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Abstract

Kohn-Sham density functional theory (DFT) and its periodic extension are widely used to inves-

tigate the electronic structure, energetics, and geometries of molecules and materials. While DFT

reliably predicts ground-state properties, it struggles to accurately describe vibrational and elec-

tronic excited states as well as charge transport. Perturbative extensions, such as coupled-perturbed

Kohn-Sham (CPKS) for infrared and Raman spectra and linear-response time-dependent DFT

(LR-TDDFT) for UV-Vis spectra, attempt to address these limitations but remain constrained by

system size and are typically restricted to vertical excitations. This thesis first introduces ground-

and excited-state electronic structure methods (Chapter 1) and evaluates the accuracy of excited-

state methods (Chapter 2). Ground-state isomer difference spectra were used to characterize small

populations of pyridine-based azo dyes with DFT and LR-TDDFT (Chapter 3). A new approach

is developed for predicting excited-state absorption spectra and interpreting transient absorption

spectra by applying the linear-response Tamm-Dancoff approximation to non-Aufbau configurations

(Chapter 4). To study charge transport, a finite-displacement method is introduced to quantify

the impact of vibrational modes on carrier mobility in organic crystals (Chapter 5). Anisotropic

carrier mobilities in organic crystals are subsequently predicted using Boltzmann transport theory

(BTE, Chapter 6), and this framework is extended by incorporating the finite-displacement method

to evaluate the detrimental effects of vibrational modes on charge transport in tetracene (Chapter

7). The methods developed in this work provide new insights into the photophysics of molecular

chromophores and the role of vibrational disorder in charge transport and will continue to advance

the theoretical understanding of these processes.

1
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Chapter 1

Ground- and Excited-State Electronic

Structure Theory†

1.1 Introduction

The theoretical treatment of atomic and molecular energy levels is essential to our understanding

of the quantum world. Even the pioneering works of Planck and Einstein, which established the

existence of quantized energy levels, were driven by the need to explain experimental absorption

and emission phenomena. Today, advances in computational infrastructure and the development

of improved methods for solving the Schrödinger equation enable researchers to routinely calculate

the ground- and excited-state properties of molecules and materials. These advancements not

only provide deeper insights into experimental results but also facilitate the rational design of

new molecules and materials with tailored photophysical characteristics, ultimately enhancing our

understanding of the chemical physics of matter.

Two formalisms are possible for solving the electronic Schrödinger equation, each differing in

their mathematical descriptions of the quantum states. Wavefunctions (ψ) represent the natural

choice for solving the Schrödinger equation and provide all the observable information about a

many-body Fermionic system. They are directly derived from the solution of a Hamiltonian eigen-

value problem for the total energy of a system. Alternatively, density functional theory (DFT)

replaces the wavefunction with the three-dimensional electronic density (ψ2) to simplify the prob-

†Accepted at Chem. Phys. Rev. 2025.
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4 CHAPTER 1. GROUND- AND EXCITED-STATE ELECTRONIC STRUCTURE THEORY

lem. Each of these methods are made possible by the Born-Oppenheimer (BO) approximation,

which separates nuclear and electronic spatial coordinates, treating the former as classical point-

like particles that propagate according to the non-adiabatic potential energy surface. This condition

allows for the use of gradient descent algorithms to locate energetically minimized nuclear config-

urations for ground and excited states. This simplification can limit the accuracy of both ground-

and excited-state properties.

An additional challenge for electronic structure theory is a reliable and simultaneously affordable

treatment of the interaction between electrons in a quantum system, termed electron correlation.

Electron correlation can be categorized as static or dynamic. Static electron correlation arises from

the superposition of electron configurations represented by multiple Slater determinants. Errors

arise from the use of a single determinant to describe the ground state of molecules in most com-

monly used electronic structure methods, such as Hartree-Fock (HF) theory and DFT. Dynamic

electron correlation arises from the instantaneous electron-electron interaction, which cannot be

captured by mean-field approximations.

The current challenges in accurately describing the ground and excited states of molecules stem

from a need to balance accuracy and computational cost. For example, even when very accurate

methods are available, they tend to lack widespread adoption because they are too computationally

expensive to be applied to many experimentally interesting systems. Therefore, common practice

has been to select black-box methods that are affordable but may or may not agree with experiment.

Critically, agreement may occur fortuitously from an unphysical electronic structure. For example,

it is common practice to select a density functional for a linear-response (LR) time-dependent (TD)

DFT calculation that reproduces experimental excitation energies without considering the under-

lying physics. This has also given rise to practices like density functional tuning, which can shift

excitation energies to better agreement but can also dramatically change other physical properties

like oscillator strengths and geometries. Even when higher levels of theory are computationally

accessible for a system, they are often overlooked because of the potentially large learning curve

and computational cost. Furthermore, navigating the vast number of excited-state approximations

can be confusing and selecting an appropriate method for a new system is non-intuitive. Therefore,

excited-state descriptions beyond DFT-based approaches have been largely restricted to simple

molecules intended to test the theoretical performance of a method, as opposed to obtaining new
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chemical insights into experimentally relevant systems. This chapter aims to make ab initio elec-

tronic structure theory methods more accessible to non-experts by providing a brief introduction

to widely used ground- and excited-state methods. The next chapter evaluates the performance of

various excited-state methods.

1.2 Ground-State Methods

Before describing how excited-states can be modeled, it is important to have a general understand-

ing of the underlying ground-state theories. The simplest approach to describing the quantum

mechanics of a many-body system is to construct a single Slater determinant that describes the

lowest-energy electronic configuration of a system. With this, one can determine the quantum

mechanical observables of the system with either wavefunction-based or density functional-based

methods. First, we discuss the simplest wavefunction method, HF theory (Section 1.2.1) followed

by a discussion of DFT (Section 1.2.2). Next, we present corrections to HF (post-HF) including

Møller–Plesset (MP) perturbation theory (Section 1.2.3), configuration interaction (CI, Section

1.2.4), and coupled cluster (CC) theory (Section 1.2.5). Multiconfigurational (MC) self-consistent

field (SCF) theories (Section 1.2.6) that does not assume that a single Slater determinant is rep-

resentative of a system and numerical spin scaling approximations (Section 1.2.7) which reduce

computational cost are explained.

1.2.1 Hartree-Fock

HF theory is the simplest way to solve the time-independent electronic Schrödinger equation for a

many-body system. The HF eigenvalue equation is

f̂(x1)χi(x1) = ϵiχi(x1) (1.1)

where f̂ is the Fock operator, χi is a ith spin orbital with an energy eigenvalue ϵi, and x1 is the set

of space (r) and spin coordinates (ω = α or β) for electron 1. The Fock operator in atomic units

f̂(x1) = ĥ(x1) +
∑

j

Ĵj(x1) − K̂j(x1) (1.2)
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is composed of a one-electron operator

ĥi = −
1

2
∇2

i −
∑

A

ZA

riA
(1.3)

with kinetic energy (−1
2∇

2
i ) and electron-nuclear Coulombic attraction (ZA

riA
, ZA is the charge

of nucleus A and riA is the distance between electron i and nucleus A) terms and two electron

operators, i.e., the Coulomb and exchange operators, which are

Ĵj(x1) =

∫

χ∗
j (x2)

1

r12
χj(x2)dx2 (1.4)

and

K̂j(x1)χi(x1) =

[
∫

χ∗
j (x2)

1

r12
χi(x2)dx2

]

χj(x1), (1.5)

respectively, and r12 is the distance between electrons 1 and 2.1,2 The total HF energy is the energy

expectation value of the electronic Hamiltonian (Ĥel) for one Slater determinant which is given by

EHF =
∑

i

⟨i|ĥ|i⟩ +
1

2

∑

ij

[ii|jj] − [ij|ji] (1.6)

with one- and two-electron matrix elements

⟨i|ĥ|i⟩ =

∫

χ∗
i (x1)ĥ(x1)χi(x1)dx1 (1.7)

and

[ij|kl] =

∫

χ∗
i (x1)χj(x1)

1

r12
χ∗
k(x2)χl(x2)dx1dx2, (1.8)

respectively.1,2

The development of HF theory was not only a significant advancement for electronic structure

theory, but also pioneered understanding of chemistry and chemical physics through the introduc-

tion of molecular orbital (MO) theory. HF treats electrons as independent particles that interact

within an effective mean-field potential generated by both the nuclei and other electrons. In the

BO approximation, HF approximates the electronic structure of atoms, molecules, and materials

by reducing the complexity of the many-body system into a series of coupled one-body problems.
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This allows the problem to be mathematically tractable on computer hardware. Another key to

the success of HF theory is through the use of Slater determinants, which satisfy the Pauli exclu-

sion principle. Because there is no analytical solution to the HF equations, they must be solved

variationally and self-consistently. The eigenfunction solution of the HF Hamiltonian produces a

set of spin orbitals that each have a unique energy eigenvalue, or energy level. Orbitals provide

chemical intuition and direct correlation to measurable properties, as in Koopmans’ theorem.3

In practice for closed-shell molecules, the restricted formalism (RHF), which enforces that all

electrons be spin-paired to allow for a single set of doubly-occupied spatial orbitals, is used to

simplify the complexity of the problem. Unrestricted (UHF) implementations require two sets of

orbitals for spin-up and spin-down electrons, accommodating a wider range of systems including

radicals and transition metals. However, because of the mean-field approximation of electron-

electron interactions, UHF is susceptible to the artificial mixing of different electronic spin-states

(i.e., spin contamination), making accurate predictions challenging. Both RHF and UHF neglect

effects of static and dynamic electron correlation, which play a crucial role in chemical bonding

and excited states. This has led to a substantial number of post-HF methods (Sections 1.2.3–1.2.5)

that have been used to build on the pioneering work of HF theory to describe the properties of

ground and excited states for countless molecules and materials.

1.2.2 Density Functional Theory

Exchanging the fundamental variable ψ for ψ2 provides attractive computational simplification

of a multielectron wavefunction to a probabilistic electronic density that maintains the chemical

intuition of the positions of the electrons. In DFT, a system of interacting electrons is represented

by a fictitious system of non-interacting electrons with a ground-state density identical to the

many-body system.4 The energy of such a system can be broken into components such as

E[ρ(r)] = Tni[ρ(r)] + Vne[ρ(r)] + Vee[ρ(r)] + ∆T [ρ(r)] + ∆Vee[ρ(r)] (1.9)

where the terms refer to the kinetic energy of the non-interacting electrons (Tni), the nuclear-

electron interaction (Vne), the classical electron-electron interaction (Vee), the correction to the

kinetic energy (∆T ) deriving from the interacting nature of the electrons, and all non-classical
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corrections to the electron-electron interaction energy (∆Vee), respectively.

The foundation of this approach is provided by the Hohenberg-Kohn theorems,5 which provide

assurance that the Hamiltonian can be determined by the ground-state density when an external

potential, i.e., atomic coordinates and their charges are defined, and that DFT calculations must be

performed self-consistently using a variational theorem, just like HF and some other wavefunction

methods.6 It is critical to note that the Hohenberg-Kohn existence theorem is only applicable to the

lowest energy spin configuration.7 The efforts to extend the DFT formalism to accurately describe

arbitrary excited states are a critical focus of later sections of this review (Sections 1.3.1–1.3.3).

In the DFT Hamiltonian, the nuclear-electron and electron-electron potentials are classically

approximated by Coulombic pairwise interactions. The errors introduced by these approximations

are incorporated into the so-called exchange-correlation term (Exc). Provided that a functional form

is known for Exc, DFT is exact. However, this is unfortunately not the case and Exc necessarily

must be approximated. The set orbitals that minimize the energy of a given density functional are

typically found by solving the one-electron Kohn-Sham (KS) equations

ĥksi χi = ϵiχi. (1.10)

Here, the KS one-electron operator is defined as

ĥksi = −
1

2
∇2

i −
∑

A

ZA

|ri − rA|
+

∫

ρ(r′)

|ri − r′|
dr′ + Vxc (1.11)

with terms including the kinetic energy operator (∇2
i ), electron-nuclear Coulombic attraction,

electron-electron Coulomb repulsion, and the exchange-correlation potential (Vxc), which is the

functional derivative of the exchange-correlation energy functional. This reduces solving for the

total system density to determining the orbital coefficients using a set of basis functions, similar

to the approach taken in HF. Because DFT was developed after HF, implementations often draw

from similar conventions, including basis functions, variational solvers, and restricted (RDFT) and

unrestricted (UDFT) formalisms.

The largest issue with DFT is that an exact form of the exchange-correlation term is unknown,

and thus all current functionals are approximations of the true solution.8 Initially, local density
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approximations (LDA) were derived by assuming a uniform electron gas with constant density.4

Using a Dirac expression of the exchange energy gives fairly accurate structures but tends to over-

bind molecules, limiting its usefulness.9 Instead, general gradient approximations (GGA) are more

widely used.10 GGAs assume a constant electron density and the exchange correlation depends

on the electron density and its gradient at each point. A functional that includes correlation and

exchange at the GGA level yields a complete picture of localized exchange, left-right correlation,

and dynamic correlation.11 This results in reasonable local geometry and electronic structure,

reproducing atomization energies, ionization potentials, and proton affinities, but underestimating

reaction barriers, nuclear magnetic resonance (NMR) shielding, and non-localized excited states.

A natural expansion to a GGA functional would be to introduce the higher-order derivatives

of the density. Meta-GGAs do just this and include both the Laplacian of the density and the

gradient of the kinetic energy density, whose integral over space is the non-interacting kinetic en-

ergy.12 Although meta-GGAs provide improved descriptions across a range of systems, they do not

offer a significant improvement over GGAs for most molecules. Instead, hybrid functionals mix a

percentage (α) of HF exchange with the DFT exchange to calculate Exc. These functionals provide

improved energetics leading to both better predictions of local properties and slight improvements

in non-local properties. Hybrid functionals successfully describe many short-range electron-electron

interactions; however, they can have large errors for long-range interactions like charge transfer,

large delocalization of aromaticity, or intermolecular forces. Coulomb attenuation or range separa-

tion increases the amount of exact exchange as the interaction becomes longer-ranged.

To solve some of the issues with functionals that have incorrect 1/r behavior, range-separated

(RS) hybrid functionals were developed.13 Using a error function or parametrization, the amount

of short-range and long-range interactions is controlled at different interaction distances. Many of

these functionals are widely used because they provide accurate structures and energetics, particu-

larly of systems that have long-range electronic interactions. Combined with dispersion corrections,

RS functionals provide very accurate results for non-bonding and bonding interactions.14 However,

prediction of some properties are highly sensitive to the value of the range-separation parameter.13

In contrast, double-hybrid (DH) functionals correct for the some of the lack of long-range correla-

tion by adding dispersion forces directly from MP2 (Section 1.2.3) into the functional resulting in
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an exchange correlation energy

Exc = EHGGA
xc + acE

MP2
corr (1.12)

that is a combination of a hybrid GGA functional (EHGGA
xc ) and the MP2 second-order correction

(EMP2
corr or E

(2)
0 in Section 1.2.3), where ac is the perturbative correlation fraction, analogous to

the HF exchange fraction.15 Dispersion corrections when added to DH functionals provide some of

the most accurate adiabatic energies.16 The implications of these long-range corrections for excited

states are discussed in Section 1.3.3.

DFT has enabled widespread electronic structure calculations and remains the workhorse in

computational quantum chemistry. Its affordability allows it to be used for large systems with

hundreds of atoms, providing insight into many technologically relevant systems today, including

metal-centered complexes, nanoparticles, and materials. However, in general, further improvement

is needed in the description of Exc. One of the largest issues is that the predicted energies are

highly dependent on functional choice and more complex functionals do not always provide a

better description of the electronic structure.

1.2.3 Møller-Plesset Perturbation Theory

Møller-Plesset perturbation theory (MP or MPn) improves the HF wavefunction and energy by

including electronic correlation effects through perturbation theory.1,17–19 By assuming that the

true wavefunction and energy are reasonably close to what is predicted with HF theory, a Hamilto-

nian can be constructed as the sum of the HF Hamiltonian and a perturbation (V ) with a variable

parameter (λ). Solving the Schrödinger equation produces the ground-state energy

E0 = E
(0)
0 + λE

(1)
0 + λ2E

(2)
0 + λ3E

(3)
0 + ... (1.13)

in terms of the nth-order MP energies (E
(n)
0 ). Here, the zeroth order energy (E

(0)
0 ) is simply the sum

of the HF orbital energies, which double counts the electron-electron interactions. The addition of

E
(1)
0 corrects this error, and the resulting energy is equal to EHF . The first correction to the HF

energy comes in at 2nd order, and therefore is referred to as MP2.20 All perturbation corrections
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above first-order serve to better approximate the electron correlation

Ecorr = E
(2)
0 + E

(3)
0 + E

(4)
0 + ... (1.14)

In the literature, MP2 is the common truncation length for routine calculations, but it is possible

to append higher order corrections for additional cost, e.g. MP3 and MP4.21 However, as MP4

scales as O(N7), alternative higher-level methods such as CCSD(T) (Section 1.2.5) that provide

more accurate descriptions at similar scaling are often used instead. It is now common to use

scaled versions (see Section 1.2.7) of the MP2 correlation energy, which corrects for the MP2

overestimation of same-spin correlation energy.

MP theory systematically describes both electron-correlation and dispersion interactions. Per-

turbation theory ensures that higher-level corrections systematically improve energy. However,

because MP theory assumes that a single reference HF wavefunction is a good representation of

the electronic structure, it can still produce rather large errors for systems of large multi-reference

character. In addition, convergence of MP theory can actually be slow, oscillatory, erratic, or even

non-existent at higher orders.22

1.2.4 Configuration Interaction

Configuration Interaction (CI) corrects the HF energies by recovering the missing electron corre-

lation energy.1,23,24 By definition, the correlation energy is defined as the difference between the

exact energy and the HF energy for a system described with an infinite basis

Ecorr = Eexact − EHF. (1.15)

A portion of the correlation energy is recovered by constructing a superposition of ground and

excited-state Slater determinants. Excited electron configurations are generated by exchanging

electrons from occupied to unoccupied reference orbitals. In the linear expansion, each electronic

configuration is assigned a unique coefficient. Subsequently, the coefficients are optimized to min-

imize the total energy of the system. Magnitudes of these coefficients can be thought of as the

contributions of each determinant to the total wavefunction describing the ground state of the
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system.

Full CI (FCI) uses all possible excited electron configurations, including single excitations (|ai ⟩),

double excitations (|abij ⟩), and all other higher-order excitations, along with the reference configura-

tion (ψ0, usually HF) to represent the wavefunction. The FCI wavefunction

|Ψ⟩ = C0|ψ0⟩ +
∑

i,a

Ca
i |

a
i ⟩ +

∑

i<j,a<b

Cab
ij |

ab
ij ⟩ + ... (1.16)

provides an exact solution to the time-independent Schrödinger equation for a given basis set.

Practically, the higher-energy configurations are less likely to contribute to the ground state, so full

CI is often truncated to include configurations up to a certain excitation level, e.g. singles (S, CIS),

doubles (D, CISD), triples (T, CISDT), and so forth. Truncated CI provides a way to approximate

the electronic structure of molecules with substantially better scaling than FCI.

Although computationally cheaper, truncated CI falls short in maintaining both size consistency

and size extensivity. Size consistency is the ability to properly describe the entire potential energy

surface of a system, both at equilibrium geometries and when in the non-interacting limit, where

most methods break down. Mathematically, a size-consistent method predicts that the energy

of two non-interacting systems separated by a large distance is equal to the sum of the individual

energies. Generally, size-extensive properties depend on the size of the system. In quantum systems,

size extensivity describes the fact that the total energy should grow linearly with the number of

electrons. In particular, for calculations of H2 molecules, CISD fails at both size consistency and

extensivity.

To grasp the significance of size consistency, consider the scenario of two infinitely separated

H2 molecules with a minimal basis set. A CISD calculation reproduces the FCI energy for two

isolated H2 molecules. However, the CISD of two non-interacting H2 molecules does not reproduce

this energy due to the absence of quadruple excitations, i.e., local double excitations on each H2

simultaneously. Consequently, this yields inconsistent energies between the sum of two isolated

monomers and an infinitely separated dimer.1 Similarly, in terms of size extensivity, imagine con-

structing a chain of N H2 molecules and performing a CID (or CISD) calculation. Rather than

showing the anticipated linear scaling of O(N), the resulting energy scales as O(N1/2), defying the

physical expectation that the energy per H2 molecule remains finite as N → ∞.1
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1.2.5 Coupled Cluster Theory

Because FCI is only computationally tractable for the smallest molecules and truncated CI is neither

size consistent (with the exception of CIS) nor size extensive, an alternative electronic structure

theory known as coupled cluster (CC) theory was developed to overcome these limitations.25–27

Similarly to CI, CC theory recovers missing correlation energy by producing a superposition with

excited electron configurations and the ground-state configuration. In contrast to CI, the series

of excited determinants is constructed using the exponential cluster operator (eT̂ ) on a reference

wavefunction, usually from HF molecular orbitals. This series of operators (T̂ )

T̂ = T̂1 + T̂2 + T̂3 + ... (1.17)

act by exchanging a finite number (the subscript) of occupied orbitals ({ijk...}) with virtual orbitals

({abc...}) to produce excited configurations as Slater determinants

T̂n =
1

(n!)2

∑

ij...

∑

ab...

tab...ij... â
†
aâ

†
b...âj âi. (1.18)

This works because eT̂ can be represented by its power series expansion

eT̂ = (1 + T̂ +
T̂ 2

2!
+
T̂ 3

3!
+ ...) =

N
∑

m=0

T̂m

m!
. (1.19)

In the limit where all possible excited determinants for N electrons are included in the sum,

the CC wavefunction is equivalent to the FCI wavefunction. Unfortunately, full CC does not

avoid the exponential scaling of FCI. However, in truncated CC theory, the excitation order, i.e.

how many electrons are excited, is restricted. By truncating the set of determinants to a smaller

order, exponential scaling can be mitigated while simultaneously retaining size consistency and size

extensivity. It is common to truncate the excitations up to second order (CCSD)28 and to use

perturbation theory to approximate the third-order excitations (CCSD(T)).29

In fact, CCSD(T) is often considered the gold standard for computing ground-state properties

of molecules. By considering only first and second order excitations (T̂ ≈ T̂1 + T̂2) the exponential
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operator “simplifies” to

eT̂ ≈ eT̂1+T̂2 = 1 + (T̂1 + T̂2) +
1

2
(T̂1 + T̂2)

2 +
1

6
(T̂1 + T̂2)

3 + ...

= 1 + (T̂1) + (T̂2 +
1

2
T̂ 2
1 ) + (

1

6
T̂ 3
1 + T̂1T̂2) + ...

(1.20)

Thus, even though the excitation operator is restricted to the truncated singles and doubles, ap-

proximations of triple- and higher-order excitations are provided by the disconnected excitations.

For example, triple excitations can be approximated by applying the single excitation (T̂1) opera-

tion thrice (i.e. T̂ 3
1 ) or by applying the T̂1 operator followed by the double-excitation (T̂2) operator

(i.e. T̂1T̂2). An identical process is used to approximate the higher-order excitations, which results

in a size-consistent and size-extensive solution to the time-independent Schrödinger equation.

Unfortunately, most molecules of interest are too large for geometric optimization with CC

theory, so optimized geometries are often obtained from DFT or MP2. This means that the

electronic structure is only as accurate as the underlying nuclear coordinates. In other words, if

the geometry is wrong, so are the CC energies. Accurate CC methods such as CCSD(T) scale as

O(N7), which limits their applicability to small and medium-sized molecules.

1.2.6 Multiconfigurational Self-Consistent Field

Perturbation, CI, and CC theories work to systematically improve the description of dynamic

correlation that arises from assuming that the electrons are non-interacting in the mean-field as-

sumption. Another source of missing correlation, static correlation, arises from the assumption that

the ground state is well described by a single Slater determinate. For some systems, the ground

state is really a combination of multiple low-lying states. In particular, when modeling systems

that involve the breaking and formation of bonds, transition metals, or radicals, the single-electron

configuration of DFT or HF is often insufficient. Although unrestricted wavefunctions or densities

offer a qualitative depiction of bond breaking via potential energy surfaces, they lead to quantitative

inaccuracies.30 The UHF wavefunction is not an eigenfunction of the spin operator (Ŝ2), therefore,

to satisfy the spin operator and correctly describe bond breaking, a minimum of two determinants

must be included in the wavefunction expansion. This is because at non-interacting distances, two

degenerate electronic configurations are necessary.
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In multiconfigurational self-consistent field (MCSCF) theory, the wavefunction of a particular

state is constructed as a linear combination of a reference state and higher-order excited-state

determinants.31–33 Unlike CI, the reference configuration does not need to be the HF Slater deter-

minant. This is because in MCSCF, both the linear CI coefficients and the orbitals are variationally

optimized. Due to the complexity of this problem, the CI space is restricted to a set of hand-picked

orbitals to form an active space.

Different methods of selecting the orbital subspace include hand selection (general MCSCF),

complete-active-space selection (CASSCF),33,34 or restricted-active-space selection (RASSCF).35,36

Of these methods, CASSCF only requires the user to select the number of electrons and the subset

of chemically relevant orbitals on which to perform a FCI expansion. RASSCF requires more user

input to subdivide the orbital space into three regions. The first and third regions are restricted

to include only a finite number of holes or electrons, respectively, with the middle subspace being

equivalent to the CAS subspace.

Active space selection often relies on chemical intuition and can differ greatly depending on

the systems considered. This can introduce a significant bias in the result. The combination of

a steep learning curve and highly variable results has prevented these methods from supplanting

other ab initio methods with more “black-box” tools such as TDDFT. Furthermore, CASSCF and

RASSCF do not properly consider dynamic electron correlation, which has necessitated perturba-

tive corrections, such as multiconfigurational second-order perturbation theory (e.g., CASPT2) or

multireference CI, to reliably produce ground- and excited-state energies and properties.37,38 There

have also been multireference39 or multiconfigurational methods developed from density functional

references for both ground and excited states. These methods40,41 should be benchmarked for more

systems as they are very promising, in particular for large radical or transition metal systems. In

addition, although beyond the scope of this review, multireference methods are critical for reaction

mechanisms where descriptions of conical intersections are important.39,41

1.2.7 Separate Spin Scaling

Calculating the correlation energy (Ecorr) in most post-HF methods is computational expensive. In

these methods Ecorr is often the sum of all of the doubly excited determinant energies. Spin scaling

starts from the idea that this sum can be split into two sums over the two spin cases, same spin



16 CHAPTER 1. GROUND- AND EXCITED-STATE ELECTRONIC STRUCTURE THEORY

(SS) and opposite spin (OS) pairs.42 As double amplitudes describe antiparallel (OS) and parallel

(SS) spin pairs differently, they can be scaled separately42,43 to generate a scaled correlation energy

Escaled
corr = cSSE

SS + cOSE
OS (1.21)

where the SS and OS energy scaling factors (c) for MP2 were set as 1/3 and 6/5 by Grimme.43 This

resulting “spin-component scaled” (SCS) version of a correlation energy provides a more accurate

correlation energy for a large system. In order to reduce the computational complexity associated

with the SS exchange contribution and because the same-spin correlation is already described at

the HF level, a scaled opposite-spin (SOS) version that sets the cSS = 0 and solves for an optimized

OS component, 1.3 for MP2,44 was developed. Because the correlation energy is ubiquitous in all

ground and excitation methods, these corrections can be applied to many wavefunction and density

based calculations.

1.3 Excited-State Methods

Similar to ground-state methods, excited states can be derived using either a density-based or

wavefunction formalism. This section reviews common excited-state methods, providing a reference

for Sections 2 and 2.6. The description begins with the re-purposing of ground-state optimizers

for excited states (∆SCF, Section 1.3.1) and extensions based on solving the time-dependent (TD)

Schrödinger equation in either wavefunction (Section 1.3.2) or electron density form (Section 1.3.3),

including the Tamm-Dancoff approximation. Among these, LR-TDDFT (Section 1.3.3) has become

widely adopted due to its favorable scaling (O(N4)) and its ability to reproduce spectral features

for a broad range of medium to large systems. This section also covers promising functionals

and formalisms that address specific limitations of standard LR-TDDFT theory, including the

implementation of DH and RS functions for excited states (Section 1.3.3). Additionally, spin-flip

(SF, Section 1.3.3) and real-time (RT, Section 1.3.3) TDDFT theories are summarized. The focus

then shifts to CC-based methods for predicting excited states, concluding with a discussion of the

algebraic diagrammatic construction (ADC, Section 1.3.5).
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1.3.1 ∆SCF methods

The framework and algorithms developed to understand the ground-state properties of systems

can also provide insight into electronic excited states. A basic technique for this involves manually

creating a specific excitation by simply creating a hole in an occupied orbital, placing an electron in

a virtual orbital, and then allowing the orbitals to relax around this constraint using a normal SCF

procedure. By comparing the calculated energy of this non-Aufbau system with the calculated

energy of the ground state, one can obtain an excitation energy. Such approaches have been

appropriately referred to as ∆SCF methods and historically represent some of the first attempts of

excited-state calculations.45–47

Several practical considerations are necessary when repurposing traditional orbital relaxation

techniques for the calculation of excited states. In particular, traditional descent optimizers that

minimize the total energy are prone to returning local minima or predicting non-orthogonal excited

states in an effect known as variational collapse. Popular approaches to mitigate these issues

include optimization with respect to different properties48–50 or enforcing SCF constraints that

result in maximum overlap between guess and optimized orbitals.51 Furthermore, the multireference

character of singlet excitations in closed-shell systems can be approximately restored by separately

optimizing the triplet excited states as a correction factor for the singlet excitation energy.52,53

In the density form, when the above approaches successfully result in excited-state orbitals

that have not collapsed, ∆SCF can predict excitation energies that are competitive with or better

than alternative TDDFT methods (Section 1.3.3). Indeed, ∆SCF has proven quite useful for high-

energy excited states, such as those involving core electrons, which is a regime that LR-TDDFT

has typically failed to describe well.54 Thus, the main application of the ∆SCF methods has been

in the prediction and assignment of X-ray spectra.55 However, an important limitation of ∆SCF

that significantly prevents its widespread application is the need to manually specify which orbitals

are involved in the target transition. This necessitates either a large number of independent SCF

calculations to probe every possible transition or prior knowledge of the system. This makes it

cumbersome or nearly impossible to predict the properties of new molecular frameworks a priori.

In wavefunction algorithms, SCF optimization of the orbitals of a core electron excitation are

most often done using a core-valence separation (CVS) scheme.56 This decouples the excitations
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involving core electrons from the rest of the configurational space, reducing computational cost and

the possibility of orbital collapse. These methods provide very accurate X-ray spectra predictions57

and descriptions of excited properties when combined with equation of motion (like in Section 1.3.4)

methods.58 Indeed, density-based CVS methods are also gaining popularity for core excitations.59

1.3.2 Hartree-Fock-Based Excited States

Linear-Response Time-Dependent HF

Time-dependent Hartree-Fock (LR-TDHF or TDHF) theory is a linear-response extension of ground-

state HF derived from first-order time-dependent perturbation theory. In the literature, these

equations are often referenced as random-phase approximations (RPA)60 to the time-dependent

HF equation

f̂(r, t)ψ(r, t) = i
∂

∂t
ψ(r, t), (1.22)

and are composed of the product of the time-dependent Fock operator (f̂(r, t))

f̂(r, t) =
N
∑

i

ĥi(r, t) + Ĵi(r, t) − K̂i(r, t) + v̂i(r, t). (1.23)

and a Slater determinant derived from the ground-state HF. This is equal to the product of the

imaginary number (i) and the partial derivative of ψ(r, t) with respect to time. f̂(r, t) differs from

ground-state HF theory because it includes a single particle time-dependent potential (v̂i), usually

a time-dependent electric field. Ĵ and K̂ are also time-dependent in TD-HF because of the time

dependence on the wavefunction.60

Starting from the ground state, i.e., the Slater determinant from the time-independent HF equa-

tions, the time-dependent change to the orbitals can be assumed to be small after some small time

step. From this assumption, first-order time-dependent perturbation theory, neglecting higher order

terms, should provide a reasonable approximation to solve for the wavefunction. In other words,

only the linear-response effects from the time-dependent Fock operator on the time-dependent single

particle wavefunctions are included.60

Derivation from the density matrix formulation (see references 61, 60, 62, and 63 for more
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details) leads to a non-Hermitian eigenvalue equation







A B

B* A*












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




= ω




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1 0

0 −1













X⃗

Y⃗






. (1.24)

Here, A and B are orbital rotation Hessian matrices where

Aia,jb = (ϵa − ϵi)δijδab + (ia||jb) (1.25)

and

Bia,jb = (ia||bj). (1.26)

where ϵa and ϵi are the energies of the orbitals ϕa and ϕi, respectively, and (ia||jb) are anti-

symmetrized two-electron integrals. X⃗ and Y⃗ are eigenvectors with amplitudes involving the exci-

tation and de-excitation of electron-hole pairs with excitation frequencies ω.

CIS and CIS(D)

Configuration interaction (CI) methods provide a natural extension of single reference HF theory for

accessing excited states. As described above (Section 1.2.4), excited-state electron configurations

are generated through the exchange of occupied and unoccupied orbitals. Of the CI methods,

CI singles (CIS) offers an inexpensive way to predict excitation energies and other excited-state

properties by limiting the type of excitations in the CI expansion to include Slater determinants

where one electron is excited. The wavefunctions in CIS are

ψCIS =
∑

ia

cai ϕ
a
i (r) (1.27)

where cai are the linear CIS coefficients and ϕai (r) are excited Slater determinates generated from

the HF reference state.60 Through left multiplying by ⟨ϕbj | and subtracting the HF ground-state

energy, CIS excitation energies can be obtained by solving

∑

ia

cai {(ϵa − ϵi)δijδab + (ia||jb)} = ωCIS

∑

ia

cai δijδab (1.28)
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where ϵa and ϵi are the energies of the orbitals ϕa and ϕi, respectively, (ia||jb) are the anti-

symmetrized two-electron integrals, and ωCIS = ECIS − EHF are the CIS excitation energies.

In matrix form, these equations can be cast into an eigenvalue problem and solved through the

diagonalization of matrix A

(A− ω)X⃗ = 0 (1.29)

where A is

Aia,jb = (ϵa − ϵi)δijδab + (ia||jb) (1.30)

and X⃗ is an eigenvector of CIS coefficients. Diagonalization of A produces eigenvalues that corre-

spond to the excitation energies ω and eigenvectors that correspond to the CIS expansion coefficients

involved in each of the excited states.60 CIS wavefunctions are size consistent with singly excited

determinants that are orthogonal to the ground state. This allows both pure singlet and triplet

states of closed-shell systems to be obtained. Importantly, the CIS total energy is analytically

differentiable, meaning that excited-state geometries and vibrational frequencies are obtainable.60

Often, CIS excitation energies are too large by 0.5 to 3 eV because the excited-state energies are the

upper bounds to their exact values.60 Additionally, the transition dipole moments and oscillator

strengths are only semi-quantitative, because they do not obey the Thomas-Reiche-Kuhn dipole

sum rule.60,64

CIS(D) introduces some correlation energy by including a perturbative doubles correction to

the CIS energies and an MP2 corrected ground state.65 CIS(D) is a second-order approximation to

the CCSD eigenvalue equation which results in excitation energies

ωCIS(D) = ECIS(D) − EMP2. (1.31)

In other words, CIS(D) is essentially an excited-state analog of MP2 theory. Unlike CIS, which

scales as O(N4), CIS(D) scales as O(N5), similar to MP2.65 Importantly, CIS(D) is size consistent,

size extensive, and the energies are generally closer to experimental values than CIS energies.
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1.3.3 Time-Dependent Density Functional Theory

TDDFT is a computationally tractable way to investigate the dynamic and excited-state properties

of molecules and materials.66–69 The Runge-Gross theorem provides a one-to-one mapping between

the time-dependent external potential (vext) and the time-dependent electron density (ρ)

vext
1−1

⇐==⇒ ρ, (1.32)

for a given initial state.66 This allows all of the excited states and their properties to be calculated

using standard functionals of the electron density, just as is done in ground-state DFT.

The time-dependent KS equations69

i
∂

∂t
ψj(r, t) =

[

−
∇2

2
+ vKS [ρ](r, t)

]

ψj(r, t), (1.33)

depend on the effective KS potential

vKS [ρ](r, t) = vext[ρ](r, t) + vH [ρ](r, t) + vxc[ρ](r, t), (1.34)

which includes the external potential vext[ρ], the Hartree potential (vH [ρ]), and the exchange cor-

relation potential (vxc[ρ]). The time-dependent exchange-correlation potential attempts to encap-

sulate all of static and time-dependent many-body effects. Several approximations for vxc[ρ] have

been developed over the years, ranging from the simplest adiabatic local density approximation

(ALDA) to memory-dependent and non-adiabatic functionals.70

Linear-Response TDDFT

LR-TDDFT is the most common method for determining excitation energies and oscillator strengths

for most molecules within the TDDFT framework. The theory assumes that the response to a small

or weak time-dependent change can be approximated by a first-order perturbation to the ground-

state density. In this assumption, the linear density response (δρ(r, ω)) is computed in the presence
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of a small time- or frequency-dependent perturbation (δvext(r, ω)):60,69

δρ(r, ω) =

∫

χ(r, r’, ω)δvext(r, ω)dr’ (1.35)

where χ(r, r’, ω) is the density response function. It is common to represent the response function

in the spectral representation

χ(r, r′, ω) = lim
η→0

∑

n

[

⟨ψ0|ρ̂(r)|ψn⟩ ⟨ψn|ρ̂(r′)|ψ0⟩

ω − (En − E0) + iη
−

⟨ψ0|ρ̂(r′)|ψn⟩ ⟨ψn|ρ̂(r)|ψ0⟩

ω + (En − E0) + iη

]

(1.36)

which reveals poles when ω = (En − E0). Poles are the excitation energies for a given system in

the LR approximation. Typically, these equations are cast into a matrix form known as Casida’s

equation (eqn. 1.24).61 The matrix elements of A and B differ from LR-TDHF as they contain a

response to the exchange potential called the exchange kernel (fxc)

Aia,jb = (ϵa − ϵi)δijδab + (ia|jb) + (ia|fxc|jb) (1.37)

and

Bia,jb = (ia|bj) + (ia|fxc|bj). (1.38)

More details regarding these equations and their derivation can be found elsewhere.60,63,69 Solu-

tions to this pseudo-eigenvalue problem give both the excitation energies (ω) and the transition

vectors ((X⃗&Y⃗ )) which are used to determine state-to-state transition dipole moments and oscil-

lator strengths.

LR-TDDFT has been tremendously successful in describing valence excitations for a wide range

of molecular systems and is often comparable in accuracy to wavefunction-based methods. While

LR-TDDFT is an exact theory, the combination of approximations leads to problems with many

functionals, resulting in the common sentiment that LR-TDDFT does not describe charge-transfer

states, Rydberg states, and double excitations well.71–76 In particular, the adiabatic approxima-

tion of the frequency-independent exchange-correlation kernel leads to predicted transition energies

and properties that are highly dependent on the selected functional.72,73,75 TDDFT is known for

predicting spurious low energy excitations, sometimes called the ghost state problem. These low
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energy states are a larger issue when predicting triplet excitations, where the energies are highly

dependent on the amount of exact exchange in the functional.77 Known as the triplet instability

problem, erroneous triplet excitation energies arise from a ground-state triplet instability in func-

tionals incorporating exact exchange.77 These instabilities manifest as negative eigenvalues in the

electronic Hessian and should be diagnosed using a HF stability analysis (e.g. with “Stable” in

Gaussian 1678) when employing such functionals.77

Many research groups are attempting to develop new exchange-correlation, RS hybrids, and

DH functionals15,79–83 to improve predictions for these systems. In particular, DH functionals do

not just provide a more accurate LR-TDDFT functional but are actually a mixture of TDDFT

and CIS(D) (Section 1.3.2).15 CIS(D) provides a perturbative correction to CIS excitation energies

(like eqn. 1.31) that can be written as

ωCIS(D) = ω + ∆(D) (1.39)

where ω refers to the singles-only excitation energies that come from solving the Casida equations

(eqn. 1.24) in the TDDFT or TDA (Section 1.3.3) form and ∆(D) is the second-order perturbation

theory doubles correction.65 Thus ∆(D) can be treated in the same way as the MP2 ground-

state correlation energy in DH functionals (Section 1.2.2) and therefore DH-TDDFT also scales as

O(N5). This provides a noniterative method that is applicable to large systems when applying the

resolution of the identity approximation.15 In particular, when DH functionals have HF exchange

on the order of 50% they have reduced self-interaction error compared to local GGAs and normal

hybrid functionals (typically 20% HF exchange) resulting in improved predictions of excitation

properties. These methods can be improved by employing SCS (Section 1.2.7) schemes.83,84, 85

Despite promising performance, DH-TDDFT still struggles to describe long-range excitations,

like charge transfer. Combining promising DH and RS functionals provides a promising strategy

for predicting accurate excitations with long-range corrections. Using DH functionals that have

been implemented for excited states as described above and splitting their exchange terms into

short- and long-range components provides a RS excitation method with the accuracy of a DH

local density. Initial implementations have done this by splitting the HF exchange into short-range

adjusted GGA and Fock exchange and unscaled long-range Fock exchange. The correlation energy
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is the same as in underlying DH functionals, a combination of a scaled local correlation functional

and scaled nonlocal correlation from MP2 for a ground state or CIS(D) for excited states.83,86

Additionally, there have been efforts to scale the CIS(D) correlation.82

Also, going beyond the LR regime through quadratic or high-order response theories is an active

area of research for predicting non-linear spectroscopic phenomena.87 For example, a quadratic re-

sponse function can be used to predict two-photon absorption amplitudes and transition properties

between excited states without the need of an explicit wavefunction.87

Linear-Response Tamm-Dancoff Approximation

Starting from the Casida equations introduced in the LR-TDHF or LR-TDDFT sections (eqns. 1.24

and 1.37-1.38), the Tamm-Dancoff approximation (TDA) sets the B matrix to zero, i.e., neglects

it, which reduces the complexity of the equation to a Hermitian eigenvalue problem of the form

AX⃗ = ωX⃗ (1.40)

with eigenvalues ω. The TDA of the LR-TDHF equation (TDA/TDHF) is equivalent to the CIS

eigenvalue equation presented above (eqn. 1.29).60 However, the TDA of the LR-TDDFT equation

(TDA/TDDFT) is not equivalent to CIS because the matrix A includes the exchange potential (vxc)

and the exchange kernel (fxc). Generally, TDA/TDDFT is a good approximation of TDDFT, which

is not necessarily the case for TDA/TD-HF, possibly because the amplitudes of the Y matrix are

smaller for TDA/TDDFT than TDA/TD-HF because TDDFT includes some electron correlation in

the ground state and TD-HF does not.60 TDA/TDDFT generally produces a blue shift in excitation

energies compared to full TDDFT.15,88 Depending on the system, this shift can be advantageous.

In particular, for the triplet instability problem discussed above, TDA/TDDFT applied to various

density functionals yields more accurate triplet excitation energies while preserving proper state

ordering.77

Many of the extensions and corrections for TDDFT can be implemented within the TDA. In

particular, TDA RSDH methods provide accurate calculation of excitation energies of molecules

that is simple and cost effective. Long-range corrections are applied using a two-parameter decom-

position of the Coulomb potential89 for which both the exchange and correlation contributions are
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range separated. Expanding this to DH excitations82 leads to splitting the excitation energies (ω

in eqn. 1.39) into short- and long-range components. This method differs from the ground-state

version (Section 1.3.3) in that the range separation appears in both the exchange and the correla-

tion contributions, as compared to just the exchange. Thus, this method requires the evaluation

of the second-order corrections, which comes with computational cost. However, the more general

implementation with arbitrary long-range and exchange parameters allows for any combination of

exchange and correlation functionals.82 Generally, both RS and DH methods show very promising

results for important classes of molecules (discussed more in Section 2).

Spin-flip TDDFT

SF-TDDFT was developed to address some of the limitations of conventional LR-TDDFT to de-

scribe, for example, multiconfigurational and open-shell systems.90 SF-TDDFT considers electronic

transitions that involve both an electronic promotion and a spin flip. This is achieved by using

a high spin reference state (MS = S) and then generating the target-spin ground state, whose

total spin (MS = S − 1) is one unit smaller than the reference state. Generally, using a triplet

reference state, a ground-state singlet is formed by a single spin flip combined with a single excita-

tion or de-excitation. Excited states are typically generated as single and double excitations in an

orbital subspace of closed- to open-shell excitations (c-v), open-shell to virtual excitations (o-v),

and closed-shell to virtual excitations (c-v).91 Usually, SF-TDDFT equations are cast in a matrix

form that resembles Casida’s equation

(A−B)(A + B)(X⃗ + Y⃗ ) = ω2(X⃗ + Y⃗ ), (1.41)

where the A±B are orbital Hessians and X⃗ and Y⃗ are eigenvectors with amplitudes involving the

excitation and de-excitation of electron-hole pairs with excitation frequencies ω.

SF-TDDFT has been highly successful in describing homolytic bond breaking, diradicals, and

even conical intersections.90, 92 The theory is particularly useful for studying photochemical pro-

cesses with significant multireference character.90 Unfortunately, SF-TDDFT can suffer from spin

contamination after spin flipping because of the unrestricted high-spin reference state90 or it can

be difficult to converge to a solution away from the Franck-Condon region, as A+B starts to have
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negative eigenvalues.93

To overcome most of these limitations, mixed reference (MR) SF-TDDFT was recently de-

veloped.94 MRSF-TDDFT has been shown to simultaneously describe the topology of conical in-

tersections and eliminate spin contamination of SF-TDDFT. It can also produce doubly excited

configurations that are critical for describing bond breaking, excited states, and conical intersec-

tions. MRSF-TDDFT can also be used to predict accurate X-ray absorption spectra by ensuring

core-hole relaxation. What is particularly exciting about this method is that it formally scales as

O(N4) so all of these benefits come at a fraction of the cost of more computationally demand-

ing wavefunction methods, e.g., CASSCF or CASPT2, that are generally used to describe these

scenarios.

Real-time TDDFT

In traditional LR-TDDFT methods, the excitation energies of a system are obtained in the fre-

quency domain for a system subject to a small perturbation. An alternate approach to obtain

excited-state properties is real-time TDDFT, which explicitly propagates the one-particle KS wave-

functions in the time domain (via equation 1.33).95 The properties of such a system are governed

by the single-particle reduced density matrix

Pµν(t) =

NMO
∑

i

fiC
∗
µi(t)Cνi(t), (1.42)

where C(t) are the time-dependent orbital coefficients and fi is the occupation of orbital i. The

time evolution of the density matrix is governed by the Liouville-Von Neumann equations to yield

i
∂P ′(t)

∂t
= [H ′(t), P ′(t)] (1.43)

where H ′(t) is the time-dependent Hamiltonian matrix. Propagating the system in time reduces to

computing the Hamiltonian at each time step using numerical integration. In practice, the relative

intensities for excitations can then be computed directly from a fast Fourier transform of the dipole

moment.95

The scaling of RT-TDDFT is better than that of LR-TDDFT, and therefore, RT-TDDFT is
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an appealing alternative for capturing interactions of molecules and materials in weak and strong

external fields in real time.95 It can also be used to capture broad spectral regions with a high

density of states. A key challenge of RT approaches is that the time dependence of H ′(t) arises

not only from time propagation, but also from time dependence in the electron-electron potential

(Vee) term, creating inaccuracies in the calculated properties, such as unphysical peak shifting or

incorrect charge transfer dynamics.95 This problem has been somewhat alleviated by modifying

traditional exchange-correlation functionals. Specifically, the most common approximation is to

eliminate the memory dependence of the electron density, instead using the instantaneous electron

density parameterized from the ground state.95

1.3.4 Coupled Cluster Based Excited States

Equation-of-Motion

Equation-of-Motion Coupled Cluster (EOM-CC) theory is a highly accurate single-reference wave-

function method that is used to describe excited states in a black-box fashion, similar to truncated

CI. Excited states are constructed through a series of excited Slater determinate configurations

from the ground-state coupled-cluster reference wavefunction (ΨCC).96–99 The EOM-CC ansatz

solves a modified Schrödinger equation

ĤN |ψk⟩ = ∆Ek|ψk⟩ (1.44)

using a normal ordered Hamiltonian (ĤN ) to solve for k excited states,100 where |ψk⟩ is the kth

excited-state wavefunction and ∆Ek is the energy difference between a kth excited-state and the

reference CC ground state.

Excited-state wavefunctions are constructed by applying a linear, CI-like, excitation operator

(R̂)

R̂k = r0(k) +

N
∑

n=1

1

(n!)2

∑

ij...

∑

ab...

rab...ij... (k)â†aâ
†
b...âj âi (1.45)

to a coupled-cluster ground-state wavefunction (ΨCC)

|Ψk⟩ = R̂k|ΨCC⟩ = R̂ke
T̂ |ψ0⟩. (1.46)
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Here, rabc...ijk.. are the right amplitudes, â† and â are the creation and annihilation operators, re-

spectively, T̂ is the cluster operator (eqn. 1.17), and ψ0 is the HF reference wavefunction. By

substituting the EOM-CC ansatz into the Schrödinger equation, left multiplying by e−T̂ , and tak-

ing advantage of the fact that R̂ and T̂ commute; an eigenvalue problem for the normal-ordered

similarity-transformed Hamiltonian (H̄N ) for the k excited states emerges

H̄NR̂k|ψ0⟩ = e−T̂ ĤNe
T̂ R̂k|ψ0⟩ = ωkR̂k|ψ0⟩, (1.47)

with excitation energies (ωk) and eigenvectors (R̂k). Because H̄N is non-Hermitian, the system

is bi-orthogonal, meaning that two sets of eigenvectors and their corresponding eigenvectors can

be solved for. These include the left (L̂) and right (R̂) excitation operators. Like the excitation

operator R̂, L̂ is a de-excitation operator that essentially reverses what R̂ does.

In practice, EOM methods are often truncated to include only single and double excitations

(EOM-CCSD), but calculations up to quadruple excitations (EOM-CCSDTQ) have been per-

formed.101 Additionally, the excitation space of EOM-CC must be expanded one excitation level

above the state of interest because the transformed Hamiltonian contains three-particle and high-

ranking operators.102

An alternative and cheaper approach to EOM-CC is similarity-transformed (ST)EOM-CC. In

STEOM-CC, a second similarity transformation is performed on the Hamiltonian to generate a new

Hamiltonian Ĝ.102 By doing this for EOM-CCSD, the two-particle matrix elements that couple

the singly and doubly excited determinants are zeroed.102 In turn, this reduces the complexity

of the problem to one that diagonalizes Ĝ in the single-excitation space. Costs can be reduced

even further when the STEOM-CC method is combined with the domain-based local pair natural

orbital (DLPNO) scheme, and large systems with up to 100 atoms can be investigated with DLPNO-

STEOM-CCSD/def2-TZVP.103

Another way to reduce costs is by reducing scaling with the approximate CC2 and CC3 methods

that are widely available.104 CC2 and CC3 methods approximate EOM-CCSD and EOM-CCSDT,

respectively, with one order of magnitude better scaling. CC2 gives MP2 quality energies but,

unlike MP2, excitation energies and transition moments can be obtained as poles and residues

of the linear-response function, respectively.104 In CC2, the equations for double excitations are
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approximated while the singles are retained. Similarly in CC3, the equations for triple excitations

are approximated, while the singles and doubles are retained.104 Employing spin scaling (Section

1.2.7) can also reduce computational cost and complexity. In particular, SCS-CC2 provides bal-

anced accuracy and cost.105

The excitation energies predicted via EOM-CC are equivalent to those predicted by LR-CC

theory, but the transition moments and polarizabilities can differ.104 Similar to the case for trun-

cated CI and LR-TDDFT, users are only required to specify a certain number of excited states to

solve for, making the barrier-to-entry rather low for even inexperienced practitioners. In general,

the hierarchy of CC methods for excited states is as follows: CC2 O(N5), CCSD O(N6), CC3

O(N7), and CCSDT O(N8). Unlike other “black-box” methods methods, CC methods with higher

computational cost tend to produce more accurate energies and properties.106

Linear-Response CC

Linear-response coupled-cluster theory (LR-CC) was derived from the time-dependent Schrodinger

equation using perturbation theory.97,107 Starting from the CC equations, rather than the CC

wavefunction,107 LR-CC provides a non-iterative way to solve for excitation energies and properties.

Extending non-iterative CCSD(T) to excited states, since it produces such accurate ground states,

would provide a cost effective excitation method for accurate excited-state electronic structures.

In the EOM (Section 1.3.4) formalism only iterative approximations to CCSDT such as CCSDT-

n (n = 1 − 3) and CC3 can be extended to excited states by solving the left and right eigenvalue

problems (eqn. 1.47).107 The scaling of these methods is typically high, e.g., EOM-CCSDT and

CC3 scale as O(N7) and O(N8), making approximations important to reduce computational cost.

Non-iterative or perturbative excited-state CC theories are only possible in the LR regime which

does not require a CC wavefunction. As LR-CC and EOM-CC result in the same excitation energies

and only differ in their transition dipole moments and oscillator strengths,97,108 accurate results

are expected in the LR formulism. This has allowed non-iterative approximations to be developed

and expanded these methods to larger systems.

CCSDR(T) and CCSDR(3) offer two non-iterative approximations to CC3.107 Both overes-

timate the triplet corrections107 but CCSDR(3) was found to be the superior because it allows

relaxation of the ground-state amplitudes and produces results closer to CC3. Non-iterative meth-
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ods like CCSDR(3)109 can substantially reduce computational cost for excited-state predictions.

1.3.5 Algebraic Diagrammatic Construction

Algebraic diagrammatic construction (ADC) schemes are another class of black-box excited-state

methods that use a single reference MP ground state to approximate excited states.110,111 Often,

ADC methods are named according to their underlying MP reference; for example, ADC(2) is often

referred to as “MP2 for excited states”.112,113 Their simple mathematical structure makes it pos-

sible to use robust iterative numerical solvers like the Davidson algorithm for optimizations.112,113

These methods scale rather well compared to other excited-state wavefunction methods such as

CASSCF/CASPT2 and EOM-CC, which makes them particularly well suited for single reference

photochemistry problems.64

ADC based on the polarization propagator for electronic excited states was initially derived from

Green’s function theory.110,111 The polarization propagator describes the time-dependent ground-

state density or wavefunction fluctuations of a many-electron system.112 The elegance of the formu-

lation of linear-response ADC made it an appealing alternative to CC based methods,60 however,

the high computational cost limited its application to fairly small molecules.114 In addition, the

so-called “Dyson-ADC” cannot be used to explicitly construct excited-state wavefunctions, so it is

limited in its ability to predict excited-state properties.113

To address this, ADC was reformulated in terms of an intermediate state representation (ISR)

basis.115–117 In the ISR, it becomes a Hermitian eigenvalue problem that takes the form of

MY = YΩ; Y†Y = 1 (1.48)

where M is the shifted Hamiltonian matrix with matrix elements

{M}IJ = ⟨Ψ̃I |H− EMP
0 |Ψ̃J⟩. (1.49)

Y is the eigenvector matrix, and Ω is the diagonal matrix of excitation energies (ωn).113 |Ψ̃J⟩ is the

so-called intermediate state (IS), which is generated in two steps. First, the excitation operators

(ĈJ = {ĉ†aĉi, ĉ
†
aĉ

†
bĉiĉj , ...}) up to a particular excitation level, i.e. singles, doubles, etc., are applied
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to a reference MP ground state

Ψ̄J = ĈJΨMP
0 , (1.50)

where ĉ†a and ĉi are one-particle creation and annihilation operators, respectively. Next, a Gram-

Schmidt orthogonalization procedure is performed to ensure that the correlated excited-state wave-

functions of different excitation classes are orthogonalized with respect to lower-excitation classes

and the ground state.113 After this, the eigenvalue problem is solved by diagonalization to deter-

mine the excitation energies and ADC vectors. The resulting ADC vectors are used to construct

excited-state wavefunctions of the form

|Ψn⟩ =
∑

J

YJn|Ψ̃J⟩. (1.51)

With these, all physical observables can be determined as a standard expectation value problem

for a given operator. Fortunately, unlike some excited-state methods, ADC is both size consistent

and size extensive.113 Many scaling methods developed for MP2 or wavefunction methods can be

combined with ADC to further reduce computational cost, like spin scaling (Section 1.2.7).118



Chapter 2

Performance of Excited-State

Methods†

Developing new methods that provide more accurate descriptions of excited states for a wide

range of systems has proven to be difficult in practice. There is constantly a trade-off between

theoretical completeness, accuracy, and computational scaling. More accurate theories tend to

scale poorly for more orbitals and more electrons. Even though multireference theories can provide

both accurate ground-state orbitals and orbital energies, these methods are often limited to the

smallest of systems. Therefore, benchmarking against either experimental energies or higher-level

methods for small systems provides insights into the accuracy of methods that can be used for

larger systems of experimental interest. However, it is difficult to appropriately benchmark against

experimental energies because of a number of variables, including solvent, pH, temperature, and

impurities. Generally, it is acceptable to benchmark against theoretical best estimates (TBEs)

rather than experiment because of these difficulties. This necessarily limits the benchmark system

size due to computational scaling and TBEs can be worse for large systems.

This chapter focuses on benchmarking excited-state methods applied to larger systems, as

opposed to the smaller molecule sets typically used in method development. Most benchmarking

studies have concentrated on vertical excitation energies, and as such, these will be the primary focus

of the discussion below. Particular attention is given when other properties are also compared across

†Accepted at Chem. Phys. Rev. 2025.
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Figure 2.1: Thiel and QUEST#3 molecular test sets. Left adapted from J. Chem. Phys. 128,
13 (2008), with the permission of AIP Publishing. Right adapted with permission from J. Chem.
Theory Comput. 16, 3 (2020). Copyright 2020 American Chemical Society.

larger sets of molecules. Starting with general guidelines (Section 2.1) summarized for systems of

varying sizes, the chapter then covers recent results in areas where single-reference methods perform

particularly poorly, including charge transfer excitations (Section 2.2), radical systems (Section

2.3), and metal-centered complexes (Section 2.4). Finally, the challenges of accurately describing

common experimental dyes, such as boron dipyrromethene (BODIPY, Section 2.5), are highlighted.

2.1 General guidance

Benchmarking plays a crucial role in the advancement of new ab initio methods by evaluating

the ability of a method to model, for example, excitations or to determine structure-function

relationships for systems of interest. Many existing benchmarks focus on small molecules with fewer

than a dozen atoms. This subset of structures provides abundant benchmark data as these systems

are manageable in size for testing even the most costly methods. The availability of highly precise

reference values from both experiment and higher-level theory enables a thorough examination of

various approaches to modeling excitations and their impact on calculated properties.

The usefulness of benchmark results depends on the degree to which the test set is representative

of technologically relevant molecules. Multiple benchmark sets have been developed and expanded

over the years from those developed for ground-state properties119 to those more focused on excited

states like Thiel’s,120 QUEST,121 (Figure 2.1) and other smaller sets.122 In addition, there are many

specialized sets developed for particular purposes, for example, XABOOM123 that was developed
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for X-ray absorption predictions or the SG set.84

One of the most widely used test sets (Figure 2.1) for organic molecular systems is Thiel’s test

set. This test set has evolved a bit overtime, with various TBEs adopted for different molecules in

the set as discussed in detail in Ref. 120. The most robust version was proposed by Thiel et al. in

2008120 consisting of 28 organic molecules designed to encompass different classes of chromophores,

such as polyenes, unsaturated aliphatic compounds, aromatic hydrocarbons, heterocycles, carbonyl

compounds, and nucleobases. The initially characterized valence excitations of the test set include

152 singlet and 71 triplet states.120 The TBEs for the vertical excitation energies of these compounds

were determined by calculations at the CASPT2,120 CC3,124 or various MR-CC/CI125 levels of

theory on either experimental or optimized structures.

An extensive number of benchmark studies utilizing Thiel’s test set have revealed common

trends with respect to method performance. In general, LR and EOM formalisms produce equiva-

lent excitation energies.97 However, the predicted properties can be quite different and differences in

the predicted responses tend to increase with the number of electrons.126 The most widely applied

basis set, aug-cc-pVTZ has been shown to produce improved singlet and triplet excitation energies

that are reduced by ∼ 0.10 eV compared to the smaller TZVP basis sets at the CASPT2 level of

theory.127 While excitation energies are relatively insensitive to basis set, oscillator strengths and

excited-state dipole moments are slower to converge with respect to basis set size.128

In addition, because the molecules in the test set cover a wide rage of chemistries, other stud-

ies have used the same molecules to benchmark excitations with Rydberg character.129 In other

studies that use Thiel’s test set, the geometries are often optimized at MP2/6-31G* level of the-

ory.120,127–129 Furthermore, it has been widely shown that inclusion of diffuse functions in the

basis set is critical to reasonably capture Rydberg states.129,130 While, the majority of benchmark

studies are still primarily concerned with achieving accurate vertical excitation energies, many the-

orists have attempted to develop better theoretical metrics beyond an adiabatic vertical excitation

energy.131,132

One way to go beyond adiabatic excitation energies would be to calculate the 0 − 0 energy

(E0−0), which is the energy difference between the zero-point vibrational energy of the ground

and excited-state geometric minima. This provides one of the most direct comparisons between

experiment and theory for gas phase molecules, where vibronic spectra are often measured with 1
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Figure 2.2: Performance of a wavefunction-based excited-state methods on the QUEST#3 molec-
ular test set. Reprinted with permission from J. Phys. Chem. Lett. 11, 6 (2020). Copyright 2020
American Chemical Society.

cm–1 accuracy and for which the vibrational frequencies of the excited state are well estimated by

harmonic oscillators. In solution E0−0 matches the crossing point between the normalized absorp-

tion and emission spectra, limiting its use for systems that have complex excited-state mechanisms

or significant radiative decay. Different methods for calculating theoretical 0−0 energies have been

well reviewed in Ref. 131. Importantly, these analyses provide a rough estimate of the accuracies of

given theoretical methods because of the direct comparison with experiment. In particular, hybrid

functional TDDFT, ADC(2) and CC2, and CC3 increase in accuracy from ∼ 0.3 eV to 0.15 eV to

0.04 eV, respectively. While E0−0 has been well benchmarked, it is clear that it is also essential

to benchmark additional properties and metrics when considering the overall quality of certain

methods.120,127–129,132

An insightful meta-analysis of method performance as of 2020 using Thiel’s test set133 provides a

good overview of wavefunction-based methods. For excitations without significant double-excitation

character, CC3 energy values have mean absolute deviations less than 0.20 eV120 with respect to

CASPT2 results, which have errors of 0.11 eV from FCI.134 For CC2 and CC3 calculations, the

vertical excitation energies are nearly equivalent128 with a correlation factor of 0.994 between the

two methods. When comparing CC2 and EOM-CCSD data, CC2 is observed to outperform EOM-

CCSD in certain cases, but EOM-CCSD demonstrates a more balanced performance across various

types of excitations.133 The accuracy of certain methods is influenced by the size of the systems



36 CHAPTER 2. PERFORMANCE OF EXCITED-STATE METHODS

calculated, with CC2 showing better performance for larger molecules and poorer performance

for smaller ones.133 The size extensivity of certain methods is critical when considering dimeric

systems and those characterized by large charge transfer (Section 2.2). The benchmark accuracy

of ADC methods is highly dependent on parameters such as auxiliary basis sets, molecular grids,

orbital domains, or pair natural orbitals (PNO) truncation thresholds.101,118 Appropriate selection

of these values can minimize the error below 0.1 eV. The EOM and STEOM methods exhibit

similar performance and tend to outperform CC2 for both valence and Rydberg states.133 More

recent studies have focused on the SCS and SOS variants of CC2 and ADC(2) methods.118 The

vertical ionization and vertical electron affinities predicted by these methods generally show reduced

errors and computational expense compared to their unscaled counterparts.133 As a general rule,

ADC(2), ADC(3), and CC2 predict errors of approximately 0.2 eV or less compared to the results

of CCSDTQ and CCSDTQP.101

The QUEST test set (Figure 2.1) has also evolved over time135 to include 500 vertical excitation

energies of various natures, including π → π∗, n → π∗, double excitation, Rydberg, singlets,

doublets, and triplets. In fact, the Thiel’s and QUEST sets include some of the same molecules,

resulting in similar TBEs between the two sets for many methods. Because QUEST has been more

thoroughly benchmarked for density functional excitations (both TD and TDA),121 it provides

crucial insights for accurate predictions of excitations for large experimentally relevant models

without fitting to experimental properties.135

While the reliability and accuracy of wavefunction-based methods are attractive for predict-

ing excited-state properties (Figure 2.2),136 their poor scaling prevents their use in modeling all

but the smallest of technologically relevant systems. Even new active space approaches137 that

improve scaling, at best, scale as O(N5). Cost-effective DFT methods and TD extensions have

broadened the size of molecules for which optimized structures of up to hundreds of atoms can

be obtained. The development of empirical dispersion corrections has resulted in more reliable

ground-state properties for larger organics, particularly aromatics.16,138 Regularly, DFT is used

to understand the band gap and absorption spectra of molecular chromophores,139–143 polymer

subunits or fragments, and crystalline organic materials144–146 with applications from basic photo-

physics, photocatalysis,147–149 energy generation,150 or energy storage.151

In most fields, there is a standard set of functionals and basis sets that are widely used to
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support experimental results. The standard in these fields is driven both by the computational

cost and the availability of a particular functional or TDDFT method. Often, a standard in the

molecular community consists of a hybrid or RS hybrid functional, with or without dispersion

corrections, combined with a continuum model of a solvent, and a double or triple-ζ basis set

for predicting optimized geometries and excited-state properties.152 It is important to note that

while dispersion corrections for both ground state and TDDFT predictions are widely used, these

corrections were formulated for ground-state properties, and they inconsistently reduce the error

of TDDFT, so they shouldn’t be used as a black-box correction.153 Depending on the choice of

functional, DFT (both TD and TDA) methods generally produce results for small well-behaved

systems within 0.22-0.45 eV of high level CCSDTQ and CCSDTQP methods.101 In fact, the root-

mean square error of particular hybrid functionals is around 0.27 eV that is even more accurate that

CIS(D) excitations which for the same set of molecules had an error of 0.36 eV.121 In addition, TDA

has been shown to offer a good balance between accuracy and computational efficiency for many

organic chromophores.121 The computational cost for larger systems paired with the inability to

optimize their electronic structure with higher level wavefunction methods, has limited the number

and breadth of benchmarks for systems beyond 20 atoms or so.

When a hybrid functional is insufficient for a system of interest, it is possible to go up in

theory and use DH functionals to improve the energetic descriptions of ground- and excited-state

properties. In general, DH functionals tend to lead to the lowest energy differences for the main

absorption feature with respect to the experimental excitation energies.154, 121 It turns out that the

root-mean square (RMS) error for the best DH functionals is about one-half of that of the best

hybrid functional, about 0.1 – 0.15 eV.73,83,86,155 Thus, Jacob’s ladder generally holds,156,157 except

that hybrid meta-GGAs are not universally better than hybrid GGAs.121

True benchmarking reveals that small computational changes can lead to large differences in

accuracy: polarizable continuum model (PCM) solvents often improve energetic matches; RS hy-

brid functionals, such as ωB97X–D and CAM-B3LYP, improve intermolecular charge transfer ac-

curacy;106 DH functionals are more consistent when coupled with an augmented basis sets; and

RSDHs can provide the energies for longer molecules.154 This makes it difficult to choose a method

for challenging molecules like BODIPY, where TDDFT and TDA tend to overestimate the first

singlet excitation energy and underestimate the first triplet energy (Section 2.5).158 Functionals
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have been developed that correct the excitation energies for particular sets of molecules, but they

tend to do this by adding or tuning adjustable parameters.159 This takes them further from a true

ab initio method and more toward a semi-empirical method. This frequently means that when

these functionals fail to reproduce the excitation energy or the nature of the excitation, and it is

not always clear why.

Although most benchmarking has focused on accurately predicting excitation energies or fitting

to the main absorption peak, it is well understood that this only provides a narrow picture of

accuracy. Fitting to the whole spectral range for organic photocatalysts reveals that DHs are the

most accurate.160,161 Specific properties such as oscillator strength and excited-state dipole moment

are among several excited-state descriptors that have been suggested as convenient, yet insightful,

benchmarks.132,162 If the metrics for a “good” method are expanded to metrics that capture the

types of excited states, it would be easier to prove that a method provides the right answer for the

right reason. However, alternative parameters such as these can be more complex to benchmark

because of how they are calculated in different methods.

Generally, hybrid TDDFT performs worse for excitations that are highly correlated or involve

a charge transfer. For instance, the transition dipole moment can vary depending on the gauge

used in the operator’s interaction between the quantum system and the applied periodic field.101

In the case of high-level wavefunction methods and most TDDFT functionals, this choice can

be insignificant. However, variations in the excited-state dipole moment up to 15% have been

reported for the M06-2X functional.101 Metrics such as an electron-hole pair distance132 or the

excited-state dipole moment can help identify methods that correctly describe these hard-to-model

types of excitations. DH functionals perform better than their HF exchange counter parts because

the large Fock exchange reduces self-interaction errors and the nonlocal corrections provide better

description of higher energy excitations.163 Modern, RSDH functionals, like ω functionals, yield

the most reliable excitation energies (Figure 2.3) for all kinds of singlet excitations.83,84,86,155,164,165

Semi-empirical or parameterized RSDH provide accurate valence excitations, Rydberg excitations,

and charge-transfer excitations.82 The robustness of the second order correction for the excitations

(Section 1.3.3) provides quantitative excitation energies even for double excitations.75

Furthermore, the cost-effectiveness of TDDFT makes it an important tool for understanding the

geometries of excited states, while a full review of excited-state optimization and conical intersection
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Figure 2.3: Performance of RS and DH functionals for excited states. Mester, D., Kállay, M., J.
Chem. Theory Comput. 17, 2 (2021); licensed under a Creative Commons Attribution (CC BY)
license. Copyright 2021 American Chemical Society.

is beyond the scope of this review a broad overview is provided here. The lowest energy singlet

excited-state geometries predicted by CC2 and TDDFT have been shown to possess only minor

structural differences (RMS = 0.011 Å).166 Comparing TDDFT with CC3 or CCSDR(3) in a test

set of 41 small and medium-sized organic molecules has also shown only small discrepancies in

the excited-state geometries.167 Specifically, DFT and TDDFT tend to predict bond lengths that

are slightly compressed compared to CC3 and CCSDR(3). The predicted DFT bond lengths were

also found to tend to increase with the amount of exact exchange included in the functional with

mean absolute error (MAE) = 0.009 – 0.028 Å.167 This effect is more pronounced for polar bonds

such as C−−O and C−−S. In fact for systems in the QUEST set, the TDA excited states provide

decent accuracy, especially for their computational cost.121 Overall, these results suggest that DFT

predicts fairly accurate geometries. And therefore, understanding excited states depends most on

the quality of the transition energies and oscillator strengths.

2.2 Charge Transfer

Charge-transfer states (CTs) are particularly challenging to model for most theoretical approxima-

tions (Figure 2.4). Even when considering only the ground-state geometries, accurately describing

non-covalent interactions, such as dispersion effects, has proven difficult for any method that ap-

proximates correlation through an average (or mean-field) electronic interaction. Furthermore,

results are confounded by effects such as basis set superposition error.168 Disperse electronic den-

sity errors from ground-state DFT persist in TDDFT and can introduce phenomena such as ghost
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states or artificial red shifting of excitation energies.106

In addition to the problems inherited from ground-state DFT, the adiabatic approximation

of TDDFT allows a frequency-independent kernel to be found at the expense of capturing cer-

tain excitation properties.70 The adiabatic approximation has enabled LR-TDDFT prediction of

chemically interesting systems with a wide range of approximate exchange–correlation functionals,

as it is remarkably accurate for single excitations. However, errors are introduced from both the

ground-state exchange-correlation potentials and the static kernel. Most corrections have focused

on fixing the functionals to improve adiabatic TDDFT.169 These functional fixes tend to focus

on correcting a certain type of excitation, like CT states, but at the expense of describing other

excitations well.73,169

Thus in most implementations of LR-TDDFT, an unequal description of local and CT exci-

tations may lead to incorrect excitation energy ordering for these systems, leading to erroneous

results.73 Furthermore, in the ground state, dispersion interactions are typically accounted for by

adding an empirical correction term to the functional. However, the fitting terms in many popular

dispersion models are determined on the basis of ground-state polarizabilities. As the polarizabil-

ity of excited states are inherently different from those of ground states,170 the transferability of

the ground-state dispersion to molecules in excited states is fundamentally limited. Furthermore,

optimal tuning of the non-local Fock exchange term in hybrid functionals may also affect the ap-

plicability of dispersion terms, that were originally developed as ground-state corrections.153 As

excited-state systems are more polarizable, it was initially suggested that unadjusted dispersion

corrections represent the lower bound for the dispersion energy of an excited-state system. Re-

cently, the dependence of functional parameters on the dispersion correction was systematically

tested and revealed that re-parameterization of the dispersion coefficients was dependent on the

type of functional employed.170 Specifically, PBE-based functionals exhibited a weak dependency

on a range of dispersion values, while B88-based functionals are strongly affected by ω and predict a

large systematic overbinding. It has been suggested that the key to mitigating such issues will be to

develop more robust and chemically diverse functional fitting sets that allow functional parameters

to be derived with more transferable parameters.170

Similarly to the benchmarking performed for organic molecules, there have been several at-

tempts to benchmark the vertical excitation energies of dimeric systems.74,105,171 In a series of
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small dimers optimized in the ground state at the CC2/cc-pVDZ level of theory and with refer-

ence energies obtained at the CCSDT-3 level of theory, it was found that CCSD systematically

overestimates CT excitation energies.74 The magnitude of this overestimation increases for triple-

zeta basis sets. Both CC2 and ADC(2) significantly underestimate the excitation energy of charge

transfer states.74 Compared to these, STEOM-CCSD shows some improvement and represents

a cost-effective alternative.74 Of the triple excitation methods, CC3 was the least accurate and

significantly underestimates the excitation energy with respect to both CCSDT and CCSDT-3.74

The added degrees of freedom present in dimeric systems present additional metrics through

which methods should be benchmarked. The ability to reproduce the dimer dissociation potential

energy curves provides an obvious visual assessment of method performance. In these studies,

STEOM-CCSD remains the most promising choice for these systems.171 The larger error in CCSD,

CC2, and ADC(2) manifests itself in potential energy curves with incorrect asymptotic behavior at

infinite separation. At this limit, point charge transfer should be equal to the sum of the ionization

potential and electron affinity of the respective subunits. However, recent testing of the SCS variants

of CC2 and ADC(2) revealed that scaling can reduce the observed errors.105 In some cases, these

methods outperform CCS and CCSD when referenced against the CCSDT-3 energies.105 CC2 and

ADC(2) perform similarly with no clear winner.105

The considerations for modeling excitations in dimeric systems are also generally applicable

to the cases of intramolecular charge transfer. In particular, polycyclic aromatic hydrocarbons

(PAHs) are particularly challenging for hybrid functional LR-TDDFT to correctly order the lowest

two singlet excited states, which are both π → π∗.172,173 DH-TD provides the most accurate

predictions of the energies, ordering, and oscillator strengths for the singlet and triplet excited

states in both linear and non-linear PAHs.83,163 The DH and RSDH functionals have provided

a significant improvement in excited-state predictions that does not depend on adjustment to

experimental parameters. In particular, the SOS and SCS RSDH provide particularly low errors

with RMSDs of SOS-PBE-QIDH and SCS-PBE-QIDH only 0.14 eV.83

As charge-transfer excitations are not clearly definable, several metrics have been proposed,174,175

usually attempting to describe the distance between the hole and the electron upon excitation.

Many TDDFT functionals do not provide adequate representations of intramolecular charge trans-

fer, however some functionals, like ωB97X-D, CAM-B3LYP, and M06-2X, provide mean absolute
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Figure 2.4: Error of charge transfer transitions. The error (eV) versus TBE/cc-pVTZ is reported
for 31 transitions for wavefunction (upper dark blue box), ADC (middle blue box), and TDDFT
(lower light blue box) methods. Adapted with permission from J. Chem. Theory Comput. 17, 6
(2021). Copyright 2021 American Chemical Society.

errors around 0.15 eV relative to CCSDT and higher reference values for a set of 30 transitions

in 17 compounds.71 For the same test set, CC2 was shown to yield MAE = 0.12 eV at a reason-

able cost, while CC3 was the only method to produce chemically accurate results.106 Alternatively,

there are promising new density based multireference methods that must be benchmarked more

thoroughly for larger CT systems.176 The requirement of using higher level methods with large com-

putational cost remains a significant barrier for studying these complex systems, and necessitates

the development of improved methods that produce accurate results at reasonable cost.

2.3 Radicals

One area of photochemistry that is particularly challenging for computational chemistry is radicals

or systems that have unpaired electrons. Most radical molecules result from an odd number of
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electrons leading to a doublet ground state or from the separation of unpaired electrons on different

areas of a molecule that can result in diradicals or triradicals. Diradicals have an even number of

electrons, but at least two electrons are not spin-paired in the same orbital, leading to a complex

electronic structure that cannot be adequately described by a restricted wavefunction or density

method. Although protocols have been developed for optimizing and predicting the orbitals of

radicals using both wavefunction methods and DFT, correctly calculating excited states is still

difficult for most common methods.

DFT has two basic problems for representing the ground states of systems with unpaired elec-

trons. First, like charge-transfer excitations, unpaired spins tend to be quite localized,177 making

many of the advances to better describe dispersion and other long-range effects of no use in im-

proving the description of their excitations. Spin-flip methods provide a good way to deal with the

ground-state orbitals being a bad reference by using unrestricted orbitals from a triplet guess for

diradicals.178 For small radicals, including those with Rydberg states, SF methods provide simi-

lar accuracy for doublet excitations as singlet excitations;179,180 however, experience with larger

aromatics shows that quartet guesses181 do not necessarily provide a better reference state for

doublet-doublet excitations. Second, in systems with unpaired spins, the arbitrary convention of

assigning unpaired spins as spin-up seems to lead to more correlation errors due to orbital rota-

tions.182 In fact, using the same reference state, a canonical or a local orbital representation can

have a large effect on the apparent multireference character of the system.183

For the ground state, it is clear that coupled-cluster methods predict more accurate orbital

energies for these systems;184 however, their scaling has limited benchmarking to very small systems,

on the order of two to ten non-hydrogen atoms. Even in these fairly small systems, the error seen

in cheaper wavefunction methods other than CC3 is large71 (Figure 2.5).

Even with an accurate ground-state representation for an open-shell system, predicting excited-

state properties is non-trivial. There is no obvious best functional as a starting point.75,76 Currently,

it is accepted that TD and TDA DH functionals are best for predicting excitation energies of

organic molecules.15,76 However, when comparing doublet-doublet excitation energies in 23 different

small radicals, TDA causes blue shifting of the excitation energies, RS functionals result in large

deviations unless spin-scaling was applied, and DH functionals do not categorically outperform

hybrid functionals.75
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Figure 2.5: Mean deviation (MD) and mean absolute deviation (MAD) for a set of 41 of dou-
blet–doublet excitation energies (in eV) using various TDDFT and TDA-DFT functionals. Van
Dijk, J, Casanova-Páez, M., Goerigk, L., ACS Phys. Chem. Au 2, 5 (2022); licensed under a
Creative Commons Attribution (CC BY) license. Copyright 2022 American Chemical Society.

It is now well established that the energy of any wavefunction method can be extrapolated

to the complete basis set limit with different spin-scaling SCS or SOS components.42,185 These

corrections give rise to more accurate doublet-doublet excitations.75 Unfortunately, optimal scaling

parameters for the SCS and SOS components vary significantly between basis sets and the predicted

property.186

2.4 Metal-Centered Complexes

One of the largest problems in quantum mechanical descriptions of metal complexes is that the

frontier molecular orbitals are nearly degenerate and are frequently partially filled. This results in

many electronic states that are close in energy, often of different spins, which gives rise to their

interesting magnetic and optical properties. Unfortunately, this makes it difficult to calculate their

energies and excited states accurately. In particular, there is a delicate balance between electron–

electron exchange interactions and d-orbital splitting that requires an accurate treatment of both

dynamic and static correlation.

It is well understood that CASSCF methods provide the most accurate descriptions of the or-

bitals in these systems. However, because of the missing dynamic correlation in CASSCF electronic
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structures, multireference perturbation theory, e.g. CASPT2, is often required to reliably calculate

properties, like energy differences, between different spin and excited states.37,187 Despite these

methods giving superior electronic structures, they come with significant computational cost and

require an expert to choose an appropriate active space.188 While there are general guidelines in the

literature to choose active spaces,189,190 along with some automated selection schemes,191 there is

still a relatively narrow set of metal-centered complexes which have been fully explored with these

high level methods.187,192–198 Furthermore, it is often difficult to retain a consistent active space

when investigating multiple spin states for the same molecule. This is because an orbital that is

important to describe one state or structure is not necessarily important for another, leading to

different minimal active spaces for each state.199 Some researchers have attempted to reduce the

large CASSCF active spaces required for these systems by using RASSCF,200,201 density matrix

renormalization group methods,202,203 and strongly contracted/partially contracted valence state

perturbation theory.204,205 Often, these methods lead to fairly good results for individual complexes.

However, choosing an appropriate active space for these methods can be complicated.

Due to the high computational cost and the art of choosing active spaces, the DFT and

TDDFT187 methods are more commonly used to understand these systems. However, because

of the approximations in DFT,206 several functionals are reasonably reliable but none are univer-

sally appropriate for all systems or properties.207,208 Of particular importance for transition metals,

the hybrid density functional dependence of spin-state energetics209 can be highly sensitive to the

percent of exact HF exchange included.210 Unfortunately, the value for mixing (α) that provides

experimental agreement is difficult to know for each new system and therefore does not eliminate

the need for a trained practitioner to perform even DFT level calculations. Importantly, tuning α

does not correct for missing static and dynamic correlation but essentially hides the error. Despite

these limitations, DFT can be accurate enough to determine the molecular structure and vibra-

tional frequencies of these systems, allowing some of the cost of higher-level methods to be reduced

by optimizing with DFT first and then performing higher-level single-point energy calculations on

top.

Regardless of the level of theory, the predicted nature of each excited state is critical to un-

derstanding the photophysics and photochemistry of metal-centered complexes (Figure 2.6). The

interaction between the ligands and the heavy atom gives rise to excited-state transitions centered
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Figure 2.6: Excitation Errors for a small transition metal complex (trans(Cl)-Ru(bpy)Cl2(CO)2,
left) for which C2v single point CASPT2/CASSCF/ANO-rcc-VTZP and RASPT2/RASSCF/ANO-
rcc-VTZP energies can be converged. (a) Errors in the vertical excitation for various types of excited
states and (b) the effect of HF exchange (%). Adapted with permission from J. Chem. Theory
Comput. 8, 1 (2012). Copyright 2011 American Chemical Society.

on the metal or centered on a ligand, or charge transfer excitations from metal-to-ligand, ligand-

to-metal, or ligand-to-ligand. Typically, the nature of the excited state is identified by visualizing

the orbital transitions or using a partitioning method to quantify the location of the orbitals.211

Accurate prediction of the energy and nature of the excited states is a difficult and often tedious

process for both general analysis and benchmarking. Experts in the field necessarily have to develop

an eye for selecting a minimal set of orbitals that will converge and produce an accurate solution

for a given molecule, when a high density of states will require multireference methods, and where

including spin-orbit coupling211 or thermal effects are critical.212

Because of the nuances of method selection, most of the benchmarks of spectral prediction focus

on a particular molecular test set, like chlorophylls,213 BODIPYs (discussed fully in Section 2.5),152

or other transition metal complexes.199,214,215 For non-transition metal-centered complexes, like

chlorophylls and BODIPYs, most TDDFT approaches tend to overestimate excitation energies.213

Using DH functionals, like B2PLYP for chlorophyll and DSD-BLYP or DSD-PBEP86 for BODIPY,

can improve the accuracy of excitation energies over standard density functionals.213,214 For tran-

sition metal complexes, it has become standard to use RS hybrid functionals, like CAM-B3LYP,

or hybrid functionals like M06-2X, which also tend to overestimate excitation energies.216 Notably,

the newer better scaling domain-based local pair natural orbital (DLPNO) STEOM-CCSD method

performed equivalently to the DH B2PLYP for predicting the excitation energies of chlorophylls.213
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On the other hand, common functionals such as CAM-B3LYP, ωB97X-D3(BJ), BHandHLYP, and

RSDH like ωB2PLYP overestimate the chlorophyll B-band energies.213

2.5 A case study on method performance: BODIPY

If the preceding sections are not clear on which methods to employ for a specific system, it is due

to the challenge of establishing precise guidelines that are universally applicable to any molecular

system. To further demonstrate the intricacies involved in selecting a method to model initial

excitations, as well as to provide a more practical overview of the field, we present a case study for

the widely studied BODIPY molecule. BODIPY and its derivatives are characterized by a boron

diflouride group bonded to two pyrrole rings. These molecules present unique photophysical prop-

erties, such as large molar extinction coefficients in the ultra-violet visible region, high fluorescence

quantum yields, tunable absorption and emission processes, and high stability. They are chemi-

cally related to cyanine dyes, and thus previous studies have considered the benchmarking data

to be generally applicable to both families. By itself, the base BODIPY molecule is amenable to

calculation with high-level computational methods such as CASPT2. However, there is extensive

interest in substituting the BODIPY rings to tune the photophysical properties. These substitu-

tions may involve a large number of atoms, which is accessible only with DFT methods. Therefore,

understanding the quality and availability of DFT descriptions of BODIPY is also critical.

The difficulty in calculating a realistic electronic structure of BODIPY stems in part from

its complicated ground state, which has non-negligible electronic correlation due to its open-shell

character. In fact, the best ground state includes approximately 2.6% of doubly excited electron

configurations.158 Consequently, many methods struggle to calculate the low-lying excited states,

often significantly overestimating vertical excitation energies.

Most TDDFT methods overestimate the first vertical singlet excitation TBE by 0.2 eV or more

(Table 2.1). It is notable that some of the best agreement with experiments is obtained from

simple GGA functionals, such as BLYP and PBE. This is likely due to error cancellation and

therefore may not provide adequate insight into the underlying physics of the predicted process.219

Furthermore, the common practice of defining the first experimental excitation based on the λmax

shows opposite trends in accuracy compared with the TBE (Table 2.1). In fact, worse agreement
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Table 2.1: Vertical singlet excitation energies for photochemically equivalent BODIPYs. Experi-
mentally the first excitation is found at 2.460 eV217 and the TBE (CC3/AVTZ) is 2.77 eV.218

BODIPY dimethyl-BODIPY
TD TD158 TDA158

BLYP 3.006a

PBE 3.020a 2.94 3.38
B3LYP 3.154,a 3.129 b 3.02 3.38
PBE0 3.186a 3.05 3.41
LC-BLYP 3.073a

LC-PBE 3.084a

CAM-B3LYP 3.145a 2.99 3.31
ωB97XD-D 3.147a

LC-ωPBE 3.077a

PBE50 3.08 3.41
ωPBEh 3.00 3.31
ωPBE 2.93 3.23
M11-L 3.02 3.39
M06-2X 2.99 3.32
B2PLYP 3.12
SF-PBE50 3.02
CIS 3.519a 3.38
CIS(D) 2.968a 2.84
ADC(2) 2.71
SOS-ADC(2) 2.48
ADC(2)-x 1.93
SF-ADC(2) 2.82
CC2 2.84
ADC(3) 2.42
DLPNO-STEOM-CCSD 2.463,b 2.469c

EOM-CCSD 2.973a 2.83
RAS-SF 2.91
CASPT2 2.48
TD-HF 3.206a

LCC2* 2.647,a 2.643c

SAC-CI 2.657a

CASSCF 2.829a 2.80
CASPT2 2.538a

CCS 3.578a

CC2 3.017a

CCSDR(T) 2.380a

CCSDR(3) 2.895a

Most calculations use the cc-pVTZ basis set. Those that use
cc-pVDZ or def2-TZVP are indicated. aRef. 219. bRef. 103.
cRef. 220.
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between the first singlet excited state and the experimental λmax often coincides with an increase

in the accuracy of the energy of the first triplet excited state (ex. Table 2.1 TDA),158 revealing that

either choice leads to an incomplete picture of the photophysics of the molecule. In addition, while

a polarizable solvent is often recommended to obtain better agreement with experiment, in LR-TD

methods this mostly corrects for dispersive effects. Thus is systems, like BODIPY, where the lowest

energy state is brightly emissive, the coupling between the first excited state and the ground state

should be large even in apolar solvents, which is not captured by these simple polarizable models.

Ultimately, the misleadingly high performance of the GGA functionals and the effects of the TDA

approximation underscore the shortcomings of using simple metrics, such as vertical excitation

energy or comparing to λmax, to assess the overall quality of a method.

TDDFT is able to capture the main spectral features of BODIPY, and can still provide qualita-

tive trends and correct ordering of substituted BODIPYs, allowing for more quantitative ordering

with a simple linear correction.219,221 CAM-B3LYP and M06-2X predict the most accurate excita-

tion energies, where the latter has previously been recommended for excited states of BODIPY.222

Exploration of the potential energy surfaces of BODIPY also shows that M06 and M11 provide

the best descriptions of the excited-state geometries.221 These methods have been shown to pre-

dict improved T1 energies that approach the accuracy of CASPT2.158 Comparisons of the first

dipole-allowed vertical singlet excitation energy, shows reduced error using SCS-DH functionals, on

the order of 0.1 eV.214,223 Thus, DH functionals are probably needed to obtain a more accurate

evaluation of the relative ground-state (S0), T1, and S1 energies.224

Wavefunction methods lead to more accurate excited states for BODIPY, and greatly reduce

the overestimation of vertical excitation energies (Table 2.1). Among these, local CC singles and

approximate doubles (LCC2*) and SOS-ADC(2) perform well and are attractive options for larger

BODIPYs, considering their reduced cost compared to methods like CASPT2.219,220 However, the

superior performance of LCC2* can be attributed to a cancellation of errors rather than a cor-

rect description of the underlying physics.220 EOM-CCSD appears to be a bad choice for these

compounds, as CIS(D) can predict similar or more accurate results (Table 2.1). The DLPNO-

STEOM-CCSD method is also notable in that it provides some of the TBEs of both the first

excited-state singlet (S1) and the first excite-state triplet (T1) for all methods presented here at

significantly reduced computational expense compared to other wavefunction methods.103,220 Over-
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Figure 2.7: Computational scaling and typical error136 for the methods discussed in this review.
The red line is chemical accuracy.

all, these results underscore how difficult it is to study a new photochemical system and choose

a computational method that balances accuracy and efficiency in capturing the correct excitation

physics and properties.

2.6 Conclusion and Outlook

The discussion above demonstrates the significant advances that have been made toward accurately

calculating excited-state properties for a variety of molecular chemistries and system sizes. It is

clear that there is always a trade-off between accuracy (Figure 2.7) and computational effort.

While methods such as CC3 and EOM-CCSDT demonstrate capabilities that exceed chemical

accuracy, they are often too expensive for systems under experimental investigation. In general, the

trends revealed by this review show that predictions using long-range corrected DFT functionals are

often an appropriate and affordable starting point for most molecules. RSDH functionals provide

the most accurate energies and properties for molecules where hybrid functionals traditionally

fail. Beyond TDDFT methods, there is no universal or obvious next-best method. In general,

wavefunction methods like ADC(2) and CC2 produce reasonable results at higher costs but are not

necessarily better than TDDFT methods. Therefore, lower-scaling EOM-CC methods and RSDH
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excitation methods that retain accuracy at a fraction of the computational cost are promising

avenues for future developments. Specifically, when investigating a new class of molecules or trying

to understand complex experimental data, it can be difficult to pick a computational method that

gives the best balance of accuracy and effort. This is because, despite efforts to make benchmark

data more accessible, the community still lacks a centralized location to compare methods for a

variety of chemical systems.

In addition to the development of new accurate and affordable methods, benchmarking should

be the responsibility of the whole community. And thus we need to:

(1) Benchmark beyond vertical excitation energies. It is critical to benchmark parameters beyond

the vertical excitation energies to ensure that the methods are providing the correct results

for the right reasons. A wider focus on predictions that provide an accurate understanding of

excited states could help eliminate the use of methods, such as BLYP, that yield deceivingly

accurate vertical excitation energies while missing other properties, like the Rydberg character

of excited states.132 In particular, the practice of fitting vertical TDDFT excitations with

experimental λmax is both theoretically questionable and also biases functional choice. While

the onset of absorption might be a better estimate for the first calculated vertical excitation

energy, comparison to experiment should be done with caution as there are many confounding

factors like solvent effects. Systematically examining other excited-state properties provides

opportunities to gain deeper insight into the shortcomings of specific methods. One challenge

that prevents benchmarking these parameters lies in the non-standard, and often non-trivial,

calculation of excited-state properties. In addition, benchmarking against what have long

been seen as qualitative metrics, such as the charge-transfer character, requires quantifying

these ideas in a standardized metric. However, to predict the correct excited-state properties,

methods need to be benchmarked with both excitation energies and a metric of the excitation

character, which could include oscillator strengths, electron-hole distance, and correct orbital

decomposition.

(2) Increase the availability and user-friendliness of new methods. In addition to fully under-

standing method performance for a variety of systems, it is also critical to make newly de-

veloped methods user-friendly and widely available in existing quantum chemical software
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packages. Lack of availability and user-expertise are some of the biggest hurdles for predict-

ing excited-state properties using methods beyond TDDFT. While, most codes provide small

molecule examples and tutorials to help users check that the method is running correctly,

many researchers find it difficult to converge or know when a calculation has run accurately.

Often researchers fall back on the “if ain’t broke don’t fix it” way of thinking and choose to

stick with LR-TDDFT because the predictions are “good enough.” In the case of calcula-

tions where an active space or orbitals need to be selected, despite recent developments to

automatically select the active space,191 untrained users often produce inaccurate results by

improperly selecting too few or by missing chemically important orbitals. In order to stimu-

late broad adoption, beyond users trained in groups that develop the method or that attend

specialized theory workshops, more tutorials on how to run methods for experimentally rel-

evant systems are needed. In particular, example calculations that trigger known chemical

inaccuracies when naive choices are made would allow novices to build intuition on how to

run and troubleshoot these methods before extending them to their research questions.

(3) Try new methods on larger systems. Once implemented, computational researchers must take

advantage of these new methods. Most researchers employ standard TDDFT methodologies as

their initial approach to modeling excited states of experimental systems. Often, alternative

methods are only used when TDDFT fails to confirm pre-existing notions of the chemical

system or match an experimental result. In such cases, common practice is to switch or tune

the functional to align more closely with experimental data or to transition to more advanced

wavefunction techniques. Notably, a prevalent tendency is to favor the former over the latter.

It is fairly common practice to include functional scans in supplemental information, but rarely

does one see a comparison to wavefunction methods in a combined DFT and experimental

paper. Indeed, I and the Fredin group notice a reluctance to explore wavefunction methods

due to perceived computational costs, which are not always accurate. Furthermore, it should

be more acceptable to document and share when a particular method has failed to describe

a system. It is the responsibility of computationally focused groups (including our own) to

model best practices when it comes to method comparison and adoption.

I believe that adopting these suggestions as a community will extend the role of computation



2.6. CONCLUSION AND OUTLOOK 53

in obtaining useful, reliable, and robust excited-state information that is directly comparable to

experiment.

In addition to the development of excited-state methods that provide a more accurate descrip-

tion of excited-state properties at a reasonable computational cost, I look forward to upcoming ad-

vancements that tackle some of the more complex and subtle challenges of computational modeling.

One such challenge lies in capturing excited-state dynamics. With quantum dynamics methods like

Tully’s fewest switches surface hopping (FSSH) scheme,225 ab initio multiple spawning (AIMS),226

ring polymer molecular dynamics (RPMD),227 and exact factorization,228 it is possible to simulate

non-adiabatic excited-state dynamics with great accuracy and reasonable costs, depending on the

underlying excited-state method(s). For the curious reader, we point to references 229 and 230 for

more details on excited-state dynamics, as a detailed discussion is beyond the scope of this review.

Furthermore, the nuclear-electronic orbital (NEO) method offers the potential to go beyond the

BO to treat nuclei quantum mechanically to determine various excited-state vibronic properties

at various levels of theory.231 The recent emergence of machine learning approaches in chemistry

and physics may provide new avenues for affordable calculation of excited-state dynamics, either

by extending the timescales that can be modeled or the number of trajectories run to more fully

explore the reaction space.232

While affordable excited-state methods of FCI quality will likely remain out of reach for some

time, the wide number of developed approximations and the progress achieved by each instill a

sense of optimism for the future of quantum-mechanical modeling. This ever-evolving landscape

of excited-state methods shines light on the intricate nature of molecular systems, improving our

understanding of both photophysics and quantum properties. By describing molecular systems

accurately with quantum mechanics, a deeper understanding of structure-function relationships in

these important molecular systems is developed, potentially leading to rational molecular design.
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Chapter 3

Controlling Pyridine Azo Dynamics

with Protons†,‡

3.1 Introduction

Azo dyes (Ar−N−−N−Ar) make up the majority of organic dyes used in the textile and food in-

dustries due to their vibrant colors and synthetic modularity.233–235 Their color, governed by their

absorption maximum (λmax), depends on the size of the aromatic rings and the substituents on

them. Because of their intricate electronic structure, their photophysical properties can also be

modified by changing the pH or solvent.236–239 In solution, the ground state of most azo dyes is

the trans-isomer, with a few notable exceptions, such as diazocines whose strained cyclic structure

stabilizes the cis-isomer.240

When photoexcited with ultraviolet (UV) or visible light, azo dyes can isomerize from the trans-

to the cis-isomer through dynamics in low-lying excited states.241,242 The meta-stable cis-isomer

can revert back to the trans-isomer thermally, on the ground-state singlet surface, with a half-life

ranging from microseconds to hundreds of days.233,234,243,244 Alternatively, the cis-isomer can be

rapidly forced back to the trans-isomer through a second photoexcitation, typically with a longer

excitation wavelength than the λmax.233 The half-lives of thermal reversion can be modified through

†Reprinted with permission from Knepp, Z. J.; Hamburger, R. C.; Thongchai, I. A.; Englehart, K.; Sorto, K.;
Jaffer, A.; Young, E. R.; Fredin, L. A. J. Phys. Chem. Lett. 2024, 15, 38, 9593–9600. Copyright 2024 American
Chemical Society.

‡Electronic supplementary information is available at https://doi.org/10.1021/acs.jpclett.4c02155.
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clever aromatic or hetero-aryl substitutions,245,246 allowing azo moieties to control the potency of

photopharmaceuticals in a variety of therapeutic scenarios.247–251 Long half-lives also give azo dyes

the ability to store energy in the meta-stable cis-state as molecular solar thermal fuels.252–254 For

example, pyridine-based azo dyes have been incorporated into a range of photomaterials255–258 and

photopharmaceuticals.245,258,259

The subtle interplay of electronic and steric effects has led to a literature debate on the un-

derlying mechanisms of photoisomerization and thermal reversion of azobenzene and its deriva-

tives.260–269 To capture these excited-state phenomena, femtosecond transient absorption spec-

troscopy (TAS) is required.270 Generally, it is accepted that solvated azobenzene has three excited-

state lifetimes: a sub-ps, a few ps, and 10s of ps. However, the photophysical assignments of

the shortest lifetimes differ in the literature.233,267 The sub-ps lifetime has been assigned to the

relaxation to the lowest energy singlet surface (S1) from the initially exited state, typically S2.

Alternatively, it has been assigned to vibrational cooling away from the S1 Frank-Condon region.

Because of the fast rate of excited-state to excited-state relaxation, the sub-ps lifetime is most of-

ten assigned to vibrational cooling.239,267,271 The second lifetime has been assigned to the internal

conversion from the S1 state to a hot-S0 state, often denoted as S1→ hot-S0. The third lifetime

has been assigned to a non-radiative path through the S1/S0 conical intersection that yields both

cis-isomer and reformation of trans-isomer.

The disentanglement of the TAS spectra and the assignment of mechanisms to the experimental

lifetimes often relies on electronic structure theory calculations.243,260–267,269,272 With electronic

structure theory, three reaction coordinates have been proposed to describe the photoisomerization

of azo dyes.233,262,263,267 These include an in-plane inversion, a torsional rotation around the azo

N−−N bond, and combinations of the two. Different reaction mechanisms are observed depending on

the direction of isomerization, trans→ cis or cis→ trans, and the aryl substituents. It is generally

accepted that, after photoexciting the trans-isomer into the S2 or a higher energy excited-state, the

dye quickly relaxes to the S1 excited-state in the first picosecond or so.267 After this, relaxation on

the S1 excited-state surface occurs via a dihedral rotation around the azo bond. A population of

cis-isomer is ultimately formed by continued illumination because the S1 excited-state surface forms

a conical intersection with the S0 surface at an azo dihedral angle of ≈ 90 deg. Photoisomerization

quantum yields have been reported in the range of 0.2 to 0.5.273 After the cis-isomer is formed,
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thermal reversion (cis→ trans) occurs on the S0 surface through a dihedral rotation, an inversion or

a combination of the two, depending on the dye substituents.233,237,267,271 Recently, highly accurate

electronic structure theory calculations suggest that thermal reversion can transiently populate the

lowest triplet state near the rotational transition state (TS) between the cis- and trans-isomer,

which effectively solved the “entropy puzzle” by rationalizing the experimentally observed negative

entropy.269

Protonation of the azo bond can restrict photoisomerization by blocking rotational degrees of

freedom or changing excited-state energy landscapes.237–239 Previously, the protonation of pyri-

dine nitrogens, away from the azo bond, was demonstrated to limit the photoisomerization yields

by shifting the energetic minima of the S1 surface closer to the trans-isomer.237 In addition, pro-

tonation was found to decrease the computed S0 reversion barrier, which in turn, could reduce

the cis-isomer lifetime by several orders of magnitude.237 Because of these two potential factors,

no appreciable amount of cis-isomer was observed for pyridine-azo dyes with steady-state UV-vis

absorption spectroscopy. These findings left two possible unresolved mechanisms regarding the

effect of protonation: 1) cis-isomer yield is limited through an accelerated reversion mechanism or

2) cis-isomer formation is entirely restricted through the modulation of ground and excited-state

potential energy surfaces. Either of these mechanisms show promise for manipulating the relative

populations without significant chemical modification, making these dyes of particular interest for

photopharmaceuticals and molecular solar thermal fuels.

3.2 Methods

In this letter, a computational method for generating difference spectra that can be used to assign

low population and fast-transient isomers measured experimentally is demonstrated. Application of

this methodology enables definitive determination that protonation of the pyridine moiety results

in accelerated reversion (mechanism 1) while direct protonation of the azo bond restricts formation

of the cis-isomer altogether (mechanism 2). The effect of single (pKMeCN
a,1 = 14.6 − 15.3) and double

protonation (pKMeCN
a,2 = 11.3 − 13.8) on the photophysics of three pyridine-based azo dyes, 2-(p-

dimethylaminophenyl)azopyridine (Pyr2), 3-(p-dimethylaminophenyl)-azopyridine (Pyr3), and 4-

(p-dimethylaminophenyl)azopyridine (Pyr4) (Figure 3.1), is elucidated using both femtosecond
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Table 3.1: Excited state lifetimes from GLA fits for the dominant rotamer of each protonation
state.

trans λMeCN
max /nma λexc/nm

b τ1,V C/ps τ2,V C/ps τIC/ps τcis/ps τanti/ps τunk/ps

Pyr2 anti- (88%)c 425 280, 290 — 0.6±0.1 9.0±1.3 unresolvedd — —
Pyr3 anti- (73%)c 425 280, 290 — 0.6±0.03 7.4±0.6 unresolvedd — —
Pyr4 — 435 290 — 0.6±0.1 7.5±1.0 unresolvedd —

Pyr2-H eclipsed- (84%)c 561 500, 600 0.3±0.03 0.7±0.09 10.1±0.7 208.4±8.4 unresolvedd —
Pyr3-H anti- (62%)c 491 550 0.2±0.03 0.6±0.1 12.2±1.3 unresolvedd — —
Pyr4-H — 543 600 0.3±0.01 0.8±0.08 10.0±1.2 628.8±362.3 — —

Pyr2-HH eclipsed- (>99%)c 452 290 — 0.7±0.03 9.1±0.6 — unresolvedd —
Pyr3-HH eclipsed- (62%)c 467 290 — 1.0±0.6 8.4±1.0 — — unresolvedd

Pyr4-HH — 449 290 — 0.6±0.05 9.1±0.3 — — —
amaximum experimental absorption in MeCN. bTAS pump excitation wavelengths(SI Section 1.3). cBoltzmann weight at 300 K.
dbeyond the 5.5 ns detection window of the TAS.

transient absorption spectroscopy and time-dependent density functional theory (TD-DFT)78 at

the CAM-B3LYP/6-311g(d,p)/PCM(MeCN) level of theory.159 For the TAS experiments, pump

excitation wavelengths (λex = 280 or 290 nm) are selected in order to avoid scattering with the

CaF2 optical window (∼ 340 – 680 nm). For the singly protonated species, signatures from both

the unprotonated and singly protonated forms are observed upon high energy excitation, so low

energy excitations (λex = 500–600 nm) are used to exclusively excite the singly protonated species,

as the other protonation states do not absorb in this region (SI Section 1.3‡). Global lifetime

analysis (GLA) is used to fit the TAS data and quantify the excited-state kinetics. Potential

energy surfaces, S0 transition states, and computational difference spectra are used to decipher the

photoisomerization (trans → cis) and reversion (cis → trans) mechanisms of the dyes in various

protonation states. Full details on theoretical and experimental methodologies are available in the

Supporting Information‡.

3.3 Results and Discussion

In previous work, DFT calculations revealed that the trans- and cis-isomers of Pyr2 and Pyr3 have

two meta-stable rotational isomers around the pyridine-azo NNCN single bond, which is equivalent

to the NNCC in Pyr3, (Figure 3.1) with dihedrals of 180 (anti) or 0◦ (eclipsed). Pyr4 is symmetric

through the pyridine rotation so it has only one trans- and one cis-isomer. In the unprotonated

S0 ground singlet state, Pyr2 and Pyr3 share an energetic preference for the anti-trans-isomer

with large > 70% Boltzmann weights at 300 K (Table 3.1). According to TD-DFT calculations,

the anti-trans- and eclipsed-trans-isomer excitation features are too similar in energy to be resolved



3.3. RESULTS AND DISCUSSION 59

Figure 3.1: Pyr2, Pyr3, and Pyr4 isomers. Trans- and cis-isomers are on the left and right,
respectively. Anti- and eclipsed-rotamers are highlighted with lavender and orange, respectively.
Atoms of interest are numbered 1 – 7. Newman projections down the N3C4-bond are included to
highlight the rotamer nomenclature based on the pyridine dihedral angle (NNCN≡ DPyr2

2345 or DPyr3
2346 ).

For Pyr3 D2346 ≃ NNCC ≡ D2345. R = Ph−NMe2.
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Figure 3.2: Lowest three singlet surfaces between the anti-trans (a) and eclipsed-trans (e) geome-
tries. Pyridine dihedral angles are defined as NNCN ≡ DPyr2

2345 and DPyr3
2346 labeled in Figure 1. All

energies are relative (∆E) to the lowest energy minimum on the surface. S1 and S2 are single-point
TD-DFT energies above a relaxed S0 scan.

with steady-state UV-vis spectroscopy (Figure S1‡).237

For all PyrN, the first protonation site was found to occur at the pyridine nitrogen (Table S1‡).

When singly protonated, eclipsed-trans-Pyr2-H is 0.042 eV more stable than the anti-trans-Pyr2-

H. This effect appears to be due to a hydrogen bond between the pyridine and azo nitrogen in

eclipsed-trans-Pyr2-H (Figure S6‡ and S7‡). Anti-trans-Pyr3-H is 0.013 eV more stable than the

eclipsed-trans. Due to the meta-nitrogen position of Pyr3-H, anti-trans- and eclipsed-trans-Pyr3-

H cannot form a hydrogen bond (Figure S6‡ and S7‡). In addition, the orientation of anti-trans-

Pyr2-H does not allow for a hydrogen bonding interaction. The second protonation site was found

to occur at the nitrogen closest to the pyridine ring of the azo bond (Table S1‡). Both Pyr2-HH

and Pyr3-HH were found to energetically favor the eclipsed-trans-isomer to avoid steric clashing

between the two acidic protons. Relaxed potential energy surface scans of the trans-PyrN along

the pyridine dihedral angle predict larger anti(a)→eclipsed(e) rotation barriers for the protonated

species and the two lowest energy singlet excited states than for the unprotonated species (Figure

3.2). Hydrogen bonding between the pyridine nitrogen and the azo bond in Pyr2-H and Pyr2-

HH is the most likely culprit for the ≈ 0.2 eV higher electronic activation energy between the
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rotamers. In fact, ∆Ea is the same order of magnitude as what is expected for a hydrogen bond of

this nature.274

Previous steady-state UV-vis absorption spectroscopy revealed that no appreciable build up of

cis-isomer was achieved on timescales greater than a millisecond when PyrN-H and PyrN-HH

were irradiated with light around their λmax.270 To confirm whether cis-isomer is formed on sub-

millisecond time scales and to explain photophysical mechanisms, ultrafast femtosecond transient

UV-vis absorption spectroscopy and global lifetime analysis were employed to measure the excited-

state evolution and generate lifetimes, respectively. Decay-associated difference spectra (DADS)

were produced from GLA (Figure 3.3) and compared with TD-DFT difference spectra to assign

lifetimes to particular geometries (Figure 3.4). Representative spectra are available in the SI for

each PyrN in each protonation state (Figure S12‡).

Due to the push-pull nature of the dyes, their λmax are red shifted compared to azobenzene.237

In addition, the λmax were found to depend both on the position of pyridine nitrogen and on

the protonation state.237 These characteristics made it possible to visualize absorption features on

either side of the ground-state bleach, making the comparison with the computational difference

spectra more reliable.

The unprotonated species were best fit with three lifetimes, one of which was unresolved, i.e.

longer than what could be fit with the data collected in the 5.5 ns TAS detection window (Table

3.1). The number and magnitudes of the lifetimes are generally consistent with what has been

reported for azobenzene and other derivatives.267,271 The first lifetime is assigned to vibrational

cooling of S1 (τ2,V C). The second is assigned to the internal conversion from the S1 excited state to

the hot-S0 state (τIC), which can subsequently form either cis- or trans-isomer. No obvious pattern

was observed regarding the position of pyridine nitrogen and the τ2,V C and τIC lifetimes. The third

unresolved lifetime is assigned to the lifetime of the meta-stable cis-isomer (τcis). Computational

difference spectra of cis minus trans for each unprotonated dye were found to match the DADS of

τcis (Figure 3.4).

Azo dyes can undergo reversion from cis → trans on the S0 through an inversion of the pyridine

ring after or simultaneously with a dihedral rotation of the pyridine ring (Figures 3.5, S8-S10‡).

Transition states (TS) indicate that reversion for each PyrN likely proceeds through a t-shaped

inversion (INVpyr). A high-energy inversion TS of the DMA-substituted ring (INVdma) was found
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Figure 3.3: Representative decay associated difference spectra (DADS) obtained from GLA of Pyr-
N, PyrN-H, PyrN-HH. Resolved lifetimes (ps) are green, orange, red, and purple. Unresolved
lifetimes are blue. Representative spectra of the raw data for each fit are shown in Figure S12‡.
Pump excitation wavelength of 290 nm was used for PyrN and PyrN-HH. Pump excitation
wavelengths of 600 nm, 550 nm, and 600 nm were used for Pyr2-H, Pyr3-H, and Pyr4-H,
respectively.
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Figure 3.4: Comparison of computational difference spectra (dashed, dotted, and dashed-dotted
lines) at CAM-B3LYP/6-311g(d,p)/PCM(MeCN) level of theory159 and experimental long lived
species (solid lines). The unresolved lifetimes and their decay-associated difference spectra for
PyrN, PyrN-H, and PyrN-HH; and a representative difference spectrum at 5.5 ns for Pyr4-
HH, which doesn’t have an unresolved component, are compared to the computational differences
between meta-stable isomers and the ground state. Spectral shifts of the TD-DFT energies were
performed to ensure that the lowest allowed transitions (S2) for the trans-isomer are aligned with
the λmax of the steady-state absorbance spectra for each protonation state (Figure S11‡). Rotamer
names are abbreviated: anti-trans (at), anti-cis (ac), eclipsed-trans (et), and eclipsed-cis (ec).
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Figure 3.5: (a,c,e) The potential energy curves of the lowest three singlet surfaces of Pyr4, Pyr4-
H, and Pyr4-HH at CAM-B3LYP/6-311g(d,p)/PCM(MeCN) level of theory159 along the rota-
tional (CNNC∠=D1234,right) coordinate along with the inversion coordinates for both the dma
(CNNθ=A123) and pyr (CNNθ=A234) rings (left). Atom numbers are labeled in Figure 1. (b,d,f)
The rotational (Rot) and inversion (INVdma and INVpyr) S0 transition states. The structures
shown are marked with open shapes on the curves in the corresponding colors. The optimized trans-
and cis-isomers are open diamonds and hexagons, respectively. Open purple circles, teal squares,
or orange triangles are optimized rotation, dma and pyr inversion transition states, respectively.
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for each PyrN. Rotational transition states were not found, either because the energetic barrier is

even higher on the S0 surface or because it is nearly degenerate with the S1 state. At this point

on the DFT potential energy surface, the S0 energy spikes rather than forming a proper conical

intersection because of the single reference approximation. Multiple reference determinants would

be necessary to correctly describe this region. Previous higher-level ab initio calculations have

shown that the overall PES of azo dyes is well described by TD-DFT,264,269,275 so optimizing the

S0/S1 conical intersection is not critical to understanding the overall dynamics of PyrN.

Interestingly, the singly protonated dyes (PyrN-H) have considerably more complex dynamics

than the unprotonated dyes. Starting with the symmetrically simplest, Pyr4-H is fit to have four

lifetimes (Table 3.1) and no unresolved component. Pyr3-H differs from Pyr4-H because the

fourth lifetime is unresolved. Pyr2-H is fit to have five lifetimes, one of which is unresolved. The

two shortest lifetimes of PyrN-H are sub-picosecond processes that are likely due to two distinct

vibrational cooling (V C) events, which are denoted τ1,V C and τ2,V C (Table 3.1). The third lifetimes

(τIC) are longer lived and on the order of ≈ 10 ps. These are likely due to internal conversion (IC)

from the S1 state into the hot-S0 state. Compared to the unprotonated dyes, a considerably smaller

fraction of cis-isomer is formed for PyrN-H because the S1 minimum is shifted towards the trans-

isomer (Figure 3.5, S8‡, and S9‡). This shift reduces the formation of cis-isomer as it is endothermic

on the S0 surface. The fourth lifetimes are assigned to the cis-state (τcis) due to its longevity and

because the DADS are highly aligned with the computational difference spectra (Figure 3.4). The

τcis lifetimes are different for each PyrN-H, but are similar for both Pyr2-H (208 ps) and Pyr4-H

(629 ps), when the standard deviation is taken into account (Table 3.1). However, τcis for Pyr3-H

is unresolved (> 5500 ps) and is at least an order of magnitude longer than that of Pyr2-H and

Pyr4-H.

To explain the discrepancy in the lifetimes among the species, transition state theory (TST) was

used to approximate the reversion lifetimes from the lowest energy cis-isomer to the lowest energy

transition state to form trans-isomer (Figures 3.5 and S10). Here, the calculated Gibb’s free energies

at 298.15 K are used to approximate the barrier heights and the rates. TST predicts that the singly

protonated species should revert ≈ 5 to 12 orders of magnitude faster than the unprotonated species

at 298.15 K (Table S2‡). Based on this fast reversion, the population of protonated cis-isomer is

too short-lived to be detected by steady-state UV-vis absorption spectroscopy. TST also predicts
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that the cis-isomer of Pyr3-H would be 8 orders of magnitude longer lived than Pyr2-H and

Pyr4-H, corresponding to the longer τcis found for Pyr3-H.

The Pyr2-H is the only species best fit with five lifetimes, where the fourth is from the cis-

isomer and the fifth is from some other process. The fifth lifetime is likely from a meta-stable

S0-state other than the ground state trans or cis. Because the preferential rotamer of Pyr2-H

is significantly stabilized (eclipsed = 84% at 300 K), a change in the ratio of e/a, or an increase

in the population of anti-trans-isomer from laser-induced heating, could explain the fifth lifetime.

The formation of anti-trans-isomer is unlikely to proceed through an excited-state path because

the excited-state scan curves have higher activation energies than the S0 (Figure 3.2). The DADS

of the fifth lifetime match the computational difference spectra between the eclipsed-trans-isomer

and the anti-trans-isomer remarkably well (Figure 3.4), so it is assigned to the reversion of anti-

to eclipsed-rotamer (τanti, Table 3.1). In comparison, since Pyr3-H only has a 62 % preference for

the anti-trans-rotamer, no fifth lifetime is expected or necessarily improves the fit.

The doubly protonated dyes Pyr2-HH and Pyr3-HH are best fit with three lifetimes, one of

which is unresolved. Their spectral features differ significantly from those of the unprotonated and

singly protonated species. Pyr4-HH, on the other hand, is best fit with two lifetimes only (Table

3.1). For all doubly protonated PyrN-HH, the shortest 1 ps lifetime is assigned as a vibrational

cooling event (τ2,V C). The second lifetime between 8.4 and 9.1 ps is likely from the internal

conversion from the S1 excited state to a hot-S0 state. Interestingly, no evidence of cis-isomer was

observed for any of the doubly protonated species.

Focusing on the longest lived Pyr2-HH DADS, this spectrum best matches the computational

difference spectrum between the eclipsed-trans-isomer and the anti-trans-isomer (Figure 3.4), de-

noted τanti. Comparing τcis of Pyr2-H (208 ps) to the theoretical reversion time (691 ps), a

difference of a few hundred picoseconds is predicted (Tables 3.1 and S2‡). The same is true for τcis

of Pyr4-H (629 ps), where the theoretical reversion time is predicted to be 326 ps. Because the

theoretical lifetimes are within the same order of magnitude of the experimental ones, it is possible

to approximate the longevity of τanti for Pyr2-HH from the ∆E between the TS between anti-

trans and eclipsed-trans and the optimized anti-trans structure with decent confidence. At 298.15

K, its lifetime according to TST would be on the order of 27.5 ns, beyond the detection limit of

the TAS instrument, which explains why the state is unresolved. This state could not be detected
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with ns-TAS because of the low signal-to-noise ratio (data not shown). In addition, the unresolved

component of Pyr3-HH neither matches the cis structure nor the anti -rotamer. Therefore, this

state is probably another hot-trans geometry not predicted by DFT, so it is called τunk.

3.4 Conclusion

In conclusion, unprotonated pyridine-based azo dyes form a significant population of cis-isomer

upon photoexcitation. When singly protonated, a fraction of cis-isomer is formed but quickly

reverts to trans-isomer such that no appreciable population of cis-isomer is built up to be detected

by steady-state UV-vis spectroscopy. Slower thermal reversion of Pyr3-H leads to a population of

cis-isomer that persists beyond 5 ns. Evidence of shifts in the anti-trans- and eclipsed-trans-isomer

populations were predicted with theory and observed with TAS for Pyr2-H and Pyr2-HH. No

convincing evidence, even on sub-ps timescales, of cis-isomer was observed for doubly protonated

dyes.

These findings provide design rules for controlling the isomerization of azo dyes with protons.

Specifically, if isomerization must be shutdown completely, like for pharmaceuticals, the first proto-

nation location should be on the azo bond, for instance by blocking all other protonation sites. Slow

release of an active cis-drug or control of the charging and discharging of a molecular fuel could be

achieved by limiting the population of cis-isomer generated by designing a distant protonation site

away from the azo bond. Overall, these results highlight the power of modifying the photophysical

processes of azo dyes through pH modulation and the mechanism to harness the protonatable pyri-

dine moiety for the rapid release of heat from molecular solar thermal fuels through the addition

of acid.

Finally, assigning lifetimes of low population states or those that are only transiently populated

has remained a significant challenge for spectroscopists when there is no quantitative way to com-

pare computed states and the measured experimental spectra. Here, insight needed to assign many

of these lifetimes arises directly from the match between the computational difference spectra and

the time-resolved DADS. This successful demonstration shows the applicability of widely available

TD-DFT calculations to assign low-population and fast transient isomers measured experimentally.

Thus, computational difference spectra provide a direct and powerful way to validate a proposed
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excited-state evolution mechanism.



Chapter 4

Predicting Excited-State Absorption

Spectra from Non-Aufbau

Configurations†

4.1 Introduction

Predicting ground-state absorption spectra (e.g., S0 → Sn and T0/T1 → Tn) with density- or

wavefunction-based methods presents several challenges due to the complex interplay of electronic

structure, solvation effects, and electron correlation.276 While methods like linear-response time-

dependent density functional theory (LR-TDDFT)61,66,68,277 have been quite successful at predict-

ing excitation energies and oscillator strengths from a ground-state reference, their accuracy is

sensitive to the choice of functional, basis set, and the treatment of electron correlation.278,279 Ad-

ditionally, since much of molecular photochemistry and photophysics occurs in solution, accurately

modeling solvation effects is crucial. Implicit solvent models, such as the Conductor-like Polarizable

Continuum Model (CPCM)280 and the Solvation Model based on Density (SMD)281 offer compu-

tational efficiency but often fail to capture important solute-solvent interactions, e.g., ion-dipole

and dipole-dipole.282 Moreover, accurately describing excited states often requires accounting for

multiple electron excitations (e.g., double, triple, etc.) and multiconfigurational character, i.e.,

†Submitted.

69
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cannot be described by a single Slater determinant, particularly in systems with significant elec-

tron correlation.276 As a result, non-expert users or those studying large molecules often rely on

black-box methods like LR-TDDFT and its approximations for their efficiency and ease of use.

These challenges are even more pronounced when predicting excited-state absorption spec-

tra (e.g., Sn → Sm and Tn → Tm). Unlike ground-state absorption, excited-state transitions

often involve higher-order excitations,283,284 spin-state mixing,285 and non-equilibrium excited-

state geometries,286 making them significantly more complex to model. Consequently, LR-TDDFT

or LR-TDA in the expectation value formalism287,288 may provide less accurate descriptions of

these systems. To improve the accuracy of excited-state properties, quadratic response TDDFT

(QR-TDDFT),289 CASPT2,37,290 and CC-based291,292 (e.g., CCS, CC2, CCSD, CCSDR(3), and

CC3) methods are often used,287,288,291–294 though they come with significant computational costs.

Excited-state absorption spectra can also be predicted via real-time TDDFT (RT-TDDFT) prop-

agation with an excited-state density obtained from linear-response TDDFT gradients, which cal-

culates the linear response of the excited state rather than the quadratic response from the ground

state,295 or with second linear response theory (SLR)296,297 at double the cost of LR-TDDFT.

Unfortunately, neither of these DFT-based methods has gained widespread adoption, particularly

within the photochemistry and photophysics community.

Instead, molecular orbital-level insight into structure-function-dynamics relationships in photo-

chemical systems is often obtained from ab initio excited-state calculations.276 While ground-state

methods often provide a reasonable description of UV–vis absorption spectra, analysis of transient

absorption spectroscopy (TAS) requires accurate prediction of excited-state absorption spectra.

TAS is a powerful pump-probe technique298 that measures changes in absorption as a function of

wavelength and time. TAS has been employed to study systems ranging from photoswitches299

to photoredox catalysts.300 In photoredox systems, spectro-electrochemistry yields spectra of key

intermediates that can be used to fit time-resolved features and support mechanistic interpretations.

Because it is difficult to generate excited-state absorption spectra for isolated states experimen-

tally, species-associated difference spectra (SADS) cannot be used to fit TAS data that are mostly

comprised of excited state absorption features. As a result, global lifetime analysis (GLA) of TAS

is often employed to produce decay-associated difference spectra (DADS), separating transient sig-

nals into components with distinct lifetimes. However, despite the utility of GLA, assigning specific
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Figure 4.1: Well studied chromophores to test the breadth of LR-TDA/∆SCF.AB is Diphenyl-
diazene, BD is 1,3,5,7,8-Pentamethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, and ZP is
2,3,7,8,12,13,17,18-Octaethyl-21H,23H -porphine zinc(II).

excited-state spectral features to individual processes or species remains challenging, particularly

without reliable theoretical predictions of energies and oscillator strengths for energetically and

spin-accessible states below the initial excited state(s).

This work introduces an alternative approach for predicting excited-state absorption spectra by

combining the ∆SCF maximum overlap method (MOM)51 with the linear response Tamm-Dancoff

approximation (LR-TDA).88 We refer to this approach as LR-TDA/∆SCF. Excited states are self-

consistently optimized using MOM, followed by LR-TDA calculations on these configurations to

predict excited-state absorption spectra that can be directly compared to raw TAS and DADS

data.

Three chromophores (photoswitchable azobenzene (AB), emissive pentamethyl-BODIPY (BD),

and phosphorescent zinc octaethylporphyrin (ZP) (Figure 4.1)) with well studied excited-state dy-

namics are modeled using LR-TDA/∆SCF method.301 Theoretical excited-state absorption spectra,

derived from both ground- and excited-state geometries, are compared to raw and GLA-fitted TAS

data. The effects of orbital relaxation are analyzed by comparing LR-TDA/∆SCF spectra to LR-

TDA expectation value formalism spectra. Key excited-state absorption features are assigned to

hole-electron pairs to describe their character. Overall, this method offers a cost-effective, DFT-

based approach for predicting excited-state absorption in systems that can be accurately described

by a few low-energy excited states.
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4.2 Theoretical Methods

4.2.1 Density Functional Theory Optimization and Frequency Calculations

Molecular geometries were optimized in ORCA 6.0301 using tight SCF convergence criteria, the

PBE0302 or LC-PBE303 XC-functional, a def2-TZVP basis set,304 D4 dispersion corrections,305

and a CPCM solvent model280 that matched experimental conditions. AB and BD were optimized

in acetonitrile while ZP was optimized in chloroform. Subsequent frequency calculations confirmed

that the optimized geometries were true local minima, with all positive frequencies.

4.2.2 LR-TDA and LR-TDDFT Calculations on Aufbau Reference Wavefunc-

tions

Linear Response Time-Dependent DFT (LR-TDDFT)61,66,68,277 and Tamm-Dancoff Approxima-

tion (LR-TDA)88 calculations were carried out on the optimized structures, using the same level of

theory as the optimization and frequency calculations. The first 30 excited states of AB and BD

and 60 excited state of ZP were calculated using a restricted singlet reference or an unrestricted

triplet reference, depending on the molecule and/or the state of interest. Computed excitation en-

ergies and oscillator strengths were used to produce stem plots and Gaussian-broadened absorption

spectra (σ = 0.4 eV ) for comparison with experimental ground-state absorption spectra.

4.2.3 Excited-State Absorption Spectra via the Expectation Value Formalism

Predicting ground- or excited-state absorption spectra from first-principles calculations requires,

at a minimum, excitation energies and oscillator strengths. Assuming that the excitation energy

(εJI) from excited-state I, with energy EI , to excited-state J , with energy EJ , is given by

εJI = EJ − EI , (4.1)

excited-state to excited-state excitation energies can be approximated using either LR-TDDFT or

LR-TDA.287,288 Notably, this approximation neglects orbital and solvent relaxation effects, which

can lead to significant energetic shifts relative to experiment. Previous studies have demonstrated

that the accuracy of the expectation value formalism is functional-specific and depends on the
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fraction of exact exchange.287,288 For instance, global hybrid functionals with lower exact exchange

exhibit poor agreement with experimental data, while 50% exchange is recommended to improve

accuracy.287 Range-separated hybrids, such as CAM-B3LYP,306 also predict spectra in good agree-

ment with experiment.287

To maintain consistency and ensure comparability with the LR-TDA/∆SCF results presented

in a later section, excitation energies and oscillator strengths were calculated using LR-TDA within

the expectation value formalism. Excitation energies (ω) were determined by solving the Hermitian

eigenvalue problem,

AX⃗ = ωX⃗, (4.2)

where A is the orbital rotation Hessian matrix, ω are the excitation energies, and X⃗ is the eigen-

vector of excitation amplitudes.61 Excited-state to excited-state oscillator strengths,

fJI =
2

3
εJI |⟨ΨJ |µ̂|ΨI⟩|

2, (4.3)

were obtained as the product of the excitation energy and the squared norm of the transition

dipole moment (⟨ΨJ |µ̂|ΨI⟩).
287 Here, ΨI and ΨJ denote excited-state wavefunctions of the same

spin multiplicity, and µ̂ is the dipole moment operator. In LR-TDA, excited-state wavefunctions

are expressed as linear combinations of singly excited determinants (Φa
i ) with excitation amplitudes

(Ca
i ),

ΨI =
occ
∑

i

vir
∑

a

Ca
i Φa

i , (4.4)

where the excitation amplitudes are normalized (i.e.,
∑

i,a(Ca
i )2 = 1).287,307

To cover the spectral window in the TAS experiments, the 30 lowest-energy singlet excited states

were computed using LR-TDA for AB and BD, while 60 singlet and 60 triplet excited states were

computed for ZP. Excited-state to excited-state energies and oscillator strengths were used to

generate stick plots and Gaussian-broadened absorption spectra (σ = 0.4 eV). All calculations were

carried out using methods implemented in ORCA 6.0.301
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4.2.4 ∆SCF to Variationally Converge Excited-State Non-Aufbau Wavefunc-

tions

Molecular orbital coefficients in Hartree-Fock (HF) or Kohn-Sham DFT are generally determined

in a variational and self-consistent manner.308 The self-consistent field (SCF) procedure typically

results in a minimum-energy Slater determinant that satisfies the time-independent Schrödinger

equation:

ĤΨk = EkΨk, (4.5)

where k = 0 for a given spin state and geometry within the Born-Oppenheimer (BO) approximation.

To determine excited states, methods such as LR-TDDFT,61,66,68,277 LR-TDA,88 or more compu-

tationally demanding wavefunction-based approaches like EOM-CC,96 ADC,113,116 CASSCF,309

and CASPT237,290 are typically employed. While one can attempt to convergence to excited-state

(non-Aufbau) electron configurations using KS-DFT, standard SCF algorithms generally favor the

lowest energy configuration, leading to variational collapse.51 To address this, non-standard SCF al-

gorithms, collectively known as ∆SCF51,310 or orbital optimized (OO-)DFT,55 have been developed

to avoid variational collapse while remaining self-consistently solvable.

Among these methods, the maximum overlap method (MOM)51 in ORCA 6.0301 provides a

way to self-consistently converge excited-state configurations. MOM enforces that the new set

of occupied orbitals maximally overlaps with the set of previously occupied orbitals during each

iteration of the SCF procedure.51 From this point forward, MOM and ∆SCF are used synonymously,

with the latter being used more frequently.

An excited-state non-Aufbau configuration is typically generated by singly occupying a pre-

viously unoccupied orbital and singly un-occupying a previously doubly occupied orbital. For an

unrestricted reference configuration, where the orbitals are singly occupied spin up (α) or spin down

(β), the non-Aufbau excitation is created by singly occupying an unoccupied α/β-orbital and singly

un-occupying a previously occupied α/β-orbital. This non-Aufbau guess configuration is relaxed

energetically using ∆SCF, and, ideally, converges to the nearest excited-state solution, rather than

the lowest energy ground-state solution.51

A simple example of ∆SCF in action is shown in Figure 4.2. Starting from the self-consistently

optimized ground-state orbitals (Figure 4.2, left), a non-Aufbau configuration was generated by
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Figure 4.2: ∆SCF applied to the first excited state of ethene. (left) Ground-state SCF molecu-
lar orbital (MO) diagram, (middle) non-Aufbau guess for the excited-state configuration without
orbital relaxation, and (right) the first singlet ∆SCF excited-state of gas-phase ethene at the PBE0-
D4/def2-TZVP level of theory.

promoting an electron from the α-HOMO (π) to the α-LUMO (π∗) of ethene (Figure 4.2, middle).

This non-Aufbau configuration was then relaxed using ∆SCF and converged to the nearest energy

solution (Figure 4.2, right). The set of ∆SCF-optimized orbitals approximates the lowest-energy

π → π∗ excited-state of ethene.

Unfortunately, identifying and converging to excited states of interest with ∆SCF can be chal-

lenging without prior knowledge of the main orbitals involved in these excitations. A simple yet

effective strategy to overcome this limitation is to use the results from LR-TDDFT or LR-TDA

calculations to guide the selection of orbitals to excite from and into. By identifying the pair of

orbitals with the largest contribution (i.e., the largest C2) for a given excited state, this pair serves

as a reliable starting point for converging the excited state using ∆SCF. If this initial pair fails

to converge or results in an undesired excited state, the second or third largest contributing or-

bital pairs can be used to produce guess configurations for ∆SCF. Once the desired excited state

is successfully converged, ∆SCF excitation energies can be approximated as the energy difference

between the excited- and ground-state. This strategy was use to converge one or two low-lying

singlet excited states with ∆SCF for AB, BD, and ZP in various geometries.

4.2.5 LR-TDA Calculations on Non-Aufbau ∆SCF References (LR-TDA/∆SCF)

Excited-state absorption spectra were predicted by performing LR-TDA calculations on ∆SCF

excited-state configurations. The excited-state indices (e.g., S1, S2, etc.) from the ∆SCF calcu-
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lations were validated by examining the number of negative eigenvalues obtained with LR-TDA.

For example, if the system is in the first excited singlet state (S1), LR-TDA on the ∆SCF con-

figuration should predict a transition to the ground state with a negative energy corresponding to

an approximate emission energy. Similarly, for the second excited state (S2), two negative energy

transitions should be predicted with LR-TDA. After confirming the identity of the excited states,

molecular orbitals were analyzed to verify their excited-state character.

As above, Gaussian-broadened (σ = 0.4 eV) excited-state absorption spectra were generated

from the energies and oscillator strengths predicted by LR-TDA/∆SCF. By subtracting the LR-

TDA ground-state absorption spectra from various LR-TDA/∆SCF excited-state spectra, theoret-

ical species-associated difference spectra were obtained. These theoretical difference spectra were

be compared to the raw TAS and DADS to better understand the orbitals that contribute to the

various features.

4.3 Results and Discussion

4.3.1 Overview

This section presents a detailed evaluation of the LR-TDA/∆SCF method for predicting excited-

state absorption spectra and interpreting TAS spectral features. LR-TDA/∆SCF results are com-

pared with excited-state absorption predictions obtained from the expectation value formalism. The

first subsection examines the photoevolution of a relatively simple organic photoswitch, azobenzene

(AB). Following excitation to the S2 state, and its subsequent decay through the S1/S0 conical

intersection, meta-stable Z -AB is formed (Figure 4.3). The second investigates a simple two-level

system. A BODIPY derivative (BD) that fluoresces following excitation to the S1 state (Figure 4.3)

is used to examine subtle changes in excited-state absorption arising from geometric relaxation in

the S1 state. The third explores a multiconfigurational system, where LR-TDA/∆SCF is expected

to perform poorly. Octaethyl zinc porphyrin (ZP), which, upon excitation into the Q-bands (i.e.,

S1 and S2), can undergo intersystem crossing to the triplet manifold (Figure 4.3). In this system,

both the ground and excited states have multiconfigurational character.
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Figure 4.3: Jablonski diagrams illustrating the established photophysics of AB, BD, and ZP. Solid
arrows correspond to absorption (blue) and emission, fluorescence (green) and phosphorescence
(orange) and squiggly arrows represent non-radiative internal conversion (IC, grey) and intersystem
crossing (ISC, pink).

4.3.2 Azobenzene

Azobenzenes, including AB, are prototypical photoswitches that undergo E–Z photoisomerization.

Their main absorption feature corresponds to excitation to the S2 state, which involves a π → π∗

transition. In contrast, the lower-energy S1 state involves an n → π∗ transition that is formally

symmetry-forbidden, but gains intensity through vibronic coupling. Excitation to S2 is followed

by rapid internal conversion to S1. Once in the S1 state, either by direct excitation or through

relaxation from S2, rotation about the azo-bond dihedral relieves geometric strain. Near a dihedral

angle of 90◦, a conical intersection with the S0 ground state enables relaxation to either the E

reactant or the Z product. Modeling the photophysics of AB thus requires consideration of the

S2 and S1 states, along with the optimized E, Z, and S1 geometries along the rotational reaction

coordinate.

The ground-state (E(S0)) and meta-stable (Z(S0)) geometries of AB were optimized as true

minima using the PBE0 and LC-PBE functionals (Figure 4.4). The most significant differences

between the PBE0- and LC-PBE-optimized structures occur in the Z -isomers (RMSD = 0.189 Å),

likely due to variations in the long-range π − π interactions between the phenyl rings that can be

sensitive to the amount of exact exchange.311 In contrast, the E -isomers primarily differ in their

dihedral angles D1234 and D3456 (RMSD = 0.053 Å). The PBE0 structure has a D1234 = 179.8◦ and

D3456 = 179.8◦ while the LC-PBE structure has D1234 = 170.8◦ and D3456 = 170.8◦.
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Figure 4.4: Three optimized geometries of AB. The ground state E -AB (trans) and meta-stable
Z -AB (cis) are both S0 states. S1-AB represents the lowest-energy geometry on the first excited-
state surface, highlighting the rotational photoisomerization reaction coordinate (red arrow). Hy-
drogen atoms are white, carbon atoms are gray, and nitrogen atoms are blue. PBE0-D4/def2-
TZVP/CPCM(MeCN) level of theory.

The LR-TDA approximation reliably describes the absorption spectrum of E -AB. The excita-

tion energies obtained from LR-TDA are linearly correlated with those from LR-TDDFT (Figure

4.5), though systematically blue-shifted in energy, as expected.278 However, the LR-TDA and LR-

TDDFT oscillator strengths do not exhibit a linear correlation (Figure 4.5). Given that LR-TDA

violates the Thomas-Reiche-Kuhn sum rule,312 which asserts that the integrated oscillator strength

of a chromophore equals its number of electrons, this outcome is anticipated. Nevertheless, the over-

all shape and key features of the Gaussian-broadened ground-state absorption spectrum remain

consistent between the two methods, with a 64% overlap between the LR-TDA and LR-TDDFT

spectra (σ = 0.4 eV).

The LR-TDA/PBE0 S1 and S2 excitation energies from the ground state geometry closely

match the experimental absorption spectrum (Figure 4.6 and Table 4.1). Both PBE0 and LC-

Molecule State TDA/eV TDDFT/eV ∆SCF/eV Exp./eV

AB S1 2.662 (2.986) 2.604 (2.882) 2.143 (2.327) 2.73
AB S2 3.837 (4.667) 3.664 (4.496) 3.054 (4.031) 3.87
BD S1 3.219 (3.193) 2.944 (2.974) 2.116 (2.615) 2.51
ZP S1 2.526 (2.579) 2.462 (2.172) 2.361 (DNCa) 2.17
ZP S2 2.526 (2.579) 2.462 (2.172) DNCa (2.730) 2.33

adid not converge.

Table 4.1: Predicted excitations in the main absorption features. S0 → Sn excitation energies in
eV from TDA, TDDFT, and ∆SCF at PBE0-D4 (LC-PBE-D4) level of theory. Experimental
energies determined from absorption maximum near the various features of interest.
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Figure 4.5: Correlations between TDA and TDDFT energies and oscillator strengths for E -AB.
Best fit lines: (top) y = 0.9901x − 0.0152 and R2 = 0.9968, (middle) y = 0.5830x + 0.0484 and
R2 = 0.4333. (Bottom) Substantial overlap (64%) between spectra despite no correlation between
TDA and TDDFT oscillator strengths. S1 excitations with zero oscillator strength are represented
by dotted lines.
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Figure 4.6: Normalized UV-vis absorption of E -AB in MeCN (black curve) and LR-TDA/PBE0
excitations (red sticks). The symmetry forbidden first excited state (S1, n→ π∗) energy is plotted
as a dotted line.

PBE predict that the S1 state has an oscillator strength of approximately zero at the ground-state

(E ) geometry, as this corresponds to an n → π∗ transition, which is symmetry-forbidden. In

practice, however, this state becomes accessible through vibronic coupling and solvent interactions

that break symmetry, leading to a small but finite oscillator strength.313 This explains the weak

absorption feature observed at 450 nm in the experimental spectrum (Figure 4.6). In contrast,

the S2 excitation corresponds to a π → π∗ transition with a large oscillator strength, calculated

to be 1.2 with LR-TDA/PBE0 and 1.1 with LR-TDA/LC-PBE. As expected, LR-TDA/LC-PBE

systematically predicts excitation energies that are blue-shifted relative to both experiment and LR-

TDA/PBE0. Thus, the rest of the analysis focuses on PBE0 and ∆PBE as they provide excitation

energies in better agreement with experiment. LC-PBE results that systematically overestimate

excitation energies are included in the Supporting Information for comparison.

Approximate excited states are generated by (1) constructing non-Aufbau singly-excited deter-

minants through the exchange of one virtual and one occupied orbital (Figure 4.2 middle) from the

S0-E -AB reference determinant (Figure 4.2 left) and (2) allowing the orbitals to self-consistently

relax using ∆SCF (Figure 4.2 right).

Occupied and virtual orbital pairs are selected based on the results of ground-state LR-TDA

calculations. For example, LR-TDA predicts that the S1 excited state of E -AB is primarily (C2 =

0.98) characterized by the excitation of an electron from an n-orbital (α-HOMO-1) to a π∗-orbital
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Figure 4.7: α-MO (left) and β-MO (right) diagrams for E -AB in the ground state (S0, left), and
first (S1, middle) and second (S2, right) excited states. PBE0-D4/def2-TZVP/CPCM(MeCN) and
∆PBE0-D4/def2-TZVP/CPCM(MeCN) levels of theory.
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(α-LUMO) (Figure 4.7 left). This non-Aufbau configuration converges to the S2 state rather than

the expected S1 state with ∆SCF. The state has a depopulated α-π-orbital and a singly occupied

α-π∗ orbital (Figure 4.7 middle). Energetically, the resulting ∆SCF energy (3.05 eV) is closer

to the experimental S1 energy (2.73 eV) than to the experimental S2 energy (3.87 eV). However,

when attempting to converge to the S2 state by exciting an electron from the α-π-orbital to the

α-π∗-orbital, a lower-energy excited state (2.14 eV) was obtained. This state has a depopulated

α-n-orbital and a singly occupied α-π∗-orbital (Figure 4.7 right). These results indicate that the

initial “S1 guess” converged to the true S2 state, while the “S2 guess” instead converged to the

true S1 state.

LR-TDA calculations on the S1 and S2 excited-state references confirm the state assignments.

The lower-energy 2.14 eV ∆SCF excited state has a single negative excitation energy of -2.00 eV with

⟨S2⟩ = 0.033674, where ⟨S2⟩ is the square of the total spin angular momentum. In comparison, the

unrestricted open-shell excited-state reference has ⟨S2⟩ = 1.025705, indicating that this transition

is a relaxation back to the closed-shell S0 state. Analysis of the orbitals involved in the transition

confirmed that it corresponds to a de-excitation from the α-π∗-orbital to the α-n-orbital. The

higher-energy 3.05 eV ∆SCF excited state has two negative excitation energies of -2.88 and -0.73

eV. The -2.88 eV transition corresponds to a de-excitation from the α-π∗-orbital to the α-π-orbital

and has ⟨S2⟩ = 0.027084, suggesting relaxation to the closed-shell S0 state. Meanwhile, the -

0.73 eV transition corresponds to a de-excitation from the α-n-orbital to the α-π-orbital, with

⟨S2⟩ = 1.012204.

The S1 ∆SCF geometry optimization converged to an open-shell singlet (⟨S2⟩ = 1.010254) with

an azo dihedral angle of 109.3◦, 16.5◦ larger than what has been predicted with CASSCF (92.8◦).314

The absence of imaginary frequencies confirmed that the structure corresponds to the S1 minimum

rather than the rotational transition state of the ground state (S0). A LR-TDA calculation further

validated this assignment by predicting a single negative excitation energy of -0.026 eV and ⟨S2⟩ =

0.048049, confirming de-excitation to the closed-shell S0 state. The small de-excitation energy

suggests that this geometry is near, if not at, the conical intersection. Since LR-TDA relies on the

adiabatic approximation, it cannot explicitly converge to a true conical intersection.315 Notably, the

∆SCF de-excitation energy was even smaller at -0.016 eV, providing additional evidence that this

structure corresponds to the conical intersection. A frequency calculation on the S1 geometry in
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Figure 4.8: Predicted excited-state absorption of AB. ∆SCF (solid lines) vs. expectation value
formalism (dashed lines) of both the S1 and S2. X/Y indicates the X excited-state configuration
at the Y geometry.

the closed-shell S0 state revealed a single imaginary frequency, with the corresponding vibrational

mode resembling a characteristic azo bond rotational transition state. Collectively, this strongly

supports that the ∆SCF optimization converged to the S1/S0 conical intersection.

A comparison of the Gaussian-broadened spectra for the first 30 singlet excited states predicted

by LR-TDA/∆SCF and the expectation value formalism highlights the significance of orbital re-

laxation (Figure 4.8). Three main absorption features are predicted by both methods, a hybrid and

long-range corrected PBE functional. However, they appear at significantly different energies and

oscillator strengths. With the PBE0 functional, it is clear that orbital relaxation has a substan-

tial effect, as the ∆SCF S2 and S1 excited-state absorption spectra are significantly blue-shifted

relative to the expectation value formalism spectra. The newly occupied exited-state α-HOMO

is stabilized substantially with respect to the ground state α-LUMO, with only a minor shift in

the energies of the unoccupied orbitals. As the α-HOMO energy level decreases, the energetic gap

between it and the unoccupied orbitals increases. Interestingly, the magnitude of this blue shift is

considerably reduced when using the long-range corrected LC-PBE functional, indicating that the

effects of orbital relaxation are less pronounced.

The AB TAS data is best fit with four lifetimes, which is generally consistent with previous

reports for AB.313,316–318 Typically, the shortest lifetime, 0.2 ps, is assigned to the simultaneous

vibrational cooling of the S2 state and the internal conversion from the S2 state to the S1 state. The
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Figure 4.9: Experimental vs. theoretical difference spectra for AB. (top) Raw TAS difference spec-
tra at various time delays. (middle) DADS and their respective lifetimes in picoseconds. (bottom)
∆SCF excited-state difference spectra where X/Y indicates the X excited-state configuration at
the Y geometry − the ground-state spectrum (S0/E).
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second lifetime, 1.0 ps, is assigned to the vibrational relaxation, through an azo dihedral rotation,

to the S1/S0 conical intersection, where rapid internal conversion occurs. The third lifetime, 15.2

ps, is assigned to the cooling of the hot-S0 state to either the trans- or cis-isomer. The fourth

unresolved lifetime, i.e., beyond the 5.5 ns TAS window and undetectable by ns-TAS due to low

signal, is assigned to the lifetime of the metastable cis-isomer.

Theoretical species-associated difference spectra, generated by subtracting the S0-E-AB absorp-

tion spectra from various LR-TDA/∆SCF excited-state absorption spectra, match the respective

DADS in both overall shape and energy (Figure 4.9). Specifically, the 0.2 ps DADS aligns with

the S2/E difference spectrum (excited-state absorption/geometry), the 1.0 ps DADS corresponds

to the S1/E difference spectrum, the 15.2 ps DADS matches the S0/S1 difference spectrum, and

the unresolved DADS is consistent with the S0/Z difference spectrum.

The LR-TDA/∆SCF method not only enables the assignment of species to particular life-

times, but also facilitates the mapping of excited-state spectral features to molecular orbital (MO)

transitions, much like what is commonly done in ground-state LR-TDA or LR-TDDFT. The key

excited-state transitions from various references are highlighted in Figure 4.10 by their root, i.e.,

excited-state number, and orbital indexes. For E -AB, the 1st and 2nd roots (i.e., S1 and S2) are

involved in E→Z photoisomerization. As a result, predicting the excited-state absorption spectra

from these states is crucial for interpreting the TAS and DADS spectral features involved in AB

photoisomerization.

From the S2 ∆PBE0 reference, two prominent features with significant oscillator strength within

or near the TAS spectral window (≈ 340 nm and 660 nm) are the 5th and 9th LR-TDA roots. The

5th root corresponds to a π → π∗ transition from a low-energy α-π-orbital to the α-LUMO (the

former α-HOMO of S0-E -AB), while the 9th root corresponds to a high-energy π → π∗ excitation

from the α-HOMO (the former α-LUMO of S0-E -AB) to the α-LUMO+3 orbital. The 9th root

is within 20 nm of the experimental absorption feature between 400 and 500 nm, whereas the 5th

root is red-shifted by more than 100 nm relative to the experimental feature around 600 nm.

From the S1 ∆PBE0 reference, the main absorption feature (i.e., the 9th root) is red-shifted

relative to the ground-state bleach. Like the 9th root from the S2 reference, this transition involves

a high-energy π → π∗ excitation from the α-HOMO to the α-LUMO+3 orbital, and exhibits nearly

identical character. However, the transition from the S1 state has a higher energy than the corre-
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Figure 4.10: Molecular orbital transitions in the ground- and excited-state absorption spectra of
AB. X/Y, indicates the X excited-state configuration at the Y geometry. Red dotted lines mark
the ground-state S1 and S2 excitation energies for reference. Select roots, i.e., excited-state indices,
are labeled above the transitions. HOMO = 47α/β and LUMO = 48α/β.
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sponding 9th root from the S2 state due to the distinct non-Aufbau molecular orbital configuration

and the subsequent ∆SCF orbital relaxation. When comparing the S1 and S2 molecular orbital

diagrams (Figure 4.7), it is evident that the α-HOMO of the S1 state is lower in energy than that

of the S2, while the π∗ energies remain essentially consistent. The shift in the α-HOMO energy of

the S1 state to a lower value than in the S2 state explains the higher excitation energy in the S1

state. The λmax of the S1/E difference spectrum is once again within 20 nm of the λmax of the 1

ps lifetime.

Importantly, comparing the λmax of the theoretical difference spectra with the λmax of the

DADS reveals a key distinction. Unlike the 9th root from the S2 state, which is well separated from

the ground-state S2 feature, theory suggests significant spectral overlap between the ground-state

S2 feature and the 9th root from the S1 state. This overlap leads to a red shift in the position of the

feature away from the true λmax in the difference spectra. Therefore, in this case, comparing the

difference spectra is likely to yield a closer match to experimental reality than simply considering

the excitation energy of the 9th root.

Because the spectral window of the TAS is roughly between 340 nm and 680 nm, features that

are blue-shifted to the ground-state bleach remain undetected. However, the 15th root from the

S1 reference is highlighted in Figure 4.10, as it could be resolved in a future study if the spectral

window were extended to cover this region. This high-energy feature is particularly noteworthy

because it involves a σ(C) → n∗(N) transition from the α-HOMO-5 to the α-LUMO orbital, a

transition not typically observed in small molecule organic compounds using UV-vis spectroscopy.

The λmax of both the 15.2 ps DADS and theoretical S0/S1 (i.e., the S0 state at the S1 minimum)

difference spectra are approximately 360 nm, indicating that this lifetime likely corresponds to the

relaxation of the hot-S0. Because there is considerable overlap between the 4th root from the S0/S1

state and the S2-E -AB, comparing the difference spectra may be more reliable than the excitation

energy of the 4th root to the λmax of the 15.2 ps DADS. This transition involves a π to mixed-n∗/π∗

transition from the α-HOMO-1 to the α-LUMO. Additionally, the 8th root is blue-shifted and well

separated from the ground-state bleach and could likely be observed if the TAS spectral window

could be adjusted appropriately. This transition involves a mixed-n/π to mixed-n∗/π∗ transition

from the α-HOMO to the α-LUMO+4 and its observation could further confirm that the 15.2 ps

species is majority hot-S0 rather than an S1 excited state.
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Figure 4.11: Optimized geometries of S0-BD and S1-BD at the PBE0-D4/def2-
TZVP/CPCM(MeCN) level of theory. Hydrogen atoms are white, carbon atoms are gray, boron
atoms are pink, nitrogen atoms are blue, and fluorine atoms are green.

The long-lived, unresolved, lifetime is most likely due to the thermal reversion from Z -AB to

E -AB. The S0/Z difference spectra matches the unresolved DADS well, and similar assignments

are available in a plethora of literature.313,316–318 Z -AB has only one singlet excited state red-

shifted to the ground-state bleach. The 1st root has an excitation energy around 440 nm but

exhibits a relatively small oscillator strength due to the poor, yet non-negligible, overlap between

the α-HOMO-1 and α-LUMO orbitals. This transition is of mixed-n/π to mixed-n∗/π∗ character

and has the expected low oscillator strength because of the nearly orthogonal n-component of the

orbitals. This detailed mechanistic understanding of the excited-state orbitals validates a complex

photophysical mechanism that required years of study and hundreds of experiments to unravel.

4.3.3 BODIPY

The main absorption feature (S1) of pentamethyl-BODIPY (BD, Figure 4.11) and related BOD-

IPYs223 corresponds to a HOMO–LUMO π → π∗ transition. Upon excitation, BD exhibits

strong green fluorescence with no evidence of phosphorescence. BODIPYs with aromatic meso-

substituents can undergo intramolecular charge transfer to access the triplet manifold,319 but this

intramolecular charge transfer is absent in BD due to its meso-methyl substitution. As a result,

modeling the photophysics of BD requires consideration only of the ground state and first excited
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Figure 4.12: Normalized UV-vis absorption of BD in MeCN (black curve) and LR-TDA/PBE0-
D4/def2-TZVP/CPCM(MeCN) excitations (red sticks).

state, along with their optimized geometries.

The optimized ground-state (S0) geometries of BD showed no significant deviations between

the PBE0 and LC-PBE methods (RMSD = 0.077 Å). The ∆SCF first excited-state (S1) geometries

exhibit a pronounced puckering of the BODIPY backbone, causing both the methyl group on C14

and the BF2 unit to shift upward (Figure 4.11). Additionally, the C14 methyl group undergoes

rotation in the S1 state, adopting a nearly ideal staggered conformation relative to the BF2 unit

(Figure 4.11).

Similar to AB, the excitation energies from LR-TDA and LR-TDDFT exhibit a linear cor-

relation, with LR-TDA systematically blue-shifted relative to LR-TDDFT. While the oscillator

strengths are not linearly correlated, the overall shape of the Gaussian-broadened LR-TDA ab-

sorption spectrum closely matches that of LR-TDDFT, with an integrated overlap of 52%. The

largest discrepancies in excitation energy and oscillator strength between the two methods are ob-

served in the S1 feature. With the PBE0 functional, LR-TDDFT predicts an excitation energy of

3.219 eV, whereas LR-TDA predicts 2.944 eV. A similar trend is seen with the LC-PBE functional,

where LR-TDDFT and LR-TDA yield excitation energies of 3.193 eV and 2.974 eV, respectively.

Regardless of the functional or TD-approximation used, all methods predict an S1 feature that is

blue-shifted relative to the experimental λmax at 2.51 eV (Table 4.1, Figure 4.12).

Since BD emits from the S1 excited state, ground- and excited-state absorption spectra were

predicted using LR-TDA and LR-TDA/∆SCF, respectively, from the S0 and S1 geometries. The
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Figure 4.13: α-MO (left) and β-MO (right) diagrams for S0-BD in the ground state (S0, left)
and first excited state (S1, middle), as well as the optimized S1-BD in the first excited state (S1,
right). PBE0-D4/def2-TZVP/CPCM(MeCN) and ∆PBE0-D4/def2-TZVP/CPCM(MeCN) levels
of theory.

S1 absorption feature from the S0 state corresponds to a π → π∗ transition from the HOMO to

the LUMO, with an oscillator strength of 0.9278 with LR-TDA/PBE0 (Figure 4.13). A guess

configuration with a singly occupied α-LUMO and a singly occupied β-HOMO was generated and

∆SCF converged to an orbital- and energetically-relaxed S1 configuration with an α-HOMO and α-

LUMO that closely resemble the S0 LUMO (π∗) and HOMO (π), respectively. The most significant

difference is in the α-HOMO and α-LUMO energy levels, followed by the β-HOMO and β-LUMO

energy levels. In the α-manifold, the highest occupied π∗ orbital is significantly stabilized, while the

lowest unoccupied π orbital is destabilized by a comparable amount relative to their S0 counterparts

(Figure 4.13). Additionally, the β-HOMO is partially stabilized, whereas the β-LUMO is slightly

destabilized. The energies of orbitals below the α/β-HOMO or above the α/β-LUMO remained

largely unperturbed.

LR-TDA on the S1 ∆SCF reference (1) confirms that this is indeed the S1 state by predicting

a single negative excitation energy and (2) provides its excited-state absorption spectrum. The S1
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Figure 4.14: Predicted excited-state absorption of BD. ∆SCF (solid lines) vs. expectation value
formalism (dashed lines) of both the S1 and S2. X/Y indicates the X excited-state configuration
at the Y geometry.

∆SCF state exhibits a negative excitation energy of -1.74 eV from the α-HOMO (occupied π∗) to

the α-LUMO (unoccupied π) with a ⟨Ŝ2⟩ = 0.060456. In contrast, the reference open-shell S1 state

has ⟨Ŝ2⟩ = 1.032256, confirming that de-excitation yields a closed-shell singlet that resembles the

S0 state.

The LR-TDA/∆SCF S1 excited-state absorption spectra predicted using the expectation value

formalism and ∆SCF with both PBE0 and LC-PBE functionals show similar trends as AB (Figure

4.14). The PBE0 functional shows more significant effects of orbital relaxation compared to LC-

PBE. Orbital relaxation leads to a blue shift in ∆SCF excitation energies relative to the expectation

value formalism predicted with the PBE0 functional. This shift is due to the substantial relaxation

of the occupied π∗ orbital during the ∆SCF optimization. Since the unoccupied orbitals, apart

from the α-LUMO, remain largely unchanged, excitations from the relaxed configuration occur at

higher energies than those predicted by the unrelaxed expectation value formalism.

Both methods and functionals predict all three main absorption features, but the effects of

orbital relaxation are less pronounced in the LC-PBE excited-state absorption spectra (Figure

4.14). The features from both LR-TDA/∆SCF and the expectation value formalism align well and

are generally consistent. Notably, the first excited-state feature predicted by the expectation value

formalism is blue-shifted relative to the LR-TDA/∆SCF feature, which differs from the PBE0

functional, where the first excited-state feature predicted by the expectation value formalism is

significantly red-shifted.
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Excited-state absorption spectra from the ∆SCF-optimized S1 geometry provides insight into

the emissive S1 state. Both ∆PBE0 and ∆LC-PBE show that S1 geometry optimization has little

effect on the S1/S1 excited-state absorption spectrum compared to the S1/S0 spectrum (Figure

4.14). This suggests that the raw TAS and DADS should show only minor differences in the

excited-state absorption spectra.

When BD is selectively excited into the S1 state with a 505 nm pump pulse (Figure 4.15), near

its λmax, three species contribute to the process: (1) the S0 state at the S0 geometry (S0/S0), (2) the

S1 state at the S0 geometry (S1/S0), and (3) the S1 state at the S1 geometry (S1/S1). The fs- and

ns-TAS of BD in MeCN is best fit with two distinct lifetimes: a short-lived vibrational relaxation

within the S1 state (15.6 ps) and a long-lived emissive process (5.883 ± 0.529 ns). However, based

solely on the TAS data, it is unclear which excited state of the system the absorption features and

geometries are associated with. For example, in BD, the long-lived component arises from the S1

minimum geometry rather than the initially excited S1.

Theoretical difference spectra from the S1 state at both the S0 and S1 geometries provide a way

to assign the observed features in the raw TAS data as well as in the short- and long-lived DADS

(Figure 4.15). The PBEO S1 excited-state absorption spectra from the S0 and S1 geometries are

very similar (Figure 4.14), and consequently, their difference spectra show only minor variations

(Figure 4.15). Both geometries are predicted to have two distinct excited-state absorption features

not present in the ground-state spectrum. The most prominent appears blue-shifted (around 310

nm) relative to the ground-state bleach, while a weaker red-shifted feature emerges around 560 nm.

The raw TAS data shows the growth of the blue-shifted feature on short time scales, followed

by its decay on longer time scales (Figure 4.15). This feature is also observed in both the 15.6

ps and 5.86 ns DADS. In general, the ∆PBE0 features from both the S0 and S1 geometries align

well with the DADS, though they appear at slightly higher energies, as expected. However, the

red-shifted feature with a low oscillator strength, predicted by both ∆PBE0 and ∆LC-PBE, was

not observed in either the raw TAS or DADS. This feature comes from the 4th root of the S1

configuration, corresponding to a π → π∗ excitation from the α-HOMO-3 to the α-LUMO (the

unoccupied S0 π-orbital) (Figure 4.16). However, this red-shifted ESA is observed in toluene

with greater intensity.320 This not only supports the computational assignment of this feature but

directly shows how orbital level understanding of the ESA makes the LR-TDA/∆SCF method
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Figure 4.15: Experimental vs. theoretical difference spectra for BD. (top) Raw TAS difference
spectra at various time delays. (middle) DADS and their respective lifetimes in picoseconds. (bot-
tom) ∆SCF excited-state difference spectra where X/Y indicates the X excited-state configuration
at the Y geometry − ground-state spectrum (S0/S0).
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Figure 4.16: Molecular orbital transitions in the ground- and excited-state absorption spectra of
BD. X/Y indicates the X excited-state configuration at the Y geometry. Red dotted line marks
the ground-state S1 excitation energy for reference. Select roots, i.e., excited-state indices, are
labeled above the transitions. HOMO = 68α/β and LUMO = 69α/β.
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Figure 4.17: Optimized geometries of S0-ZP and T1-ZP at the PBE0-D4/def2-
TZVP/CPCM(CHCl3) level of theory. Hydrogen atoms are white, carbon atoms are gray,
nitrogen atoms are blue, and zinc atoms are magenta.

particularly powerful for understanding TAS data.

The main excited-state absorption feature from the S1 state corresponds to the 10th root. This

excitation primarily involves two pairs of orbitals. The first pair (C2 = 0.35) is a π → π∗ transition

from the β-HOMO to the β-LUMO at the S0 geometry. This transition, along with the initial

excitation from the α-HOMO to the α-LUMO, effectively approximates a double excitation, or a

doubly excited configuration. Alternatively, a double excitation could be optimized using standard

∆SCF by promoting both electrons from the π (HOMO) to the π∗ (LUMO). The second orbital

pair (C2 = 0.31) is a π → π∗ excitation from the α-HOMO (occupied π∗) to the α-LUMO+1 at

the S0 geometry. At the S1 geometry, the dominant configuration changes, but the orbital shapes

and energies remain generally consistent. The excitation of the beta electron has C2 = 0.32, while

the excitation of the α-electron has C2 = 0.35. Because these structural changes are minimal,

the 10th root at the S0 and S1 geometries remains similar in both energy and oscillator strength.

This supports assignment of the two lifetimes to S→
1 S1 and S1 → S0, respectively. Thus, LR-

TDA/∆SCF identifies features that merit further investigation, either through solvatochromism or

by modifying the chromophore’s structure.

4.3.4 Zinc porphyrin

The orbital symmetry in zinc porphyrins (one of the simplest is ZP in Figure 4.17), leads to

symmetry-forbidden transitions (S1 and S2) between the degenerate HOMO and HOMO-1 →
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Figure 4.18: α-MO (left) and β-MO (right) diagrams for S0-ZP in the ground state (S0, left),
first singlet excited state (S1, middle) and optimized first triplet excited state (T1, right). PBE0-
D4/def2-TZVP/CPCM(CHCl3) and ∆PBE0-D4/def2-TZVP/CPCM(CHCl3) levels of theory.

LUMO and LUMO+1. These “Q-band” excitations gain intensity through vibronic coupling.321

In addition, zinc porphyrins have a strong π → π∗ absorption in the blue, the Soret-bands (i.e., S5

and S6). The Q and Soret bands of zinc porphyrins are well described by Gouterman’s four-orbital

model (Figures 4.18 (left) and 4.22 (top)). When excited into the Q-bands, ZP can either relax

via fluorescence back to the ground state or phosphorescence321,322 through the triplet manifold

via spin-orbit coupling between the S1 or S2 states and the T4, T3, T2, or T1 states. Therefore, at

minimum, the lowest energy triplet state must be included in a model of ZP photophysics.

The optimized ground-state (S0) and first triplet excited-state (T1) geometries of an unsub-

stituted zinc porphyrin (ZP) (Figure 4.17) are similar when calculated with either PBE0 and

LC-PBE, showing minimal deviations (RMSD (S0) = 0.041 Å and RMSD (T1) = 0.040 Å) for

either geometry. The most significant differences between the S0 and T1 geometries appear in the

C−C and Zn−N bond lengths. In the T1 geometry, there is a symmetric expansion around one



4.3. RESULTS AND DISCUSSION 97

Figure 4.19: Normalized UV-vis absorption of octaethyl-ZP in chloroform (black curve) and LR-
TDA of unsubsituted-ZP (red sticks) and octaethyl-ZP (navy sticks). The symmetry-forbidden
Q-bands (S1 and S2) are marked with dotted lines. PBE0-D4/def2-TZVP/CPCM(CHCl3) level of
theory.

N−Zn−N diagonal, this leads to elongation of C11−C12, C13−C14, C15−C16, C21−C22, C23−C24,

and C25−C26 bonds, while the C14−C15 and C22−C23 bonds contract. Additionally, the Zn−N

bonds exhibit elongation (Figure 4.17).

Neither the first nor the second singlet excited states were successfully optimized to local minima

using either ∆PBE0 or ∆LC-PBE. In both cases, the resulting structures exhibited one or more

imaginary frequencies that could not be eliminated through finite displacements along the imaginary

normal modes. Instead, the excited states at the S0 and T1 geometries are analyzed to provide

insight into the photophysics of ZP.

Like AB and BD, the LR-TDA excitation energies from the S0 reference state and geometry are

linearly correlated with, but systematically blue shifted relative to, LR-TDDFT excitation energies.

The oscillator strengths predicted using the PBE0 functional do not exhibit a linear correlation,

whereas those predicted with LC-PBE do. The Q-band excitation energies predicted via LR-TDA

and LR-TDDFT with PBE0 are in good agreement but remain blue-shifted by approximately 50

nm relative to experiment (Figure 4.19). In contrast, LR-TDA and LR-TDDFT with LC-PBE yield

significantly different Q-band excitation energies. Because of this, the LR-TDA approximation with

the LC-PBE functional may be unsuitable for describing the Q-band excited states.

The PBE0 LR-TDA S1 state consists of a mixed π → π∗ excitation, primarily involving tran-

sitions from the HOMO-1 to the LUMO+1 (C2 = 0.50) and from the HOMO to the LUMO
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(C2 = 0.48). Similarly, the S2 state is a mixed π → π∗ excitation, with contributions from the

HOMO-1 to the LUMO (C2 = 0.50) and the HOMO to the LUMO+1 (C2 = 0.48). For unsub-

stituted ZP, the oscillator strength of these transitions is predicted to be 0.0049. Since vibronic

coupling effects are not accounted for in the Gaussian-broadened spectra, the Q-bands remain

degenerate at 2.54 eV according to PBE0 and do not exhibit the energy splitting observed experi-

mentally (Figure 4.19). Likewise, for octaethyl-substituted ZP, where the ethyl groups are either

all eclipsed or all staggered, the Q-bands are predicted to be degenerate at 2.48 eV. Thus, further

analysis focuses on the unsubstituted ZP.

A non-Aufbau configuration of the S1 state was optimized at the S0 geometry by exciting

an electron from the α-HOMO-1 to the α-LUMO+1, which represents the dominant S0 → S1

contribution according to LR-TDA. This ∆SCF S1 excited state has a single LR-TDA negative

excitation energy of -2.15 eV and an ⟨S2⟩ value of 0.0801, indicating a de-excitation from an

open-shell excited state (⟨S2⟩ = 1.051073) to a closed-shell S0 state. Moreover, the first positive

excitation energy is 0.052 eV, which likely corresponds to the excitation to the nearly degenerate

S2 state. Interestingly, the α-LUMO of S1, as expected, resembles the HOMO-1 of S0 (Figure

4.18). However, the α-HOMO of S1 does not resemble either the α-LUMO or α-LUMO+1 of S0.

The β-HOMO of S1 closely resembles the HOMO of S0, but the β-LUMO does not. Notably, the

α-HOMO and β-LUMO are related by a 90◦ rotation.

Only one ∆SCF state could be converged at the S0 geometry. However, the S1 and S2 states are

degenerate or nearly degenerate, and the expectation value formalism predicts identical excited-

state absorption spectra for these states (Figure 4.20) when neglecting vibronic coupling. An

alternative guess for the S1 state was constructed by exciting from the α-HOMO to the α-LUMO.

This guess failed to converge within 124 SCF cycles. Similarly, two attempts were made to converge

the S2 excited state: one by exciting from the α-HOMO-1 to the α-LUMO and another from the

α-HOMO to the α-LUMO+1. Neither approach achieved convergence within 124 SCF cycles.

Convergence issues are primarily attributed to the use of a single-reference method to describe

multiconfigurational excitations.

The LR-TDA/∆SCF S1 excited-state absorption spectrum of unsubstituted ZP is blue-shifted

relative to the S1 and S2 excited-state absorption spectra predicted using the expectation value

formalism with either the PBE0 or LC-PBE (Figure 4.20). Similar to AB and BD, the effects of
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Figure 4.20: Predicted excited-state absorption of unsubstituted ZP. ∆SCF (solid lines) vs. ex-
pectation value formalism (dashed lines) of both the S1 and S2. X/Y indicates the X excited-state
configuration at the Y geometry.

orbital relaxation are less pronounced for LC-PBE compared to PBE0. This is evident from the

fact that the excitation energies predicted with LC-PBE in the expectation value formalism are in

better agreement with the LR-TDA/∆SCF results.

Selective excitation into the Q-bands of octaethyl-ZP in chloroform is best fit with two lifetimes

(Figure 4.21). A relatively long-lived 1.1 ns lifetime is attributed to the decay of the convoluted

S1 and S2 populations into the triplet manifold. Due to slow intersystem crossing from small spin-

orbit coupling,321 the singlet excited states of ZP exhibit a significantly longer lifetime compared

to the excited singlets of AB and BD. In turn, the 34.8± 2.0 µs lifetime is assigned as the lifetime

of the T1 population. Aside from the absence of vibronic structure, the theoretical excited-state

absorption spectra of ZP align well with the experimental TAS and DADS spectra (Figure 4.21).

Similarly, the theoretical S1 and T1 absorption spectra of octaethyl-ZP are in good agreement with

the experimental TAS and DADS spectra. However, the triplet geometries of octaethyl-ZP do not

represent true minima, as they exhibit one or more imaginary frequencies corresponding to the

motion of the ethyl substituents.

Experimentally, the difference spectra in the region between 400-500 nm show a blue shift over

time as the S1/S2 population decays and the Tn population grows. In contrast, the theoretical

excited-state absorption spectra are nearly aligned in energy but differ in intensity. The blue

shift from the excited singlet manifold to the excited triplet manifold, around 400-500 nm, can
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Figure 4.21: Experimental vs. theoretical difference spectra for ZP. (top) Raw TAS difference
spectra at various time delays. (middle) DADS and their respective lifetimes in picoseconds. (bot-
tom) ∆SCF excited-state difference spectra where X/Y indicates the X excited-state configuration
at the Y geometry − ground-state spectrum (S0/S0). µs lifetime obtained from ns-TAS.
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Figure 4.22: Molecular orbital transitions in the ground- and excited-state absorption spectra of
ZP. X/Y indicates the X excited-state configuration at the Y geometry. The red dotted lines
mark the ground-state q-bands and the Soret band. Select roots, i.e., excited-state indices, are
labeled above the transitions. HOMO = 94α/β (95α/β for T1) and LUMO = 95α/β (96α/β for
T1).

be understood by examining the excited-state absorption spectra in more detail (Figure 4.22).

Given the known multiconfigurational character of ZP, it is not surprising that the molecular

orbital transitions (Figure 4.22) involve multiple hole-electron pairs, though they can be generally

summarized as π → π∗.

Focusing on the 24th root, which corresponds to the approximate λmax, from both the S1 and T1

excited-state references, it is observed that the T1 feature is blue-shifted relative to the S1 feature.

Additionally, the 24th root of the T1 state aligns closely with the 5th and 6th roots from the S0

reference, which effectively cancel each other out in the theoretical difference spectra, making this

shift impossible to see.

Around 350 nm, TAS reveals an excited-state absorption feature that decays over time (Figure

4.21). This feature persists throughout the 5.5 ns time window, gradually diminishing in intensity,
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and is attributed to the decay of the 37th root from the S1 reference to the lower-intensity 34th root

from the T1 reference.

Surprisingly, LR-TDA/∆SCF accurately captures the main excited-state absorption features

revealed by TAS using a single reference. In fact, ground- and excited-state spectral features can

be mapped to molecular orbital transitions (Figure 4.22), providing a basis for evaluating how

substitutions and synthetic modifications influence the spectra. If similar accuracy is observed for

other transition metal complexes, LR-TDA/∆SCF would be a powerful approach for investigating

the photophysics of new systems lacking extensive TAS data.

4.4 Conclusions

LR-TDA/∆SCF offers an accurate and efficient approach for predicting excited-state absorption

spectra across a wide range of chromophores. Benchmarking against experimental TAS data for

AB, BD, and ZP demonstrates its effectiveness in assigning transient spectral features and eluci-

dating excited-state relaxation mechanisms. ∆SCF optimizes excited-state single-reference wave-

functions and geometries, while LR-TDA applied to ∆SCF references reliably predicts excited-state

absorption energies and oscillator strengths. Although the expectation value formalism with PBE0

results in significant red-shifting, using a long-range corrected hybrid like LC-PBE improves the

agreement between calculated and experimental excitation energies for systems where non-Aufbau

configurations are computationally expensive or difficult to converge. The complexity and diversity

of the test systems demonstrate that LR-TDA/∆SCF is a practical, efficient, and interpretable

method for analyzing TAS spectral features. The molecular orbital-level understanding of excited-

state transitions provided by LR-TDA/∆SCF offers valuable chemical insights, making it an effec-

tive tool for exploring photophysical and photochemical mechanisms, and for guiding the design of

chromophores.
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Chapter 5

Real Temperature Model of Dynamic

Disorder†,‡

5.1 Introduction

Organic semiconductors (OSC) represent a class of modular solid state materials with numerous

applications in electronic devices including organic field effect transistors (OFET), organic light

emitting diodes (OLED), organic solar cells, chemical sensors, spintronic devices, etc.323–328 In

the majority of organic solids, individual molecules are bound via soft van der Waals interactions.

These rather weak forces allow the molecules to arrange in a number of nearly energetically equiv-

alent, but electronically different crystalline polymorphs.329–331 Organic materials can be prepared

as single crystals, deposited as thin-films, or even mixed as blends of donor/acceptor molecules

for photovoltaic applications. With careful preparations, it is possible to grow crystals of single

polymorphs;332,333 however, most organic materials have defects or impurities that restrict perfect

packing arrangements. Often various polymorphs cluster together creating local and large-scale

crystalline irregularities. This sort of static disorder is believed to be a primary source of device

performance limitations in organic electronic materials.334 In particular, at the boundaries between

the crystallites, charge transport becomes energetically unfavorable because of mismatched orbital

overlap between nearest neighbor molecular substituents.335,336

†Reprinted with permission from Knepp, Z. J.; Fredin, L. A. J. Phys. Chem. A 2022, 126, 3265–3272. Copyright
2022 American Chemical Society.

‡Electronic supplementary information is available at https://doi.org/10.1021/acs.jpca.2c02120.
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Conduction in organic materials is often seen as either delocalized, band-like transport, or as

localized, Marcus hopping transport.337–340 Both of these regimes rely on good valence orbital

overlap between nearest neighbor molecules. In highly ordered materials, intermolecular orbital

interactions are maximized allowing carriers to delocalize and drift through the material with min-

imal resistance, resulting in a band-like transport mechanism. Interestingly, depending on the

direction that one measures carrier mobilities, it is likely that a pure organic single crystal will ex-

press anisotropic mobilities because of the differences in molecular overlap (and electronic couplings)

based on crystalline symmetry332 and phasing. In low carrier mobility regimes (≤ 1 cm2/V s), where

the majority of organic semiconductor materials reside, the Marcus hopping model coupled with

molecular dynamics or kinetic Monte Carlo can accurately predict intermolecular charge transfer

rates.341,342 Marcus theory assumes a localized charge transport mechanism, where charge carri-

ers probabilistically hop between the frontier orbitals among nearest neighbor molecules, through

channels of minimal resistance. To achieve minimal resistance (i.e. high conductivity), nearest

neighbor monomers must have excellent orbital overlap and large electronic couplings. Marcus the-

ory quantifies the carrier hopping rate as being proportional to the square of the effective charge

transfer integral (i.e. effective electronic coupling) between two neighboring molecules.

In single crystal organic semiconductors whose mobilities decrease with temperature (e.g.,

rubrene, pentacene, tetracene, etc.), it has been proposed that conduction may occur via some

hybrid form of charge transport that combines hopping and band transport.337–339,343,344 In partic-

ular, these materials display a negative temperature dependence indicative of band-like transport,

but the reported experimental mobilities for these crystals are far too small to be entirely band-

like.332 One way to describe materials that shift between delocalized band and localized hopping

transport is via transient localization theory (TLT).343,345–349 The theory suggests that intermolec-

ular oscillations cause a temporary localization of the charge carrier wavefunction over some finite

length and on timescales less than a typical molecular vibration. These charge carrier localization

events can be understood as the direct consequence of temperature dependent lattice vibrations.

Specifically, a perfectly ordered molecular crystal with no intermolecular vibrations would have

charge carriers that delocalize across many molecules within the lattice.339,350,351 However, in real

organic materials, temperature induced lattice fluctuations or crystalline vibrations (i.e. phonons)

disrupt this perfectly delocalized network. When following the path of a particular phonon, at
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some finite displacement amplitude, on short timescales (i.e. << the length of a molecular vibra-

tion), the electrons rearrange into a configuration that minimizes the energy of the system for the

new set of nuclear coordinates. Therefore, phonons may temporarily change (either increase or de-

crease) the electronic coupling between nearest neighbor molecules, inducing ultra-fast localization

events. In the case of disrupting favorable coupling, it is not until the nuclei oscillate back (i.e.

on timescales 1/ω), or return to their equilibrium positions, that the favorable electronic couplings

are reestablished. Therefore, the diffusive nature of charge carriers could be heavily influenced by

propagating phonons within a given molecular crystal, or any van der Waals solid.

Importantly, as temperature increases so do the amplitudes of the phonons, especially the

intermolecular modes. Therefore, increasing the temperature is expected to induce more significant

dynamic disorder that can further disrupt favorable electronic interactions leading to even smaller

charge carrier mobilities. In particular, low energy phonons (≤ kT ) are excited into higher energy

vibrational quantum states at finite temperature. Thus low energy phonons oscillate with larger

amplitudes than the higher energy phonons at the same thermal energy. Because of this, the lowest

energy phonons are generally blamed for interrupting favorable packing arrangements, and in-turn,

decreasing the effective electronic couplings between molecules in highly ordered organic materials.

In a recent study attempting to reveal which phonons lead to the largest mobility disruptions,

a single phonon was termed the “killer-phonon” for several high mobility single crystal organic

semiconductors.352 The phonon identified is a sliding motion, where monomers with large effective

electronic couplings slide past one another in a way that is electronically unfavorable. This motion

was theoretically predicted to significantly reduce the effective electronic couplings between the

monomers and is therefore expected to reduce the mobility through a transient localization process.

Importantly, both the magnitude of the vibrational amplitudes and the effects of the vibration on

the monomer overlap(s) are critical in quantifying the resulting decrease in carrier mobility. Thus

in order to predict what normal modes disrupt (or enhance) conduction in an ordered organic

materials, it is necessary to calculate experimentally relevant phonon amplitudes and test a wide

range of thermally excitable phonons whose motions change the molecular overlap and electronic

couplings the most.

In this study, low frequency phonons that cause considerable effective hole coupling fluctua-

tions (HOMO-HOMO couplings) at room temperature (300 K) are quantified for a set of single
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crystal organic semiconductors (Figure 5.1). Here, we do not assume that the off-diagonal (inter-

molecular) electron-phonon couplings scale with some linear coupling constant, but rather solve

for the self-consistent electron configurations, at the predetermined semi-classical phonon extrema.

We selected a few single crystal organic semiconductors, which are commonly referenced in the

literature for their large charge carrier mobilities353,354 and focus on their highest mobility con-

duction pathways. First, a model that predicts the expected amplitudes of oscillation at a finite

temperature, given the quantum ground state amplitudes, is developed. With periodic DFT, the

harmonic oscillations (i.e. displacement matrices) of the ground state normal modes are calculated.

Then, the thermally expected displacements of each atom/molecule are calculated as a scalar mul-

tiple of the quantum ground state amplitudes according to their maximum classical displacements.

The electronic couplings between monomers in the high mobility directions are then calculated

directly in extracted dimers from expanded unit-cells at the equilibrium configurations, and at the

temperature-depended maximum displacements for each of the phonons ≤ kT (Figure 5.1). The

effect of these displacements on the transport are estimated as the effective electronic couplings

(Jeff , eqn. 5.7), since this quantifies the orbital interaction energies, which are correlated to both

band and hopping transport. Finally, we attempt to determine if particularly detrimental phonons

(like the long-axis sliding “killer phonon”) can be limited by bulky short-axis phenyl substituents

(i.e., rubrene; 9,10-diphenylanthracene; 2,6-diphenylanthracene).

5.2 Methods

At low temperatures, Boltzmann statistics predict that individual organic molecules primarily exist

in the ground state (both electronic and vibrational). As temperature (or light) is introduced into

the system, molecules can be excited into higher energy quantum vibrational states, with some

finite probability. The energy levels (En) of a vibrational quantum harmonic oscillator (QHO)

are quantized solutions to the time-independent Schrodinger equation that linearly depend on the

frequency of the vibration (eqn. 5.1).

En = hν(n+
1

2
) (5.1)
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In small molecule organic crystals, low energy intermolecular vibrations can be excited into higher

energy quantum states, even at low temperatures. Thus, it is necessary to correlate both tempera-

ture and frequency to predict experimentally representative amplitudes of oscillation in molecular

crystals. The canonical partition function for a quantum harmonic oscillator (Zi, eqn. 5.2), where

θi ≡ hνi
kB

, provides said coupling of temperature (T) and frequency ν). Here, kB represents the

Boltzmann constant and θi the ith vibrational temperature in Kelvin.

Zi =

∞
∑

n=0

e
−En

kBT =

∞
∑

n=0

e
−θi(n+1

2 )

T =
e−θi/2T

1 − e−θi/T
(5.2)

Assuming that each vibrational mode in an organic crystal is an uncoupled, non-interacting, single

harmonic oscillator allows us to form a probability distribution function (Pi, eqn. 5.3) of the

quantized vibrational states of each oscillation.

Pi =
e−θi(n+

1
2
)/T

Zi
= (e−θi/T )n(1 − e−θi/T ) (5.3)

These are unique distributions for each of the computed normal modes from the complete set

of normal modes {θ} ≡
∑3N

i=1 θi, where N is the number of atoms in the unit cell. Uncoupled

oscillators are a fine assumption here, since it is possible to represent any type of molecular or

crystalline vibration through weighted linear combinations of individual normal modes. From the

probability distribution (eqn. 5.3), the expected excited state quantum number (i.e. the Bose

occupation number, ⟨n⟩) can be determined (eqn. 5.4) for each crystalline vibrational mode given

a finite temperature (T) and vibrational temperature (θi).

⟨n(θi, T )⟩ =

∞
∑

n=0

nPi =
1

eθi/T − 1
(5.4)

Since harmonic amplitudes of oscillation are correlated to the populated excited state (eqn. 5.5),

the expected amplitude of each oscillation can be predicted as a function of the expected vibrational

excited state at some finite temperature (eqn. E.1). An is the amplitude of ith vibration in the nth

quantum state, where A0 is the maximal classical displacement of the ground state of each mode.

An = A0

√

(2n+ 1) (5.5)
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Figure 5.1: High mobility, non-equivalent dimers within the equilibrium crystalline structures

⟨An⟩ = A0

√

(2⟨n(θi, T )⟩ + 1) = A0

√

(
2

eθi/T − 1
+ 1) (5.6)

Here we use periodic density functional theory (DFT), to determine the Γ-point vibrational fre-

quencies (eigenvalues) and normal modes (eigenvectors) through diagonalizing the mass-weighted

dynamical matrix at equilibrium crystalline geometries.355–358 We derive the temperature depen-

dent expected amplitudes (i.e. expected atomic displacements, eqn. E.1) for the complete set of

normal modes calculated with CRYSTAL17 at the B3LYP/pob-TZVP-rev2 level of theory.359–363

In this study, rounded values of expected excitation numbers were used to retain harmonic oscilla-

tor quantization. Because of the harmonic assumption, normal modes are defined to be symmetric

in either displacement direction. Crucially though, this mode-induced symmetric oscillation is not

linearly correlated with electron rearrangements, making it critical to study the effect of both the

positive and negative displacements on the molecular orbital overlap to be able to assign each

phonon as being helpful or harmful. Choosing room-temperature for this study, as a test case, we

attempt to reveal which modes fluctuate the effective electronic couplings the most, on average.

5.3 Results and Discussion

First, the model was tested for its predictive capabilities with respect to experimentally represen-

tative, temperature dependent atomic displacements. We choose a set of well-studied experimental

crystals that differ by length and axial substitutions (Figure 5.1). The model predicted long-axis

sliding motions whose amplitudes were generally consistent with some of the previously reported

x-ray diffraction studies (Table 5.1).364 For example, we determined an expected long-axis displace-
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Table 5.1: The predicted sliding motion magnitudes via eqn. E.1

Molecule ∆d(Å)[+ or –]

Pentacene 0.18
Rubrene 0.10
9,10-DPA 0.14
2,6-DPA 0.12

ment amplitude of 0.10 Å for rubrene. In a room temperature diffraction experiment, a standard

deviation of 0.08 Å was measured. In addition, the model predicted amplitudes of 0.09 – 0.15 Å

that are on par with many common organic single crystals,364,365 confirming the applicability of

the model for room temperature electron-phonon coupling analyses.

With the well established DIPRO (dimer projection) method, fluctuations in effective transfer

integrals (Jeff ) were quantified as a function of the expected oscillator amplitudes.341,366,367 The

effective charge transfer integral (eqn. 5.7) includes the effects of site energy fluctuations (eqns. A.5

& A.6), electronic coupling between monomers (eqn. A.3), and the overlap of between the carrier

orbitals (HOMOs or LUMOs) (eqn. A.4). Here, the Hamiltonian (H) is used to compute the cou-

plings between two discrete monomers ϕ1 and ϕ2. Each phonon induces electronic rearrangements

that produce, potentially, in-equivalent site energies among the monomers of the lattice, so we

quantify the effect of each mode on the effective transfer integrals between the largest equilibrium

Jeff dimers (shown in Figure 5.1). The integrals were calculated with the CATNIP code,368 for

monomers and dimers extracted from periodically optimized (and normal mode perturbed) ex-

panded unit cell lattices. The single point energy calculations (B3LYP/def2-TZVP)359–362,369,370

were performed in Gaussian 16.371

Jeff =
J − S(ϵ1 + ϵ2)/2

1 − S2
(5.7)

ϵ1 = ⟨ϕ1|H|ϕ1⟩ (5.8)

ϵ2 = ⟨ϕ2|H|ϕ2⟩ (5.9)

J = ⟨ϕ1|H|ϕ2⟩ (5.10)

S = ⟨ϕ1|ϕ2⟩ (5.11)
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Hole Jeff fluctuations were evaluated for the modes whose frequencies were below kBT to save on

computational cost, since this method requires [2∗ (modes)∗ (unique dimers+unique monomers)]

number of calculations and because high frequency vibrations are generally statistically restricted

to their zero-point vibrational level (eqn. 5.4).

For all of the organic crystals (with the exception of 9,10-DPA), several modes were predicted to

induce large Jeff fluctuations (deviations from the vertical line in Figure 5.2). While each crystal

was predicted to have a long-axis sliding phonon (“killer phonon”), large Jeff fluctuations were only

realized in pentacene and the long-axis phenyl substituted 2,6-DPA (Figure 5.3). This result was

initially surprising, since sliding motions tend to be the lowest (or second lowest) energy phonon

in many single crystal organic semiconductors.352 Therefore, these oscillations should persist with

significantly large amplitudes at room temperature (eqn. E.1). While this is true for the approxi-

mate displacement distances, it is important to consider how the unique dimers (e.g. Jb dimer of

pentacene) move as a function of the mode itself. Since the monomers in the high-mobility dimers

of pentacene and 2,6-DPA slide past one another (asymmetrically), this causes a significant change

in Jeff in both directions of the oscillation. For rubrene and 9,10-DPA, the high mobility dimer in-

stead moves together symmetrically (Figure 5.3) and thus the sliding motion does not significantly

change the effective charge transfer integral. Therefore, if monomer pairs in the high mobility di-

rection(s) can be symmetrically restricted to oscillate in the same direction, the detrimental effect

of these low energy phonons will be reduced. Additionally, rubrene has been predicted to have not

one, but two low energy sliding motions (modes 4 and 5, Figure 5.4). In both of these phonons, the

high mobility dimer moves symmetrically - as a pair. It is, in fact, the low mobility (small Jeff )

dimer whose monomers slide asymmetrically. Because of this, the favorable π − π interactions in

the high mobility dimer pathway are only marginally perturbed, leaving large effective electronic

couplings.

Accurately mapping electron-phonon couplings is critical for ensuring realistic physical interpre-

tations of transport in these complex materials. Of the asymmetric motions that cause significant

Jeff fluctuations, the two directions of the harmonic motion (denoted as +/− displacements) need

not be electronically equivalent. For instance, temperature dependent displacements of the asym-

metric sliding motion in pentacene (Figure 5.5) over a temperature range from 100 K to 900 K

clearly show that the overlap (Sab) between the HOMOs of the monomers become misaligned to
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Figure 5.2: Normal mode induced Jeff fluctuations of (a) pentacene, (b) 2,6-DPA, (c) rubrene, and
(d) 9,10-DPA. Symmetric motion about the normal mode (i.e. positive and negative displacements)
are plotted on the same axis. Indigo (◦) represents the JA direction. Green (∆) represents the JB
direction. Blue (∇) represents the JC direction.
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Figure 5.3: Sliding motion effect on dimers in the high mobility direction for each single crystal.
Red atoms are positive displacements and blue are the negative. All displacements are scaled using
eqn. E.1

Figure 5.4: Displacements for the two lowest frequency (non-translational) phonons in rubrene. a)
Short axis slide: The high mobility dimer move as a pair. b) Long axis slide: High mobility dimer
move as a pair. The amplitudes represent displacements from the equilibrium structure, not the
distance between the negative and positive coordinates.
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Figure 5.5: The effective charge transfer integral of the asymmetric sliding motion in pentacene as
a function of temperature (or displacement distance). The red-circles(blue-diamonds) are displace-
ments in the positive(negative) direction.

a greater extent in the negative (blue) direction than the positive (red) direction. This leads to

changes in the electronic couplings that are both non-linear and non-symmetric. Thus the model

presented here, provides significant improvement in predicting electron-phonon couplings over the

commonly used linear Peierls type coupling constant approximation.

In addition, the detrimental (− displacement) electronic effect of the long axis asymmetric

slide in pentacene is not linearly dependent on the magnitude of the vibration in this direction.

Specifically, the phonon displacement in each direction is 77 % higher at 900 K than 300 K but the

Jeff is only 33 % lower in the negative direction. Interestingly, while the phonons explored here are

detrimental for conduction at higher temperatures, it would be interesting to apply this method

to find phonons where a change in temperature provides overall enhancement of the conduction in

molecular crystals.

Within the short axis-substituted molecules (i.e. rubrene and 9,10-DPA), two types of phonons

are predicted to dominate their dynamic disorder. See-saw like motion (Figure 5.6), phenyl rota-

tions, or some combination of the two, cause the largest fluctuations in the effective charge transfer
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Figure 5.6: Lowest energy seesaw modes in the single crystals. Red atoms are negative displace-
ments and shadowed blue are the positive. All displacements are scaled using eqn. E.1

integrals. Curiously, seesaw motions represent the three most disruptive phonons in 9,10-DPA, the

top two in rubrene (where one is mixed with a phenyl rotation), and the second most disruptive

in 2,6-DPA (Table 5.2). Therefore, modes of these symmetries may hinder device performance in

materials of similar packing and molecular structures as those in this study. Unlike the long-axis

slide, these types of phonons have been given little or no attention in the literature.

By normalizing phonon induced electronic couplings (∆Jeff ) of each mode to the crystal, how

much each phonon varies from the equilibrium structure can be quantified as a percent fluctuation.

The ∆Jeff/J
gs
eff (Table 5.2) allows for direct comparison across a set of similar molecular crystals.

Unsurprisingly, due to unideal packing for high mobility transport, small % fluctuations were

predicted in 9,10-DPA. Because of the limited overlap between molecules, lower ∆Jeff/J
gs
eff values

were predicted, since the integrals are strongly distance dependent. Interestingly, the tightly packed

rubrene crystal displayed the second lowest percent fluctuations of the set. This can be attributed
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Table 5.2: Summary of the vibrationally induced Jeff fluctuations in each single crystal. The most
disruptive modes are ranked in order of reduction of Jeff in the highest mobility dimer.

Molecule Rank cm−1 Motion ∆Jmin
eff (eV ) ∆Jmin

eff /J
gs
eff (%)

Pentacene I 26 l-axis slide -0.0152 -20.1
II 142 libration -0.0135 -17.9
III 109 central-trans. -0.0111 -14.7

Rubrene I 89 see-saw -0.0154 -15.6
II 92 see-saw + phenyl rot. -0.0115 -11.7
III 128 phenyl rot. -0.0080 -8.13

9,10-DPA I 78 see-saw -0.0030 -10.4
II 66 see-saw + phenyl rot. -0.0025 -8.7
III 69 see-saw + phenyl rot. -0.0021 -7.4

2,6-DPA I 38 l-axis slide -0.0149 -24.0
II 20 see-saw -0.0136 -21.9
III 152 libration -0.0132 -21.3

to the fact that the monomers in the high-mobility direction move symmetrically with one-another

(Figure 5.3 and 5.4), so that large vibrational displacements lead to small ∆Jeff vide supra.

If aligned with high mobility dimers the “killer phonon”, an asymmetric slide, does cause the

largest percent fluctuations in charge transfer integrals. However, short axis substitutions that

result in good packing arrangements, like orthorhombic rubrene, seem to reduce the detrimental

nature of this sliding phonon, by changing the orientation of the high mobility dimers with respect

to the slide. Interestingly, long-axis substitutions, like those in 2,6-DPA, don’t seem to provide the

same benefit. In 2,6-DPA, the long-axis sliding mode shows the most significant Jeff fluctuations,

followed by a see-saw motion, and a long-axis libration. Because this crystal displays similar

detrimental modes to pentacene, and shares a similar packing arrangement, it seems that the

long-axis phenyl substitutions on 2,6-DPA do not limit the detrimental effect of long-axis slide.

Surprisingly, short-axis phenyl rotations, which we initially hypothesized would cause only minor

Jeff fluctuations, because of the HOMO localization on the acene-centers, produced the most

disorder in both rubrene and 9,10-DPA. These types of modes induced Jeff fluctuations ≤ 11.7%,

which is less than the asymmetric long axis slide Jeff fluctuations in pentacene (20.1%) and 2,6-

DPA (24.0%). These results are consistent with the strongly coupled Peierls phonons previously

identified by Girlando et. at. within a rubrene single crystal.372 Interestingly, the effect of long axis

phenyl rotations in 2,6-DPA were much less significant than short axis phenyl rotations. Indeed,
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of the four phonons in 2,6-DPA that resemble phenyl rotations, the induced disorder was predicted

to be between 1.7 and 4.7 %, not significantly contributing to the total dynamic disorder. Based

on these results, the severity of Jeff fluctuations could be ranked with asymmetric sliding motions

being the most detrimental, followed by see-saw and long-axis librations in a close tie for second, and

short-axis phenyl rotations in third (at least for those materials with short axis phenyl substituents).

5.4 Conclusion

The temperature dependent model presented here coupled with the dimer projection method pro-

vides a powerful tool to study phonon induced dynamic disorder in crystalline organic semiconduc-

tor materials. Periodic frequency calculations predicted that the long-axis sliding phonon persist

in all of the crystals studied here. Critically, large Jeff fluctuations induced by this mode were

only realized in pentacene and the long-axis substituted 2,6-DPA, where the monomers of the

high mobility dimer of these crystals move asymmetrically with respect to each-other. Thus, this

motion interrupts favorable π − π interactions and is predicted to decrease charge carrier mobil-

ities according to Marcus or band transport theory. The high mobility dimer of the short axis

substituted crystals (9,10-DPA and rubrene) moves as a single unit (i.e. the monomers move sym-

metrically) in the sliding phonon causing only minor deviations to the charge transfer integrals.

This indicates that one could limit the detrimental effect of the “killer phonon” through short

axis substitutions. A temperature dependent displacement study revealed the limitations of the

constant non-local electron-phonon coupling approximation through unveiling an asymmetric and

non-linear electronic coupling relationship.

This test set of molecules revealed other phonons that might contribute to the over-all dy-

namic disorder in these materials. In particular, a seesaw-like motion was revealed to induce large

Jeff fluctuations in all of the phenyl substituted molecules. Additionally, phenyl rotations surpris-

ingly contributed to some modest deviations in the overlap integrals of the short axis substituted

molecules. Importantly, this model also makes it possible to reveal beneficial phonons that may

increase charge carrier mobilities, especially in the Marcus hopping regime. These types of insights

could enable improved device performances through molecular design or crystal engineering to limit

detrimental and encourage beneficial phonons.



Chapter 6

Anisotropic Carrier Mobility with

Boltzmann Transport Theory†

6.1 Introduction

Organic semiconductors (OSCs) are a promising class of materials for cutting edge electronic ap-

plications including light emitting diodes (OLED), field effect transistors (OFET), photovoltaics

(OPV), and chemical sensors.323–327 Their reasonable cost, processability, flexibility, and their

synthetic and electronic tunability makes them an attractive alternative to traditional inorganic

semiconductors. One drawback of organic semiconductors is that the molecules comprising the

crystalline lattice are weakly bound to one another through soft van der Waals interactions.337,351

These weak interactions lead to charge carrier anisotropy, packing defects or crystalline irregulari-

ties, and phonon induced transient charge carrier localization.332,337,339,343,343–349,373,374 Combina-

tions of these effects significantly limit the maximum charge carrier mobilities of OSCs to generally

less than 10 cm2V −1s−1.354

Because of the complicated interplay of electronic structure and crystalline symmetry, predicting

anisotropic conductivities and charge carrier mobilities in crystalline organic semiconductors is

rather difficult and computationally expensive.338,339,346,375–377 It is common to assume that the

charge carrier dynamics are dominated by a completely localized monomer-to-monomer hopping

†Reprinted with permission from Z. J. Knepp, G. B. Masso, L. A. Fredin, J. Chem. Phys. 158, 064704 (2023).
Copyright 2023, American Institute of Physics.
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mechanism.341,342,374 In the Marcus formalism of small polaron theory, charge carriers hop between

the frontier orbitals (HOMO to HOMO for holes, LUMO to LUMO for electrons) of nearest neighbor

monomers in a lattice. Hopping rates, Wi, are usually predicted with the Marcus-Hush equation

(Eq. 6.1)

Wi =
V 2
i

ℏ

(

π

λkBT

)1/2

exp(−
λ

4kBT
) (6.1)

where Vi is the effective electronic coupling between the nearest neighbor monomers of the bulk

lattice, λ is the total reorganization energy, which is commonly approximated as the intramolecular

portion only as the intermolecular reorganization energy is often assumed to be negligible, T is

the temperature, and ℏ is the reduced Planck’s constant.374 The expression assumes that the free

energy difference (∆G) to exchange a charge carrier between two nearest neighbor monomers is zero.

Additional details regarding how the parameters Vi and λ are computed with density functional

theory are presented in Appendix A.

In assuming that charge carriers probabilistically hop through various channels in materials with

some directional preference, mobility anisotropy (Eq. 6.2) can be described by a Marcus hopping

rate by assuming Einstein carrier diffusion.374

µ(θ) =
e

kBT
D(θ) ≈

e

kBT

1

2n

∑

i

r2iWiPiFi(θ) (6.2)

Here, e is the fundamental charge of the carrier, n is the number of spacial dimensions, ri is the

hopping distance between the mass-weighted centers of two monomers that make up the ith dimer,

Pi is the probability (Pi ≡ Wi/
∑

iWi) to hop in the ith direction, and Fi(θ) is an approximate

decay function (usually cos2) away from the mass centered vectors between two monomers.

Critically, this model assumes that isolated monomers and their corresponding dimer couplings

correctly capture the behavior of the crystalline bulk. These assumptions are problematic for

highly ordered organic crystals such as pentacene and rubrene whose charge carriers dynamically

delocalize across many molecules of the lattice (∼17 in pentacene and ∼14 in rubrene).378,379

In such materials, the Marcus hopping assumption underestimates charge carrier mobilities by

enforcing maximal localization. Additionally, hopping models become invalid when the electronic

couplings are greater than half of the reorganization energy (Vi > λ/2).380 In this limit, the hopping
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activation energy approaches zero and therefore the small polaron does not exist. Thus, individual

monomer localized states are a bad representation of the carrier in high mobility materials, making

the Marcus hopping mobilities strictly undefined. This would be the case for organic crystals that

are conductive enough to be relevant for semiconductor applications, in fact tetracene, pentacene,

hexacene, and rubrene already surpass this limit.

In an attempt to approximate the charge transport dynamics of more delocalized materials,

affordable computational models beyond the Marcus hopping approximation are required. Band

theory based models, like the constant relaxation time Boltzmann Transport Equation (BTE),

provide a completely delocalized carrier picture. BTE may better describe the carriers in high

mobility organic crystals where carriers delocalize across multiple molecules. Band theory mobilities

depend on the band velocity of a carrier until it is scattered. For organic crystals the mean free path

of charge carriers is significantly smaller (∼ 1.0 Å) than typical lattice vector magnitudes or the

intermolecular distances, and thus the Mott-Ioffe-Regel (MIR) limit is violated.380,381 At this limit,

band theory breaks down and the predicted BTE conductivities are probably not representative of

the true carrier dynamics.

In recent years, more robust and physically relevant models, such as the transient localization

theory, have been developed to describe charge transport in high mobility organic semiconductor

materials that are between the limits of Vi > λ/2 and MIR.343,377–379 These models predict mobil-

ities that agree exceptionally well with what is observed experimentally. For screening purposes,

though, these models are rather computationally demanding and are probably less practical be-

cause of this. As an alternative to Marcus hopping mobilities for screening organic semiconductors,

this contribution benchmarks BTE as an initial screening tool for predicting the mobility trends of

new organic semiconductor materials. Even though the MIR limit is surpassed in these materials,

we show that BTE (τ = 10 fs) predicts the mobilities of a set of unsubstituted and substituted

oligoacene single crystals (Figure 6.1) in agreement with experiment and to those predicted by some

higher level methods providing an efficient way to benchmark new transport theories.
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Figure 6.1: Monomers of the test set of high mobility single crystals. From left to right these
include: (left) anthracene (ANT, R1 = H) and 2,6-diphenylanthracene(DPA, R1 = Ph), (left-
center) tetracene (TET, R1 = H) and rubrene (RUB, R1 = Ph), (right-center) pentacene (PEN,
R2 = H) and TIPS-pentacene (TIPS, R2 = TIPS), (right) hexacene (HEX).

6.2 Theoretical Methodology

Since the mobility of charge carriers in conductive or semiconductive materials is approximately

proportional to the electrical conductivity divided by the charge carrier concentration, it is possible

to predict mobilities from the semiclassical BTE conductivity.382–384 The BTE predicts the electrical

conductivity (σ) through various paths of a lattice from a periodic density functional theory (DFT)

band structure (Eq. C.2)

σα(F , T ) = e2
∫

dE(−
∂f(E,F , T )

∂E
)Ξα(E) (6.3)

where Ξ is the k-point (K) dependent transport distribution function describing the α direction

through the crystal. f is the Fermi-Dirac distribution which depends on the energy (E), the Fermi-

level (F) or chemical potential, and the temperature (T ). Here, the transport distribution function

(Ξ, Eq. C.5)

Ξα(E) = τ
∑

K

1

NK

∑

i,j

vi,α(K)vj,α(K). (6.4)

is defined in terms of the mean charge carrier scattering time (τ) and the band velocities (vi,α),

which are the band energy derivatives along reciprocal space vectors that map to the Cartesian

directions of a lattice (i.e. α = x, y, or z). Only calculating conductivities along Cartesian directions

rather than any reciprocal space vector is a limitation of the current CRYSTAL17 implementation.

Finally, the Fermi-level BTE conductivities (Eq. C.2) divided by carrier concentration (number of

carriers (NF ,T at the Fermi-level) per volume (V)) provides a direct way to calculate the anisotropic
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hole mobilities (Eq. 6.5) with periodic DFT.

µα(E,F , T ) =
σα(F , T )V

eNF ,T (E)
. (6.5)

Within the CRYSTAL17 code the electrical conductivities are calculated with the constant re-

laxation time (τ) BTE.357,358 This approximation assumes that charge carrier scattering events,

which are expected to be induced predominantly by lattice phonons in softly bound organic crystals,

can be represented by an averaged, directionally invariant, constant scattering time.382 Directly

computing approximate electron-phonon scattering rates (1/τ) is significantly more computation-

ally demanding.383 To limit the computational cost of the present model, we further assume that

charge carrier relaxation times are approximately equivalent among the selected set of crystals.

One study approximated τ at 300 K to be ∼ 2 fs in naphthalene.381,385 It is common to affordably

approximate τ with a deformation potential model.386,387 This approximation includes the effects

from acoustic phonon scattering but it ignores optical phonon effects. Using the deformation po-

tential model at the B3LYP/6-311++G(d,p) level of theory,387 Kobayashi et .al. predict τ to be

43 and 19 fs for pentacene and rubrene, respectively.387 As a middle ground, we set τ to be 10 fs

in all the crystals, allowing for easy scaling.

In this study, the BTE was used to predict directional mobilities in a set of high-mobility sin-

gle crystals including four unsubstituted acenes (anthracene, tetracene, pentacene, and hexacene)

and three substituted acenes with various axial substitutions (2,6-diphenylanthracene, rubene, and

TIPS-pentacene) (Figure 6.1). First, the various crystal structures were independently optimized

with several density functionals. The DFT optimized geometries are important since the elec-

tronic structure and the resulting transport properties are highly sensitive to the geometry of the

system.337,351,366,388 In particular, to reproduce or understand experimental anisotropic observa-

tions, it is crucial that the optimized structures be close to that of the experimental geometries,

symmetries, and lattice parameters, so that the predicted electronic structure and charge transport

properties are physically relevant. Here, atom only optimizations with B3LYP/pob-TZVP-rev2 and

full (i.e., atoms plus lattice vectors) geometry optimizations with B3LYP/pob-TZVP-rev2, PBE-

D3/pob-TZVP-rev2, PBE0-D3/pob-TZVP-rev2, PBEsol0-3c/sol-def2-mSVP, and HSEsol-3c/sol-

def2-mSVP were performed.359–362,369,370,389–391 Grimme’s D3 corrected density functionals were
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included to correct for the weak but important intermolecular dispersion in all but the fully op-

timized B3LYP structures.392 Additionally, solid-state composite functionals (3c) that combine

small basis sets, geometrical counterpoise corrections, and dispersion corrections (two and three

body dispersion) were tested because of their computational affordably and good solid-state elec-

tronic descriptions.391,392 For all of the optimizations, the DIIS convergence accelerator was used.

An anisotropic k -mesh was defined separately for each crystal such that each real space primitive

lattice vector times its corresponding SHRINK factor was greater than 30 Å. The anisotropic k -

mesh was quadrupled for all of the BTE computations to increase the accuracy of the electronic

structure for the band velocities. The tolerance on change in total energy (TOLDEE) was set

to 10−8 for all calculations. Truncation criteria for the bi-electronic integrals were set with the

keyword TOLINTEG to 8 8 8 8 16. Periodic vibrational frequency calculations were conducted

to assure that the optimized structures were true local minima. The BTE mobilities were then

compared with Cartesian-axis projected Marcus-Hush-Goddard mobilities to reveal the similarities

and differences between the models for each crystal by closely inspecting the mobilities and their

trends.

6.3 Results

6.3.1 Relevant Geometric Structure

The mean absolute relative error (MARE, Eq. 6.6) in the primitive cell volume (V ) shows how

each crystalline optimization procedure compares with the experimental lattice volumes (Figure

6.2, Table 6.1). Mean relative errors (MREs) are included in Table 6.1 to portray the sign errors

across the set. It is clear that the solid-state functionals (HSEsol and PBEsol0) deviate the least

from the experimental lattice volumes, with MARE of 2.51 and 3.65%, respectively.

MARE =
100%

n

n
∑

i=1

|VDFT
i −VEXP

i |

VEXP
i

(6.6)

B3LYP full optimizations (nuclear coordinates and crystalline lattice vectors) resulted in consis-

tent volume expansions (MRE = +13.77), while the dispersion corrected (D3) PBE (MRE = −9.55)
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Table 6.1: Density functional specific mean absolute and (relative) errors in the lattice volumes
and band gaps for each computational method. MARE (Mean Absolute Relative Error), MRE
(Mean Relative Error), and ME (Mean Error).

Method Vol. (MARE(%)) Vol. (MRE(%)) Band gap (MAE(eV)) Band gap (ME(eV))

B3LYP (atom only) — — 0.30 –0.30
B3LYP 13.77 +13.77 0.18 –0.11
PBE-D3 9.55 –9.55 1.46 –1.46
PBE0-D3 10.91 –10.91 0.36 –0.36
PBEsol0-3c 3.65 +3.65 0.21 +0.003
HSEsol-3c 2.51 +2.38 0.61 –0.61

and PBE0 (MRE = −10.91) functionals resulted in geometries whose unit cells were consistently

contracted. The B3LYP expansions were expected since functionals without dispersion corrections

are known to underestimate the intermolecular London-dispersion attractive forces.392 The oppo-

site seems to be true when only dispersion corrections are applied there is an overestimation of

intermolecular attractions, as in PBE and PBE0. Over contraction may be due to DFT neglecting

temperature dependent lattice expansion effects.393 These compacted unit-cells likely overestimate

conductivity making them unsuitable for experimental comparison. HSEsol-3c (MRE = +2.38) and

PBEsol0-3c (MRE = +3.65) only slightly overestimate the volumes. Thus overall, the solid-state

composite functionals (3c) provide the most experimentally relevant optimized unit cells.

6.3.2 Capturing Experimental Electronic Structure

Since the transport properties are directly derived from the DFT band structure, a correct electronic

structure is required. Predicted indirect optical band gaps provide a good assessment of the overall

electronic structure for each computational method. Here, experimental solution phase optical band

gaps of anthracene, tetracene, pentacene, rubrene, and TIPS-pentacene were used for comparison

to avoid inconsistencies in reported solid-state band gaps due to variations in preparation.394,395

Larger mean absolute errors (MAEs, Eq. 6.7) of the band gaps (BG) indicate that a method

provides unrepresentative electronic structure.

MAE =
1

n

∑

|BGDFT
i −BGEXP

i | (6.7)

Of all the functionals tested, the fully optimized B3LYP (MAE = 0.18 eV ) and PBEsol0-3c
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Figure 6.2: Calculated vs. experimental unit cell volumes and solution phase optical band gaps. The
optical band gaps included were anthracene, tetracene, pentacene, rubrene, and TIPS-pentacene.
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Figure 6.3: Largest Fermi-level hole mobilities of any Cartesian direction
for the different methods. Solid circles and lines are unsubstituted acenes and bold x’s with

dotted lines are the substituted acenes.

(MAE = 0.21 eV ) resulted in the smallest mean absolute errors in the band gap. The PBE-D3

(MAE = 1.46 eV ) and HSEsol0-3c (MAE = 0.61 eV ) functionals consistently underestimated the

band gap for all of the crystals in the test set. While the fully optimized B3LYP has the smallest

band gap MAE, its large geometric MARE makes it a poor method overall. Thus, fully optimized

PBEsol0-3c provides the most experimentally relevant geometric and electronic structure of all the

DFT methods tested.

6.3.3 Anisotropic Charge Carrier Mobility with BTE

Previously reported theoretical hole mobilities for the unsubstituted acene series suggest that the

maximum charge carrier mobilities should increase as a function of acene backbone lengthening both

for Marcus models396 and fragment orbital-based surface hopping (FOB-SH).378 After determining

a computational method that provides both good geometric and electronic structure, the mobility-

lengthening trend indicates a functional that provides representative BTE mobilities. The largest

Fermi-level hole mobilities of any Cartesian direction (i.e., of the diagonal matrix elements of the

conductivity tensor) for each method mentioned above (Figure 6.3) compare reasonably well with

those by Deng et. al.396

The B3LYP atom only, PBEsol0-3c, and HSEsol-3c functionals all predict rubrene to have the

highest hole mobility followed by either hexacene, TIPS-pentacene, or DPA. All of the density func-

tionals tested, except for the B3LYP full optimizations (purple), correctly describe the increasing
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Figure 6.4: PBE-D3 BTE predicted hexacene anisotropic conductivity (x = purple, y = blue, z =
green). The grey dotted line is the SCF Fermi-level.

mobility as a function of the lengthening of the unsubstituted acene backbone. Unsurprisingly,

the expansion and contraction of unit cells are correlated with either the decrease or increase,

respectively, in the magnitude of the calculated mobilities.

Unit cell contraction effects became particularly problematic and obvious for the non-hybrid

PBE-D3, whose structural compaction suggested that hexacene would behave like a semi-metal,

with non-zero conductivity through the band gap (Figure 6.4). This unphysical prediction suggests

that non-hybrid density functionals should be avoided for small band gap materials. The fully opti-

mized B3LYP unsubstituted acene BTE mobilities are the only method we tested that did not have

the acene lengthening trend. However, the mobilities do match reported maximum hole mobilities

from a deformation potential model at the LDA level of theory, which predicts mobilities of 42.2,

92.5, and 55.6 cm2V −1s−1 for anthracene, tetracene, and pentacene, respectively.386 Since neither

LDA nor B3LYP include dispersion corrections to account for known intermolecular interactions,

it is likely that this trend is unrepresentative.

The PBEsol0-3c largest Fermi-level hole mobilities of the three Cartesian directions for pen-

tacene (µx = 6.525 cm2V −1s−1) and rubrene (µy = 14.524 cm2V −1s−1) compare reasonably well

with those reported by Kobayashi et. al.387 They report the largest unit cell vector mobilities
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Table 6.2: Anisotropic Fermi-level hole mobilities computed at the PBEsol0-3c/sol-def2-mSVP
level of theory in the Cartesian directions x, y, and z.

Crystal µBTE
x (cm2/V s) µBTE

y (cm2/V s) µBTE
z (cm2/V s)

anthracene 2.802 2.974 2.176
tetracene 4.728 2.430 0.669
pentacene 6.525 2.687 0.454
hexacene 3.508 10.602 0.867
2,6-diphenylanthracene 0.324 8.883 4.413
rubrene 0.354 14.524 5.161
TIPS-pentacene 10.306 4.872 0.004

to be 58 cm2V −1s−1 and 51 cm2V −1s−1 for pentacene and rubrene, respectively. If we scale our

τ = 10 fs to match their deformation potential model derived τ (τPEN = 43 fs, τRUB = 19 fs)

then this implementation of BTE predicts mobilities that are on the same order of magnitude and

ordering, 28.058 cm2V −1s−1 and 27.596 cm2V −1s−1, respectively. They are also consistent with

maximum 2D hole mobilities along the herringbone plane predicted with FOB-SH by Giannini

et. al.378 The FOB-SH mobilities for naphthalene, anthracene, and pentacene (2.1, 3.5, and 9.6

cm2V −1s−1, respectively)378 are a similar magnitude to the PBEsol0-3c BTE mobilities (Table 6.2).

Additionally, FOB-SH predicts rubrene to have a higher maximum 2D mobility than pentacene, in

line with BTE.

Since the PBEsol0-3c functional resulted in the combination of small errors in the geometries and

band gaps and the correct directional mobility trends of the unsubstituted acenes, we chose to study

its optimized crystal structures more closely. The PBEsol0-3c Cartesian directional conductivities

(Figure 6.5) show a range of variation across the test set. In particular, the y-direction in rubrene

or anthracene and the x-direction in tetracene or pentacene are predicted to be significantly more

conductive than the other directions in those crystals. The largest Fermi-level hole mobilities (grey-

dashed line, computed with Eq. 6.5, Table 6.2) highlight the varying anisotropy among the crystals,

even those who have similar herringbone structures.

The directionally dependent mobility ratios provide a quantitative metric of conduction/mobility

anisotropy, where ratios close to one indicate isotropic carrier diffusion, and ratios much larger than

one indicate anisotropic carrier diffusion. Of the group, anthracene (µy/µx = 1.061, µy/µz = 1.367)

is predicted to be the most isotropic of the unsubstituted acenes, according to the Cartesian direc-

tions measured. Both tetracene (µx/µy = 1.946, µx/µz = 7.067) and pentacene (µx/µy = 2.428,
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Figure 6.5: PBEsol0-3c/sol-def2-mSVP hole conductivity in the x (purple), y (blue), and z (green)
directions of the crystal lattices, labeled with their standard crystal abbreviations. The grey dotted
line marks the SCF Fermi-level and molecule numbers show the nearest neighbor dimers used for
projections in Table 6.4.
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µx/µz = 14.37) share similar preferential anisotropic transport in the x-direction of the lattice, while

hexacene (µy/µx = 3.022, µy/µz = 12.23) prefers conducting in the y-direction. However, it is im-

portant to note that the y-direction of hexacene is symmetrically equivalent to the x-direction in

tetracene and pentacene, making these results directly comparable. For the substituted acenes, 2,6-

diphenylanthracene (µy/µz = 2.013, µy/µx = 27.417) and rubrene (µy/µz = 2.814, µy/µx = 41.03)

prefer conducting in the y-direction, while TIPS-pentacene prefers conducting in the x-direction

(µx/µy = 2.115, µx/µz = 2576.5). Of the set of crystals, TIPS-pentacene and rubrene show the

most anisotropic charge transport.

6.3.4 Comparison of BTE and Marcus-Hush-Goddard Mobilities

The BTE band derivatives can be interpreted as an average velocity of a charge carrier (i.e. hole) in

some ith band (i.e. highest valence band) along a direction (α) in the absence of any external forces.

In any materials at finite temperature, phonons are expected to disrupt (or scatter) charge carriers

and therefore govern their average lifetime(s) (which BTE defines as constant τ). In contrast,

Marcus theory predicts hopping rates that depend on treating each carrier hop as a separate event

with some finite probability of occurring. The Marcus-Hush-Goddard mobility then comes from

a random walk of uncorrelated hopping events between neighboring molecules in a material, or

diffusion of the carrier.

Conceptually BTE assumes complete delocalization, while Marcus hopping assumes complete

localization of the carrier. Both theories calculate a maximum carrier mobility that is reduced

through scattering or geometric reorganization, respectively. One might expect that as charge

carrier lifetimes decrease (i.e. the constant scattering limit) or as the hopping rates increase (i.e.

at a constant measurable velocity) the mobilities predicted by the two models would converge.

However, because both models breakdown at their respective limits (Vi > λ/2 and MIR, vide

supra), the error in the predicted mobilities may be very large. As the mobility trends of the

selected materials have been well described by Marcus rates previously, we use these mobilities to

compare our BTE mobilities against. We keep the geometry consistent in both models to make the

comparison as appropriate as possible.

First, the hopping rates for each unique dimer pair of a crystal are calculated according to the

effective electronic couplings (Table 6.4, computed via Gaussian16 and CATNIP) and the isolated
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Table 6.3: Effective electronic couplings (V) of projected dimer (numbered in Figure 6.5) at the
PBE0-D3/def2-TZVP level of theory.

Crystal |V12|(eV ) |V13|(eV ) |V23|(eV ) |V34|(eV ) |V15|(eV ) |V26|(eV ) |V37|(eV ) |V48|(eV )

anthracene 0.0389 0.0286 0.0286 0.0389 0.0004 0.0004 0.0004 0.0004
tetracene 0.0074 0.0119 0.0702 0.0119 0.0015 0.0015 0.0005 0.0005
pentacene 0.0148 0.0288 0.0725 0.0017 0.0011 0.0011 0.0005 0.0005
hexacene 0.0493 0.0755 0.1001 0.0482 0.0005 0.0005 0.0005 0.0005
2,6-DPA1 0.0082 0.0562 0.0562 0.0082 0.0061 0.0061 0.0061 0.0061
rubrene 0.0699 0.0170 0.0170 0.0699 0.0025 0.0025 0.0025 0.0025
TIPS-pentacene 0.0169 0.0137 |V14| = 0.0007 0.0169 0.0001 0.0001 0.0001 0.0001

Table 6.4: Unique directional nearest neighbor hopping rates at the PBE0-D3/def2-TZVP level
of theory.

Crystal Wavg(12,34)(THz) W13(THz) W23(THz) Wortho(THz)

anthracene 15.350 8.342 8.342 0.002
tetracene 1.685 2.033 71.004 0.031
pentacene 4.035 15.419 97.988 0.019
hexacene 54.852 131.577 231.610 0.006
2,6-diphenylanthracene 0.510 23.726 23.726 0.280
rubrene 44.255 2.625 2.624 0.054
TIPS-pentacene 3.054 2.071 W14 = 0.005 0.000

monomer reorganization energy (Appendix A).368,371

Within the Goddard extension of the Marcus-Hush transport model, mobilities are predicted

along particular conduction channels via weighted sums of dimer couplings.374 The unique dimer

hopping rates, Wi, decay according to a cos2 function away from the vector between the centers

of mass of each monomer, i.e., the dimer-center-of-mass (d-COM) vector. Because the d-COM

directions are defined by the original dimer orientations, the unique d-COM vectors are normalized

and projected along the Cartesian directions (details in Appendix B). Importantly, the Cartesian

projected mobilities, are normalized so that only unique conduction channels are combined and all

nearest neighbor dimer pairs are included.

The Marcus-Hush-Goddard mobilities (Table 6.5) show similar trends to the BTE predicted

mobilities (Table 6.2) but have magnitudes that are significantly smaller. In addition, the relative

directional magnitudes of a particular crystal seem to be highly effected by the bulk effects included

in BTE. This is especially true in the directions that do not align with the high mobility channels

of the organic crystals, where BTE predicts significantly higher mobilities than Marcus-Hush-

Goddard along these directions, more in line with measured anisotropic mobilities.332 For all of
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Table 6.5: Cartesian projected and normalized Marcus-Hush-Goddard hole mobilities at the
PBE0-D3/def2-TZVP level of theory with T = 300K.

Crystal µMx (cm2/V s) µMy (cm2/V s) µMz (cm2/V s)

anthracene 0.0056 0.6122 0.1451
tetracene 1.8850 1.1842 0.0000
pentacene 2.3107 1.4996 0.0000
hexacene 3.6215 4.9251 0.0000
2,6-diphenylanthracene 0.0012 0.6552 0.4629
rubrene 0.0000 4.0435 0.0297
TIPS-pentacene 0.2871 0.1004 0.0000

the materials considered, with the exception of anthracene, the predicted ordering of the Cartesian

carrier mobilities match between both models (Tables 6.2 and 6.5). The anthracene ordering

mismatch can be attributed, at least partially, to both how similar its directional conductivity

magnitudes are at the Fermi-level and that the directional ordering changes just below the Fermi-

level with µz < µx (Figure 6.5, grey dotted line). Of course, the Marcus dimer projection model

doesn’t include the band curvature at the Fermi-level as it assumes only localized charges, and thus

doesn’t capture this band-like unique phenomenon. For all of the other crystals, reordering of the

largest conductivity doesn’t occur near the Fermi-level, if at all.

The similarities between BTE and Marcus-Hush-Goddard are captured by plotting the largest

Fermi-level Cartesian mobility of each crystal on the same axis (Figure 6.6). The primary difference

between the Marcus and BTE substituted vs. unsubstituted results arises from the hole induced

reorganization energy (Figure 6.7). In the Marcus model, a hole is localized on a single molecule as it

probabilistically hops through the lattice via channels of minimal resistance. In many cases, addition

of a localized hole can significantly change the energy and geometry of the isolated monomers.

This is captured in the Marcus reorganization energies (λ), and leads to large reductions in the

predicted hopping rates. Two trends are observed in the monomer reorganization energy results:

1) reorganization energy tends to decreases as the length of the n-acene backbone increases, 2)

all of the substituted acenes, when compared with their unsubstituted counterparts of the same

acene backbone length, are predicted to have substantially larger reorganization energies. So, as

molecules of the crystal become less rigid, either with more substitution (i.e., from di- to tetra-

phenyl substitutions in 2,6-diphenylanthracene and rubrene) or with more substituent flexibility

(i.e., from phenyls to TIPS), the difference in their reorganization energy is expected to increase.
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Figure 6.6: Largest mobilities of any Cartesian direction, PBE0-D3/def2-TZVP Marcus-Hush
(grey) and PBEsol0-3c BTE (orange). Solid circles and lines are unsubstituted acenes and bold x’s
with dotted lines are the substituted acenes.

Figure 6.7: Marcus reorganization energies at the PBE0-D3/def2-TZVP level of theory. Solid circles
and lines are unsubstituted acenes and bold x’s with dotted lines are the substituted acenes.
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Thus, structural rigidity and hole delocalization length should both increase the mobility of organic

single crystals.

The periodicity of the BTE model allows for the delocalization of the hole, across the whole unit

cell. Thus, constant-relaxation-time BTE assumes that the reorganization energy is approximately

zero because of this charge spreading. Since the charge carrier is completely delocalized, movement

of the charge leads to less geometric reorganization as it propagates. This, of course, may be an

oversimplification of true the charge transport mechanism in organic crystals where phonon-induced

transient localization events may introduce some significant reorganization.343

The predicted mobilities from the two models might then be expected to converge for longer

acenes, as the Marcus reorganization energy steeply decreases as a function of acene backbone

length. Surprisingly, this was not observed, and the gap between the BTE and Marcus mobilities of

the unsubstituted acenes increased as a function of backbone lengthening (Figure 6.6). This directly

shows that a different constant relaxation time cannot align the two theories quantitatively. Again,

this means that the implementations of these two theories do not converge at the fast scattering

rate (small τ).

6.3.5 Computational Costs

Predicting mobilities with both BTE and Marcus require multiple DFT energy calculations. Thus

computational efficiency should be measured in total CPU-hr cost (post optimization) to calculate

the Cartesian mobilities with either model (Figure 6.8). BTE conductivities require a dense k-point

grid SCF calculation (denser than the optimization grid) and a finite temperature (300K) Cartesian

conductivity calculation. Marcus effective electronic couplings are derived from single point energy

calculations of all of the unique monomers and dimers (the number depends on the crystalline

symmetry). Marcus reorganization energies are estimated by four additional charge localization

calculations (2 optimizations + 2 single point energies) (see Appendix A). Figure 6.8 shows the cost

of the best computational methodology for each model, the BTE/PBEsol0-3c/def2-mSVP (orange)

cost is significantly lower than Marcus/PBE0-D3/def2-TZVP (grey). However these are of different

basis set sizes, which might over estimate the advantage of the BTE method. So in addition, the

cost of BTE/PBE0-D3/pob-TZVP-rev2 (green) is included. These results clearly show the benefit

of using the modified double-ζ basis over the triple-ζ, and the cost difference between the BTE and
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Figure 6.8: Computational cost (in CPU-hrs) of DFT calculations to calculate mobilities, PBE0-
D3/def2-TZVP Marcus-Hush (grey), PBEsol0-3c/def2-mSVP BTE (orange), and PBE0-D3/pob-
TZVP-rev2 (green). Solid circles and lines are unsubstituted acenes and bold x’s with dotted lines
are the substituted acenes.

Marcus models for each crystal. On average, the BTE triple-ζ basis costs 2.65 ±0.38 times that

of the modified double-ζ basis at a comparable level of theory. Marcus mobilities, on the other

hand, cost 4.59 ±8.42 times the average BTE cost. The large standard deviation in the cost of

each method arises primarily from the highly substituted rubrene and TIPS-pentacene crystals. In

these crystals, the cost to calculate the reorganization energy is substantially larger than the other

crystals. In fact, it cost 13.3 and 48.5 times the average cost of the other crystals, respectively.

This result is expected because configurational flexibility is correlated with computational cost.

Therefore, for large and highly flexible systems, the BTE model is even more computationally

efficient than the Marcus model.

6.4 Conclusion

The BTE model presented here provides an efficient and effective way to compute relative anisotropic

conductivities and charge carrier mobilities of high-mobility organic semiconductor materials. The

BTE model when coupled with an affordable composite functional (PBEsol0-3c) correctly predicted

experimental geometries, band gaps, and the theoretically consistent increasing mobilities across
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the n-acenes. In addition, the overall anisotropic mobility trends of the dimer Marcus mobilities

were reproduced with BTE. The magnitude of the predicted mobilities of the substituted acenes

with both models are significantly different due to the larger reorganization energies in Marcus

theory. BTE consistently provides quantitative and qualitative ordering of mobilities within and

between various acene crystals with less computational cost and numerical manipulation providing

a efficient screening method for large sets of crystals.



Chapter 7

Finite Displacement Boltzmann

Transport Theory†

Crystalline organic semiconductors are modular materials with numerous applications including

OLEDs, OFETs, OSCs, and sensors.323–327 In organic materials, molecules pack together in various

polymorphs primarily through non-covalent van der Waals forces.331,336,337,351 Because of this, their

solid structures are highly susceptible to both static and dynamic disorder. While examples of the

former include packing defects and broken symmetries, dynamic disorder arises from stochastic

combinations of lattice phonons, i.e., the normal vibrational modes of the crystal. This disorder

transiently alters the inter- and intra-molecular interactions between or within the molecules of the

crystal.337–340,373

Combinations of experimental and theoretical evidence suggest that dynamic disorder largely

limits the charge carrier mobilities of organic semiconductors by reducing intermolecular electronic

couplings and by inducing charge carrier localization from several molecules (≈ 10) down to sin-

gle monomers.332,343–348,352,364,365,378,379,397 This effect leads to a necessary shift in the description

of the transport mechanism from delocalized band-like to localized hopping and back depending

on the time-varying phonon populations. While band and hopping models are able to provide

reasonable approximations for electron-phonon coupling in organic semiconductor materials indi-

vidually,146,329,366,383,388,396 neither can completely describe the transport mechanism.347,349,375,376

†Reprinted with permission from Z. J. Knepp, L. A. Fredin, Physical Review B 109, 094307 (2024). Copyright
2024 by the American Physical Society.
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Because disorder induced localization limits electrical conduction in these materials, hopping mod-

els are often used to predict trends in mobility. Constant relaxation time Boltzmann transport

theory has been shown to predict accurate mobility trends of organic crystals with substantially

less computational effort than hopping-based models.146 While the limitations of hopping and

band-based models are well understood, they continue to be used to screen and understand trends

in related sets of crystals because they are widely available, are based on fundamental physics, and

provide insight in terms of chemical intuition.

Some models have included dynamic disorder by examining the effect of some normal modes on

coupling in a crystal.329,366,383,388,396 Of all the possible vibrational modes for a given material, the

low frequency regime results in the largest structural distortions on average since these populate

vibrational excited states beyond the zero point energy level. Such large displacement intermolec-

ular motions induce large electronic structure rearrangements. The low frequency regime has been

studied using combinations of transmission electron microscopy (TEM), molecular dynamics (MD),

and density functional theory (DFT) on various crystalline organic semiconductors.332,364,365 Low

frequency modes dominate the electron-phonon scattering rates limiting the charge-carrier mobil-

ity.383 In particular, the lowest frequency mode of typical herringbone organic crystals, a long axis

asymmetric sliding motion, significantly reduces intermolecular electronic coupling and leads to

frequent transient localization events.352,364

Theoretical studies investigating the dynamic disorder of various organic crystals often neglect

the majority of the high frequency regime (> 207 cm−1) because these modes are not expected to

significantly reduce charge carrier mobility.352,364,367,388,398,399 Because the high frequency modes

are generally restricted to the ground vibrational state (n = 0) at room temperature, according

to the Bose-Einstein occupation number, they result in root mean square displacements (RMSD)

up to two orders of magnitude less than the low frequency regime. However, inclusion of the full

frequency range leads to more accurate mobilities,400,401 and shows that many modes contribute

to dynamic disorder.400,402 This is because electronic structure reorganization is not necessarily

correlated with atomic displacement amplitudes.

In this study, the dynamic disorder of tetracene, a prototypical organic semiconductor crystal, is

investigated to reveal the effects that each of its 180 Γ-point normal modes have on the anisotropic

charge carrier mobility. This is accomplished using a novel quantum-harmonic-oscillator-based
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finite displacement Boltzmann transport theory model (∆-BTE). Finite displacement amplitudes

are derived from the uncertainty in the position of each atom, which differs from the classical

analog where displacements were set at the edge of the harmonic well.388 A substantial benefit of

∆-BTE is that it does not require dimer extraction and electronic coupling evaluations, and thus

serves as a high throughput method for screening the normal-mode-induced mobility effects from

band structure renormalization for a wide range of materials, including both inorganic (e.g. oxides,

perovskites, MOFs) and organic (e.g. organic single crystals, COFs, interfaces).

7.1 Computational Methodologies

The PBEsol0-3c solid-state composite density functional method was used to fully optimize the

lattice parameters and nuclear coordinates of the tetracene (TETCEN) crystal structure403 with

the CRYSTAL17 code.357,358 PBEsol0-3c combines a small atom-centered def2-mSVP basis set

with geometric counterpoise corrections and Grimme’s D3 dispersion corrections to accurately and

affordably predict the geometric and electronic structure of many materials, including weakly bound

organic semiconductor crystals.146,391,392 For all calculations, the DIIS convergence accelerator was

used. For the optimization, an anisotropic 4x5x3 k-point mesh was generated via the SHRINK

factor such that the real space primitive lattice vectors multiplied by these were > 30 Å. For

the Boltzmann transport theory (BTE) calculations, the k-point mesh was quadrupled to increase

the accuracy and to minimize the error of band derivatives. The SCF convergence threshold on

total energy (TOLDEE) was set to 10−8 Hartree for the optimization and 10−10 Hartree for the

frequency calculation. Tolerances for coulomb and exchange sums (TOLINTEG) were set to 8 8 8

8 16 for all calculations.

7.2 Results and Discussion

The density functional theory (DFT) optimized tetracene crystal structure closely matches the room

temperature TETCEN crystal structure with comparable lattice parameters and a primitive-cell

volume that is only 1.73% larger than experiment (Table 7.1).403 A Γ-point frequency calculation on

the optimized structure produced only positive real eigenvalues, indicating a minimum. A bandgap

of 2.54 eV was predicted, which matches the experimental optical gap of 2.54 eV .395 Due to a band
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Table 7.1: Unit cell lattice vectors and angles of the PBEsol0-3c optimized and the experimental
triclinic TETCEN unit cell.403

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) V (Å
3
)

TETCEN 7.90 6.03 13.53 100.30 113.20 86.30 582.85
PBEsol0-3c 7.99 6.03 13.57 100.75 112.68 86.24 592.96

Table 7.2: BTE-derived conductivity tensor matrix elements at the computed Fermi level of the
PBEsol0-3c structure. Here, the carrier concentration is ρ ≡ NF ,T /V . The constant relaxation
time τ is set to 2 fs.

σxx (S/cm) σxy σxz σyy σyz σzz σ1 σ2 σ3 ρ (cm−3)

PBEsol0-3c 43.5 -20.9 0.0 22.4 0.2 6.2 56.4 9.5 6.2 2.9·1020

crossing between the Γ-point and [−110] direction, the total theoretical bandwidth is the sum of

the widths of the valence band edge (VB) and the VB-1 band. The predicted valence bandwidth of

0.35 eV is comparable to previous DFT and experimental values of 0.39 eV 404 and 0.35−0.7 eV ,405

respectively. The broad experimental range may be the result of vibrational effects or could be

from the convolution of the bulk band structure with that of a reconstructed surface.404,405

The fact that the geometric and the electronic structure of tetracene are well represented by

the PBEsol0-3c composite density functional confirms its usefulness for predicting charge transport

properties. The conductivity tensor146 matrix elements in a Cartesian basis x,y,z within the

constant relaxation time approximation of the Boltzmann transport equation (BTE, Appendix

C)357,358,382–384 can be derived from the optimized structure. By default, CRYSTAL17 aligns the

x vector parallel to the optimized a lattice vector, then sets y 90◦ away and closest to the b axis,

and then sets z orthogonal to x and y.357,358 Because the BTE off-diagonal conductivity matrix

elements are non-zero for tetracene, the tensor is diagonalized (Appendix D) to determine the

principal axis eigenvectors and their corresponding eigenvalues (Table 7.2).

According to BTE, tetracene preferentially conducts along the e1 direction (Fig. 7.1) at

56.4 S/cm when a constant relaxation time of 2 fs is assumed.381,385 The angle between e1 and the

a lattice vector (θe1,a = 148.4◦) agrees well with the experimental angle of 141.3◦.332 Substantially

smaller conductivities are predicted in the e2 (9.5 S/cm) and e3 (6.2 S/cm) directions. In the e1

direction, the mobility is 1.2 cm2/V s (Table 7.3) when using the intrinsic carrier concentration

from the number of carriers at the Fermi level divided by the primitive cell volume, which agrees
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Figure 7.1: Principal axis eigenvectors (e1, e2, e3) and the primitive lattice vectors (a,b, c) of the
fully optimized PBEsol0-3c tetracene crystal structure.

Table 7.3: BTE and experimental charge carrier mobilities along the principal directions of the
crystal.

µ1 (cm2/V s) µ2 (cm2/V s) µ3 (cm2/V s) µ1/µ2 θe1,a(deg)

experiment µH = 0.8
332

, 2.4
406

µL = 0.4
332

—— µH/µL ≈ 1.5-2.0
332

≈ 141.3
332

PBEsol0-3c 1.2 0.2 0.1 6.0 148.4

well with experimental reports of 0.8 and 2.4 cm2/V s.332,406

Projecting the principal axes mobilities in the high mobility plane (ab) produces a curve (Fig.

7.2) that agrees with experimental results for crystalline tetracene.332 BTE predicts an anisotropy

ratio between the high and low mobilities (µH/µL) of 6 in the high mobility plane, which is on the

same order of magnitude as the experimental value of µH/µL = 1.5− 2. Previous theoretical ratios

predicted larger anisotropy ratios, > 10,374,407 indicating an improvement in the description of the

electronic structure with PBEsol0-3c.

∆-BTE quantifies the vibration-induced mobility change by calculating conductivity and carrier

concentration at the Fermi level of the optimized and finite displaced structures. The temperature-

dependent finite displacement amplitudes of each normal mode were determined from the DFT-
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Table 7.4: Widths of the frontier bands in meV , including the highest filled valence band (VB) and
one band above (VB+1) and below (VB−1). 0 K and 300 K bandwidths are averaged over all the
normal modes in both the negative and positive displacement directions.

VB−1 (meV ) VB (meV ) VB+1 (meV )

PBEsol0-3c (opt) 161.1 188.1 270.5
PBEsol0-3c (0 K) 160.5 186.6 269.6
PBEsol0-3c (300 K) 160.4 186.2 269.3

Figure 7.2: Theoretically derived polar mobility curve in the ab plane of tetracene. The radial
component corresponds to the counter-clockwise degrees away from the a-axis.
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Figure 7.3: Anharmonicity in the SCF displacement energies at 0 and 300 K due to the harmonic
structural displacement of +M (x-axis) and −M (y-axis). The black line corresponds to the best
fit line between the positive and negative displacement energies.

derived uncertainty in the positions (Appendix E.1). The approximation of finite displacements

provides a way to correct for vibrational energy without relying on the electronic structure being

linearly correlated to the vibration. Overall, the majority of the normal modes are harmonic in

energy, with R2(0 K) = 0.9940 and R2(300 K) = 0.9888. A few of the high frequency modes

that do not significantly change the mobility are marginally anharmonic in energy (Fig. 7.3), even

though their displacement amplitudes are harmonic.

The ground state DFT bandwidth of 349 meV , approximated by the sum of the VB-1 and

VB bandwidths because these bands cross, is within the 350 − 700 meV range of experimentally

measured bandwidths.405 As expected, the vibrationally perturbed (colored and grey) VB and VB-1

bands are significantly different in both energy and shape than the bands of the optimized structure

(Fig. 7.4). Isolated normal modes and the averages over all the modes result in the narrowing of

each band including the VB-1, VB, and VB+1 (Table 7.4). This is consistent with a band velocity

reduction and a decrease in the charge carrier mobility. Additionally, a sub-meV reduction in the

bandwidths is observed as a function of increasing the temperature from 0 to 300 K. Focusing in

on normal mode # 4 (yellow), it is easy to see the effect of bandwidth narrowing as a function of

populating higher vibrational excited states at 300 K when compared to the zero-point vibrational

energy at 0 K. However, substantially larger bandwidth narrowing effects have been observed both
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Figure 7.4: Fully optimized (black) and the 0 K (top) and 300 K (bottom) finite displaced (grey
and colored) VB and VB−1 bands centered around the ground state Fermi-level. Particularly
problematic modes (#) are highlighted in red, orange, green, and blue.

experimentally and theoretically for oligoacene crystals from a combination of polaron formation

and thermal lattice expansion, which ∆-BTE doesn’t capture explicitly.407–411

Normal mode induced mobility changes happen primarily in the e1 direction and very little in

the e2 and e3 directions (Fig. 7.5). For each normal mode, the conductivity tensors were calculated

and diagonalized at each of the normal mode-perturbed Fermi levels. Calculated mobilities at 0 K

and 300 K (Fig. 7.6) show large changes across a wide range of frequencies. The percent change in

mobility is reported as it results in the cancellation of τ , eliminating the constant relaxation time.

This, however, does not eliminate the effects from electron-phonon scattering.

Interestingly, even though the majority of the modes are harmonic in energy, in either displace-

ment direction, their resulting mobilities are not. This mobility anharmonicity is observed over the

full frequency range at both 0 K and 300 K. In fact, for particular modes in either the +M or
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Figure 7.5: Normal mode induced mobility changes along the three principal directions (e1, e2, e3)
averaged over the +M and −M finite displacements at 300 K.

Figure 7.6: Normal mode induced mobility changes along the principal direction (e1) at 0 K (light
purple, top) and 300 K (dark purple, bottom). ∆µ/µ is expressed as a percentage, to allow for
easy visualization along a single set of axes.
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Figure 7.7: Expected vibrational quantum number (⟨n⟩, dark blue) and the uncertainty (∆xn)
in the position at 300 K (gray) as a fraction of the zero point energy level maximum classical
displacement amplitude (∆xclassical0 ) for each normal mode.

–M direction, mobilities infrequently increased in magnitude, suggesting that those modes could

be beneficial for charge transport. However, because each mode oscillates in both directions, the

average mobility (Fig. 7.6 right) revealed that all Γ-point normal modes are detrimental to the

charge transport of tetracene along the e1 direction.

Mobility differences between 0K and 300K occur within the low frequency regime (< 207 cm−1)

because low frequency modes populate vibrational excited states, i.e., n > 0, at 300 K (Fig. 7.7).

Differences in the average mobility changes (Fig. 7.8) up to 10% were found for the lowest frequency

normal mode at 300 K. As frequencies increase beyond 207 cm−1, the differences between the

two temperatures become negligible as the zero-point vibrational energy level is populated at all

temperatures.

By inspecting the average mobility changes mode-by-mode, four normal modes were identified to

reduce the mobility significantly (Fig. 7.6 and 7.9). Of the four, the 2nd most detrimental mode is

the previously identified intermolecular asymmetric sliding motion.352 Interestingly, particular high

frequency modes (modes 146, 130, and 115) lead to the 1st, 3rd, and 4th largest mobility reductions,

up to 18.1 %. Even though their average structural displacements are considerably small, on the

order of 0.005 - 0.012 Å (Table 7.5 and Fig. 7.9), their detrimental impact on mobility is not

(Table 7.5). Even though the effects of inelastic electron scattering from phonons likely limit the
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Figure 7.8: Differences in the mobility between 300 K and 0 K as a percent of mobility along
the primary axis in the optimized structure (µ1). The red vertical line marks room temperature
(300 K).

Table 7.5: Four most detrimental modes identified by finite displacement BTE at 300 K. RMSD
were calculated on four molecule clusters extracted from the unit-cells.

Temperature (K) Rank Mode (#) RMSD (Å) cm−1 ∆µ1 (cm2/V s) ∆µ1/µ1 (%) Description

0 1 146 0.005 1568 -0.22 -18.1 ring breathing / C-C-H bending
2 130 0.005 1398 -0.12 -9.8 ring breathing / C-C-H bending
3 115 0.012 1236 -0.10 -8.4 C-C-H bending
4 129 0.005 1397 -0.07 -5.8 C-C-H bending

300 1 146 0.005 1568 -0.22 -18.1 ring breathing / C-C-H bending
2 4 0.132 30 -0.15 -12.4 long-axis asymmetric slide
3 130 0.005 1398 -0.12 -9.9 ring breathing / C-C-H bending
4 115 0.012 1236 -0.10 -8.5 C-C-H bending
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Figure 7.9: Dimers depicting the four most detrimental modes. Grey/white show the optimized
structures and the finite displaced structure of each mode is shown as a multiple (10x or 25x) of
the maximum classical displacement (dark purple).The optimized structures are in grey and white.
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maximum mobility of tetracene significantly more than the band structure changes considered here,

it is still rather surprising that such small displacements lead to such large mobility changes. These

findings are in contrast to previous assumptions that only large displacements have a large effect

of the electronic structure. However, this parallels very recent insights that high frequency modes

contribute to dynamic disorder found using an electronic coupling based approach.402

To rationalize why these particular high frequency modes are so problematic, the valence band

projected density matrices are plotted as isosurfaces (Fig. 7.10). The most detrimental mode

(mode 146, 1568 cm−1) is characteristic of ring breathing and C-C-H in-plane bending. When

compared to the fully optimized projected valence band, the motion (RMSD = 0.005 Å) results

in a transiently localized polaron-like band density. Interestingly, as a function of the vibration,

the density seemingly “hops” between the tetracene monomers along the principal e1 direction. To

the best of our knowledge, this is the first report of a switch in the charge transport mechanism

between band and hopping by combining finite displacements with BTE. Until now, calculating

such processes has required a higher level fragment orbital-based surface hopping methods.378

Similar polaronic behavior is observed for the 3rd (1398 cm−1, ring breathing / C-C-H bending,

RMSD = 0.005 Å) and 4th (1236 cm−1, C-C-H bending, RMSD = 0.012 Å) modes, although to

a lesser extent (Fig. 7.10). The intermolecular asymmetric sliding phonon (30 cm−1, RMSD =

0.132 Å), however, does not appear to be polaronic. Instead, the asymmetric sliding motion leads to

unfavorable orbital overlap and electronic coupling along the vibration as reported previously.352,388

Interestingly according to BTE, it appears that the sliding phonon is detrimental in both directions

of the oscillation, which differs from our results when evaluating pentacene with a Marcus dimer

projection method.388

7.3 Conclusion

∆-BTE is an efficient method for evaluating the dynamic disorder of molecular crystals with finite

temperature and zero-point energy effects. It correctly predicts both the mobility magnitudes and

the preferential transport direction of tetracene after conductivity tensor diagonalization. ∆-BTE is

relatively cheap so the full frequency range can be explored. This allows high-frequency modes that

result in significant mobility reductions, even with minuscule structural changes, to be identified
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Figure 7.10: Effect of finite displacement on the valence band (VB) projected density. The opti-
mized VB is plotted in purple, while density resulting from finite +M (red) and −M (blue) finite
displacement are shown for the four worst modes. The VB projected density matrices are plotted
as an isosurface with an isovalue of 0.03.
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for the first time. Surprisingly, three of tetracene’s four most detrimental modes are high-frequency

ring-breathing modes that appear to be polaronic. This means that neglecting the high-frequency

regime when evaluating vibrational effects in molecular semiconductors misses an important part

of the transport picture at finite temperatures.



Appendix A

Marcus Reorganization Energies and

Electronic Couplings

It is common that intra-molecular reorganization energies λintra are computed using a four point

method which utilizes the adiabatic potential energy surfaces of a single isolated monomer from

the crystal structure.374

λintra = ⟨ϕ0opt|H
+|ϕ0opt⟩ − ⟨ϕ0opt|H

0|ϕ0opt⟩ +

⟨ϕ+opt|H
0|ϕ+opt⟩ − ⟨ϕ+opt|H

+|ϕ+opt⟩

(A.1)

The states ϕ0opt and ϕ+opt correspond to the optimized Cartesian coordinates of an isolated monomer

in the neutral and charged states, respectively; H0 and H+ represent the Kohn-Sham Hamiltonian’s

for the neutral and charge electronic states. In general, according to Eq. 6.1, charge hopping rates

are maximized when the reorganization energy is minimized.

The effective electronic couplings (Vab or Vi) can be computed with density function the-

ory (DFT) through projecting the isolated monomer orbitals onto the coupled dimer orbitals

(DIPRO).341,366,368

Vab =
Jab − Sab(ϵa + ϵb)/2

1 − S2
ab

(A.2)

Effective, here, means that in addition to the charge transfer integral (Jab) one also takes into

consideration the orbital overlap (Sab) between the monomers and site energy fluctuations (ϵa and
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ϵb) among the unique monomers within a given dimer.

Jab = ⟨ϕa|H|ϕb⟩ (A.3)

Sab = ⟨ϕa|ϕb⟩ (A.4)

ϵa = ⟨ϕa|H|ϕa⟩ (A.5)

ϵb = ⟨ϕb|H|ϕb⟩ (A.6)

In our calculations, we make use of the CATNIP code to compute the quantities mentioned above.368



Appendix B

Renormalization of Marcus Couplings

Along Cartesian Directions

For direct comparison between BTE and Marcus mobilities, the unique d-COM vectors are decom-

posed into their three orthogonal Cartesian components such that the sums of the square projections

are normalized.

cos2(θix) + cos2(θiy) + cos2(θiz) = 1 (B.1)

Here, θiα is the angle between d-COM vector i and a Cartesian vector α. The product of the cos2

projection and the initial d-COM vector magnitude may be interpreted as an adjusted hopping

length in a particular Cartesian direction.

r2iα = (ri cos(θiα))2 (B.2)

In this assumption, the charge carriers are still expected to hop between the monomers centers of

mass in each dimer, on average, so the distance traveled in particular Cartesian directions depends

on the projection of this hop or the r · cos2 components. Then, the hopping probabilities are

weighted according to the unique dimer hopping rates

Pi =
Wi

∑

iWi
. (B.3)
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Before computing the weights, the non-unique conduction channel directions such as r12 and r34

were combined in a weighted average of the hopping rates in the d-COM direction.

Wij,kl,... =
W 2

ij

Wij +Wkl + ...
+

W 2
kl

Wij +Wkl + ...
+ ... (B.4)

In doing this, the actual weighting in the projection (Eq. B.5) is limited to the unique conducting

directions. After weighting, the Cartesian projected mobilities are represented by the product of

the hopping probability, hopping weight, and corrected hopping distance squared.

µα =
e

kBT
Dα ≈

e

kBT

1

2

∑

i

(ri cos(θiα))2WiPi (B.5)

The sum over the i indices results in an estimate for the Einstein diffusion coefficient Dα in each

Cartesian direction. This model is identical to the 2D Goddard equation with a single cos2 func-

tion.374

In the diffusion coefficient sums, hopping rates between the nearest neighbor dimer pairs of an

isolated herringbone slice ({Wavg(12,34),W13,W23}) and an end-on-end dimer (Wortho) are included.

The planar and orthogonal dimers were required to accurately predict mobilities in all the projected

Cartesian directions as some Cartesian directions are not well aligned with the high conductivity

herringbone slice. All drift mobilities (Eq. B.5) were computed at 300 K to match the temperature

set in BTE.



Appendix C

Charge Carrier Mobilities with

Boltzmann Transport Theory

Anisotropic charge carrier mobilities (µαβ , Eqn. C.1) can be extracted from periodic density func-

tional theory derived electrical conductivities (σ, Eqn. C.2) and charge carrier concentrations

within the constant relaxation time Boltzmann transport theory approximation.

µαβ =
σαβV

eNF ,T
(C.1)

σαβ (F , T ) = e2
∫

dE

(

−
∂f0 (E, T )

∂E

)

Ξαβ (E) (C.2)

Here, µαβ is the charge carrier mobility (Eqn. C.1) matrix element in the αβ direction of the cell.

F is the approximate Fermi level from the highest energy k-point at the top of the valence bands,

E is the energy, V is the volume of the primitive unit-cell, and e is the fundamental charge of the

carrier. NF ,T is the DFT derived number of charge carriers at a particular energy,

NF,T =
n

Nk

∑

k

∑

i

1

exp (E−F
kBT ) + 1

Θ(E − Ei(k)) (C.3)

where n is the number of electrons per state, Nk is the number of k-points, and Θ(E − Ei(k))

is the theta function. The conductivity σαβ is a symmetric 2nd-rank 3x3 tensor with nine unique
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coefficients, (Eqn. C.4),

[σ] =













σαα σαβ σαγ

σβα σββ σβγ

σγα σγβ σγγ













. (C.4)

In BTE, σ is derived from the integral over the energy of the product of the negative partial

derivative of the Fermi Dirac distribution with respect to energy (∂f0/∂E). The transport distribu-

tion function (χ, Eqn. C.5) is the product of the band velocities (vi,α(K) = ∂Ei(K)/∂kα) indexed

over each band combination, i and j.

Ξαβ (E) = τ
∑

K

1

NKV

∑

i,j

vi,α (K) vj,β (K) (C.5)

In the constant relaxation time approximation, Ξ includes a time τ that approximates the mean

charge carrier lifetime. Through the paper, τ is assumed to be 2 fs to match what has been

predicted for similar organic materials.381,385



Appendix D

Determining the Principal Transport

Axes from BTE Calculations

For isotropic conductors, Ohm’s law is defined as J = σE, where σ is the conductivity, E is the

direction of the applied electric field, and J is the current from the applied field. As the current is

not necessarily parallel to the applied field, the anisotropic form of Ohm’s law is

Jα = σαβEβ . (D.1)

With this, the electrical current can be determined from an applied field with a set of arbitrary

defined Cartesian basis vectors, x, y, and z. The current density vector depends on all of the

electric field components simultaneously

jx = σxxEx + σxyEy + σxzEz (D.2)

jy = σyxEx + σyyEy + σyzEz (D.3)

jz = σzxEx + σzyEy + σzzEz . (D.4)

This makes the electrical conductivity a 2nd-rank 3x3 tensor with the number of coefficients de-

pending on the symmetry of the crystal. For higher symmetry crystals, the off-diagonal terms may

vanish and the diagonal terms can even become equivalent.

With the symmetric 2nd-rank 3x3 conductivity tensor, i.e., σαβ = σβα, it is possible to transform
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the arbitrary basis vectors into a set of principal axes, to simplify the current vectors to

j1 = σ11E1 (D.5)

j2 = σ22E2 (D.6)

j3 = σ33E3, (D.7)

where σ11, σ22, σ33 ≡ σ1, σ2, σ3. To do this, the tensor is diagonalized to satisfy the secular

equation,|σ − λI| = 0. The resulting eigenvalues, or principal values, that satisfy the equation

are labeled in the text as σ1, σ2, and σ3.



Appendix E

Finite Normal Mode Displacements of

Unit Cells

In periodic crystalline systems, the temperature-dependent dynamic structural disorder can be

simply and efficiently described by a the normal mode basis at the Γ-point of a particular crystal.

The inclusion of phonon dispersion beyond, i.e., beyond the Γ-point, is important but the cost

of evaluating such effects often prohibits it in practice.412 Recent evaluation of the full Brillouin

zone shows that Γ-point analyses can underestimate the effect of dynamic disorder.400 At the

Γ-point of a crystal, the total number of normal modes is determined by the number of spatial

dimensions multiplied by the number of atoms in the primitive/unit/super cell, minus the three

zero energy translational modes (3N − 3). Each normal mode, represented by i, has a quantized

energy (eigenvalue, ℏωi) and an eigenvector (a displacement matrix, +/–M) that describes how

each atom of the cell moves as a function of time. In this study, the harmonic approximation was

used to displace the atoms in either (+M) or negative (–M) directions. In either direction, the

energies are assumed to be equivalent for small displacement amplitudes. The matrix elements

of the Hessian (i.e. the second derivatives of the energy) were determined numerically with the

analytical gradients. Frequencies were determined by diagonalizing the mass-weighted Hessian.

The resulting eigenvectors are the normal modes.357,358

The displacement amplitudes of each normal modes are determined from the uncertainty in the
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positions from the operator ∆x̂n. The displacements are correlated to temperature according to

∆x̂n = ∆x̂0
√

(2n+ 1)

=

√

(

ℏ

2mω

)(

2

eℏω/kBT − 1
+ 1

)

.

(E.1)

In this expression, ∆x̂0 is the uncertainty in the positions at the zero-point energy level, n is the

Bose-Einstein occupation number, T is the temperature, ω is the normal mode frequency, m is

the reduced mass of the normal mode, ℏ is the reduced Planck’s constant, and kB is Boltzmann’s

constant. The conductivity and mobility changes for each normal mode can be evaluated at the

extrema of the uncertainty displacements at any finite temperature. In the limit where n = 0 the

displacements are equivalent to quantum mechanical zero-point energy asymptote.
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