TDDFT, which is not unexpected for approximate Hamiltonians and 

the limitations of the Slater-type minimal basis sets.  

 

Figure 28. Molecular structures of (a) P3B2, (b) f-coronene. Adapted with permission from 

reference 200 Copyright 2017 American Chemical Society. 
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Figure 29. RT-INDO/S, LR-TDDFT and RT-TDDFT spectra of P3B2. LR-TDDFT and 

RT-TDDFT calculations were performed using the B3LYP/6-31G(d) method. Only 200 

roots were calculated with LR-TDDFT. LR-TDDFT and RT-TDDFT spectra were adapted 

with permission from reference 200. Copyright 2017 American Chemical Society.  

 

 

Figure 30. RT-INDO/S, LR-TDDFT and RT-TDDFT spectra of f-coronene. LR-TDDFT 

and RT-TDDFT calculations were performed using B3LYP/6-31G(d) method. Only 40 

roots were calculated with LR-TDDFT. LR-TDDFT and RT-TDDFT spectra were adapted 

with permission from reference 200 Copyright 2017 American Chemical Society. 
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While P3B2 and f-coronene are fairly large systems for RT-TDDFT calculations, 

performed with the B3LYP hybrid exchange-correlation functional, for INDO/S, these 

systems are relatively small in size. To evaluate the performance of the RT-INDO/S 

method for considerably larger organic systems, we have also calculated the UV/Vis 

absorption spectrum of a small protein ubiquitin. Ubiquitin is a regulatory protein 

consisting of 76 amino acids. UV/Vis spectra for the entire protein in the gas phase and in 

aqueous solution are available and the low energy part of the spectrum includes a distinct 

feature associated with the single tyrosine chromophore in ubiquitin. QM/MM and TD-

DFTB calculations have been performed for the entire protein and the tyrosine molecule in 

the gas phase. QM/MM calculation predicted a redshift of ~4 nm (~0.06 eV) upon 

embedding the chromophore in the protein environment. However, TD-DFTB calculations 

predict that low energy part of the spectra is not dominated only by tyrosine spectra. Other 

excitations observed in the low energy part of the spectrum appear due to the 

underestimation of charge transfer excitations, a well-known issue in DFTB method. 

Ubiquitin has 1231 atoms, so that even in a small energy range, there can be thousands of 

single orbital transitions, making linear response and CI approaches prohibitively 

expensive to capture all relevant roots. However, RT-INDO/S calculations for tyrosine in 

the gas phase and in the ubiquitin environment are practical and predict a blueshift of ~0.04 

eV in the spectra (Figure 31) in near quantitative agreement with experiment. That suggests 

that this method is potentially suitable for studying environmental effects in large protein 

molecules. In addition, it is important to note that unlike TD-DFTB calculation, low energy 

part of the RT-INDO/S spectrum is only dominated by tyrosine. This is expected, since, 
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semiempirical HF methods do not severely underestimate charge transfer excitations like 

DFTB methods.  

 

Figure 31. RT-INDO/S spectra of tyrosine in gas phase and in ubiquitin. Experimentally 

observed red shift of 0.06 eV in tyrosine spectra at 4.49 eV when embedded in ubiquitin 

protein environment is qualitatively (~0.04 eV) reproduced with the RT-INDO/S method.  

Another area where the RT-INDO/S method may be particularly useful is for the 

computation of the UV/Vis spectra of organic dyes in explicit solvents. Betanin is an 

organic dye, well known for its application in the food, cosmetic, and pharmaceutical 

industries. The photophysical properties of betanin in aqueous and alcoholic solutions have 

been studied. Gas phase UV/Vis spectra of betanin computed with RT-INDO/S shows a 

maximum at 2.24 eV which agrees fairly well with an LR-TDDFT (PBE0/6-31+G(d,p)) 

excitation energy of 2.35 eV. In both water and methanol solutions, the experimental 

UV/Vis absorption spectra of betanin exhibit a maximum at 2.32 eV. It has been suggested 

recently that large numbers of solvent molecules can be required to get convergence of 

excitation energy in a truncated model. To model the UV/Vis spectra of betanin in aqueous 

and methanol solutions, we have treated the complex and the surrounding solvent 
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explicitly. We have extracted large solvated clusters, 837-861 atoms for water and 816-882 

atoms for methanol [Figures 32b, 32d], from initial QM/MM simulations described earlier, 

respectively.  

RT-INDO/S calculations were performed on clusters extracted from 10 snapshots 

for each of the two solvents and averaged to generate a composite spectrum. Results 

obtained from individual spectra are reported in the supporting information. Our 

calculations predict maxima at 2.31 eV and 2.34 eV in methanol and water (Figure 33) in 

near quantitative agreement with experiment. These results indicate that the RT-INDO/S 

method, with existing parameters, can be used to accurately calculate solvatochromic shifts 

in the spectra of organic dyes in explicit solvents.  

 

Figure 32. Betanin in explicit (a) water during QM/MM simulation, (b) water for the 

truncated model, (c) methanol during QM/MM simulation, (d) methanol for the truncated 

model.  
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Figure 33. RT-INDO/S spectra of betanin in methanol and water solution. 10 different 

snapshots are considered for each solvent. The averaged intensity is plotted for the final 

spectra. 

 

While we have demonstrated the ability of the RT-INDO/S method to predict 

UV/Vis spectrum for medium and large organic molecular complexes and also to compute 

solvatochromatic shifts, we note that the INDO/S model was developed essentially to 

compute vertical excitation energies and ionization potentials and is not suitable for 

optimizing geometries or dynamics, whether on the ground or excited state. Thus, prior to 

application of the RT-INDO/S model, appropriate geometries/trajectories must be obtained 

using other standard quantum or molecular mechanical techniques (or taken from 

experiment). In addition, our current implementation of RT-INDO/S is only appropriate 

for single excitations. Doubly and other higher excited states are not currently accessible. 

In addition, since minimal basis sets are used, Rydberg excited states are not accessible 

with this model. This problem may be overcome by including diffuse basis functions and 

further parametrization. Even with the limitations mentioned above, we anticipate that RT-

INDO/S will be a useful technique for the study of the electronic excitations in large-scale 
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systems.  In addition, the real-time approach described here combined with semiempirical 

Hamiltonians may prove useful for the study of charge and exciton dynamics in large 

systems.  The INDO/S Hamiltonian has been previously used to calculate parameters in 

different model Hamiltonians to perform exciton dynamics successfully in different 

chemical systems. INDO/S has also been found to be accurate for calculating parameters 

to model charge transfer energies and electronic coupling, related to charge transfer rates 

in chemical systems. Despite these successes, the INDO/S Hamiltonian has not been used 

in dynamical studies in combination with real-time approaches.  

5.6 Reduced Orbital Space Molecular Orbital Decomposition 

Approach to Accelerate Convergence and Characterize Real-

Time Spectra   
 

5.6.1 Characterization and Convergence of Real-Time Spectra 
 

In the weak field response limit, linear response time dependent density functional 

theory (LR-TDDFT) has been the method of choice for a long time. Although, LR-TDDFT 

can be very efficient for calculating up to a few hundred low lying excited states for small 

and medium size systems, real-time based approaches can be more efficient for systems 

with very high densities of states where even small energy windows can be populated by 

thousands of excitations.201, 202  One challenge with real-time approaches is the long 

propagation time typically required to resolve excitations; to obtain a well converged 

absorption spectrum, on the order of 104 time steps are typically required. Another issue is 

the assignment of peaks in the absorption spectra. Although, all the information about the 

nature of an excitation is present in the propagated density, it is not trivial to extract. Even 

though real-time approaches enable the calculation of spectra over a large energy range, 
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this can be “overkill” when only a few low lying excitations are needed. Several approaches 

have been proposed, both to extract more information during the propagation203-206 and also 

to accelerate the convergence of the spectra207,208. 

One way to characterize different peaks in a spectrum would be to excite the system 

with a monochromatic laser pulse resonant with a certain excitation and then track the 

deviation of the charge density with respect to the ground state density.205 However, this 

approach is not the most efficient as it has to be followed on a peak-by-peak basis. Another 

way to characterize different peaks is to observe the time evolution of the occupation 

numbers of different single particle orbitals.209-211 Yet another approach is to calculate the 

Fourier transform of the three dimensional time-dependent fluctuation in density to obtain 

the transition density at a certain frequency.203 A more general approach was proposed by 

Repisky et al. where time-dependent density is represented in a MO basis and the 

contribution of each occupied-unoccupied MO pair to the total dipole moment are 

calculated and then Fourier transformed to analyze the peaks in the spectra obtained by 

Fourier transforming the total dipole moment.206,212 In a similar approach, Rossi et al. 

proposed storage and Fourier transformation of the time-dependent density in an electron-

hole basis to analyze real-time spectra.213 

A number of different approaches have been proposed to accelerate the 

convergence of real-time spectra as well. Andrade et al. introduced a technique that uses a 

compressive sensing method to reduce the number of time-points required to reconstruct 

the frequency domain signal by taking advantage of the sparsity of the frequency 

domain.207 More recently, Bruner et al. proposed the idea of using Padé approximants 
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instead of regular Fourier transformation to accelerate the convergence.207 However, the 

success of both of these approaches tend to be system specific. 

Here, we have proposed a reduced orbital space approach that can be used with the 

MO decomposition approach proposed by Repisky et al. to reduce the amount of data 

storage required during real-time propagation. At the same time, the reduced orbital space 

approach allows analysis of a certain region of the spectrum without converging the total 

spectrum. We analyze the performance of Padé approximants with respect to regular 

Fourier transformation for different valence MO pair spectra. We finally combined this 

reduced orbital space MO decomposition approach with real-time propagation of INDO/S 

density matrices to study and analyze the solvatochromism of Nile red and also the low 

energy region of the UV/Vis spectrum for the organic chromophore f-coronene.  

5.6.2 MO Pair Decomposition 

RT-INDO/S spectra calculated using the above approach do not give any 

information about the MOs involved in a particular excitation. However, this information 

is encapsulated in the time-dependent density. One way to extract this information is to use 

the MO pair approach. In this approach, the time dependent AO density and dipole matrices 

are transformed to the ground state MO basis, 

𝑃𝑀𝑂(𝑡) = 𝐶𝑇(0)𝑃(𝑡)𝐶(0)   (80) 

𝐷𝑀𝑂 = 𝐶𝑇(0)𝐷𝐶(0)  (81) 

where 𝐶(0) is the ground state eigenvector matrix. 
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The total time-dependent dipole moment obtained from real-time calculations in 

equation 5 can be rewritten as, 

𝜇(𝑡) = 𝑇𝑟[𝑀(𝑡)] = 𝑇𝑟[𝐷𝑃(𝑡)] = 𝑇𝑟[𝐷(𝑃0 + 𝑊(𝑡))] 

= 𝑇𝑟[𝐷𝑃0] + 𝑇𝑟[𝐷𝑊(𝑡)] = 𝜇0 + 𝜇𝑖𝑛𝑑(𝑡)    (82) 

where 𝜇0  is the static ground state dipole moment and 𝜇𝑖𝑛𝑑(𝑡)  is the time-dependent 

induced dipole moment. 

The total dipole moment in the MO basis can be written as, 

𝜇(𝑡) = ∑ 𝑀𝑖𝑖(𝑡)𝑚
𝑖=1     (83) 

where 𝑀𝑖𝑖 is an element of the total dipole moment. 

Each of these elements can be written in terms of elements of 𝑃𝑀𝑂(𝑡) and 𝐷𝑀𝑂. 

For example,  

𝑀11 = 𝐷11𝑃11 + 𝐷12𝑃21 + 𝐷13𝑃31 + ⋯  (84) 

𝑀22 = 𝐷21𝑃12 + 𝐷22𝑃22 + 𝐷23𝑃32 + ⋯ (85) 

In equations 83 and 84, contributions coming from occupied-occupied MO pairs 

contribute to the static dipole moment, whereas occupied-unoccupied MO pairs contribute 

to the time-dependent dipole moment. The contribution of an occupied orbital i and 

unoccupied orbital a to the total dipole moment can be calculated from the term, 

𝜇𝑖𝑎(𝑡) = 𝐷𝑖𝑎
𝑀𝑂𝑃𝑎𝑖

𝑀𝑂(𝑡) + 𝐷𝑎𝑖
𝑀𝑂𝑃𝑖𝑎

𝑀𝑂(𝑡)    (86) 
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In principle, the total time-dependent dipole moment can be decomposed 

completely in terms of all possible occupied-unoccupied MO pairs. If the total number of 

molecular orbitals is 𝑛𝑜𝑟𝑏 and occupied orbitals is 𝑛𝑜𝑐𝑐, equation 81 can be rewritten as, 

𝜇(𝑡) = 𝜇0 + 𝜇𝑖𝑛𝑑(𝑡) = 𝜇0 + ∑ ∑ 𝜇𝑖𝑎(𝑡)

 𝑛𝑜𝑟𝑏

𝑎= 𝑛𝑜𝑐𝑐+1

 𝑛𝑜𝑐𝑐

𝑖=1

     (87) 

5.6.3 Padé Approximants 

  Fourier transformation of the time dependent dipole moment as mentioned in 

equation 77 can be expressed as, 

𝜇(𝜔) = ∑ 𝜇(𝑛∆𝑡)𝑒−𝑖𝜔𝑛∆𝑡

𝑀

𝑛=0

= ∑ 𝑙𝑛(𝑒−𝑖𝜔∆𝑡)𝑛

𝑀

𝑛=0

= ∑ 𝑙𝑛(𝑧)𝑛

𝑀

𝑛=0

  (88) 

where 𝑧 = 𝑒−𝑖𝜔∆𝑡, 𝑙𝑛 = 𝜇(𝑛∆𝑡), M is the number of  time dependent dipole moment i.e in 

this case, the total number of time steps in a real-time simulation and ∆𝑡 is the time step 

during the simulation.  

In case of the Padé approximants, polynomial in equation 88 can be expressed as a 

ratio of two other polynomials, 

𝜇(𝜔) =
𝑃𝑁(𝜔)

𝑄𝑁(𝜔)
=

∑ 𝑎𝑛(𝑧)𝑛𝑁
𝑛=0

∑ 𝑏𝑛(𝑧)𝑛𝑁
𝑛=0

    (89) 

In case of the diagonal Padé scheme, 𝑁 = 𝑀
2⁄ . Equation 89 can be rewritten as, 

∑ 𝑙𝑛(𝑧)𝑛

𝑀

𝑛=0

∙ ∑ 𝑏𝑚(𝑧)𝑚

𝑁

𝑚=0

= ∑ 𝑎𝑛(𝑧)𝑛

𝑁

𝑛=0

      (90) 
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Equation 89 describes 2N+1 number of equations for 2N variables. For this overdetermined 

system of equations, the free variable 𝑏0 is assigned a value of 1. If we equate different 

powers of 𝑧, for 𝑧0 to 𝑧𝑁, we get, 

∑ 𝑙𝑛−𝑚𝑏𝑚

𝑛

𝑚=0

= 𝑎𝑛, 𝑛 = 1, … . 𝑁    (91) 

As 𝑏0 = 1, 𝑎0 and 𝑙0 are equal. 

For terms 𝑧𝑁+1 to 𝑧𝑀, we get, 

∑ 𝑙𝑁−𝑚+𝑛𝑏𝑚

𝑁

𝑚=1

= −𝑙𝑁+𝑛,    𝑛 = 1, … . , 𝑁   (92) 

In equation 92, only b coefficients are unknown. They can be easily calculated by solving 

matrix equation, 

𝐺𝑏 = 𝑑   (93) 

where G is a 𝑁 × 𝑁 matrix with elements 𝐺𝑛𝑚 = 𝑙𝑁−𝑚+𝑛  and d is a column matrix of 

length N and matrix elements 𝑑𝑛 = −𝑙𝑁+𝑛. The b coefficients can be calculated with, 

𝑏 = 𝐺−1𝑑   (94) 

Once b coefficients are known, a coefficients can be calculated from equation 90.  

It is important to note here that matrix inversion in equation 93, scales as 𝑂(𝑁3). 

However, different algorithms are available that can reduce the scaling to 𝑂(𝑁2). 
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5.6.4 Reduced Orbital Space  

For any system, the total number of possible occupied-unoccupied MO pairs is 

𝑛𝑜𝑐𝑐 × (𝑛𝑜𝑟𝑏 − 𝑛𝑜𝑐𝑐). While the ideal approach is to calculate and store all of the MO pairs 

during time propagation, the large data storage requirements for systems with thousands of 

MOs may become prohibitive. One way to reduce this requirement would be to choose an 

orbital space and calculate and store all occupied-unoccupied MO pairs within that reduced 

orbital space. However, choice of the orbital space is ambiguous, especially for valence 

excitations. A possible way to define the orbital space would be to use orbital energy 

differences as an indicator. If a certain region of the energy spectrum needs to be studied, 

all occupied and unoccupied orbitals that have occupied-unoccupied energy difference 

within that energy region can be included in the orbital space. However, orbital energies 

might not be a good descriptor in all systems as occupied-unoccupied orbital energy 

differences are not correct estimates of electronic excitation energies between those orbitals 

in most cases. In cases where only the first few excitations are of interest, only a few low 

lying occupied and unoccupied orbitals are needed to define the orbital space to extract 

information about those peaks in the spectra. We will examine both of these approaches to 

study spectra in this article. Such a reduced orbital space approach has been used previously 

in the framework of LR-TDDFT to compute core excitations. 

5.6.5 Computational Details 

All calculations were performed with a development version of NWChem. 

Geometries for different snapshots of Nile red in four different solvents (acetone, ethanol, 

toluene, and n-hexane) and in the gas phase were taken from reference 214. The geometry 

for f-coronene was taken from reference 200. For all systems considered, starting from the 
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ground state, RT-INDO/S calculations were carried out under the influence of a weak delta 

function electric field pulse with a field strength of 0.0001 au at t = 0. A time step of 0.1 

au (0.0024 fs) was used and the systems were propagated for different number of time steps 

as described further below. Since infinite time propagation is not practical, we multiply the 

time-dependent dipole moment by a damping factor 𝑒−𝑡/𝜏 with 𝜏 = 200 au before taking 

the Fourier transform in order to compute the absorption spectra.  

5.6.6 Results and Discussion 

One area where the MO decomposition approach mentioned above can save a 

significant amount of computational time is the study of solvatochromic shifts in the 

UV/vis spectra of large molecular complexes in explicit solvent environments. Explicit 

solvation requires multiple configurations to be considered to generate a properly averaged 

spectrum. Since in most cases only a few electronic excitations are needed to assess 

solvatochromic shifts, we will demonstrate how real-time simulations can be run only to 

converge MO pairs that contribute to the relevant excitations.  

Here, we will study the solvatochromic shift of the first electronic excited state of 

Nile red in four different solvents: ethanol, acetone, toluene and n-hexane and in gas phase. 

First, we analyze the spectrum of one of the gas phase configurations as a reference to get 

information about the molecular orbitals involved in the first excited state. We have used 

the reduced orbital space approach and considered only the four highest occupied 

molecular orbitals and the three lowest unoccupied molecular orbitals. Figure 34a shows 

all the molecular orbital pairs that have any contributions to the peak for the first excited 

state. The HOMO-LUMO molecular orbital pair is clearly the dominant contribution to the 
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excited state, with all other molecular orbital pairs making only very small contributions, 

if at all. 

 

Figure 34. (a) Molecular orbital pair contributions to the first peak in the gas-phase 

spectrum of Nile. All molecular orbital pairs between occupied orbitals HOMO, HOMO-

1, HOMO-2, HOMO-3 and unoccupied orbitals LUMO, LUMO+1, LUMO+2 are 

considered in the calculations. Molecular orbital pair spectra having non-zero contributions 

to the first peak are plotted. RT-INDO/S calculations are performed for 1000 au with 0.1 

au time step. (b) Molecular structure of Nile red. 

 

Padé Approximants vs Fast Fourier Transforms:  Bruner et al. showed that Padé 

approximants can accelerate the convergence of UV/vis spectra significantly compared to 

conventional Fourier transformation. However, applications of the method were mostly 

confined to Rydberg and core level excitations. In such cases, each MO pair mostly 

contributes to a single peak, while in valence excitations, MO pair spectra can be very 

complicated. We here test the performance of Padé approximants for valence MO pairs.  
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Figure 35. Convergence of HOMO-LUMO MO pair spectrum obtained from gas phase 

Nile red RT-INDO/S calculations with respect to simulation time for FFT and Padé 

approximants. 

 

Figure 35 shows the convergence of the HOMO-LUMO MO pair spectrum 

obtained for gas phase Nile red calculations using both conventional FFT and Padé 

approximants. Figure 35 shows that the MO pair spectrum obtained from FFT does not 

well match the fully converged spectrum (1000 au) after 200 au. By contrast, with Padé 

approximants, the spectrum converges well within 200 au. Of course, this particular MO 

pair has a very simple spectrum with only one dominant peak. To check the performance 

of Padé approximants for more complicated MO pair spectra, we also tested the 

convergence of the (HOMO-3)-LUMO+2 MO pair spectrum with both FFT and Padé 

approximants (Figure 36). In this case, neither Padé nor FFT converges within 200 au 

simulation time.  It is noteworthy that processing the real-time data using Padé 

approximants is significantly more expensive computationally than using FFT due to the 

matrix inversion step in equation 93. Although for large molecules single Padé calculation 
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takes negligible time compared to the total real-time simulation, when large number of MO 

pairs need to be considered, Padé approximants can become a real bottleneck. So, unless 

Padé provides significantly faster convergence compared to FFT, it is advisable to use FFT 

over Padé.  Since the dominant contribution to the first peak in Nile red spectrum is cleanly 

from the HOMO-LUMO MO pair, we have used the Padé approach for the solvatochromic 

studies described in the next section.  

 

Figure 36. Convergence of HOMO-3-LUMO+2 MO pair spectrum obtained from gas 

phase Nile red RT-INDO/S calculation with FFT and Padé approximants. 

Solvatochromic effect for Nile red: RT-INDO/S calculations were performed for 200 au 

with 0.1 au time steps using 35 snapshots from molecular dynamics (MD) trajectories of 

Nile Red in each of ethanol, toluene, acetone, and n-hexane as explicit solvents. Spectra 

were computed for clusters of Nile Red surrounded by solvent molecules with the number 

of such molecules selected using a distance criterion (Table 20). Gas phase spectra were 

also obtained using 35 different MD structures. RT-INDO/S predicts the first excited state 
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of Nile red in the gas phase to be at 2.46 eV above the ground state compared to 2.56 eV 

obtained from experiment. 

 

Figure 37. RT-INDO/S spectra of Nile red in acetone, ethanol, n-hexane, and toluene from 

200 au simulations. 35 different configurations are considered for each solvent. The 

average intensity is plotted for the final spectra. All molecular orbital pairs between 

occupied orbitals HOMO, HOMO-1, HOMO-2, HOMO-3 and unoccupied orbitals 

LUMO, LUMO+1, LUMO+2 are considered in the calculations. 

Table 21 shows the solvatochromic shifts predicted from RT-INDO/S calculations 

over the four solvents. RT-INDO/S underestimates the solvatochromic shift for all solvents 

other than n-hexane, which is unsurprising given the known deficiencies of the INDO/S 

Hamiltonian with respect to inclusion of dispersion and hydrogen bonding interactions. Of 

more interest for the present study, we did successfully accelerate the convergence of the 

RT-INDO/S spectra by a factor of about five by using MO decomposition approach. We 

would obviously expect more accurate model Hamiltonians to provide better experimental 

agreement for these solvatochromic shifts, but that is not the focus of our current study. 

 

 



 

126 
 

Table 20. Number of atoms in 35 configurations in four explicit solvation models 

Solvents Number of atoms 

Acetone 982-1082 

Ethanol 1077-1203 

n-hexane 1022-1282 

Toluene 927-1107 

 

Table 21. RT-INDO/S and experimental solvatochromic shift for different solvents. 

Solvents Solvatochromic shift (in eV) 

(RT-INDO/S) 

Solvatochromic shift (in eV) 

(experiment) 

Ethanol 0.08 0.32 

Acetone 0.13 0.24 

Toluene 0.06 0.21 

n-hexane 0.05 0.02 

  

Restricted energy window: While the orbital space required to study the solvatochromic 

shift in Nile Red could be obtained from the gas-phase calculations, and the excitation of 

interest was well described by a single occupied-unoccupied MO pair, this will clearly not 

always be the case. For such instances, if one is interested in exploring only a limited region 

of the spectrum, a restricted energy window approach that includes all occupied-

unoccupied orbital pairs within a certain energy range may prove useful for reducing the 

computational burden. Importantly, and especially in the case of INDO/S, differences in 

occupied and unoccupied orbital eigenvalues will significantly overestimate the energies 

of corresponding one-electron excitations, so when selecting a relevant window, it is 

important to account for this phenomenon. We next examine the UV/vis spectrum of f-

coronene to assess the merits of this approach. Figure 39 shows that when an energy cut-

off value of 4 eV is used, peaks in the UV/vis spectrum up to 2 eV are well reproduced. 

Within the 4 eV energy window for f-coronene, 63 MO pairs are included. Thus, the 
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restricted energy window approach avoids storage of thousands of MO pairs that only 

contribute to higher energy peaks. 

 

Figure 38. Convergence of UV/vis spectra of f-coronene obtained from a) fast Fourier 

transform of total dipole moment for the full density matrix b) combination of fast Fourier 

transform of all MO pair dipole moments within an energy window of 4 eV. Dipole 

moments are obtained from a 1000 au RT-INDO/S calculation.  

 

In many cases, chemists are only interested in the nature of first few low energy 

excitations in a system. Restricted energy window provides a way to do that just by 

analyzing the MO pairs included in the calculation. In the case of f-coronene, we have 

analyzed the nature of the first two excited states in the RT-INDO/S spectra from 63 MO 

pairs obtained using the reduced energy window approach. Figure 39 shows different MO 

pairs contributing to the first (S1) and second (S2) excited states. In case of S1, HOMO-

LUMO has the most dominant contribution and HOMO-5-LUMO+2 and HOMO-8-

LUMO+2 MO pairs have very minor contributions to the S1 excited state. However, in 

case of S2 excited state, all the MO pairs listed in figure 39 have moderate to significant 

contributions.  The wave functions of these excited states can be expressed as, 
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𝛹𝑒𝑥(𝜔𝑒𝑥) = ∑ ∑ 𝐶𝑖𝑎(𝜔𝑒𝑥)𝛹𝑖𝑎

 𝑛𝑜𝑟𝑏

𝑎= 𝑛𝑜𝑐𝑐+1

 𝑛𝑜𝑐𝑐

𝑖=1

      (95) 

where 𝛹𝑒𝑥 is the excited state wave function with excitation energy 𝜔𝑒𝑥,  𝛹𝑖𝑎 is a singly 

excited determinant involving occupied orbital i and unoccupied orbital a and 𝐶𝑖𝑎(𝜔𝑒𝑥) is 

the configuration interaction (CI) coefficient for  𝛹𝑖𝑎 that represents contribution of 𝛹𝑖𝑎 to 

𝛹𝑒𝑥(𝜔𝑒𝑥).  CI coefficients can be calculated from the following equation, 

𝐶𝑖𝑎(𝜔𝑒𝑥) = (
|𝑆𝑖𝑎(𝜔𝑒𝑥)|1/2

∑ ∑ |𝑆𝑖𝑎(𝜔𝑒𝑥)|1/2 𝑛𝑜𝑟𝑏
𝑎= 𝑛𝑜𝑐𝑐+1

 𝑛𝑜𝑐𝑐

𝑖=1

       )

1/2

(96) 

where 𝑆𝑖𝑎(𝜔) is the dipole strength function obtained from the MO pair dipole moment, 

𝜇𝑖𝑎 . For both the equations 95 and 96, the summations only run over few occupied-

unoccupied MO pairs for valence excited states. However, in the case of plasmonic 

excitations in different nanoparticles, these summations can be over large number of 

occupied-unoccupied pairs. In such cases, restricted energy window approach is not going 

to be useful for analyzing the excited states. On the other hand, restricted energy window 

approach can be very useful for studying core-level excitations where the occupied orbital 

space involves only few core orbitals and the unoccupied space involves LUMO only. 

However, INDO/S method does not include core orbitals. Thus, core-level excitations are 

not included in the current study.  
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Figure 39. MO pair contribution to S1 and S2 excited states of f-coronene. All the MO 

pairs contributions from HOMO-8 to LUMO+6 orbitals are computed. Only MO pairs with 

significant contribution to S1 and S2 states are included here. Dipole moments are obtained 

from a 1000 au RT-INDO/S calculation.  

5.7 Fractional Occupation Approach for Exciton Dynamics 

One of the advantages of the real-time approach is that it can be easily extended to 

calculate nonlinear optical properties very easily, unlike LR-TDDFT. Previously RT-

TDDFT has been used to study excited state absorption spectra.215-217 Modeling excited 

state dynamics or charge dynamics would require an initial guess for the excited state and 

the charge localized state wave functions. In previous work excited state wave functions 

are obtained from LR-TDDFT calculation.215,216 Although information about excited state 

wave function is available through time-dependent density, it is not trivial to extract those 

information. In previous section, we have shown how information about the excited state 

wave functions can be obtained from MO decomposition approach using equations 88 and 

89.  Those equation gives us information about the occupation numbers of different orbitals 



 

130 
 

from our ground state real-time calculation. Using that information, it is possible to build 

a new wave function with those occupation numbers but the same orbital as the ground 

state. Now, we can propagate this non-stationary wave function. However, while studying 

excited state absorption, we need to correct the spectra for the moving reference.  

It is important to note here that the equation 60 becomes unstable in many cases 

when [𝐹0, 𝑃0] becomes too large for the reference wave function. So, in this case we have 

used unmodified Chebyshev propagator as explained in equations 55, 56 and 57. In this 

case, four calculations need to be performed for modeling excited state absorption spectra- 

one for each polarization (x, y and z) with electric field and one without any electric field. 

We have used the approach explained above to study excited state absorption (ESA) 

spectra of Zinc phthalocyanin (ZnPc).   

5.7.1 Computational Details 

RT-INDO/S calculations were carried out under the influence of a weak delta 

function electric field pulse with a field strength of 0.0001 au at t = 0. A time step of 0.1 

au (0.0024 fs) was used and the systems were propagated for 10000 time steps as described 

further below. Since infinite time propagation is not practical, we multiply the time-

dependent dipole moment by a damping factor 𝑒−𝑡/𝜏 with 𝜏 = 200 au before taking the 

Fourier transform in order to compute the absorption spectra.  
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5.7.2 Results and Discussions 

 

Figure 40. MO pair decomposition of the 1st excited state of the ground state absorption 

spectra for Zn phthalocyanin (ZnPc). 

Figure 40 shows that HOMO-LUMO and HOMO-1-LUMO+1 excitations have 

equal contributions to the 1st excited state of ZnPc. So, the excited state wave function can 

be written as, 

𝛹𝑆1 =
1

√2
𝛹𝐻−𝐿 +

1

√2
𝛹𝐻−𝐿+1      (97) 

where 𝛹𝐻−𝐿 represents the singly excited state wave function with one hole in HOMO and 

one electron in LUMO. Similarly, 𝛹𝐻−𝐿+1  represents the singly excited state wave 

function with one hole in HOMO-1 and one electron in LUMO+1. 

From equation 97, it is obtained that the 1st excited state in ZnPc, HOMO has 

occupation number of 1.0 and LUMO and LUMO+1, each have occupation numbers of 

0.5.  
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Figure 41. Absorption spectra for ground and 1st excited state with RT-INDO/S using 

fractional occupation initial guess for ZnPc. 

Figure 41 qualitatively reproduced ESA for the 1st excited state of ZnPc.216 It is 

important to keep in mind that INDO/S Hamiltonian was not optimize for ESA, yet the 

results are quite encouraging. On the other hand, previous studies have shown that 

performance of RT-TDDFT is strongly dependent on functional choice. Future 

development is required to find better model Hamiltonian to study ESA in different 

chemical systems. However, our approach provide pathway for such future research.  
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Chapter 6. Conclusions 
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In chapter 1, different possible charge and energy transfer mechanisms and 

electronic structure methods that can be used to study those processes are described. In 

chapter 2, computational studies of structural, electronic and charge transport properties of 

small organic semiconductors like rubrene, diarylindenotetracene and their derivatives are 

presented. In chapter 3, study of long-range charge transport mechanisms in molecular 

wires are presented. We have shown the effect of conjugation breaking in the charge 

transport mechanism in molecular wire systems. Performance of MC-PDFT for excited 

state charge transfers and large strongly correlated systems is presented in chapter 4. 

Chapter 5 contains discussion about real-time method in combination with semiempirical 

HF Hamiltonians and its application to model electron dynamics in large chemical systems. 

In this thesis, we have studied and explored different intra- and inter-molecular 

charge transport mechanisms in different organic semiconductors. Our improved 

understanding of charge transport mechanisms in different organic electronic materials will 

facilitate discovery of new and more efficient materials in future. We have also tried to 

tackle different computational challenges in electronic structure methods for modeling 

charge and energy transfer processes in different chemical systems by using highly 

accurate electronic structure methods such as MC-PDFT. At the end, we have combined 

real-time dynamics with semiempirical HF methods to model electron dynamics in large 

chemical systems. We have used this approach to study ground state absorption spectra of 

large organic systems using INDO/S Hamiltonian. We have also proposed a new approach 

for characterizing different peaks in real-time spectra. We have proposed a new approach 

for extending RT-INDO/S for excited state absorption studies. Some of the methods that 
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we have developed in the framework of real-time semiempirical HF methods are equally 

applicable with ab-initio Hamiltonians.   
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