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Abstract

Because of the promising potential in the high-efficiency solar cell, sin-
glet exciton fission (SF), the molecular analog of multiexciton generation in
which the absorption of one photon results in the generation of two triplet
excitons, has attracted intensive research attention recently. Although the
striking research are advancing, the mechanism of SF is still controversial,
and some open questions remain, e.g., the key parameters manipulating the
occurrence of SF and the excited state wavefunctions involved in it. From
an electronic structure point of view, we construct an approximate diabatic
basis to unambiguously interpret the character of the excited states, by apply-
ing the restricted active space equation of motion single and double approach
to show the importance of considering multi-configurational effects in poly-
acene dimers. Using a three-state model, the effective hamiltonian shows that
strong superexchange effective couplings depend on little on the choose of the
basis set and the size of the active space while the diabatic state energies de-
pend on a lot. Second order perturbation theory is introduced, the results show
strong couplings and near degeneracy condition that explain the ultrafast SF
mechanism, which shows striking the balance between static and dynamic
correlation is also important in conjugated systems. Finally, we show that
dominant effective couplings in a dimer system strongly correlated with the
monomeric orbital overlap between two molecules. Hence, in a dimer system,
the overlap between two monomers elucidate the dependence of the relative
orientation of monomers on the efficiency of SF providing a criterion to the

1X
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design principle of high SF efficiency dye-sensitized cells.
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Chapter 1

Introduction

1.1 Singlet Fission

Singlet fission (SF) is a spin-allowed internal conversion process, in which a singlet exci-
ton splits into two triplet excitons in a dimer system [1-4] as illustrated in Fig. 1.1. [5]
The absorption of light induces the formation of the lowest-lying Frenkel exciton state
(Y rE), [6] which successively goes through a spin-allowed internal conversion to a multi-
exciton dark state or called correlated triplet state (¢)r7). Finally, two independent triplet
excitons form and diffuse away in the system as the dephasing of the coupled triplet exci-
tons in the occurrence of the correlated triplet state.

From a mechanistic perspective, two types of models have been proposed to describe
the process from ¢ g to Y 1 (1) the direct mechanism, where v is strongly coupled
to Y giving rise to the ultrafast internal conversion. (2) the superexchange mechanism,
where charge transfer state (1)cr) mediates the ulrafast internal conversion from ¢z g to
Yrr. In general, SF process can be viewed as a special case of internal conversion and it
has been observed in many materials.

SF process was observed in the 1960s in anthracene crystals and since then it was ob-
served in many other systems such as tetracene, pentacene and perylene diimide crystals,
etc. [1, 4, 7-16] Despite initial reports of singlet fission over 40 years ago, an explosion
of experimental studies have emerged only recently due to the potential for photovoltaic

utility. SF materials are expected to be applied to the solar cells for high efficiency, be-

1
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cause SF process can be utilized to overcome the Shockley-Quiesser limit [17, 18]. The
Shockley-Quiesser limit is described by Shockley and Queisser. They theoretically pre-
dicted that the maximal energy efficiency of a single junction solar cell is only about 31%
because of the inaccessibility of photons whose energy are lower than the band gap, and
the excessive energy of high-energy photons, which convert into wasted heat. [18]

The potential application of SF materials has attracted intensive research attention re-
cently. Proposed by Nozik and coworkers in 2006, [19] with the application of SF mate-
rial, the solar cell overcame the Shockley-Quiesser limit by utilizing high-frequency part
of solar energy to generate two electron-hole pairs from a single photon. In 2013, a singlet
fission based organic photovoltaic cell achieving above 100% external quantum efficiency
was reported and this further enlightens the promising applications of SF materials in the
usage of solar energy. [17]

Recently, both theoretical and experimental results exert intensive effort to elucidate
the mechanism of SF to shed light on the key parameters controlling the efficiency of SF,
which are importatnt for designing SF dye sensitizers. [5, 20—22] In the next sections, we
will review previous experimental and theoretical works to provide a general background

of interesting open problems in this field.

1.2 Experimental Development

SF was first probed by delayed fluorescence of anthracene crystal in the 60s. [1] Formed
by SF, two independent triplet excitons have a chance to fuse into a singlet exciton with
energy twice of the energy of the triplet exciton (E(¢/7)) via the up-conversion process. As
aresult, in addition to fluorescence emission from the singlet exciton pumped by the initial
radiation, the successive appearance of a delayed fluorescence signal in the femtosecond
time scale from the up conversion process was considered as an evidence of the occurrence
of SF. However, the delayed fluorescence technique can not probe the ultrafast excited
state dynamics of SF owing to the lack of ultrafast time resolution.

Recently, pump-probe transient absorption spectroscopy (TA) has been utilized to ob-

serve SF process in pentacene thin film. [23] The absorption around 620 nm in TA spec-

2
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Figure 1.1: Illustration of the general model for singlet fission, where v, represent ground
state while ¥ r g, ¥ and 11 represent the frenkel exciton state, the multiexciton state and
the triplet state, respectively.
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trum of pentacene thin film is denoted as the appearance of triplet excitons which support
the occurrence of SF. The TA technique utilizes two laser pulses separated by the span
of a delayed time, the former is called pumped pulse and the latter is probe pulse. [24]
The ultrafast pump pulse first excites the system into the excited state, then for a given
range of delayed time, the probe pulse, which is the white light continuum monitors the
optical properties of the sytem. The ability to directly observe femtosecond excited state

dynamics in SF brings the possibility of uncovering the mechanism of SF.

Moreover, the ultrafast appearance of triplet excitons supporting the occurrence of
SF within femtosecond time scale in pentacene polycrystalline and thin film system has
been demonstrated by several groups using the TA technique. [23-30] In addition, the
molecular dimers of tetracene are studied by TA spectroscopy to confirm the occurrence
of SF in covalently-linked dimer systems, making significant progress in the development

of SF-based dye-sensitizing solar cell. [31]

In 2006, Miiller et al. investigated the photophysical properties of bistetracene (1,4-
bis(tetracen-5-yl)benzene) in benzene solution. Their results show that its steady-state
spectroscopy is remarkably similar to that of monomeric tetracene, which means SF may
not be observed in this system. Although TA spectrum shows that a small (<1%) fraction
of the singlet excited states undergoes fission into two triplet states, the existence of SF
suggests that it may be possible to optimize various aspects of the molecule’ s structure
in order to enhance the fission rate and achieve triplet quantum yields greater than one.
Since then, there have been other research successfully observing SF in other covalently
linked tetracene dimer derivatives [32, 33], which also confirms that the structure of a

linked dimer can be manipulated by the linkers.

Besides, the observation of SF process in the covalently linked pentacene and 1,3-
diphenylisobenzofuran dimers in solution has shown that SF can be observed in other
kinds of covalently linked dimer systems. [34, 35] Unlike the bistetracene which uses
the benzene as a linker, the covalently linked pentacene dimers use non-conjugated 1,3-
diethynyladamantyl spacer to manipulate the structure of the dimer. The non-conjugated

linker is even more rigid than the benzene, which means the linked dimer can be fixed to

4
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a specific structure by the non-conjugated linker. The utilization of the non-conjugated
linker shows that we can further control the structure of the dimers.

For the covalenlty dimers, we can obtain the optimal dimer with high SF efficiency by
choosing different monomers of the dimer system as well as manipulating the linkers to
change the stucture of the linked dimers. However, it is impossible to synthesize the all
different dimers and sturctures in order to find the optimal dimers with high SF efficiency.
It is required to find a simple method to investigate the SF efficiency in different dimers

and structures.

1.3 Theoretical Development

An obstacle to solar-energy applications is that high SF efficiency are found only in a
few molecular systems, namely crystalline solids or aggregates of tetracene and pen-
tacene. [36-39] A better understanding of the mechanisms of singlet fission is needed
to guide the design and synthesis of materials with improved fission yields.

In 2010, to study the efficiency of SF, Ratner and coworkers emphasize the energy level
matching between the lowest single excited state and ;7. [40, 41] To estimate the energy
of Yrp, they assume the triplet-triplet coupling energies in 1 is small such that the
energy of ¢rr is equal to the energy of two triplet excitons each sitting on one molecule;
therefore, E'(17r) = 2E (7). As a result, they proposed that for a system which exhibits
efficient SF, the energy of the singlet must be higher than the twice of the energy of the
triplet ( that is E(¢rg)> 2E(v¥r) ).

Hence, Ratner and coworkers study the energy gap by applying time dependent density
functional theory (TD-DFT) calculations. They find a correlation between the energy
gap and the sum of transfer integrals including the transfer integrals between HOMO and
HOMO as well as LUMO and LUMO. Their results provide a way to design materials with
higher SF efficiency. They emphasize that the energy matching between the lowest singlet
and triplet excited state ( that is E(¢¥rg) > 2E(¥r) ); however, their focus on the energy
gap may not be sufficient to fully explain the SF efficiency because large intermolecular

couplings are also vital conditions for high singlet fission efficiency. Also, their work does

5
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not explain the mechanism of SF.

The weak direct coupling obtained by TD-DFT calculation supports the exclusion of
the direct mechanism and emphasize the importance of the /o involvement. [42] The
validity of direct mechanism and 1)o-mediated mechanism were also investigated by us-
ing open quantum system theory, [42—44] and the ultrafast SF is confirmed to take place
through a Y cr-mediated mechanism. Moreover, recent results suggest a significant in-
terplay between Frenkel exciton state /g and correlated triplet states i) through the
charge transfer state {)cr in acene derivatives [3, 42, 45-50]. From these results, the
mechanism of the SF process is well accepted that SF is a ¢)opr-mediated mechanism. In
other words, the mediate couplings, (Vrg|H |[cr) and (Yor|H |[¢rr), must play impor-

tant roles to achieve high efficiency SF.

The mediate couplings are usually obtained from experimental data, or only restricted
to the configuration interaction single (CIS) level which considers all states in single-
configuration basis. [42, 44, 50, 51] For ¥ is maily dominated by the double excited
configurations, CIS calculations are not sufficient to describe the energy of 1)y and the

couplings between 11 and other excited states.

On the other hand, it is difficult if not impossible to determine the intermolecular elec-
tronic coupling directly using density functional theory (DFT) because molecular or Kohn
Sham orbitals are delocalized over the entire system. Hence, multistate density func-
tional theory (MSDFT) describes the exciton and charge-transfer wave functions of each
monomer are localized within the molecular fragment, to quantify the electronic couplings
between, ¥ rg, Yor and Y. [20] While constrained density functional theory configura-
tion interaction (CDFT-CI) was also adopted to deal with the couplings. [52] In CDFT-CI
calulations, the CI matrix is constructed, where the CSFs in the CI matrix are generated
from CDFT and the diabatic state energies as well as the couplings were obtained from

the block-diagonalization of the CI matrix.

However, most DFT calculations on SF so far are based on four-electron-four-orbital
model, which might be qualitatively correct but not quantitatively. Plus, although DFT

calculations usually require low computational cost, DFT calculations are still impossible

6
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to directly investigate the dependence of the structural change on couplings. Clearly, a
simple method for the investigation of the dependence of structural change on couplings
in SF systems is highly desirable to obtain optimal geometry for high efficiency SF in

organic materials.

1.4 Outlook

From the discussion above, it is evident that the detailed analysis of the electronic cou-
plings considering configuration interactions and the investigation of the excited-state
characters in SF are still lacking. Also, in addition to single excited configurations, dou-
ble excitated configurations in a larger active space beyond the minimal HOMO/LUMO
model in polyacene dimers has not been systematically examined before. Therefore, we
aim to investigate the effects of active space of the configuration interaction originating
from double excitations.

In addition, we aim to derive a simple method in several dimer systems to evaluate
relative magnitude of couplings in different geometries and maximize the SF coupling
by molecular packing. This method will be useful for molecular designs with high SF
efficiency, and a detailed understanding of the validity of the method could provide useful

insights into the key factors controlling the behaviors of couplings in different geometry.
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Chapter 2

Effective Singlet fission Hamiltonians

from RAS-SD-EOM Calculations

2.1 Properties of Electronic States in SF

In this work, we consider a dimer system consisting of two molecules (labeled as molecule
A and molecule B, respectively). The key spin-adapted configuration state functions
(CSFs) relevant for the SF problem in a four-electron-four-orbital model are given in Fig
2.1. These configurations are spin adapted following Szabo’s convention, [53] which are
the eigenfunction of electronic hamiltonian, H, and the S, operator. Note that all CSFs

are denoted by |ket) notation in all our works.

These spin-adapted configurations (| FF'E4) (|F Eg)), |CTa4) (|CTg)),|TT) and |S151))
dominate the lowest lying electronic states (Y rg, Yor, Y1), respectively which are also
shown in previous studies [41]. In the figure, the blue/red color represents the localized
MOs of monomer A/B, and the lower/upper line represents the HOMO/LUMO. Also,
the direction of the arrows reflect the spin of the electrons. |F'E,4) (|FEg)) describes
the HOMO-LUMO transition localized on molecule A (B). |CT,) (|CTp)) describes the
HOMO-LUMO transition where an electron is excited from molecule A (B) to molecule

B (A). |TT) and |S15,) are double excited configurations.

Note that, these key configurations are utilized to represent the properties of ¥ rg, Yor

9
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Figure 2.1: Spin adapted configurations relevant to the singlet fission process problems.
Red and blue are used to denote MOs belong to molecule A and B, respectively.

and v¥rr. However, MOs derived from the HF calculations in a dimer system are usually
delocalized, particularly in a symmetric dimer system. As a result, delocalized MOs lose

the electronic structure which is important in the interpretation of excited state properties.

2.2 Localization of Molecular Orbitals

To properly describe the properties of these configurations, we aim to extremize the orbital
populations on either molecule A or molecule B. Hence, all CSFs are described by these

localized orbitals.

The method proposed by Ishikawa is adopted to obtain localized orbitals. [54] These
localized MOs are obtained by doing an unitary transformation on MOs derived from

Hartree-Fock (HF) method. And the unitary transformation is generated from the diago-

10
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nalization of the overlap matrix § over the atoms of molecule A. S is given by

N N
Sij = ZZCL*OIZ<X/L|XV>7 (2.1)
p=1v=1

where 1, j denote the HF MOs and Y, x,, denote atomic orbitals (AOs). The system has 2N
AOs, AOs 1 to N belong to the molecule A while AOs N+1 to 2N belong to the molecule
B.

2.3 Restricted Active Space Single and Double Equation

of Motion (RAS-SD-EOM) Method

The HF method depends on a mean-field approximation which provide a convenient way
to do the self-consistent procedure. However, HF calculations usually can not properly
describe the electronic states for molecules. Though, the HF calculations ensures a set of
MOs that can describe the energy of the ground state (£ i), this energy is higher than the
exact energy of the ground state (E..q.). Also, the difference between (Eyr) and (Eepact)
called electron correlation (E,,,.) reflect the failure of describing the electronically excited
states.

E.,. can be divided into two parts: the first one is the static correlation, which is
derived from the wave function in the HF is a single slater determinant. The single slater
determinant might be a rather poor representation of a many-electron system’s state such
as a system with degenerate ground states. The second one is the dynamic correlation,
which is derived from the electrons in the HF calculations do not instantaneously interact
with each other, as they do in reality. Hence, HF calculations are not enough to describe
the electronically excited state.

To go beyond the description of HF level for electronically excited states, we need to
consider interactions between configurations. Configurations interaction (CI), especially
full CI, which involves in the electronic couplings contributing from other configurations,

gives rather accurate descriptions to electronic eigenstates. Theoretically, with a complete

11
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basis set, the full CI calculation considering all the configurations in the system will result
in the exact wavefunctions. Unfortunately, the full CI is formidable for the most systems
since the numerous configurations may complicate the interpretation of the eigenstates
properties. Plus, double excited configurations are required to properly describe the prop-
erty of ¢»7r. Hence, configuration interaction single and double (CISD) method is adopted

to describe the electronic states.

Moreover, to satisfy the size-consistent condition, the ground state configuration is
neglected according to the works of David. Yaron. [55] The work done by David. Yaron
describes that the energy of the electronic state should not depend on the number of the
non-interacting butadiene, which forms a polyacetylene chain. However, due to size in-
consistency, in CISD calculations, the energy of a single butadiene molecule is described
more accurately than the energy of two or more butadiene molecules. On the other hand,
the energy in different length of the polyacetylene chain calculated from SD-EOM stay
consistent, which means SD-EOM calculations hold the size consistency. Hence, we fol-
low the process of neglecting ground state configuration and using only single and double

excited configurations to describe excited states.

Note that, even on a minimal basis set such as STO-3G, the full SD-EOM is still a
difficult task. Since the number of CSFs determine the computational cost of the calcula-
tions, and the computational cost quickly increases with the number of active orbitals, it
may be desirable to use a smaller set of CSFs. As a result, the restricted active space is

used to reduce the computational cost.

Finally, the CI matrix is constructed by applying RAS-SD-EOM and the size of the
CI matrix is the number of CSFs generated from the given active space. The diagonal
terms of the CI matrix are the energies of the CSFs and the off-diagonal terms are the
configurational couplings. For example, the active space restricted in (2,2) means that
we consider all the single and double excited configurations related to the two highest
occupied-localized orbitals and the two lowest unoccupied-localized orbitals in the dimer
systems i.e. localized HOMO and LUMO of two molecules. Moreover, the total number

of the configurations generated from (2,2) is 14. This means that the 14 by 14 CI matrix

12
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is constructed by RAS-SD-EOM with the active space restricted in (2,2).

In general, the excited state of a system can be described by the eigenstates of the CI
matrix, which are also called adiabatic states. However, it is impossible to infer couplings
and dynamics in CI eigenstates. In the next section, we will apply block diagonalization

to investigate the interactions between CSFs importatnt to the SF process.

2.4 Three-state Model

With the aim to investigate the dynamic of SF following the Fermi’s Golden rule, which
describes the population transfer between the diabatic states, the CI matrix needs to be
block diagonalized to transform the adiabatic CI eigenstates into the diabatic states and
can get the information of electronic couplings shown in Fig. 2.2. [56]

Among the unlimited ways to divide the CI matrix into several blocks, it is rational to
choose the one can give rise to the block-diagonalized states being representative of the
low-lying CI eigenstates discussed i.e. has similar electronic structure. Hence, we use the
p-value to divide the CI matrix into the FE block, the TT block and the CT block which

represent the properties of ¢ g, ¥rr and Yor. And the p-value is defined as

Py = (2.2)

where 1 and j are excited configurations. E; is the configurational energy of the i-th con-
figuration, which is calculated from (i|H ).

Note that the configurations shown in Fig. 2.1 are intuitively assigned into the three
block respectively due to the properties of these configurations. |F'E4) and |F Ep) are
assigned into FE block, CT) and |C'Tp) are assigned into CT block, and |7'T") and |S157)
are assigned to TT block. The other configurations in CI space, take configuration |i)
for example, we can calculate its p-value with |FE4) (P, rg,), |FEB) (P reg), |CTa)
(P.ory), [CTs) (Piory), |TT) (Prr), 1S151) (Pis,s,). By comparing the magnitude
of P, re,, Pireg, Picrys Piory, Pirr and P g s, |i) is assigned to CT block if the

magnitude of either P; o7, or P; o1, is the largest.
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1T

Figure 2.2: Illustration of block diagonalization of the truncated CI matrix. (FE block, CT
block and the TT block)

After assigning all configurations, we do the diagonalization for three blocks, and the
lowest-lying states in the three blocks are used as the basis of a three state effective hamil-
tonian. As a result, the diagonal terms of the effective hamiltonian represent the energy of
Vg, Yrr and Yo, and the off-diagonal terms are the couplings between ¢ g, ¥ and
Yer. Previous work has shown that the first singlet excited state in each block indeed has
the same main features with the the loweest three CI eigenstates, which confirms that the

Vre-Yrr-Yor three-state model is valid to investigate the dynamics of SF.

2.5 Model Dimer Systems

In this chapter, we investigate polyacene dimers in a slip-stacked geometry. To obtain
atomic positions, polyacene monomers are first optimized using the DFT method with
B3LYP/6-311G(++), and the structures are constrained to the Dy, symmetry. The opti-

mized monomers are then aligned to a slip-stacked C'y, dimer structure with a faced-to-
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Figure 2.3: The three state model systems studied in this chapter (a) tetracene. (b) pen-
tacene. The face-to-face distance is 3.7A and the displacement of the slip in short axis is
of 0.5A. The nearest crystal pair of (c) pentacene.

faced distance of 3.7A and a 0.5A slip in the direction of the short axis shown in Fig. 2.3
(a) and (b).

The particular molecules and the slip-stacked geometry are chosen because of previ-
ous experimental results. [36-39] The previous results obesrve the SF in tetracene and
pentacene crystals. Also, the face-to-face distance of 3.7A is based on the geometry sug-
gested by Zimmerman and coworkers, [36] where the conical intersection of ¢rg and
Ypr 18 located, making SF most probable to take place through internal conversion. From
the geometrical effect analysis conducted by Michl and coworkers, [2] the short-axis slip
ensures the nonzero value of the direct coupling due to a symmetry breaking of the MO
interactions.

Considering a real system, we choose pentacene crystal to perform our calculation
because the efficient SF process was observed in pentacene crystal. Note that, the cal-
culations are not performed in the unit cell of the pentacene crystal but performed in the

nearest pentacene crystalline dimer shown in Fig. 2.3 (c). [23-30]

2.6 Basis Set Dependence of Effective Hamiltonian in Ethy-
lene dimer

In previous works, the minimal basis set, STO-3G, is adopted to derive MOs because
the minimal basis set has the lowest computational cost and the 7 orbitals which play

important roles in the conjugated systems have been already included in the minimal basis
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set. However, previous studies usually use a larger basis set such as 6-31G in conjugated
systems. [57—63] It is required to investigate the dependence of basis sets on the diabatic

state energies and couplings.

Because the computational cost is too high to utilize a large basis set such as 6-311G to
construct the SF effective hamiltonian in tetracene or pentacene dimer system, we invesit-
gate the basis set dependence in the slip-stacked ethylene dimer in which the monomer is
the simplest conjugated system. In the slip-stacked ethylene dimer, there is a 0.5A dis-
placement along the long axis compared with the face-to-face ethylene dimer. And in all

calculations, the active space of the effective hamiltonian is fixed to (2,2).

Figure 2.4(a) shows that the dependence of basis sets on the diabatice state energies. In
the minimal basis set, STO-3G, the calculations overestimate E(¢rg) and E(y)cr) while
underestimate E(i77) such that the energy gap between ¢ rp and 1 is much larger
than the energy gaps in other basis sets. The dependence of basis set on the diabatic state
energies shows that the minimal basis is not sufficient to contruct the effective hamiltonian

in conjugated systems.

On the other hand, in Fig. 2.4(b), the diabatic state couplings present a property de-
scribing that the couplings stay consistent in different basis sets. This property means that
the basis sets affect little on the couplings. Note that (¢)pg|H |[¢)r7), where H is the elec-
tronic hamiltonian, in STO-3G is much smaller than () rg| H|t)rr) in other basis sets, but
(Yrp|H|Yer) and (Yor|H |rr) are quite larger than (pg|H|¢rr) in all basis sets. As
a result, the relative small difference of (¢)pg|H|¢rr) between STO-3G and other basis

sets does not affect the property.

In summary, SF haniltonian constructed in different basis sets shows that the energy
gap between pgp and 1 is overestimate in STO-3G and the choice of the basis sets
affect little on the couplings. It is required to use a larger basis sets than STO-3G such
as 6-31G to contruct the effective hamiltonian while the minimal basis set is enough to

describe the diabatic state couplings.

16

doi:10.6342/NTU201701715



x 10"

1.6- @ Yrp
(a) A7y
*-Yor

1.4

Energy(meV)
S

"(1/1F5|H|1/JTT>

(b) & (ppp|H|Yor)
s 10"} s« (Yrr|H |[Yer) |
Q
£ e

2 A

2 10 f‘\ R ]
a
3 10" -
(&)

10+ :

STO-3G 3-21G  6-31G 6-31G(d) 6-311G 6-311G(d)
Basis set

Figure 2.4: The dependence of basis set on (a) energy (b) coupling in ethylene dimer
system.

17

doi:10.6342/NTU201701715



2.7 Active Space Dependence of Hamiltonian

Although expanding to a large active space is straightforward, it also has the high com-
putational cost. To avoid high computational cost and properly describe the properties of
electronic state, we examine the convergence of the diabatic state energies and couplings
in different size of the active space. Start with using the minimal active space, (2,2), to
construct the SF effective hamiltonian containing 14 configurations, and expand the active

space to (10,10) to construct the effective hamiltonian containing 5150 configurations.

We expect the effective SF hamiltonians can reflect the properties in tetracene and
pentacene dimer systems. From the previous results of tetracene and pentacene, [36—39]
the relationship between diabatic state energies in tetracene is E(¢or) > E(Yrr) > E(YrE)
while in pentacene, the relationship is E(vcr) > E(¢¥rg) > E(¥rr). Also, the SF process
is a mediated mechanism, which indicates that (¢ pg|H [¢)or) and (e |H [1rr) are large

while (¢pg|H |¢br7) should be close to zero.

Figure 2.5 shows that the diabatic state energies in the different size of active space.
The diabatic state energies decrease as the active space expands because that there are
more excited configurations coupled with the diabatic states as the active space is bigger.
However, the relationship of the energy between two diabatic state changes as the active
space expands and this result can not reflect the property of the diabatic state energy like

previous results in tetracene and pentacene. [36—39]

The results do not present a consistent relationship between diabatic state energies.
For example, in tetracene model system, Fig. 2.5(a) shows that the relationship between
E(¢¥rr) and E(vcor) reverses from (6,6) to (8,8). This is because some excited config-
urations which are included when we expand the active space from (6,6) to (8,8) have
strong couplings with ). Moreover, another reverse of relationship between E(¢rr)
and E(v)cr) 1s also observed from (8,8) to (10,10). When we expand the active space
from (8,8) to (10,10), some excited configurations strongly couple to ¢)c7; hence, the

E(¢¥cr) is lower than E(¢77) again.
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Even the effective hamiltonian (¢ rg, Yo7, Y7rr) in (10,10),

3027 289 3.2
Htetracene = 280 3449 29.7 )
3.2  29.7 3617

which contain the most number of CSFs in our calculations can not explain the experimen-
tal results in tetracene. E(v)cr) is 3449 meV while E(¢rr) is 3617 meV, which contradicts

the experimental results describing E(vrr) < E(¥or). [39]

In the other two systems, pentacene model system and the crystalline dimer, we can
also observe the reverse of relationship between diabatic state energies from (4,4) to (6,6).

Similarly the effective hamiltonians (Vrg, ¥or, ¥rr) of these two systems in (10,10),

2507 436  10.0
Hpentacene - 436 2670 43.4
10.0 43.4 2733

and
2089 68.4 0.1

Hpentacene crystal — 68.4 3421 76.0 )
0.1 76.0 3360

where the unit is meV, also can not reveal the special property of diabatic state energy like

the previous results which describes that E(¢y7r) < E(Ypg). [36-38]

In addition, the relationship of energy between states in tetracene and pyrene are quite
different. Though the both systems are similar. Compare Fig. 2.5(a) with Fig. 2.5(b),
E(¢rg) 1s much smaller than E(v)cr) and E(¢7r) in tetracene, while E(¥rg), E(¥cr) and
E(yrr) are close to each other in the both pentacene dimer systems. This indicates that
molecules that also belong to polyacenes, such as athracene and hexacene, may present

totally different relationship of energy from tetracene and pentacene.

The SF effective hamiltonians in these three systems show that the diabatic state en-

ergies are strongly affected by the size of the active space, which means that the multi-
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configurational effect is important. Moreover, the wrong relationship bewteen diabatic
state energies and the inconsistency of the relationships implies that double CI calculation
is not enough to describe the dynamics of the SF process in a dimer system. A higher
level calculation should be used to correctly derive diabatic state energies or adopt semi-
empirical method to obtain energies.

On the other hand, Fig. 2.6 shows that the SF process is a mediated mechanism in
the three dimer systems because the direct coupling, (| H|Yrr), is near zero and both
(Yrp|H|Wer)and (or|H |rr) are much bigger than the direct coupling. Also, these
three diabatic couplings stay consistent when the active space expands, which means that
the size of the active space affects little on the couplings. Hence there should be several
configurational couplings dominate the diabatic state couplings. In other words, the dia-
batic state couplings should be described by the couplings between key configurations i.e.
HOMO-LUMO transitions.

Different from the comparison of the relationship of energy between tetracene and
pentacene, Fig. 2.6(a) and (b) reveals that the diabatic state couplings in both tetracene and
pentacene model dimer are similar that is (¢ pg|H|Vor) > (Yor|H |Yrr) > (Yre| H|YrT).
This implies the magnitude of these couplings should be similar in other polyacene dimer
systems such as anthracene and hexacene.

On the other hand, when comparing Fig. 2.6(b) with 2.6(c), (¢rg|H |tcr) is quite
different in these two systems. (¢pg|H |tbcr) is aound 450 meV in pentacene model
dimer, while (¢pg|H |1)cr) is only around 60 meV. The results indicate that (v pg|H |or)

is very sensitive to the stucture of the dimer or the intermolecular distance.

2.8 Energy Correction by Second Order Perturbation The-
ory

In the previous section, we have shown that the relationship between the diabatic state
energies does not stay consistent as expanding the active space from (2,2) to (10,10). Even

the effective hamiltonian with active space (10,10) can not reflect the same properties with

20

doi:10.6342/NTU201701715



5000

(@) AT
—_ tor
> 4500 |
()]
£
>
D 4000/
Q
c
1]
35001 1
3000 : '
4000 w . .
*Ury
(b) AYrr
*-Yor
; 3500
Q
E
>
2
@ 3000
c
1]
2500 : :
4500 | ' ' P
AT
(c) *Yor
< 4000 1
Q
E
>
2
o 3500 1
c
w
3000+ ]

2,2)

@4) (66) (88 (10,10)
Active space

Figure 2.5: The comparison of diabatic state energy of the effective hamiltonain which is

contructed in different size of active space (a) tetracene model dimer (b) pentacene model
dimer (c) pentacene crystalline dimer.

21

doi:10.6342/NTU201701715



400

I'.' <7/1FE | ﬁ |’3,-'f)TT>

(a) A (| H[bor)
< > Hly
> 300 — - {yrr|Hlger)
£
e
e
= 200- 1
o
2
o]
(&)
100
s —x
0 L — . L . —

I'.'<1/JFE|H|’I_L‘TT>
500- (b) & (Yrp|H[¥or)

‘—‘\A—‘W [éer)

Coupling(meV)
]
e

200- 1
100- 1
% 5 3¢ —
0 — o = G0
150 . -
o (Ypp|H |[Yrr)
(c) 4 (prp|U o)
=« {Yrr|H|vpor)
S 100 ]
()
g e — e,
5 A —-
S 50 — .
=
o]
(@]
0

o0 —0— 0 — 0
(22) (44) (66) (88 (10,10)
Active space

Figure 2.6: The comparison of couplings of the effective hamiltonain which is contructed
in different size of active space (a) tetracene model dimer (b) pentacene model dimer (c)
pentacene crystalline dimer.

22

doi:10.6342/NTU201701715



the experimental results in tetracene and pentacene. This failure indicates that the diabatic
state energies dismisses some important correlations , which are required to include in

other ways.

For the general problems of the CI calculation, it does not consider the size consistency
and the dynamic correlation. Despite the fact that SD-EOM maintains the size consistency
by neglecting the ground state wavefunction, it still misses the dynamic correlation, which

we believe is important in the polyacene dimer systems.

Because RAS-SD-EOM include only a little dynamic correlation while overemphasize
the static correlation, striking the balance between the dynamic and static correlation in
the construction of effective hamiltonian should be important. To strike the balance, the
second order perturbation theory is introduced to include dynamic correlations in the dia-
batic state energies of the three dimer systems , which is similar to CASPT2 calculations.

[64-66]

The following process presents how we introduce the second order pertubation theory
to the effective hamiltonians. The size of the active space is fixed to (10,10) and the three-
state effective hamiltonian is constructed by the active space that is smaller than (10,10).
The other configurations that exclude the configurations contained in the three-state ef-
fective hamiltonian are regarded as the first order perturbation wavefunctions. These first
order perturbation wavefunctions are utilized to generate the second-order perturbation
energy. For example, if we use the minimal active space, (2,2), to construct the three-state
effective hamiltonian then the 5136 configurations which exclude the configurations gen-
erated from (2,2) are considered as the first order perturbation wavefunctions to correct

the diagonal terms of the effective hamiltonian.

Figure 2.7 shows that the diabatic state energies are corrected by second order pertur-
bation theory in different size of active space. Note that when the active space is expanded
to (10,10), the effective hamiltonian is equal to the results shown in the previous section,
in other words, the effective hamiltonian does not corrected by the seocnd order pertur-
bation theory. The inclusion of the static and dynamic correlations can be controlled by

manipulating the size of the acive space. As we use a smaller active space to construct the
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effective hamiltonian, the static correlation which is included in the effective hamiltonian
also decrease, while the included dynamic correlation will increase.

The new hamiltonians in (2,2) successfully reveal the properties in tetracene and pen-
tacene described in the previous section. In tetracene model dimer system, the new three-

state effective hamiltonian (¢ rg, Yo, Y1) constructed by the minimal active space,

3107 289 3.2
Htetracene = 289 3530 29.7 )
3.2  29.7 3239

represent consistent results compared with the experiment, which reveals that E(¢)p7) >
E(YrE). [39] The new effective hamiltonians (Y rg, Yor, Yrr) in (2,2) of either the pen-

tacene model system or the pentacene crystalline dimer system,

2572 436 10.0
Hpenmcene: 436 2713 434

10.0 434 2132

and
3073 684 0.1

Hpentacene crystal — 68.4 3467 76.0 ’
0.1 76.0 3061

also reflect the special property of diabatic state energy like the previous results which
describe that E(¥rr) <E(Yrg). [36-38]

Although the relationship of the energy between diabatic states seems to be the same
with the results of the experiments, we emphasize that it is a test to perform that the bal-
ance between dynamic and static correlation is important in these systems. We believe
that the effective hamiltonian including the minimal active space achieves the balance be-
tween dynamic and static correlation. Thus, it can present the same properties with the

experimental results.
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Chapter 3

The Dependence of Geometrical

Change on Couplings

3.1 SF Couplings and Orbital Overlaps

In general, the SF efficiency depends on two conditions: the first one is the energy level
matching which is fully described by Ratner. [40, 41] The second one is the SF couplings.

Moreover, it is expected that the SF couplings should depend critically on the geo-
metrical changes. And the geometrical changes can be divided into two parts: the slip
displacement and the relative orientation, which will be introduced later. Because of the
high computational cost of CI calculations, it is hard to investigate the dependence of the
geometrical change on SF couplings directly. Thus, finding a indicator which is easily
calculated is required to elucidate the behaviors of SF couplings as the geometry changes.
We aim to show that the key couplings can be described by the overlap integrals. These
overlap integrals will be used to estimate the dependence of geometrical changes on SF

couplings in dimers systems.

3.1.1 Four-Electron-Four-Orbital Approximation
From the previous chapter, we have shown that the SF electronic couplings are affected
little by the choice of the basis sets and the size of the active space. Hence, the diabatic
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state couplings should be dominated by key configuarional couplings. And these key

configurations are HOMO-LUMO transitions, including |F'E), |T'T) and |CT).

Practically, two monomers have some interactions with each other; therefore, | F'E) we
really concern is the linear combination of |F'E'4) and | F' Eg) as given in fig 2.1. For the
same reason, |C'T) is the linear combination of |[CT) and |CTp). For example, |F'E) =
1/V2|FE,) 4+ 1/v2|FEg) and |CT) = 1/4/2|CT4) + 1/+/2|CTg) are considered in a
symmetric dimer system. And these key configurations (|F'E), |T'T) and |5,541), |CT))
dominant the lowest lying diabatic states (V' g, Y17, Yor), respectively, which are also
shown in previous studies [41]. Thus, the previous results and our works allow us to
apply four-electron-four-orbital model based on HOMO and LUMO of the monomers to

describing the key characters of the diabatic states.

In this case, diabatic state couplings, (¢ rg|H |¢cr) and (Y1 | H |1er), can be approxi-
mated as (F'E|H|CT) and (TT|H|CT), (S151|H|CT) respectively. These couplings are
given by

(Yre|H|Yor) ~ (FE|H|CT), (3.1)

and

(Wrr|H[por) = CTTIH|CT) + Co{S15,|H|CT), C1 # Cs, (3.2)

where C'; and C) are the coefficients of the configurations. Note that )pp is a multi-
excitonic state so ¢y must contain both |7'7") and | S151) from the sight of the CI method.
The ratio of these two configurations in {7 should not be equal because the energy of
|T'T) and | S15,) are different even in a symmetric dimer system, which implies that C; and
C, are not equal. On the other hand, | FE) and |C'T') can be expanded as 1/v/2|FE,) +
1/v2|FEg) and 1/v/2|CT4) +1/+/2|CTp) for we only consider symmetric dimer in our

works such that

(FE|H|CT) = L(FEA|H|CTo) +{FEA| H|CT5) + (FEp| HICT) +{F Es| HICT5)
(3.3)
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3.1.2 Expansion of Configurational Couplings

These confirurational couplings can be rewritten into two electron integrals and off-diagonal

terms of the Fock matrix f [53], given by

1
(FE|H|CT) = (laha|lgha)+ (Lahallahp) + 5[(hAhA|lAlB) + (hahg|lala)]
1
+(Ighp|lahp) + (Ighp|lpha) + 5[(hBhB|lBlA) + (hphallplp)]

+(lalfllg) + (halflhB), (3.4)

where two electron integral (I4ha|lgha), for example, is defined as

(Lahallgha) = //¢1A(T1)¢m(7“1);@3(7“2)%/;(7“2)65716172- (3.5)

For all two electron integrals, A and B denotes the molecule A and molecule B. h and
[ denotes HOMO and LUMO. For example, h,4 is the highet occupied orbitals local-
ized on the monomer A. For a symmetric dimer, (FFE4|H|CT,) = (FEg|H|CTg) and
(FER|H|CTs) = (FEA|H|CTg), so Eq. 3.4 can be rewritten as

(FE|H|CT) = 2[(lahallgha) + (lahallahp)] + (haha|lalp)

+(hahp|lala) + (Lalf|ls) + (halflhB). (3.6)
For (T'T|H|CT) and (S, 5,|H|CT), |CT) is also expanded and rewritten as

(TT|H|CT) = —((TT|H|CTy4) + (TT|H|CT3)) (3.7)

Sl

(5,5, H|CT) = j§<<slsl|H|cTA> (515, HICT3)) (3.8)

and both of the terms can be calculated from two electron integrals, given by

1
(TTIH|CT) = [=(hahalhsla) = (habslhals) + (Lahsllslz)
F(hplplials) — (hphplhals) — (hahs|hsls)
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+(lBhA|lAlA)—l—(hAlA”AlB)], (39)

and

3
<515'1‘H‘CT> = ﬁ[—(hAhAVZBlA)—|—(hAhB‘hAlA)+(lAhB‘lBlB)
—(hBlB‘lAlB) — (hBhB’hAlB) + (hAhB|hBlB)

+(Ihallala) + (halallalp)), (3.10)

Furthermore, Eq. 3.9 and Eq. 3.10 can be contracted by symmetry such that

(TT|H|CT) = —(hahalhpla) — (hahglhala) + (Lahs|lsls) + (hplsllals)  (3.11)

and

(S181|H|CT) = ——[—(hahalhpla) + (hahglhala) + (Lahsllsls) — (hsl|lals)].

(3.12)

[\]

3.1.3 Approximation of Two Electron Integrals

In Eq. 3.6, 3.11 and 3.12, two electron integrals contained in (FE|H|CT), (TT|H|CT)
and (S151|H|CT) are so-called three center two electron integrals. Three center two
electron integrals can be divided into two types: coulomb exchange integral, (¢, dq|dpPc),

and hybrid exchange integral, (¢, ®p|Pa e ).

In the coulumb exchange integral, the product of ¢, and ¢, is not affected by the
geometry because of the same molecular orbitals. The behaviors of coulomb exchange
integrals in different geometry primarily depend on the other product of ¢, and ¢.. For
example, the behavior of (haha|hpla) in different geometry is elucidated by the product
of hp and [ 4. Furthermore, we claim that the product of hp and 4 can be approximated

by the overlap between the HOMO of the monomer B and the LUMO of the monomer A
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i.e. HOMO-LUMO overlap. The overlap integral is given by

U1y =33 CLw O (ulw). (3.13)

I

Since both HOMO and LUMO of the monomer are 7 orbitals, both ; and v are only
needed to run over all p, orbitals. In addition, we assume the hybrid exchange integral,
(dutv|Pae), can also be approximated by the overlap, (¢p|¢d.). Forexample, (hahp|hala)

will be approximated by the overlap, (hallp).

Hence, (Yrr|H|Ycr) can be approximated by (ha|lp) in our theory. The similar
formalism can be applied to treat ()pp|H |tor); however, we find that the geometrical
dependence mainly affects (71| H|Ycr) in our study. In addition, (¢ pgr|H |1)cr) can be
easily calculated from CIS because |¢rg) and |¢cr) are primarily dominated by single
excited configurations. We aim to verify the applicability of using (hp|l4) to elucidate
the behavior of (¢rr|H|1cr) in the different slip displacement and relative orientation

between two monomers.

3.2 Effect of Slip Displacement

In the following, we first investigate how slip displacement affects the couplings, where
the slip displacement is shown in Fig. 3.1. Considering the center of the two molecules
Cy = (21,91, 21) and Cy = (x9,Ys, 29), we define Ax = x5 — 21 ,Ay = yo — y; and
Az = zy — z;. And the slip displacement represent the displacement either along the
x-axis (Ax) or the y-axis (Ay).

In this section, we apply our theory to three representative model systems. We start
with an ethylene dimer system for which we compare the effect of slip displacement on
overlap with the effect of slip displacement on the electronic couplings calculated from
the RAS-SD-EOM approach to examine the validity of using overlap as an indicator of SF
couplings. The dependence of slip displacement on SF couplings in tetracene and pyrene

is also studied to verify our theory further.
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3.2.1 Ethylene

To elucidate the validity of using certain overlap integrals to estimate SF couplings, we
first study the SF coupling of the ethylene dimer at different slip displacement. Ethylene is
the simplest conjugated system and the simple HOMO and LUMO of the Ethylene provide
convenience for us to illustrate the behavior of the overlap in different slip displacement.
Figure 3.1 shows the geometry of the ethylene dimer system, where the face-to-face dis-
tance between the two ethylene molecules is fixed at 4.5A (Az = 4.5A ), which is deter-
mined by geometry optimization with MP2/6-31G calculation. Hereafter, all calculations
are carried out using 6-31G basis set. We aim to show that effective couplings, two elec-
tron integrals, and overlap integrals relevant in the SF process have the same behaviors

when the slip displacement changes.

Figure 3.2 shows that the results of the ethylene dimer system. Figure 3.2(a) shows
the HOMO and LUMO of an ethylene molecule. In Fig. 3.2(b), we plot the coupling
between |¢rr) and |¢or) derived from the RAS-SD-EOM method, (vrr|H|Yer), as a
function of the long axis (x-axis) displacement. Clearly, (vrr|H|Ycr), as Ay is zero ,
exhibits a maximum at Az = 1.5A, which is in agreement with previous calculations [5].
In addition, we also plot (T"T'|H|CT) and (S,.51|H|CT) as a function of Az, and both of
them follow the dependence of Ax on the diabatic coupling closely. And it indicates that
couplings between the two most important CSFs in the four-electron-four-orbital model

indeed dominate the diabatic couplings.

In Fig. 3.2(c), we show the dependence of Ax on relevant two electron integrals,
which exhibits Az dependence similar to (¢)7r|H|cr). The behaviors of (rr|H|er)
can be estimated by the behaviors of these two electron integrals, which are approximated
by the overlap integral, (h|lg). Figure 3.2(d) also shows that (h|lz) as a function of
Az, and the behavior of (h|lp) shows excellent correspondence with the behavior of
(Yrr|H|Yer) (Figure 3.2(b) ).

On the other hand, (¢p7|H |[1)or) is zero when Ax is equal to zero regardless of the
value of Ay, which we didn’t show in the Fig. 3.2, and this phenomenon was also men-

tioned before [5]. Calculations of (h4|lg), which is a function of Ay with Az = 0 shows
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Figure 3.1: Illustration of the slip displacement, where the yellow points are the centers
of the ethylene monomers.

the same behavior with (71| H|Ycr). Apparently, in the ethylene system, (h|lg) is an

excellent indicator of the dependence of the slip displacement on (¢rr|H [1hor).

Besides, the dependence of the slip displacement on (h|l5) can be explained by a
mirror plane. This mirror plane is perpendicular to the long axis and in the middle of the
face-to-face ethylene dimer such that HOMO is symmetric while LUMO is anti-symmetric
to the mirror plane. This mirror plane also explain the zero if (h4|lg) in a face-to-face
ethylene dimer system. Moreover, (hal|lg) is zero at Az = 0 regardless of the value of

Ay because the mirror plane remains in the dimer system.

In contrast, when Ay = 0 and Az become non-zero in the dimer system, (hallp)
has non-zero value since the mirror plane disappears. For a good correlation between
(Yrr|H|Yer) and HOMO-LUMO overlap, the behavior of (177 |H |[¢)cr) in our results

can also be elucidated by this mirror plane.

The most important is that comparing Fig. 3.2(b) and (d) shows that the relative mag-
nitude of (¢rr|H |tbor) can also be elucidated by (hal|ig). For example, (71| H|er)
as Az = 1A is smaller than (Y77 |H|veor) as Az = 2A and (h4|lg) reveals the same
relationship between as Az = 1A and as Az = 2A. This indicates that it is possible to

calculate (¢Ypr|H|or) from (hallp).
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Figure 3.2: (a) Visualizations of HOMO and LUMO in ethylene monomer. The depen-

dence of Az on (b) couplings, (c) two electron integrals and (d) overlap. Other parameters
are Ay = 0A and Az = 4.5A.

3.2.2 Tetracene

The SF process was observed in tetracene crytals before, [9] hereafter SF process was
observed in bistetracene solutions as well [31] , which reveals that the structure of the
dimer can be manipulated. In order to apply our theory to bistetracene for molecular

design, we aim to verify that our theory can be applied to the tetracene dimer system.

Figure 3.3(a) shows the HOMO and LUMO of a tetracene molecule. In a face-to-face
tetracene dimer system, there is a mirror plane perpendicular to the short axis and in the
middle of the dimer system such that HOMO is anti-symmetric while LUMO is symmetric
to the mirror plane. Different from the ethylene dimer system, SF couplings, (TT|H|CT)
and (S1S1|H|CT), are expected to be zero at Ay = 0 regardless of the value of Az
because the mirror plane is perpendicular to the short axis and disappears only when Ay

becomes non-zero.

Hence, we plot the couplings as a function of Ay (shown in Fig. 3.3(b)) to demonstrate

the disappearence of the mirror plane in the tetracene dimer system. Figure 3.3(c) and (d)
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show that the Ay dependence of relevant two electron integrals and the HOMO-LUMO
overlap agree very well with the Ay dependence of (T'T|H|CT') and (S, 51|H|CT). Even
though the patterns of HOMO and LUMO in tetracene molecule are more complicated than
the patterns of orbitals in ethylene molecule, our theory still can be applied to the tetracene

dimer system.

In addition, from the results of ethylene and tetracene, we can find that the direction
of the mirror plane in the ethylene face-to-face dimer is different from the direction of
the mirror plane in the tetracene face-to-face dimer. At the same time, in the ethylene
dimers, (TT|H|CT) and (S,51|H|CT) are zero at Az = 0 regardless of the value of Ay
in the ethylene dimers, while in the tetracene dimers, the couplings are zero at Ax = 0
regardless of the value of Ay. This implies that the direction of the mirror plane in the
face-to-face dimer determines the appearance of the non-zero value of (1'T'|H|CT') and
(S1S1|H|CT), which is useful to predict the behaviors of couplings in an unknown dimer

system.

In Fig. 3.3(b), the oscillatory behavior is observed. (TT|H|CT) and (S;5:|H|CT)
exhibit a maximum at Ay = 3.5A, which also can be clearly illustrated by the HOMO-
LUMO overlap. In Fig. 3.3(a), the mirror plane divides HOMO into two parts. When Ay
increases, the overlap between the first part of HOMO, or the postitive part, and LUMO
is denoted as S, for the overlap is always positive. While the overlap between the second

part, or the negative part, and LUMO is always negative, hence S,,.

In a face-to-face tetracene dimer, where both Az and Ay are equal to zero, the nearest
distance between the positive part and the center of LUMO is equal to the nearest distance
between the negative part and the center of LUMO. Hence, the absolute value of .S, and

S,, are equal at Ay = 0A, which results in (h4|l5) = 0.

At Ay = 3.5A with Az fixed to zero, the nearest distance between the negative
part and the center of LUMO become even larger so the absolute value of .S, become
much smaller than S, at Ay = 0. On the contrary, S, at both Ay = 0A and Ay =
3.5A are similar because the nearest distance between the positive part and the center of

LUMO at Ay = 3.5A is the same as at Ay = 0A. As a result, the HOMO-LUMO over-
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Figure 3.3: (a) Visualizations of HOMO and LUMO in tetracene monomer. The depen-
dence of Ay on (b) couplings, (¢) two electron integrals and (d) overlap. Other parameters
are Az = 0A and Az = 4A.

lap ((hglla) = S, + S,) reach the maxima at Ay = 3.5A, which also elucidates that
(TT|H|CT) and (S, S;|H|CT) reach the maxima at Ay = 3.5A.

Note that other polyacenes, such as anthracene and pentacene, are in the same point
group as tetracene. These polyacenes should also present the same mirror plane as tetracene [67].
Although we only do the calculations in tetracene, we expect that the similar dependence

of slip displacement on SF couplings in pentacene and anthracene as in tetracene.

3.2.3 Pyrene

The dependence of slip displacement on the SF coupling in the pyrene, another four-ring
system, is also investigated because the mirror plane presented in the face-to-face pyrene
dimer system is different from in the face-to-face tetracene dimer system. And the mirror
plane can be determined by Fig. 3.3(a), which shows the HOMO and LUMO in a pyrene

molecule.

The results in pyrene also confirm the validity of our theory. The mirror plane to which
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HOMO is symmetric while LUMO is anti-symmetric is perpendicular to the long axis, and
in the middle of the face-to-face pyrene dimer system. Based on our theory, (T'T'|H|CT)
and (51.51|H|CT) are expected to be zero at Ax = 0 regardless of the value of Ay. And
our results of (T'T|H|CT) and (S;5,|H|CT) shown in Fig. 3.3(b), which are functions
of Ax show the same geometric dependence with the overlap shown in Fig. 3.3(d).

A oscillatory behavior is also observed in Fig. 3.4(b) and a discrepancy is found
at Ax = 3A in (S;5,|H|CT). This phenomenon results from the special behavior of
(hahp|hala) as a function of Az. In Fig. 3.4(c), the value of (hahp|hala) at any Az is
always equal to or smaller than zero. Though (h4|lg) which is shown in Fig. 3.4(d) can-
not fully describe (hahg|hala) as a function of Az, HOMO-LUMO overlap still exhibit
a similar Az dependence with (TT'|H|CT) and (S,S1|H|CT). Hence, we believe that
the overlap is a good indicator of the dependence of the slip displacement on the effective
SF couplings in the pyrene system despite the discrepancy.

From the results in ethylene, tetracene and pyrene, we find that (T'T|H|CT) and
(S151|H|CT) are zero in all three different face-to-face dimer systems. As a result, the
zero value of (T'T|H|C'T') and (S1 51| H|CT') must be a general property for all conjugated
dimer systems. It is important because the property confirms that a face-to-face dimer can
not be a good design of the SF material. The face-to-face dimer means (71| H|{cr) must
be zero in this dimer system, where SF process can not be observed.

Also, (I'T|H|CT) and (S151|H|CT) in these three simer systems, exhibit one or
more peaks instead of a broad band as the slip displacement along the specific direc-
tion increases, which means (¢rr|H|¢cr) is sensitive to the slip displacements. This
property of (¢pr|H|or) indicates that even though two dimers’ structure are similar,

(Yrr|H|er) in two dimer systems may be totally different.

3.3 Effect of Relative Orientation

Also, the effect of the relative orientation is studied by generating the dimer systems with
different relative angular position, in which one monomer is rotated about the long axis in

a face-to-face dimer system. We ignore the dependence of the relative orientation about
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Figure 3.4: (a) Visualizations of HOMO and LUMO in pyrene monomer. The dependence
of Az on (b) couplings, (c) two electron integrals and (d) overlap. Other parameters are

Ay = 0A and Az = 4A.

the short axis because it is more restricted to rotate one molecular about the short axis in
a dimer system. For example, in a herring bone structure, the molecule in the crystal is
mainly rotated about the long axis.

We choose the tetracene dimer system to study the dependence of the intermolecular
rotation on SF couplings because the SF process has been observed in tetracene crystal be-
fore [9]. Note that the C; rotational symmetry along the x-axis in the face-to-face tetracene
dimer system disappears when one molecule is rotated. As the result, the magnitude of
(I'T|H|CT4) and (TT|H|CTpg), for example, are not equal anymore, like in a symmetric
dimer system. However, in our calculations, overlap, two electron integrals, and SF cou-
plings are affected little by the disappearance of the C; rotational symmetry. Hence, SF
couplings are still derived by Eq. 3.9 and Eq. 3.10 just like the derivation of SF couplings
in a symmetric dimer system.

Figure 3.5 shows that the rotational angle is limited to 60°. This is because that when
the rotational angle exceeds 60°, two tetracene molecules are so close that two molecules

are strongly correlated with each other and localized orbitals are not suitable to describe
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the electronic states and the electronic couplings.

Figure 3.5 shows that the relative value of (TT|H|CT) and (S;5|H|CT) can be il-
lustrated by HOMO-LUMO overlap very well. Because the results show that our theory
can be applied to the dimer system when one molecule of the system is rotated, we con-
firm that the overlap can be an indicator of the couplings when the relative orientation is
changed.

Another important point is that Fig. 3.3 and Fig. 3.5 also show the possibility of
calculating (T'T|H|CT) and (S,S1|H|CT) from (ha|lg). The dependence of the slip
displacement on both overlap and couplings are comparable with the dependence of the
relative orientation on both of them. For example, (h4|lp) at Ay = 1.5A and Az = 0A
is smaller than (h,|l) with the relative orientation, 6, is 45°, which correspond to the
comparison of (T'T'|H|CT) and (S,.51|H|CT') between as the slip displacement is Ay =

1.5A as well as Az = 0A, and as the relative orientation is 45°.

3.4 Opverlap as an Indicator of Couplings

3.4.1 2D Mapping of the Overlap Integrals

Our theory, which describes (hal|lg) as a descriptor of (T'T|H|CT) and (S,5:|H|CT),
successfully illustrate the behavior of (T'T'|H|CT) and (S, 5:|H|CT) as functions of ei-
ther Ax or Ay. Considering the structural change of displacements in a crystal structure,
for example, one molecule has displacements along both the long axis and the short axis re-

lated to another molecule. We expect (hp|l4) has large correspondence with (TT'|H|CT)
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and (S1.51|H|CT) even when all of them are functions of Ax and Ay. We calculate the
overlap as functions of Ax and Ay with the aim to qualitatively predict the behaviors of
couplings and compare overlaps with the results of couplings. Note that all calculations

in Fig. 3.6 are presented in absolute value.

Figure 3.6 shows that behaviors of the couplings depending on any given slip displace-
ment in the xy-plane are excellently elucidated by the overlap. In Fig. 3.6(a) and (b), both
of (T'T|H|CT) and (S,51|H|CT) in the ethylene have only one maximum, which is con-
sistent with the works done by Michl’s group [5]. Figure 3.6(d), (e), (g) and (h) show
that (T'T|H|CT) and (S1S1|H|CT) in both the tetracene and the pyrene system have
more than one local maxima. This implies that there is more than one geometry which
is expected to have high single fission efficiency. Also, in Fig. 3.6(c), (f) and (i), the
geometries corresponding to the local maxima of overlap integrals are the same as the
geometries which correspnds to the local maxima of (T7'|H|CT) and (S15,|H|CT) in

each three systems.

Moreover, Fig. 3.6(c), (f) and (i), reveal that the distance between two centers of the
molecule is not the main factor when (hp|l4) is a function of Ax and Ay. (hp|l4) mainly
depends on the patterns of HOMO and LUMO of the monomer, which implies that the
behaviors of (I'T'|H|CT) and (S151|H|CT) should also mainly depend on the patterns
of HOMO and LUMO. In other words, if the patterns of HOMO and LUMO in two dimer
systems are similar, the difference of the 2-D mapping of (T'T|H|CT') and (S,.5:|H|CT)
in between two systems must be small. The maximum of the couplings appear at the

similar position (Ax,/Ay) in the both similar systems.

Note that, for all three systems, we did not investigate the dependence of the inter-
molecular distance, Az, on either (hg|l4) or (¢rr|H|er). This is because that for any
given atom in molecule A, the relative directions to any atom in molecule B do not change
when only Az increases. This indicates that the intermolecular distance is the only factor
to affect (hp|l4) and (¢Yrr|H|tbor) when only Az increases. As a result, (hg|l4) and

(Ypr|H|per) simply decrease when Az increases as Ax as well as Ay are fixed.

Clearly, our theory has been verified to exhibit a wide range of applications. For
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(hp|la) successfully elucidates the dependence of the geometrical change on (77| H|CT)
and (S1.51|H|CT) in ethylene, tetracene, and pyrene, we claim that overlap can be treated
as a guideline to determine an optimal geometry with largest couplings in a dimer system.
This theory will be helpful for molecular design to search the optimal geometry for high

SF efficiency.

3.4.2 Overlap in Tetracene Crytalline Pair

Because our results present that the overlap is a good indicator of the behavior of cou-
plings when the dimer system has geometrical changes. We combine the effects of the
slip displacement and the relative orientation on the overlap to predict the behaviors of SF
coupling in the crystal structure, which is shown in Fig. 3.7.

Morphology and the crystal packing can play a significant role in crystal structure,
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for example, tetracene crystal. [52, 68] Thus, we use the HOMO-LUMO overlap to eluci-
date the structural dependence of (T'T'|H|CT') and (S15,|H|CT) in the nearest tetracene
crystalline pair.

The overlap, (hp|l4), of the nearest tetracene crystalline pair is projected on Fig. 3.8,
which shows the overlap as functions of Ay and 6. The relevant Ax between the two
molecules is neglected for Ax is small in tetracene crystal. In the crystalline dimer, the
displacement in short axis (Ay) is 0.9A and rotational angle, 6, is 59.4° compare with the
face-to-face tetracene dimer. [69].

In Fig. 3.8, the overlap is presented in both positive and negative Ay. Because the
C, rotational symmetry disappear, the positive and negative Ay affect differently on the
overlap. Besides, the black cross shows the position which correspons to the structure of
the nearest tetracene crystalline pair. We expect there is a strong coupling between the
|rr) and |[tor) in tetracene crystals because a large overlap is shown at the geometry of
the nearest tetracene crystalline pair. This result also supports that singlet fission can be
observed in tetracene crystal for its strong SF couplings.

Also, the maximum of (hp|l4) are observed at position, (Ay, ), equalling to (1, 60)
and (-1.5, 60). Hence, the high efficiency SF process is expected to be obeserved in the
tetracene dimer with the slip displacement, Ay = 1 or —1.5A, and the relative orientation,
6 = 60°. In addition, this prediction can be proved by the bistetracene derivatives, whose

structures can be controlled by different linkers and functional groups of the monomer.
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Figure 3.7: Illustration of a tetracene dimer with one monomer is rotated 6 and shifted

/\y. Otherparameters are Ax = 0A and Az = 4A.
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Figure 3.8: 2-D mapping of (hg|l4) in a tetracene dimer as functions 6 and shifted Ay.

Other parameters are Az = 0A and Az = 4A.
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Chapter 4

Conclusion

In this work we have investigated the dependence of the basis sets and the size of the active
space on the SF effective hamiltonian. In the SF hamiltonian, the diabatic state energies
depends a lot on the size of active space. These results implies that the four-orbital-four-
electron model can not sufficiently describe the dynamics of the SF process for the energy
gaps between diabatic states may not be correct. In addition, from the introduction of
the second order perturbation theory, the balance of the static and dynamic correlation is
believed to play an important role to properly describe the diabatic state energies of the
effective SF hamiltonian.

On the other hand, the size of active space affect little on the couplings in the effective
hamiltonian. An imortant insight is that the diabtic state couplings are dominated by the
key configurational couplings. This special property allows us to apply HOMO-LUMO
basis approximation to evaluating diabatic state couplings for singlet fission process.

Since (Yrr|H |[tor), which we focus on is dominated by configurational couplings,
(TT|H|CT) and (S151|H|CT), and the diabatic state couplings can be expanded as two
electron integrals which are strongly correlated with monomeric orbital overlap (hp|l4).
We propose that the couplings, (T'T|H|CT") and (S,.51|H|CT), can be elucidated by over-
lap, (hp|la).

In addition, the dependence of geometrical change on SF couplings are investigated
in three different dimer systems. The geometrical change contains the contributions of

slip distance and intermolecular orientation, and these contributions are easily identified.
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Either the dependence of the slip distance on the couplings in three dimer systems or the
dependence of the intermolecular orientation on couplings in tetracene can be successfully
elucidated by the overlap. For we didn’t impose any extra condition on our theory, we
believe that this method can be applied to any other acene dimer systems.

Furthermore, the successful results allow us to regard the overlap as a criterion to pre-
dict the optimal geometries for highly efficient SF in a given dimer system. Note that,
we mainly focus on how diabatic state couplings are affected by the geometrical change
and we didn’t discuss any dependence of the geometrical changes on the energy gap be-
tween ¥ rp and Yrr. Though the energy matching is also a vital condition for efficient SF
process, the condition is fully described by Ratner et. al [40, 41].

Finally, we emphasize that the methods presented in this work can provide useful in-
formation for molecular design in SF dye-sensitized solar cells [70—-81]. Concerning high
performance dye-sensitized solar cells, the monomeric orbital overlap can be served as a

guideline to optimize the aggregate morphology of organic chromophores.
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