
CHAPTER SEVEN

A comparison of methods for
theoretical photochemistry:
Applications, successes and
challenges
Nicholas S. Hill, Michelle L. Coote*
ARC Centre of Excellence for Electromaterials Science, Research School of Chemistry, Australian National
University, Canberra, ACT, Australia
*Corresponding author: e-mail address: michelle.coote@anu.edu.au

Contents

1. Introduction 204
2. Photochemical phenomena 205

2.1 Excited state potential energy surfaces (PESs) 205
2.2 Simulation of spectra 207
2.3 Other important phenomena 207

3. Time-dependent Hartree-Fock (TD-HF) 208
3.1 Nonlinear optical properties 208
3.2 Electron dynamics 209
3.3 Supplementing TD-HF with TD-DFT 210
3.4 Assessment 211

4. Configuration interaction 211
4.1 Absorption and emission spectra 212
4.2 Assessment 214

5. Multireference studies 215
5.1 Mechanistic studies 216
5.2 Restricted active spaces (RAS) 221
5.3 Quantum Monte-Carlo (QMC) 223
5.4 Benchmarking studies 224
5.5 Assessment 227

6. Time-dependent density functional theory 228
6.1 Methodological developments 228
6.2 Dye chemistry 232
6.3 Excited state intramolecular proton transfer 238
6.4 Photoinitiation 241
6.5 Other photochemical reactions 243
6.6 UV–Vis spectra and excitation energies 245
6.7 Thermally activated delayed fluorescence (TADF) 249

Annual Reports in Computational Chemistry, Volume 15 # 2019 Elsevier B.V.
ISSN 1574-1400 All rights reserved.
https://doi.org/10.1016/bs.arcc.2019.08.008

203

https://doi.org/10.1016/bs.arcc.2019.08.008


6.8 Fluorescence and quenching 252
6.9 Other properties 255
6.10 Assessment 257

7. Solvent and environmental effects 258
7.1 Continuum versus explicit solvent 258
7.2 Equilibrium versus nonequilibrium solvation 262
7.3 Other environmental effects 263

8. Conclusion 264
Conflicts of interest 265
Acknowledgments 265
References 265
Further reading 284

Abstract

Herein we highlight recent studies and active areas of interest in the ongoing challenge
to model photochemical processes in a wide variety of molecules. We also discuss
recent significant methodological improvements and developments that may aid
future investigations. Studies using the wide range of techniques available in modern
electronic structure software packages have been included, with their successes and
shortcomings forming part of the discussion. This study should therefore aid in the
design of future computational studies.

1. Introduction

Photochemical processes cover a wide-range of physical phenomena

that molecules can undergo upon the absorption of radiation, and to this day

remain a challenge to model using computational methods. While ground

state chemistry is dominated by the relative energies of reactants, products,

and the resulting possible transition states, and can be subjected to traditional

thermodynamic and kinetic arguments, often in photochemistry these cen-

tral tenets no longer hold. The interplay of competing processes, generally

described as radiative and nonradiative, can result in observed behavior aris-

ing due to degeneracies in electronic states, symmetry arguments, the nature

of the excited state, often while a molecule is populating a nonequilibrium

geometry.

The difficulty in modeling the excited states of molecules initially arises

from the failings of the traditional self-consistent field (SCF) approach to var-

iationally solving the time-independent Schrodinger equation. Simply taking,

for example, a ground state Hartree-Fock (HF) reference wavefunction and
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promoting an electron into a virtual orbital to form a new, excited state Slater

determinant maymake physical sense in the description of the state of interest,

however, a standard SCF procedure will then simply drive the determinant

back to its ground state form, leaving the excited state inaccessible. This var-

iational collapse, while avoidable in some rare, favorable cases, is ubiquitous.

A wide range of theories have therefore been developed that guard

against such issues, including theories based on HF wavefunctions, post-

HF wavefunctions, e.g., coupled-cluster (CC), Møller-Plesset (MPn) per-

turbation theory, multireference wavefunctions, and Density Functional

Theory (DFT).1 Dynamic simulations can also be performed using a variety

of theories. Each method has its own associated shortcomings and scaling

issues, and suitability to modelling different types of photochemical

phenomena. This review will therefore aim to determine which methods

are favored in recent literature, to assess if progress toward addressing short-

comings has beenmade, and to highlight continuing challenges. This review

builds on previous significant reviews focused on photochemistry by

Santoro,2,3 Laurent,4 Garavelli,5 and Serrano-Andres6 by focusing on recent

studies, namely, those published within the last 5 years. Moreover, our focus

is on comparing a range of different theoretical methods and where they

were applied, rather than on applications of a single method or advances

made within the formalism of the method itself.

2. Photochemical phenomena

There are many photochemical effects that can be modeled using the

wide-range of computational methods available (Fig. 1); the most important

types of phenomena are outlined below.

2.1 Excited state potential energy surfaces (PESs)
Invariably, excitation energies along reaction coordinates are essential for

gaining mechanistic insight into photochemical reactions. Accurate energies

can, for example, show how transition state energies for a reaction can

decrease upon excitation, or how a reaction coordinate can become disso-

ciative upon excitation, leading to homolysis. They are also necessary for

simulation of radiative decay processes, e.g., emission energies, as these

are dependent on the relaxed geometry of the molecule of interest. PESs

are also important as observed photochemical behavior is often not defined

by a single excited state, instead, population of a certain state can take place

followed by crossing to a different state on which the reaction takes place,
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Fig. 1 Typical examples of the types of photochemical phenomena that can bemodelled using theoretical chemistry: (A) the excited reaction
mechanism for keto-enol tautomerization of an o-methyl benzaldehyde derivative (methyl 4-((2-formyl-3-methylphenoxy)methyl)benzoate)
that is subsequently trapped in a Diels-Alder reaction7; experimental and simulated UV–Vis spectra for the deazaflavin dependent
nitroreductase enzyme bound cofactor F420 and its reduced form F420H2 in their respective neutral and deprotonated forms8;
(C) electronic polarizability and second hyperpolarizability of graphene quantum dots as a function of substituent9; the (D) vertical
singlet-triplet excitation energies and (E) electrostatic potential surface of theT1 ππ* excited state of 2-Methyl-40-(methylthio)-2-
morpholinopropiophenone10; (F) the orbitals involved in the S1 ππ* transition of 1-amino-4-hydroxyanthraquinone.11 Figures adapted with
permission from the original references.



known as nonradiative processes.12 The proper capture of the nature of

electronic (near) degeneracies, either at conical intersections or avoided

crossings, can be required when quantitative insight into the photochemical

mechanism(s) is sought. As shown below, not all methods can produce

such accuracy; however, qualitative insight may only be necessary, and

approximate PES can often be obtained from cheaper methods.

2.2 Simulation of spectra
Many implemented excited state codes, where n excited states are obtained

variationally, can compute oscillator strengths and transition dipole

moments between the S0 and the nth excited state; this information can

be coupled with the corresponding excitation energy to simulate different

types of spectra. Simulation of spectra can provide invaluable insight into

the initial photochemical processes taking place upon excitation; UV–vis
spectra are often experimentally available and the similarity between the

computed and experimental spectra can suggest the excitation features are

being correctly modelled. Modern implementations also include the orbitals

involved in the transition, from which it is possible to determine the nature

of the excited state; for example, is the lowest energy transition to a bright

ππ∗ state, as can be observed in both computed and experimental spectra, or

is it a dark nπ∗ state, which won’t be visible but could be photochemically

relevant? Emission spectra can also be computed using the relaxed excited

state geometry, from which Stokes’ shifts can be estimated. Often, absolute

accuracy of the computed spectra is not necessary; instead, the capture of

trends may be more important. For example, one may be attempting to tune

a certain property of a molecule (e.g., HOMO-LUMO gap), for which a

range of substituents may be tested. Proper capture of the substituent effects

(e.g., red-shift vs blue-shift) on the property therefore provides insight for

targeted design.

2.3 Other important phenomena
Excited state PESs and simulated spectra are two popular uses for excited

state methods; other phenomena that can be modeled include the following.

Singlet-triplet energy gaps (ΔEST). Accurate values of ΔEST can provide

insight into the likelihood of singlet-triplet crossing upon excitation.

Charge-transfer (CT) vs local excitation (LE). An excited state with CT char-

acter involves a significant shift in electron density to different region of a

molecule. These states can have profound effects on a molecule’s optical
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properties, yet can be challenging to model due to self-interaction error13

(in DFT), and significant orbital relaxation being required.

Nonlinear optical effects. Not all photochemistry necessarily arises from the

absorption/emission of a single photon. It is therefore sometimes necessary

to compute two-photon cross-sections, for when two-photon absorption is

observed. It is also sometimes necessary to compute high-order hyper-

polarizabilities, which can give rise to, for example, high-order harmonic

generation effects.

3. Time-dependent Hartree-Fock (TD-HF)

HF theory is the theoretical cornerstone for all ab initio quantum

chemistry theories, and therefore provides a natural starting point for exten-

sion to excited state. The main excited state HF-based methods are config-

uration interaction with single and double substitutions (CIS and CISD,

respectively), and time-dependent HF (TD-HF). However, HF theory infa-

mously neglects dynamic electron correlation. In certain situations, for

example when modeling isodesmic reactions, HF can provide quantitative

accuracy due to favorable error cancellation; however, in excited states

where orbital occupancies are different to the ground state, and where

the excited state electron density will be necessarily more diffuse, there is

no reasonable expectation for the electron correlation energy of the two

states to cancel. CIS(D) and TD-HF do, however, benefit from favorable

scaling with respect to system size, so can be employed where high-level,

high-accuracy ab initio calculations are simply not feasible.

3.1 Nonlinear optical properties
Recent studies14–17 employing TD-HF have focused on investigating

nonlinear optical (NLO) properties, predominantly due to the implementa-

tion of the relevant calculations required to compute these properties.

Karakas et al.16 investigated the two-photon absorption (TPA) cross-sections,

electric dipole moment, and the second-order hyperpolarizability of

tetrathiafulvalene derivatives, with and without Pt(II) and Pd(II). The

authors claim good agreement with previous experimental data, despite

the theoretical values for isotropic second hyperpolarizabilities being over-

estimated, compared to experimental data, by between 1 and 2 orders of

magnitude. Guezguez et al.17 performed a similar study on Au(III) dithiolene

complexes, in which electric dipole moments, dispersion-free and

frequency-dependent dipole polarizability, and second hyperpolarizability
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tensor components were calculated. The calculations show much closer

agreement with experimental values of third order susceptibility (Χ3) than

from similar calculations presented in Karakas14,16 and Zawadzka15 (2015)

employ similar calculations but this time to styrylquinolinium dyes and meta-

llophthalocyanine chlorides, respectively. In these four studies, TD-HF is

successful as the calculation of second- and third-order nonlinear properties

is relatively trivial, and the inaccuracy of TD-HF is largely irrelevant; instead,

the studies utilize the results for qualitative trends, rather than for mechanistic

arguments.

In a similar vein, Wu et al.18 used TD-HF to calculate second-order

hyperpolarizabilities on a variety of increasingly substituted triarylamine

chromophores, finding that addition of several methoxy groups resulted

in a large increase in hyperpolarizability, compared to the unsubstituted

molecule. This is likely due to the increased electron density in the π-system
of the molecule, and this conclusion is supported by that of Alparone,19 who

showed that increasing fluoro-substitution of benzene, and hence decreasing

electron density in the π-framework, results in a decrease in calculated

second-order hyperpolarizability. Alparone used MP2 to calculate the

second-order hyperpolarizabilities as well as TD-HF, and both sets of results

are in good agreement. The TD-HF results are systematically underestimated

for all 13 molecules investigated compared to the MP2 results, however,

trends are identical.

NLO studies have also been performed using TD-HF on a

dithienylethene-indolinooxazolidine-benzazolooxazolidine system,20 on

merocyanine dyes,21 on an explicitly benzene-solvated nitrobenzene

system,22 on triarylamine (TAA) chromophores,18 on fluorobenzenes,19

on 2-aminobenzimidole complexes,23 and on 3-(4-methoxyphenyl)-1-

(4-nitrophenyl)prop-2-en-1-one (MNC).24 All of these studies involve

relatively large molecules (>20 heavy atoms) and therefore benefit from

the relative inexpensive HF calculations.

3.2 Electron dynamics
Studies by L€otstedt et al.25 and Hu et al.26 use TD-HF to study the electron

dynamics of acetylene upon exposure to an intense laser field; here using

time-dependent in the literal, rather than theoretical, sense. Luzanov27

and Nguyen and Parkhill28 also apply TD-HF to nonstationary photochem-

ical behavior. Nguyen and Parkhill use real-time TD-HF as a comparison

for their newly developed time-dependent open self-consistent field at
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second order (OCSF2) propagation method on 4-((4-(dimethylamino)-

phenyl)buta-1,3-diyn-1-yl)benzonitrile, demonstrating that their method

can cope with nonadiabatic dynamic behavior. Sato and Ishikawa29 also

applied TD-HF to laser-field ionization dynamics, using a one-dimensional

helium atom as the test case, as a full numerical solution to the dynamic ion-

ization process in this system is possible. However, they found that the

closed shell TD-HF model is insufficient to model the relatively extreme

dynamics produced upon exposure to strong lasers.

3.3 Supplementing TD-HF with TD-DFT
Bondu et al. (2015), Bruckner et al. (2015), and Maidur et al. (2017) use a

combined TD-HF and DFT approach, with the increase in electron corre-

lation included in DFT benefitting the thermodynamic and equilibrium

properties of the molecules of interest. The main focus of the work by

Bruckner et al. (2015), however, was to study the excited state reorganiza-

tion energies. Bondu et al. (2015) also used TD-DFT for comparison with

TD-HF results for linear (i.e., one-photon absorption) properties of differ-

ent isomers of dithienylethene-indolinooxazolidine-benzazolooxazolidine,

finding in general that while TD-HF overestimated vertical excitation

energies, it was able to provide qualitative trends for each of the four types

of molecule investigated, in agreement with TD-DFT results. Bruckner

et al. also initially employed TD-DFT, but quote “charge-transfer

contamination” in their TD-DFT calculations as the reason for instead using

TD-HF. It is unclear if usage of a long-range corrected DFT functional, for

example, CAM-B3LYP rather than B3LYP, could have improved TD-DFT

results.

Like Bondu et al. (2015), Maidur et al. (2017) also found that their

TD-HF absorption spectrum is blue-shifted compared with TD-DFT cal-

culations. There is also significant deviation in the computed oscillator

intensities among the DFT functionals used (B3LYP, CAM-B3LYP, and

ωB97X-D), and also between TD-DFT and TD-HF calculations. The main

transitions of interest involve the HOMO!LUMO and (HOMO-1)!
(LUMO+1) orbitals, which appear to be ππ∗ and nπ∗ transitions, respec-

tively, and it is unclear whether TD-HF and TD-DFT correctly capture this

ordering. TD-HF vertical excitation energies and oscillator strengths also

show significant deviation from TD-DFT results when applied to

1-[N-(2-pyridyl) aminomethylidene]-2(1H)-napthalenone.30 For each of

these studies, when necessary, TD-HF was exclusively used to calculate
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the higher order polarizabilities of the molecules of interest; predominantly,

these results were used for internal comparisons, rather than being compared

to experimental values.

3.4 Assessment
It is clear from the relatively small number of studies over the past 5 years,

that TD-HF is not a favored technique for providing chemical insight into

the behavior of photo-excited molecules. However, the favorable scaling

allows its application to large systems, and the wide range of nonlinear

properties that can be calculated do allow for the study of less common

photochemical phenomena (Table 1). Mechanistic arguments have not

generally been drawn from TD-HF results, however, TD-HF has been

shown to be able to qualitatively reproduce observed trends and can be used

for comparison against higher level calculations.

4. Configuration interaction

A more popular HF-based theory is configuration interaction singles,

and its variants with and without double excitations (CIS, CISD, CID,

CIS(D)), and in recent years, this theory has been applied to a much wider

range of molecules than TD-HF. CISD benefits compared to TD-HF due to

inclusion of double excitations in its formalism, and can lead to improve-

ments in the description of ground state dissociation processes; however this

increase in accuracy comes at increased computational cost. CIS is essentially

TD-HF within the Tamm-Dancoff approximation,31 generally overesti-

mates excitation energies, and has been found to systematically overestimate

charge-transfer states.32 However, given the lightweight HF wavefunction

Table 1 TD-HF summary.
Property Trends Quantitative

Nonlinear optical properties Yes Rarelya

Absorption Spectra No No

Fluorescence Spectra No No

Photochemical mechanisms No No

Quantitative photochemical kinetics No No

aDepends on the system andwhether it is a first, second, third order hyperpolarizability, with higher order
polarizabilities modelled better than lower order ones.
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and lack of post-HF corrections, it remains the fastest excited state method,

and can therefore be applied to large systems. Moreover, CIS can also give

significantly improved estimations of triplet excitation energies compared

to TD-HF.33

4.1 Absorption and emission spectra
Nithya et al.34 utilized a combined CIS and TD-DFT approach to investi-

gate the structural and electronic properties of cyclopentadithiophene deriv-

atives, using the good agreement of TD-DFT calculated vertical excitation

energies to simulate absorption and emission spectra, but using optimized

excited state geometries as calculated by CIS. Cebrián et al.35 employed a

similar approach in their study of the photophysical properties of several

alkenyl-1H-,1,2,4-triazole compounds. Here, the PBE0 functional was used

for ground state geometries and absorption/emission simulations, with the

emission calculations being performed on CIS excited state geometries. It is

found that utilizing TD-PBE0 excited state geometries resulted in emission

errors an order of magnitude larger than those calculated from CIS. Tathe

et al.36 studied the excited state intramolecular proton transfer of 2-(20,60-
dihydroxyphenyl)benzoxazole, again using CIS and TD-DFT to calculate

absorption and emission spectra. It is found that the TD-DFT results were

in much better agreement for both types of spectra than those calculated by

CIS, which provided absorption and emission maxima that varied by�25%.

As a result, TD-DFT was favored for modelling the full excited state intra-

molecular proton transfer.

Laurent et al.37 examined the basis set dependence of CIS(D), TD-DFT,

second-order polarization propagator approximation (SOPPA), ADC(2),

CC2, and EOM-CCSD, as well as some spin-scaled variants, on the vertical

excitation energies of nine different molecules. It was found that spin-

opposite scaled CIS(D) (SOS-CIS(D)) displayed the largest basis set depen-

dence and generally the largest errors in vertical excitation energies, and

ordinary CIS(D) did not fare much better. The study generally shows that,

for calculations of vertical excitation energies, CIS(D) is not an accurate

method, compared with DFT and higher-level ab initio methods. It also

demonstrates that spin-scaling for CIS(D) does not constitute a systematic

fix for the shortcomings of CIS(D). CIS was also used as a starting point

for the further, higher-level calculations of the excited states of hypobromous

acid38; no comment is made however on the accuracy of the CIS calculations.

Another benchmarking study was performed by Shinde,39 in which CIS,
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EOM-CCSD, random-phase approximation (RPA), and various DFT func-

tionals are applied to the linear absorption properties of boron wheels.

EOM-CCSD excitation energies are taken as reference value, and CIS shows

a significant overestimation of these energies. However, the true extent of the

CIS overestimation is unclear as EOM-CCSD can also suffer from significant

errors, and no calculations utilizing the generally accepted “gold standard”

ab initio methods, e.g. CC3 or CASPT2, were performed.

Shayan and Nowroozi40 also used a combined approach of different

single-determinant excited state methods, again using CIS and TD-DFT

to study the formation of an intramolecular hydrogen bond in the first

excited states of malonaldehyde derivatives. Annaraj et al.41 used CIS and

TD-DFT to support the experimental observations that the fluorescence

of 2-(1-methyl-1H-imidazole-2-carboxamido)-3-phenyl propanoic acid

(PAIC) is selectively turned on in the presence of Ni2+. CIS is used to opti-

mize the excited state of the PAIC-Ni2+ complex, upon which TD-DFT cal-

culations are run. These calculations demonstrate a significant decrease in the

HOMO-LUMOgap of PAIC upon complexation, from 5.56 eV to 2.97 eV,

which is used as justification for the increase in favorability for fluorescence.

Kocherzhenko et al.42 used CIS calculated excitation energies, along

with TD-DFT energies, to parametrize an exciton model that can be applied

to extremely large chromophore assemblies; here they tackle single,

dimer, and hexamer aggregates of the 2-[4-[(E,3E)-3-[3-[(E)-2-[4-[bis[2-

[tert-butyl-(dimethyl)silyl]oxyethyl]amino]phenyl]ethenyl]-5,5-dimethyl-

cyclohex-2-en-1-ylidene]prop-1-enyl]-3-cyano-5-phenyl-5-(trifluoromethyl)

furan-2-lidene]propanedinitrile (YLD124) chromophore. The aim of the

study was to parametrize an exciton model for further study of much larger

chromophore aggregates, and it was found that CIS, TD-DFT, and the exciton

model calculated spectra are all in reasonable agreement.

CIS based methods have also been applied to the absorption behavior of

He clusters. Farrokhpur et al.43 used CIS and TD-DFT to simulate the

absorption of Hen clusters, where n ranges from 2 to 29. The authors note

that the standard 6-311+G(2d,p) basis set coupled with CIS is insufficient

to reliably reproduce the absorption characteristics; instead, it needs to be aug-

mented with further diffuse functions, resulting in a decrease in the CIS error

to below 0.5 eV. Ge et al.44 use a modified version of CIS, i.e. CIS based on

absolutely localized molecular orbitals (ALMO), with a spatially localized

charge transfer (CT) included in the modified ALMO-CIS formalism. The

study predominantly focuses on derivation and implementation of ALMO-

CIS+CT, and general qualitative agreement with experimental absorption
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spectra of He clusters, however, it is noted that fine-detail remains elusive.

The main advantage for CIS, and its modified variants, in these He cluster

situations is that experimental clusters are generally of the size of 1000’s of

He atoms, for which higher-level calculations are unfeasible.

Finally, studies have been performed using spin-flip CIS (SFCIS)45 and

scaled-opposite-spin CIS(D) (SOS-CIS(D)).46 Tsuchimochi (2015) extended

the SFCIS approach by including exact spin-projection (giving SFPCIS) and

included a benchmark of the method against the excited states of some small

molecules; namely,HF,H3,N2, andH4. It was found that SFPCIS is capable of

qualitatively reproducing conical intersections and general potential energy

surface characteristics, as computed using full configuration-interaction

(FCI). Chibani et al.47,48 and Ponce-Vargas et al.49 have applied SOS-CIS(D)

to large, highly π-conjugated boron containing dyes. In these three studies,

SOS-CIS(D) energies are used to correct overestimated TD-DFT excitation

energies, while keeping several key features that are better captured by

TD-DFT; e.g. band shaped of dyes presenting vibronic coupling,

solvatochromic effects, CT transfer characteristics, and the impact of aux-

ochromes on the meeting point between absorption and fluorescence curves

(AFCP). This hybrid approach is found to decrease the errors in the calculated

adiabatic transition energies for the M06-2X functional, however results

obtainedwith theM06 functional are poorer. From this work it was concluded

that the M06-2X functional is systematically overestimating the energies, and

this systematic error can therefore be reduced; as for the M06 functional, it is

unclear as to the origin of the poor agreement.

4.2 Assessment
Summing up, the inaccuracies CIS methods are well documented, and com-

pared with multireference and TD-DFT calculations, they have somewhat

fallen out of favor (Table 2). Along with TD-HF, they do remain, however,

the cheapest possible excited state methods available today, and for extremely

large systems, they remain the only viable methods. The simplicity of the

methods and their wide-spread implementation means that they are also often

included in benchmarking studies, particularly for absorption/emission

spectra simulation. Generally, it is found that their accuracy is highly basis

set dependent, and the need for large basis sets counteracts their cost advan-

tage. As a result, TD-DFT is generally preferred, although CIS is sometimes

more attractive for excited state geometry optimizations for subsequent

TD-DFT single points.
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5. Multireference studies

While HF-based singlet determinant methods, i.e., TD-HF and CIS,

have somewhat fallen out of favor due to the general improvement in qual-

itative studies found when using TD-DFT, the same cannot be said for

multireference studies. Multireference methods benefit from being able

to fully model regions of electronic degeneracies and can therefore provide

accurate information about the shape of excited state potential energy

surfaces. As such, they provide mechanistic insights into the photochem-

ical process of choice. In particular, complete active space second order

perturbation theory (CASPT2), is often used as the ab initio benchmark,

against which the performance of all other computational excited state

methods is compared. However, multireference calculations suffer from

the exponential scaling of the number of wavefunction configurations

that have to be considered with respect to the number of orbitals included

in the calculation, limiting these highly accurate methods to systems in

which no more than �20 orbitals are required to be correlated.50 These

methods also suffer from non-“black box” behavior; in general, there is

no systematic approach to choosing which orbitals are to be included in

a multireference calculation. The resulting calculations are therefore

dependent on the quality of the nonsystematic starting guess, and therefore

the results can suffer.

Table 2 Configuration interaction summary.
Property Trends Quantitative

Nonlinear optical properties TD-HF TD-HFa

Absorption spectra Sometimesb Rarelyb

Fluorescence spectra Noc Noc

Photochemical mechanisms No No

Quantitative photochemical Kinetics No No

aDepends on the system andwhether it is a first, second, third order hyperpolarizability, with higher order
polarizabilities modelled better than lower order ones.
bDepends on the exact method and basis set, with these requiring very large basis sets for accuracy (which
in turn defeats its cost advantage).
cDue to its low cost, CIS is sometimes used for geometry optimizations in the excited state with TD-DFT
improved energies.
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5.1 Mechanistic studies
The most important use of multireference methods is in clarifying and quan-

tifying photochemical reaction mechanisms, which is often not possible

using lower-cost procedures. Below, a number of recent such studies are

highlighted.

Sumita andMorihashi51 studied the generation of singlet oxygen from an

excited thiophene/oxygen exciplex, employing MRMP2-corrected CAS-

SCF geometries. It is found the thiophene undergoes intersystem crossing to

a low-lying triplet state after initial excitation, before forming an exciplex

with 3O2. Further decay, either radiative or non-radiative, takes place

to the singlet state, after which either a [2+4] cycloaddition takes place,

or 1O2 is generated.

Excited state proton transfer of pyruvic acid was studied by Chang et al.52

with TD-DFT and CASPT2//CASSCF. The TD-DFT vertical excitation

energies are in reasonable agreement with those calculated with CASSCF,

and the CASPT2 energy is found to be in excellent agreement with the

experimental value. Four nonadiabatic pathways are suggested, and move-

ment along the excited state intramolecular proton transfer coordinate

results in a three-way intersection between the S1/T1/S0 states. Excited state

intramolecular proton transfer of 1-cyclopropyldiazo-2-napthol was studied

by Cui et al.53 by CASPT2//CASSCF. Their calculations suggest that initial

excitation takes place to the ππ∗ state, from which barrierless radiationless

decay can take place to the S0 keto structures, or crossing to the nπ∗ state

can take place, after which the molecule undergoes decay to the S0 enol

structures via a S1/S0 conical intersection.

Casellas and Reguero54 applied a CASPT2//CASSCF approach to study

the competition between photosensitization and photocyclization in

9-phenylphenalenone (9-PhPn). It had been found previously that the

closely related phenalenone molecule, upon excitation to a low-lying1ππ∗,
undergoes internal conversion followed by efficient intersystem crossing, via

a conical intersection, to a3ππ∗ state.55 This triplet state is then available for

an efficient energy transfer to form a singlet oxygen species with a quantum

yield of 0.95. In contrast, 9-PhPn exhibits a quantum yield of merely 0.08.56

The authors employed CASSCF optimised geometries upon which

improved CASPT2 single-point energies were calculated. It was shown that

the decrease in quantum yield is due to the photocyclization reaction that

can take place between the neighboring phenyl and ketone groups. As with

the original study, the CASPT2-corrected CASSCF geometries are
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generally found to be sufficiently accurate to provide insight into the

observed processes. However, the critical minimum energy geometries of

the1ππ∗ state, as calculated individually at the CASSCF and CASPT2 levels

of theory, have drastically different structures. The equilibrium structure

from CASSCF has a phenyl group almost perpendicular to the rest of the

phenalenone structure, but the CASPT2 structure has these two groups

almost planar to each other. This has important consequences in the ensuing

cyclization reaction, in which the close vicinity of the two reacting groups is

necessary; in this respect, it is a failure of the CASSCF method.

Casellas et al.57,58 have also applied the CASPT2/CASSCF approach to

studying the photoisomerization reactions of azobenzene and phe-

nylazopyridine. Given the planar structure of the N]N double bond, it

is possible for the isomerization to take place via either a rotational or

non-rotational pathway; for both azobenzene and phenylazopyridine, the

rotational pathway is favored thermally. On the excited states, however,

the potential energy surface shows that both pathways become competitive.

Dai et al.59 have employed CASPT2 corrected CASSCF potential

energy surfaces to explore the photolysis of the carbon–iodine bond found

in iodouracil, finding intersystem crossing and conical intersections are

involved in converting the bright ππ∗ to dissociative πσ∗ and nσ∗ states.

The calculated vertical excitation energies for the first 5 electronic states

of iodouracil are found to be in good agreement with the experimental

UV–vis absorption, with the calculations showing the lowest excited state

is in fact a dark πσ∗ transition, followed by the bright ππ∗ transition.

Another recent study by Menzel et al.7 utilizes CASSCF calculations to

explore the photoreactivity of two ligation reactions; i.e., photoactivation

of o-methylbenzaldehyde to form a reactive o-quinodimethane, via a conical

intersection, and the photolysis of 2,5-diphenyltetrazole, in which conical

intersections also play a profound role. In both systems, CASSCF

potential energy surfaces (PES) were found to be sufficient to describe

the geometries at which electronic degeneracies were found. As well, the

study also employed TD-DFT to provide qualitative insight into the nature

of the first few low-lying excited states. While TD-DFT is incapable of fully

describing the conical intersections involved, it is sufficient in describing the

symmetry forbidden, and therefore spectroscopically dark, nπ∗ transition. It
is this transition that is responsible for the observed peak in per-photon reac-

tivity taking place at a lower wavelength than the absorption maxima.

From an experimental perspective, it is interesting to compare this wave-

length dependence to the study by Dai et al., as in the latter study the
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reactivity is directly reconciled by the experimentally observed absorption

spectrum of iodouracil; i.e., the higher energy, bright ππ∗ state is initially

populated and is the origin of the resulting photochemistry. However,

Menzel et al. demonstrate that absorption efficiency does not necessarily

correspond to photochemical efficiency, and that from a per-photon per-

spective, it can be much more useful to directly aim for the dark states. Cer-

tainly, from the PES shown by Dai et al., directly hitting the lower energy

πσ∗ state should directly result in the CdI bond photolysis and could be

more efficient as competition from higher energy pathways may no longer

be relevant.

Yuan and Bernstein et al. have also performed several number of

multireference studies in the past few years, applying CASSCF calculations

to the excited state decomposition reactions of 3,30-diamino-4,40-bisfuroxan
and 4,40-diamino-3,30-bisfuroxan,60 bis(ammonium)5,50-bistetrazolate and

bis(triaminoguanidinium) 5,50-azotetrazolate,61 dihydroxylammonium 5,50-
bistetrazole-1,10-diolate and dihydroxylammonium 3,30-dinitro-5,50-bis-
1,2,4-triazole-1,10-diol,62 nitrophenyl derivatives,63 and 1,1-diamino-2,2-

dinitroethylene,64 as well as the fragmentation of excited state ammonia-based

clusters.65 In the five decomposition studies, the products are a ring-opened

tetra/triazoles, NO and/or N2. In particular, emphasis is placed on the role of

conical intersections in the ring opening/decomposition reactions; generally,

neither the ground state nor excited state PES are dissociative, however, the

conical intersections found between the two states are accessible and result in a

vibrationally hot molecule with sufficient energy to undergo homolysis. In the

case of the bisfuroxan derivatives, it is found that MP2-corrected CASSCF

calculations are required to produce a PES capable of reconciling experimental

observations.

A CASPT2//CASSCF study by Datar and Hazras66 examined the two

possible nonradiative decay pathways of 5,6-dihydroxyindole. Upon exci-

tation and internal conversion, it is found that there are two conical inter-

sections between the low-lying πσ∗ and S0 states, along both an OH and the

NH bond stretching coordinates. The barrier to the conical intersection

located along the OH coordinate is lower than the corresponding barrier

along the NH coordinate. Once over the barriers, it is possible not only

to decay to the ground state, but also to continue to dissociation to form

a dihydroxyindole radical and free hydrogen atom. However, it is noted that

nonadiabatic dynamics simulations are required to fully determine the extent

of the competition between the two pathways. Kobayashi et al.67 employed

extended multistate (XMS-) CASPT2 and ultrafast visible and infrared
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spectroscopy to probe the dynamics of the delocalized biradical excited form

of pentaarylbiimidazole. The ultrafast spectroscopy revealed the existence of

two transient isomers, each with a differing amount of biradical character.

XMS-CASPT2 calculations demonstrate the metastable isomers are likely

stabilized by the pi-stacking present between the imidazole rings present.

Kim et al.68 employed CASSCF, DFT, and CC methods to study the

photoisomerization of 1,2-dihydro-1,2-azaborine, in which the planar,

six-membered ring can isomerize to a Dewar product by two possible

pathways. The study finds that one of the transition states is greatly reduced

on the S1 state, and the molecule can decay to the S0 state by a conical inter-

section to form a stable intermediate product. This product is then able to

further isomerize either to the Dewar product or back to the planar,

six-membered ring. Gao et al.69 studied the photoisomerization of 1,10-dim-

ethyl-2,20-pyridocyanine, using CASPT2//CASSCF energies. The isomer-

ization takes place on the ππ∗, on which it is barrierless, before decaying to

the S0 state via a conical intersection. Lei et al.70 studied the pho-

toisomerization of stilbene with CASSCF, finding four left-hand and four

right-hand conical intersections between the S0 and S1 states.

Suaud et al.71 used CASSCF to fully correlate the π-electrons of some

conjugated, mono- and di-radical hydrocarbons, against which the delocal-

ization of the radicals as calculated with ROHF is compared. It is found

that the SOMO as calculated with ROHF are generally much more local-

ized than as calculated with CASSCF, and that increasing the size of the

active space also results in an increase in delocalization. Zhang et al.72 used

CASSCF to gain insight into the electronic spectra of linear carbene chains

H2Cn, where n ¼3–10. The study shows that chains with even values of n

are more stable than those where n¼odd, and that there is a nonlinear rela-

tionship between chain length and vertical excitation energy. Hlavacek

et al.73 studied the π-conjugated acrolein molecule with CASPT2 and

CCSD(T), in order to determine structural properties of the its T1 state.

The methods are used to simulate cavity ringdown (CRD)74 spectra, finding

good agreement between the experimentally obtained and simulated spec-

tra. No comparison with other, lower levels of theory is included, however.

Li et al.75,76 compared CASSCF/CASPT2 with CASPT2-corrected

SF-TD-DFT for the photoisomerization of 9-(2,4,7-trimethyl-2,3-

dihydro-1H-inden-1-ylidene)-9H-fluorene, an example of a 2nd genera-

tion rotary molecular motor. The results show the importance of the conical

intersections that lead the cis-stable to the trans-unstable isomer upon exci-

tation and find the TD-DFT-based methods can capture this behavior.
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However, the TD-DFT based geometries are generally lower in energy than

the multireference energies, but the structural parameters of the conical

intersection geometries are in close agreement. Amatatsu has also performed

CASSCF calculations on 9-(5-methyl-2-phenyl-2-cyclopenten-1-ylidene)-

9H-fluorene (MPCPF) and various derivatives,77–81 showing initially that

the design of molecular rotary motors should include groups with internal

vibrations that are strongly coupled with the bridging carbon-carbon double

bond. The later investigations more fully characterize the conical intersec-

tions along the isomerization pathway.

The excitation energy transfer mechanism in a peridinin-chlorophyll a

complex has been studied by Bricker and Lo.82,83 Here, the low-lying

excited states of the complex are calculated using CASSCF, and the

corresponding transition dipole moments were used to determine the Cou-

lombic couplings between the two species within the complex. It was found

that there is significant coupling between not only the S1 and Qy states of

the peridinin and chlorophyll a, respectively, but also between the S2 and

Qx/y states. It is this extra coupling, that explains the experimentally

observed, highly-efficient energy transfer.

Further multireference investigations into photomechanisms of organic

molecules include a study by Guan et al.84 who used CASPT2//CASSCF

and TD-DFT energies to study the photochemistry of Sudan I and Orange

II dyes, employing an azobenzene parent structure that is present in both sets

of molecules as the computational model. It was found that initial excitation of

the azobenzene structure is to the S2, ππ∗ state, from which barrierless decay

can take place along either the ππ∗ state to the keto S0 state, via a S2/S0 conical
intersection, or crossing to the nπ∗ state can take place to either the cis- or

trans-enol structures. Another study employed CASSCF/CASPT2 to assess

the two possible elimination reactions of 6,7-dihydro-54-benzo[d]pyrido

[2,1-f]azaborininr; the two eliminations either produce H2, or BH3 and a

corresponding ring contraction. On the ground state, the ring contraction

mechanism is found to be thermally favorable; the reaction barrier for H2 pro-

duction is�43 kJ mol�1 higher in energy. However, on the excited state it is

found the PES for H2 production is essentially barrierless, with a reaction bar-

rier for ring contraction increasing from +233.5 kJ mol�1 on the S0 state to

+252.8 kJ mol�1 (from the Franck-Condon point) on the first excited state.

There are also several conical intersection geometries found, between the S0
and S1 states, with the two intersections on the H2 pathway either taking

the molecule to the original equilibrium geometry, or to the H2 product

on the ground state.
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5.2 Restricted active spaces (RAS)
Although multireference methods suffer from exponential scaling issues

with respect to the number of orbitals included in the calculations, they

can still be applied to large systems with some success. Ben Amor et al.77

employed CASPT2 to study the valence excitations of an iron-porphyrin

complex. In this complex, if all possible π/π∗ and metallic 3d orbitals were

included, an active space of 36 electrons in 36 orbitals would be required, far

beyond current computational capabilities. Instead, a truncated active space

is used employing the 3dn orbitals of the iron and 6 σ(∗) and π(∗) orbitals that
exhibit significant changes in occupancy upon excitation. Also, only the

excited states up to approximately 3 eV are investigated, above this point

(the so-called Soret Band), excitations are dominated by ππ∗ transitions

and would require their inclusion in the active space. The difficulties in deter-

mining an appropriate active space and the expense of the resulting calcula-

tions may warrant the usage of a cheaper method, for example TD-DFT.

However, CASPT2 results reveal the presence of not only singly excited

states, generally dominated by dnπ∗ transitions, but also low-lying doubly

excited states; states that are necessarily not included in TD-DFT calculations.

Venturinelli et al.78 used CAS- and RAS- procedures to study the spin

states of manganese-porphyrin complexes. Like Ben Amor et al., the

Mn-Por complexes also require an extremely large active space to fully

accommodate the relevant d, σ, and π orbitals; however, partitioning of

the active space in order to fully and partially correlate different orbitals,

as is the case with RASSCF and RASPT2, allows for a larger number of

orbitals and electrons to be included than would otherwise be possible. In

their study, Venturinelli et al. were able to correlate 28 electrons in 28–30
orbitals using a RAS-procedure, significantly more than the 14 electrons in

16–18 orbitals that were able to be correlated in the accompanying CAS cal-

culations. The calculations demonstrate the existence of low-lying, high-spin

configurations of theMn-porphyrin complexes, which have significant impli-

cations for the catalytic activity of such species. Bai et al.79 employed CAS-

SCF, along with a number of other excited state methods, to study a

ruffled porphyrin species. The active space used was, however, reasonably

small (6 electrons, 6 orbitals), with little emphasis placed on the CASSCF

results. Crossing points were located, however, between the T1 and S0 states,

and presented as a possible route for excited state energetic decay.

The excited states of nucleobases have been studied by Segarra-Martı́

et al.,80,81,85–87 with CASSCF and RASSCF, and their corresponding

perturbation theory CASPT2 and RASPT2 counterparts. In the study of
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adenine alone,80 its high energy electronic states are investigated by RAS-

calculations, as this allows a larger active space, and therefore higher energy

virtual- and lower energy occupied-orbitals, to be considered. Interestingly,

the nonlinear optical properties of adenine were investigated, as this allows

the modelling of pump-probe experiments to be performed accurately. The

third-order nonlinear properties of cytosine, thymine, and uracil were then

studied,86 finding that the resulting two-dimensional spectra are highly sen-

sitive to small structural changes, especially important when trying to differ-

entiate between the similar thymine and uracil nucleobases.

CASPT2//CASSCF studies were then performed on thymine to study

the possible photodeactivation pathways that are available upon excitation

to the low-lying, bright ππ∗ state. It was found that the CASSCF and

CASPT2 relaxed geometries for this state are similar, however CASPT2

points to a twisted geometry, compared with a planar structure predicted

by CASSCF, and that radiationless decay takes places via a ππ∗/S0 conical
intersection. As well as this, the CASSCF PES was found to be overly steep

compared with that of CASPT2, and this difference would likely lead to

inaccurate dynamic simulations, as needed for quantitative analysis of the

excited state lifetimes. Finally, the dissociative electron detachment

(DEA) reactions of the four DNA nucleobases was studied, again with

CASPT2//CASSCF energies. For each of the four nucleobases, each possi-

ble N–H homolysis reaction was modelled. For each NdH coordinate, the

PES of the anionic ππ∗� and dissociative πσ∗�, and neutral S0 are calcu-

lated, and generally intersections are found between the bright ππ∗� and

dark πσ∗�, that will result in hydrogen ejection. The relative energies of

these intersections are used to determine the contributions of the respective

dissociation channels.

Santolini et al.88 used CASSCF and RASSCF to study the photochem-

ical reactions of cis-butadiene and cyclopentadiene. It was found that small

CASSCF active spaces result in a poor balance of covalent and ionic valence

bond (VB) structures, and an extended active space is therefore required for

accurate potential energy surfaces. To that end, RASSCF is a natural choice

for this active space extension. Calculations of vertical excitation energies

demonstrate the failing of CASSCF to correctly predict the ordering of

the first two excited states for both cis-butadiene and cyclopentadiene,

whereas the larger RAS calculations correctly predict the ordering and

are closer to experimental values of excitation energy. Xia et al.89 studied

the ring-opening of cyclopropenone, cyclobutanone, cyclopentanone,

and cyclohexanone. The authors use CASPT2-corrected CASSCF
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structures to compute the PES, finding that the excited state pathway to the

S0 ring-opened isomers is via a S1/S0 conical intersection in all four mole-

cules. Increasing ring strain is also found to decrease the barrier to the conical

intersection geometry. Bera et al.90–92 studied the excited state decomposition

reactions of dimethylnitramine and corresponding clusters with Fe, Zn, and

Al with CASSCF and RASSCF calculations. The calculations were able to

find a variety of conical intersections between the relevant electronic excited

states and determine which are dissociative and result in decomposition.

5.3 Quantum Monte-Carlo (QMC)
Manni et al.93 employed (metallo-) porphyrins as a difficult test case for

multireference calculations, to test the performance of their newly devel-

oped full configuration interaction quantumMonte Carlo (FCIQMC) code

for solving the CASSCF equations. Here, instead of a deterministic approach

to fully correlating a subset of orbitals, a QMC approach is employed in

which the configuration state functions are sampled stochastically. The

authors find good agreement with experimentally obtained data for the

absorption and ground state properties of the porphyrins studied. Further

investigations are required, however, to determine the impact of including

dynamic correlation corrections to the obtained wavefunctions.

Asturiol and Barbatti94 studied the examined the formation of 1O2 upon

encountering excited porphyrin. It is found that efficient intersystem cross-

ing will predominantly yield triplet porphyrin, which leads to inefficient

generation of singlet oxygen. However, formation of 1O2 is efficient if sin-

glet excited porphyrin is encountered. Kornobis et al.95 used TD-DFTwith

a range of functionals, EOM-CCSD, and MC-XQDPT2-corrected CAS-

SCF energies, to study the S1 state of Co
3+-corrinoids. Previous literature

had described the S1 state as either a ππ∗ transition96,97 or a metal to ligand

charge transfer transition,98–100 and this study aimed to unambiguously

determine the dominant character of the S1 state, finding with the

MC-XQDPT2 calculations that it is, in fact, dominated by MLCT charac-

ter. It is found that the B3LYP, mPW1PW91, and TPSS-h functionals

incorrectly predict a ππ∗ state, whereas EOM-CCSD, and the BP86, BLYP,

MPWPW91, and LC-BLYP functionals correctly predict metal to ligand

charge transfer dominant character.

Rotllant et al.101 studied the photochemistry of acetophenone using

CASSCF and XMCQDPT2. The equilibrium geometries of the low-lying,

singlet and triplet ππ∗ and nπ states are optimised at both levels of theory,
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and the carbon–oxygen bond stretch is found to be a convenient reaction

coordinate. The efficient crossing from the 1nπ∗ is thought to take place

via a three-state crossing point between the 1nπ∗, 3nπ∗, and 1ππ∗ states.

It is also found that CASSCF generally underestimates the length of the car-

bon–oxygen bond for each of the equilibrium structures, highlighting the

importance of including dynamic correlation in the calculations.

In other studies, Xu et al.102 proposed a diabatization scheme, and

applied it to the dissociation of phenol. Energies were calculated using

MC-QDPT2 and coupling modes at the conical intersections between

the ππ∗/πσ∗ and ππ/πσ∗ states were calculated. As the algorithm was

shown to give good, smooth results, it was proposed that it can therefore

be used in dynamic simulations. Kletskii et al.103 studied the competition

between Norrish-type reactions in butanal, pentanal, penta-2-one, buten-

2-al, butanimine-1, and nitrosopropane with CASSCF and XMCQDPT2.

For each molecule, the possible dissociation and H-transfer pathways were

studied in order to determine their relative competition, finding that

increasing alkyl chain length had limited effect on the Norrish-I reaction

pathway, but decreased the energy of the H-transfer reactions.

5.4 Benchmarking studies
In addition to studying photochemical reactivity, multireference methods of

various flavors are also commonly used to test the accuracy of lower-cost

methods such as TD-DFT, or indeed lower-cost multireference methods.

Retinal, and various derivatives and truncated models of it, have been

employed in recent years as a system against which a wide-range of methods

can be tested and benchmarked. Andruniów et al.104–106 have employed

CASPT2, CASPT3, CASSCF, CASPT2/CASSCF, DFT, MP2, (L)CC2,

and CCSD(T) to test the accuracy of optimised geometries, and vertical

and adiabatic excitation energies; CASPT2 energies/geometries are taken

as the benchmark. For the study including 9 retinal derivatives,105 it was gen-

erally found that methods that include dynamic correlation (i.e., not CAS-

SCF), gave ground state geometries in good agreement with those of

CASPT2, with CASSCF giving significant differences in bond lengths, and

in two retinal models, significantly twisted structures that are planar by the

other methods. CASSCF was also found to consistently overestimate vertical

excitation energies, however, the CASPT2 vertical excitation energies on

CASSCF geometries were found to be accurate, provided the CASSCF

geometry resembles the equivalent CASPT2 geometry.

224 Nicholas S. Hill and Michelle L. Coote



A smaller retinal model was used to test the CASPT3 method,104 finding

that it performed exceptionally well for ground state geometries, was insen-

sitive to IPEA shifts, but more sensitive to basis set size than CASPT2.

A further three retinal models were employed to test CASPT2/CASSCF,

CASPT2, and CC2.106 It was found that CASSCF is incapable of locating

the planar S1 minimum geometry structures for four out of the five studied

retinol models. CC2, on the other hand, was as successful as CASPT2 in

locating these minimum energy geometries. However, whenCASSCF finds

the correct structure, the one-electron properties, emission, and adiabatic

energies are in excellent agreement with those of CASPT2.When extended

to the S2 states, which are found to have significant multireference/double

excitation character, CC2 is found to give transition energy errors of>1 eV.

Notably there does not seem to be any clear indicators of when CASSCF

geometries will fail, in which case CASPT2 corrections will not result in

any improvements in mechanistic accuracy. This is, thus, especially trouble-

some in larger molecules, when running CASPT2 geometry optimizations

may not be feasible due to their computational expense.

Further benchmarking studies with retinal models have been performed

by Olivucci et al.107–114 The original study107 employed CASSCF and

multireference methods that capture dynamic electron correlation

(MRCISD, CASPT2, NEVPT2, and XMCQDPT2) to explore the ground

state PES of a retinal model. As with the studies by Andruniów et al., it is

found that the CASSCF geometries, and resulting PES, are liable to failure,

and the additional inclusion of dynamic correlation results in a significant

reshaping of the PES. Subsequent studies employed TD-DFT,108,109

coupled-cluster based methods,110–112 quantum Monte Carlo,113 and

ADC(2) and ADC(3) methods,114 which were generally compared with

the high-level MRCISD(+Q) PES. Generally, most methods were capable

of qualitatively reproducing the PES from high-level calculations, with the

EOM-CC methods seemingly capable of reproducing key photochemical

pathways, with EOM-SF-CCSD(dT) shown to be capable of quantitatively

describing some photoisomerization pathways.

TD-DFT and CASSCF/CASPT2 calculations were applied to the

pyrene and its 3 possible protonated forms by Chin and Lin,115 from which

absorption and fluorescence spectra were calculated. The calculated vertical

excitation energies calculated by TD-B3LYP and CASPT2 are in close agree-

ment for the four pyrene species, however, the size of the basis set, i.e.,

cc-pVDZ, is reasonably small. Cacelli et al.116 employed TD-DFT and

multireference calculations to study the absorption behavior of anthocyanidins,
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again finding reasonable agreement between DFT and MRPT2 vertical

excitation energies, with B3LYP finding the closest agreement. However,

the vertical excitation energies were calculated for DFT equilibrium geo-

metries, with no comparison made between DFT and MRPT2 structural

parameters. Were these to be included, the vertical excitation energies may

be significantly different.

The competition between photoisomerization and photodegradation

mechanisms in the first excited state of tetrazoline oxime ether has been stud-

ied with TD-DFT and CASSCF by Fr�eneau et al.117,118 The calculations

show that the photodegradation pathway is favored in the E-isomer, whereas

photoisomerization is favored in the Z-isomer; this is due to the hydrogen-

bond present in the Z-isomer that prevents that photolysis pathway from

being favored. López-de-Luzuriaga et al.119 used TD-DFT and CASSCF/

CASPT2 to study the dual-fluorescence of 4-(dimethylamino)-pyridine in

different solvent environments, finding good agreement between the

two methods and experimental data. Li et al.120 used TD-B3LYP and

CASPT2/CASSCF energies to study the low-lying excited states of couma-

rin, finding good agreement between both methods and experimental data.

Olsen121 employed CASSCF to study the competition between the

charge-transfer (CT) and locally excited (LE) states of green fluorescent

protein (GFP) derivatives, finding that strongly electron donating groups

enhance CT character in the S1 state, compared with weakly donating/

electron withdrawing groups. Ai et al.122 used TD-DFT and CASSCF

to study the one- and two-photon absorption of GFP. CASSCF is found

to give results in good agreement with experimental data, whereas

CAM-B3LYP is found to be in poor agreement. The blue-shift observed

was found to be due to the vibronic coupling present through a carbon–
carbon–carbon single, double bond moiety.

In other studies, Zhang et al.123 applied TD-B3LYP and CASPT2

to study substituent effects on the absorption properties of phenol

radicals, finding good agreement between the TD-DFT, CASPT2,

experimental absorption spectra. Palmer et al. have recently performed

a number of multireference studies on several organo-halide molecules;

namely, iodopentafluorobenzene,124,125 difluoromethane,126 pyridine-

N-oxide,127 iodobenzene,128 and chlorobenzene.129 Each study used

both single- and multireference calculations, and generally finds good

agreement between both types of calculations and experimental data,

for both adiabatic and vertical excitation energies.
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5.5 Assessment
To summarize, multireference methods have been applied to a wide range

of molecules, from some as large as porphyrin to those as small as hydrogen.

Applied properly, they offer high degrees of accuracy but at the high

computational expense (Fig. 2). In particular, multireference calculations

provide accurate insight into the photochemical processes being investi-

gated, against which less accurate, but cheaper, methods are compared; most

notably, TD-DFT. Multireference calculations continue to be successfully

applied to systems in which nonadiabatic behavior plays an important role

in the photochemical process of interest. A particularly popular approach

involves using CASSCF calculated geometries, upon which potential

energies are improved by performing MRPT2 single-point calculations.

However, it has been shown that the neglect of dynamic correlation in

CASSCF can result in incorrect geometry minima, which can have a pro-

found effect when attempting to reconcile observed photochemical behav-

ior. These spurious geometries can be unpredictable, and so it can be difficult

to ensure that truly correct behavior is being simulated if CASPT2 calcula-

tions are not feasible. The methods also suffer from active orbital choice,

also has a profound impact on the success or failure of these methods, though

the careful use of restricted active space methods and quantumMonte-Carlo

methods can effectively address that problem.

Multi-reference methods

Advantages

photochemical reaction
mechanisms
excited state optimizations
benchmarking lower-cost
levels of  theory

•

•

•

•
•

• sometimes the only
accurate approach available
e.g. for non-adiabatic
surfaces, many other
photochemical reactions

Highly Accurate

Main Applications
dynamic correlation

High computational cost
made worse by need for

Disadvantages

CASPT2//CASSCF often
used to improve efficiency
but some CASSCF
geometries are inaccurate
and these are hard to
anticipate

large active spaces RAS- or
QMC methods can be used
to expand active space at
lower cost

Fig. 2 Main advantages and disadvantages of multireference studies.
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6. Time-dependent density functional theory

TD-DFT and its counterpart that employs the Tamm-Dancoff

approximation (TDA-TD-DFT)130 are hugely popular excited state

methods that are largely analogous to TD-HF and CIS, respectively, but

with the inherent advantage of the included dynamic correlation present

in DFT. The methods benefit from the cost-effectiveness of DFT and

can therefore be applied to a huge range of molecules that are simply not

feasible for ab-initio methods, providing qualitative and, sometimes, quan-

titative insight into photochemical processes. However, as with ground state

DFT studies, the accuracy of the calculations is dependent on the functional

of choice, which can provide wildly different values for identical calcula-

tions. TD-DFT will suffer when excitations include charge-transfer,

Rydberg character, or when the excited state wavefunction requires any-

thing other than a single-determinant description (regions of degeneracy,

double-excitations). Due to the large volume of literature that include

TD-DFT calculations of some description, this section will concentrate

on some of the most highly cited studies in the 2013–2018 period.

6.1 Methodological developments
6.1.1 Long-range corrected functionals
One of the key decisions in choosing a functional is whether or not it is long

range corrected (LC). LC functionals treat electron-electron exchange using

HF at large separation and using a generalized gradient exchange (GGA) at

short range and have been shown to have improved accuracy for states

with significant charge transfer character.131–133 The performance of LC

functionals depends on the choice of the range separation parameter (ω) that
determines the balance of GGA and HF exchange at intermediate inter-

electronic distance.134–139 While the parameter can be used ad hoc to fit

predictions to experimental data, a more “a priori” approach has been advo-

cated by Baer in which the parameter is tuned to make the negative of

the highest occupied molecular orbital (HOMO) equal to its ionization

potential in accordance with Kohn-Sham theory.140–143

Gąsiorski et al.144,145 employed a modified form of the B3LYP, CAM-

B3LYP, and LRC-BLYP functionals, for which the exchange screening

parameter, ω, was varied, in order to study the absorption and fluorescence

properties of 1,3-diphenyl-1H-pyrazolo[3,4-b]quinoxalines. The study

finds that the long-range corrected functionals give absorption/emission
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in closer agreement than the uncorrected B3LYP functional. However, this

good agreement could be the result of fitting ω to the data. No comment

is made on the nature of the excited state, and whether this seems to be

functional dependent.

Arulmozhiraja and Coote146 used four long-range corrected functionals

(CAM-B3LYP, ω-B97X-D, LC-BLYP, and LC-ω PBE), along with stan-

dard hybrid and double hybrid functionals, in an attempt to describe the

excited states of indole and azaindole. The long-range corrections were

determined a priori using Baer’s method. It was found that while some

excited properties were improved, others were not and no one functional

predicted the correct order of all of the excited states for both species.

In a similar vein, Eriksen et al.147 discuss in detail the failure of CAM-

B3LYP to correctly describe the charge-transfer character of the S1, ππ∗
transition of para-nitroaniline. In particular, compared to CCSD and

SOPPA calculations, CAM-B3LYP is found to not only be unable to repro-

duce experimental gas-phase absorption spectra, but also fails in describing

the bathochromic shift that is also observed experimentally; this is a worry-

ing failure as, the authors note, the CAM-B3LYP functional is designed to

correct for the failings of B3LYP when modeling charge transfer in mole-

cules. The study also includes other hybrid functionals, for example,

BHHLYP, as well as CIS/RPA, finding that the errors are even more pro-

nounced. The incorrect energies are found to arise from an overestimation

of charge-transfer character in the ground state, apparent through a calcu-

lated dipole moment that is larger with CAM-B3LYP than with CCSD,

and a resulting underestimation of CT in the S1 state. This effect is found

to become more pronounced in the solvent calculations; the authors also

examine the contribution of the solvent field to the excitation energies, finding

similar contributions for both TD-DFT and CCSD calculations, suggesting

the solvent model is not to blame. Finally, the authors find that the difference

in TD-DFT and TDA-TD-DFT energies can be used as a measure for the

extent of CT.

K€orzd€orfer and Br�edas148 also note that the failings of semilocal and global

hybrid functionals can be attributed to the error associated with electron

delocalization inherent in such functionals. However, the authors show that

tuning the ω value of the LC- ωPBE against the ionization potential of the

molecules of interest can reduce ensuing error in ensuing TD-DFT calcula-

tions. Similarly, Sun et al.149 employ a set of organic emitters that undergo

thermally activated delayed fluorescence (TADF), which represent a chal-

lenge for TD-DFT with traditional functionals. In particular, the authors
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note that the organic emitters exhibit donor-acceptor behavior and therefore

they tune the ω value against both ionisation potential and electron affinity.

The studies show that the mean absolute deviation and maximum absolute

error for the tuned functional are greatly reduced, particularly for the adia-

batic singlet-triplet energy gaps. Sun et al also, however, continue to find

good performance of the B3LYP and M06-2� functionals for the properties

investigated, however, this is attributed to favorable error cancellation rather

than proper treatment of physical phenomena.

Penfold150 also tunes the range-separated parameter associated with the

LC-BLYP functional against both ionization potential and electron affinity

of TADF emitters. Although Penfold employs a slightly different formalism

in terms of optimization procedure, like Sun et al., Penfold finds that such an

a priori tuning reduces errors associated with vertical ionization energy and

the singlet-triplet energy gaps that are important when considering TADF

candidates. Penfold also notes that the spin orbit coupling between the sin-

glet and triplet states are not considered in his work, which are also impor-

tant properties to consider as they determine the efficiency of any possible

state-crossing processes.

Moore and Autschbach151 evaluated the performance of TD-DFT (BP,

PBE, PBE0, LC-PBE*, LC-PBE0*) in describing the excited states of linear
cyanines. The study finds that, unlike with charge transfer states, minimizing

the delocalization error (ΔE), for example, by tuning the range-separated

functionals, does not lead to a concomitant increase in accuracy in absorp-

tion maxima. It is also found that local pure functionals overestimate vertical

excitation energy, and a ΔSCF approach significantly underestimates the

vertical excitation energy. TD-DFT in general is also found to overestimate

singlet-triplet energy gaps.

6.1.2 Relaxed versus unrelaxed densities
Maschietto et al.152 have compared the effect of using relaxed or unrelaxed

excited state density when attempting to describe the nature and properties

of excited states. Excited state charge-transfer characteristics of extended

phenyl chains are examined by computing DCT values for each molecule,

using either relaxed (RDCT) or unrelaxed (UDCT) excited state densities.

These values correspond to the spatial extent of the charge transfer upon

excitation and the charge transfer distances, respectively. In total,

52 exchange correlation functionals were employed in order to determine

their performances. Generally, it was found that the description of the CT

state was qualitatively described by both RDCT and UDCT values, and that as

charge-transfer increased in distance, the use of UDCT becomes more
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appropriate. The performance of the CT description was found to be

relatively functional independent, and much more dependent on the

extent of the CT instead.

6.1.3 Dual-functional Tamm-Dancoff approximation
Shu, Parker, and Truhlar153 report a new implementation of TD-DFT, i.e.,

Dual-Functional Tamm-Dancoff Approximation (DF-TDA), that should

correctly reproduce the 3N–8, whereN is the number of atoms, dimension-

ality that describes conical intersections. The proposed implementation uses

two DFT functionals; the first functional is used to optimize the orbitals

of the system, and the second functional is used to construct the

TD-DFT/TDA Hamiltonian; the method is implemented in GAMESS.

In order to assess the performance of the method, combinations of the

M06, M11, and MN15 functionals were combined and applied to the dis-

sociation of NH3, which exhibits a conical intersection between the S1 and

S0 states, and to the pyramidalization and twisting of ethylene. The DFT

results show very close agreement with the PES calculated with CASPT2

and could provide a new approach to tackling difficult intersection points.

6.1.4 Simplified Tamm-Dancoff approximation
Grimme et al. have performed a wide-range of studies focusing on both

implementation and development of TD-DFT methods as well as their

subsequent application to organic systems. The derivations for simplified

TDA-154 and full TD-DFT155 are presented, which allow for the computa-

tion of excited states for large molecules, i.e. up to�1000 atoms; systems that

still today present a significant challenge. The sTDA and sTD-DFT methods

yield significant speed-ups compared to the full calculations, and the sTD-

DFT provides the benefit of more reliable oscillator intensities, crucial for

simulation of various spectra, compared to sTDA, and exhibits similar calcu-

lation errors to that of the full calculations. A subsequent study156 extends

sTDA from just global hybrid exchange-correlation functionals (XCFs) to

several range-separated hybrids, namely, the ωB97 family of functionals,

PBE0, B3LYP, CAM-B3LYP, and LC-BLYP. The study finds that CAM-

B3LYP andωB97X-D3 perform best for most excitations, and that in general

the RSH functionals perform better than global hybrids. As well as this, a

study157 applying the ωB97X and BHHLYP in conjunction with sTD-

DFT to simulate the electronic circular dichroism (ECD) spectra of [16]

helicene, finds good agreement with experiment; ECD spectra represent a

challenge for TD-DFT as the spectra are sensitive to oscillator intensities.
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A further extension of sTDA is tight-binding based (sTDA-xTB),158

which is a semi-empirical approach to speeding up the generation of

ground-state Kohn-Sham orbitals and eigenvalues, upon which the sTDA

method can be applied for generation of excited states. The method is found

to perform well for both low-energy valence and Rydberg states and out-

performs other semi-empirical methods. The sTDA-xTB method was then

applied to several biomolecular systems (thousands of atoms present) in order

to simulate their UV–vis and CD spectra, finding excellent agreement

between experimental and calculated spectra.159 sTD-DFT and sTDA has

was also applied to the ECD spectra of several large, highly π-conjugated
systems160; namely, C76 fullerene, [11]helicene, part of a chiral (11,7) carbon

nanotube, and a section of a long, α-helical polypeptide chain. The study

notes the differences between TDA-TD-DFT and full TD-DFT in terms

of computing excited state properties, notably the difference that can arise

when calculating the rotary strengths, a signed property on which simulation

of ECD spectra depends. The study shows that, for C76 fullerene and [11]

helicene, TDA (and sTDA) TD-DFT produce rotary strengths opposite in

sign to that of a full TD-DFT (and sTD-DFT), resulting in incorrect spectra

that would affect any attempt of assignment. In the case of [11]-helicene, the

ECD spectrum is reasonably well simulated, however, a band of opposite

sign to experiment is observed in the 250–280 nm, demonstrating that

the incorrect signs of rotary strengths from (s)TDA is not systematic and

cannot simply be multiplied by �1. (s)TD-DFT is found to give spectra

in excellent agreement with experiment when combined with the

ωB97X-D3 functional.

Full TD-DFT has also been applied to the examination of 20 different

3,4,5-triaryl-1-R-1,2-diphosphole derivatives, in order to determine their

applicability as optoelectronic materials.161 The study found that structural

changes, for example, introduction of substituents to the para-positions of

the aryl groups, or changing the substitution of the phosphorus atoms,

can be used to tune the HOMO-LUMO gap of the molecules. TD-DFT

and TDA-TD-DFT were also applied to the study of some fluorescent

benzimidazolylquinoxaline derivatives,162 finding good agreement between

experiment and calculations using the PBE0 and B3LYP functionals.

6.2 Dye chemistry
6.2.1 Overview
One of the most popular applications of TD-DFT is the study of dyes, par-

ticularly in the context of dye-sensitized solar cells. Jacquemin has applied

232 Nicholas S. Hill and Michelle L. Coote



TD-DFT to a large range of systems from both a benchmarking and explor-

atory perspective.2,47,163–183 Among other things, the performance of

TD-DFT with respect to reproducing several excited state phenomena

exhibited by several types of dye (i.e., anthraquinones, cyanines, coumarins,

naphthalimides, BODIPY and similar dyes, photoacids and biodyes, and

photoswitches) has been examined.179 The properties modelled included

absorption and emission spectra and understanding their band shapes,

charge-transfer characteristics for optimization in solar cells, and excited

state proton transfers/photoacidity. TD-DFT was found to accurately

reproduce vertical excitation energies using hybrid functionals, e.g.,

B3LYP and PBE0, with MAE of 0.10 eV. Multiple linear regression, with

parameterized components from both PBE0 and B3LYP, was found to

reduce the MAE to 0.08 eV, and reduced the number of erroneously large

deviations. However, TD-DFT was found to severely overestimate the

transition energies of cyanine and its derivatives; for example, B3LYP

exhibits MAE of 0.31 eV when applied to cyanine, and B3P86 exhibits a

MAE of 0.25 eV when applied to anthocyanine. With respect to exploring

dye-sensitized solar cells, the same authors179 note the importance for

including the surface in the time-dependent calculation, as the surface has

a polarizing effect on the molecular electronic structure which will affect

absorption behavior. Finally, the authors find that TD-DFT can also be

applied to photoreactivity, i.e., excited state intermolecular proton transfer

and photoswitching, which moves TD-DFT away from simply calculating

intrinsic properties on equilibrium geometries.

A review focused on the application of quantum chemistry to cyanine

excited states172 finds that TD-DFT can be used to find a specific cyanine

transition; the transition will be functional independent and upshifted in

energy when the Tamm–Dancoff approximation130 is employed, and the

respective excited state geometries are well modelled. Single reference

methodswith included dynamic correlation are required for acceptable repro-

duction of the absolute transition energies, however. A review into the pho-

todeactivation dynamics of phosphors178 highlights the non-systematic errors

exhibited byTD-DFTwhen applied to systemswith transitionmetals present.

0–0 energies and vibrationally resolved spectra are also reviewed,2 generally

finding that M06-2�, B3LYP, M06, and ωB97X-D give small maximum

absolute errors for absorption spectra, which increase for emission spectra.

LC-PBE was found to perform poorly for both sets of spectra.

Jacquemin et al. have also employed TD-DFT for a range of systems.

The second-order NLO behavior of a Pt(II) complex171 was reported
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and investigated experimentally and with TD-DFT; using PBE0 to model

the absorption behavior and ωB97X-D to compute the first hyper-

polarizabilities. The computed absorption spectra are in good energetic

agreement with the experimental spectra. Benelhadj and Jacquemin

et al.176,184–186 have published studies into excited state intramolecular pro-

ton transfer processes in benzazole184 and benzoxazole176 derivatives, and

the luminescent properties of borate complexes.185,186 The benzoxazole

derivatives were found to exhibit fluorescence of white light, arising from

dual fluorescence from enol and keto phototautomers. TD-DFT was

employed to explore the excited state PES for excited state intramolecular

proton transfer.165,174 This study was subsequently expanded to over 110

potential excited state intramolecular proton transfer dyes with a

TD-DFT/ADC(2) hybrid approach.175 TD-DFT was used for vibrational

and structural parameters, and ADC(2) was used for absolute and transition

energies. This hybrid approach was found to give good agreement with

experimental fluorescence spectra and, more importantly, consistently

predicted whether fluorescence would arise from the keto or enol forms,

or if dual fluorescence would dominate. Diketopyrrolopyrrole molecules170

were investigated for their solar cell sensitizing properties; specifically 4 dif-

ferent dyes were investigated. Experimentally, each of the dyes exhibit

absorption at similar wavelengths, which is captured by TD-DFT. How-

ever, changing terminal thiophene groups for trisarylamine groups was

found to enhance CT character in the excited states, a property beneficial

for sensitizing dyes. The CT character was found to be well modelled by

the CAM-B3LYP functional.

6.2.2 Dye-sensitized solar cell applications
Le Bahers et al.187 have discussed the proper practice for examining dye-

sensitized solar cells with quantum chemistry; summarizing the procedure

as: (a) compute the structural and electronic properties of the dye-sensitized

solar cell; (b) employ diagnostic tools to determine the accuracy and reliabil-

ity of the calculations; (c) assess impact of dye adsorption; and (d) evaluate

electron injection efficiency, incident photon-to-charge carrier efficiency

(IPCE), and JSC. Coupled with the PBE0 functional, three similar

pyridinium derivatives were examined, finding good agreement with exper-

imentally obtained results.

Mathew et al.188 report the success of two bis(20,40-bis(hexyloxy)-[1,10-
biphenyl]-4-yl)amine-functionalised porphyrin-based dyes for solar cell

sensitization, which exhibit power conversion efficiencies of up to 13%.

234 Nicholas S. Hill and Michelle L. Coote



The two dyes are similar in that their donor groups (porphyrin core + amine

groups) are identical but differ in that their acceptor groups are either a

benzoic acid group (dye SM371), or a benzothiazole group (dye SM315);

SM315 is found to be the more efficient of the two dyes. The M06 func-

tional was employed in order to rationalize the observed differences in

absorption behavior, finding that SM315 exhibited a greater amount of

donor!acceptor CT character in the S1 state than SM371, as well as a series

of bright absorption peaks extending to�400 nm, which are used to explain

the observed panchromatic absorbance of the dye and the resulting

efficiency.

Liu et al.189 employed B3LYP and CAM-B3LYP to study the linear

and non-linear optical properties of 6 derivatives of triphenylamine

(�indandione) chromophores. Here, CAM-B3LYP was employed to opti-

mize the ground state structures of the molecules as B3LYP is said to be less

capable of reproducing the correct geometries or modelling the charge

transfer taking place to give rise to the non-linear optical properties.

However, it appears that B3LYP was nonetheless employed to simulate

the absorption and emission spectra of the molecules, rather than CAM-

B3LYP. The authors do, however, find good agreement between the sim-

ulated and experimental spectra, and find that asymmetric modification of

indandione groups results in a profound effect on the calculated first-order

hyperpolarizabilities.

Linares-Flores et al.190 also used (CAM-)B3LYP to study the effect of

different electron-donating substituents and anchors on the optical proper-

ties of porphyrin-based zinc phthalocyanine dyes. The ground state geom-

etries were obtained using both functionals, with B3LYP giving a band gap

in good agreement with experimental values, 3.2 eV vs 3.4 eV, respectively;

however, CAM-B3LYP gave an estimated band gap of approximately 6 eV,

a somewhat spectacular failure. However, reasonable agreement is obtained

for each functional between the calculated vertical excitation energy and

oscillator strengths and experimental values obtained from similar com-

pounds. The work was motivated by applications in dye-sensitized solar

cells, and the study demonstrates that it is possible to use theory to optimize

structural parameters so as to increase the efficiency of the electron injection

process critical to photovoltaic action.

An earlier study by Zarate et al.191 also studied dye-sensitized solar

cell models, employing both B3LYP with added dispersion corrections

and CAM-B3LYP. Here, CAM-B3LYPwas employed to calculate the ver-

tical excitation energy, and a comparison to values as calculated by the
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ωB97X-D, BHHLYP, M06-2�, M11, HISSbPBE, HSE06, M06, PBE,

and TPSSh functionals was performed. It was found that a smaller number

of bridging units between the chromophore and the dye-sensitized surface

gave rise to a larger absorption. Zarate et al.192 also studied the electron

photoinjection mechanism and photovoltaic properties of TiO2-adsorbed

donor-acceptor bridges with the B3LYP, CAM-B3LYP, PW91, PBE,

and M06-L functionals. In total, 11 different donor motifs were compared

to alizarin and napthalenediol, which can undergo both Type I and Type II

photoinjection mechanism mechanisms, and it was found that different

donor systems were capable of driving favorability for a photoinjection

mechanism.

Li et al.193 used B3LYP (ground state geometries), CAM-B3LYP

(absorption/emission), and M06-2� (dye regeneration mechanism) to

study various properties of three organic dyes, to determine their potential

for application to dye-sensitized solar cells. The simulated absorption spectra

are in good agreement with experiment, and charge density plots of the S0
and S1 states show clear charge transfer from the donor to the acceptor

regions of the molecule, suggesting CAM-B3LYP can reproduce these

effects. In general, the study shows that CAM-B3LYP was capable of rep-

roducing experimental observations, including which species had the higher

molar absorption characteristics, and that substitution along the π-bridge had
a significant impact on the absorption properties of the molecule.

Nachimuthu et al.194 studied the effects of anchoring groups on the opti-

cal and aggregation properties of a 4-methoxy- N-(4-methoxyphenyl)-N-

phenylbenzeneamine donor moiety coupled with several different acceptor

and anchoring units. In particular, the role of the anchoring groups in dye

aggregation was examined as extensive aggregation can result in a decrease in

electron transport through a solar cell, and hence a decrease in its efficiency.

The B3LYP, ωB97XD, BHHLYP, M06-2�, and CAM-B3LYP func-

tionals were used in the excited state calculations, with the ωB97XD prov-

ing to be the most accurate. The study finds that dyes with a dithioic (CSSH)

anchoring group exhibit the lowest energy transitions, and that the inclusion

of a CN group into the anchoring moiety can also enhance absorption.

Compared to the COOH anchoring group, molecular dynamics (MD) cal-

culations found that dyes with CSSH favored aggregation to a greater extent,

demonstrating that optimal choice of the anchoring group can be used to

enhance favorable, and limit unfavorable, physical characteristics.

Baheti et al.195,196 used B3LYP to study the effect of functionalizing

fluorene-based sensitizers for dye-sensitized solar cells. In their first study,
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one or two fluorenylidene moieties were incorporated into triarylamine

donor units, coupled with cyanoacrylic acceptor units and (bi)thiophene

conjugated bridges. All of the fluoro-containing dyes studied exhibit signif-

icant charge-transfer character arising from the HOMO-LUMO transition,

and they also have red-shifted absorbance compared to the reference and

dicyanovinyl containing dyes. As well as this, the fluoro-containing dyes

exhibited higher molar extinction coefficients and HOMO-LUMO energy

levels close to that of TiO2 that resulted in a higher photocurrent density

than that arising from the dicyanovinyl species. In their second study the

authors studied the effect of functionalizing rod-like and T-shaped dyes.

They found that the rod-shaped dyes exhibit lower-energy S0!S1 transi-

tions compared to that of T-shaped dyes, and this arises from the extended

delocalization found in the rod-like dyes. As well as this, it is found that (bi)

thiophene linkers result in a red-shift in absorbance. Finally, while the rod-

like have a lower-energy absorbance compared to the T-shaped dyes, the

latter are in fact the more efficient sensitizers if they were to be used in a

dye-sensitized solar cells.

Venkateswararao197 used B3LYP and MPW1K to characterize the

behavior of carbazole donor units with π-linkers. The calculations demon-

strate significant charge-transfer character from the HOMO-LUMO tran-

sition at energies appropriate for electron injection to TiO2. Feng et al.198

use B3LYP and CAM-B3LYP in order to simulate the spectra of several

molecules functionalized with an ullazine donor group, finding that the

spectra demonstrate the applicability of ullazine to dye-sensitized solar cells.

Kulinich et al.199 used the B97D3, B3LYP, B3PW91, and ωB97X-D
functionals to study the excited states of merocyanine. The study finds good

agreement for all functionals between the calculated and experimental spec-

tra, with the B97D3 functional performing best. The B97D3 functional sug-

gests that the low energy, S0 to S1 transition is a ππ∗ transition at 2.81 eV, in
very close agreement with the experimental band centered at 2.8 eV. The S0
to S2/S3 excitations are found to be symmetry forbidden and therefore

unresolvable in either experimental or simulated spectra. The B3LYP,

B3PW91, and ωB97X-D functionals consistently overestimate the vertical

excitation energy, with the ωB97X-D energies being the least accurate.

Kowalska-Baron et al.200 used the B3LYP and CAM-B3LYP func-

tionals, as well as the ωB97X-D functional, to study the distyrylnaphthalene

chromophore. However, only the B3LYP functional was employed to study

the excited state. Again, no description of the character of the S1 state is

included. The experimental absorption and fluorescence spectra are also
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broad and ill-defined, meaning it is unclear if the excited states are being cor-

rectly modelled. The chromophore also has an extensive π-system and the

paper also mentions that charge transfer takes place in the S1 state, for which

TD-DFT, and B3LYP in particular, is known to fail.131–133 It is unclear,

then, if the TD-DFT calculations are properly describing either the ground

or excited state structures and energies of the chromophore.

In other studies, Lee et al.201 employed B3LYP to study the excited states

of several fluorene containing iridium complexes. The complexes exhibit

“deep-blue” phosphorescence, and significant metal-to-ligand charge-

transfer character is found for the triplet excited states, suggesting significant

spin orbit coupling between the excited states. Estrada et al.202 provide

insight into the change in electronic structure of isoindigo upon func-

tionalization. Different functionalization patterns are found to change not

only the broadness of the absorption spectra but also the oscillator intensities.

Thienyl groups were found to planarize the molecules. Lourenço Neto

et al.203 employed B3LYP to simulate the absorption spectra of eight differ-

ent phenolic acids, which were then be compared to the experimentally

obtained spectra of four Brazilian fruits. From the calculations, the

B3LYP spectra are in good agreement with the experimentally obtained

absorption spectra, and the acidic makeup of the fruits can be elucidated.

6.3 Excited state intramolecular proton transfer
Excited state intramolecular proton transfer studies have also found

TD-DFT a useful and often accurate method. Huang et al.204,205 employed

TD-DFT to study the excited state intramolecular proton transfer mecha-

nisms of 3-hydroxy-2-(thiophen-2-yl)chromen-4-one (3-HTC) and

2,5-bis(benzoxazol-2-yl)thiophene-3,4-diol with B3LYP. In their earlier

study, 3-HTC is found to undergo excited state intramolecular proton trans-

fer due to the strengthening of an internal OH hydrogen bond upon exci-

tation. The S0 and S1 H-transfer PES were calculated and the favorability for

excited state intramolecular proton transfer is clear. The simulated absorp-

tion and fluorescence spectra are in good agreement with the experimental

spectra. Similarly, upon excitation an internal NH hydrogen present in

2,5-bis(benzoxazol-2-yl) thiophene-3,4-diol is strengthened, and the calcu-

lated PES show clear favorability for the excited state intramolecular proton

transfer. However, with 2,5-bis(benzoxazol-2-yl) thiophene-3,4-diol, a

double excited state intramolecular proton transfer process is in fact favored.
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As with 3-HTC, good agreement between simulated absorption/emission

spectra is obtained. Zhu et al.206 studied the excited state intramolecular pro-

ton transfer of five molecules containing the 10-aminobenzo[h] quinoline

chromophore group.

Liu et al.207 studied the excited state double proton transfer mechanism of

8-hydroxyquinoline (8HQ) using the B3LYP and CAM-B3LYP functionals.

The 8HQmolecules were micro-solvated with either NH3, H2O, or AcOH.

The HOMO-LUMO transitions for each species is of ππ∗ character, and the
strength of the H-bond between the 8HQ and solvating species results in

slightly different H-transfer mechanisms. With NH3, the OH(8HQ)

H-bond is found to be strongest and is therefore the first proton transfer to

take place, followed by an H-transfer from the NH4
+ species back to the

8HQ. The opposite is found to be true for the 8HQ-AcOH species, and with

H2O, each of the twoH-bonds are found to be similar in strength, which leads

to a concerted double proton transfer. Ground state analysis of the proton

transfer for the 8HQ-NH3 species shows a significant activation barrier,

whereas TD-DFT results suggest a near-barrierless PES in the S1 state.

Pina et al.208 studied the excited state intramolecular proton transfer of

Indigo and a monohexyl-substituted derivative with the CAM-B3LYP

functional. The study aims to provide evidence for whether the transfer is

either a single or double excited state intramolecular proton transfer, and

if the transfer involves rotation about the central carbon-carbon bond. It

is found that only a singlet excited state intramolecular proton transfer takes

place, and rotation is feasible but according to experimental ultrafast spec-

troscopy it is a non-competitive pathway.

The excited state intramolecular proton transfer of 1,5-dihydroxyquinone

was studied by Zhou et al.209 with B3LYP. The simulated absorption and

fluorescence spectra are found to agree well with experimental spectra, and

the intermolecular H-bonds are found to be strengthened upon excitation

to the S1 state. It is also found that a single excited state intramolecular proton

transfer takes place on the T1 surface. The S0 to S1/S2 transitions are likely to

be ππ∗/nπ∗ transitions, respectively, based on the relative oscillator intensities
of the two transitions (0.2866 vs 0, respectively). The population of the T1

state is attributed to internal conversion to the S1 state followed by ISC to

the T1 state; however, no description of the character of the T1 state is

included, on which the efficiency of the ISC is dependent. It may be found

that the higher nπ∗ state may be involved in populating the triplet states, how-

ever this possibility is not explored.
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Li et al.210,211 used TD-B3LYP to explore excited state intramolecular

proton transfer in 6-amino-2-(20-hydroxyphenyl)-benzoxazole (6A-HBO)

with and without an explicit methanol molecule present. The role of the

methanol hydrogen bond does not appear to be significant; the uncomplexed

6A-HBO exhibits a H-transfer transition state energy that lies 9.6 kcal mol�1

above the ground state and a shallowH-transferredminimum, and upon exci-

tation the transition state decreases in energy to 8.7 kcal mol�1 and a slightly

deeper H-transferred minimum. Complexation to the MeOH molecule

serves to stabilize the transition states for both the S0 and S1 state, to

6.4 kcal mol�1 and 5.2 kcal mol�1, respectively. Questions remain about

the accuracy of B3LYP for predicting transition state energies, it would be

interesting, therefore, to assess if other DFT functionals give similar potential

surfaces. The authors also studied 6A-HBO and 5-amino-2-(20-
hydroxyphenyl)benzoxazole (5-HBO) excited state intramolecular proton

transfer in the context of the role of the amino group, finding again that

the OH!N hydrogen bond is significantly increased in strength in the S1,

hence promoting excited state intramolecular proton transfer.

Zhang and Liu212 used TD-DFT to study the absorption behavior of

2,4,6-trisbenzothiazolylphenol, which can undergo excited state intramo-

lecular proton transfer upon excitation the S1 state. The authors note that

design of molecules that undergo excited state intramolecular proton transfer

can be difficult and here, TD-B3LYP calculations were used to show that

the HOMO-LUMO gap can be red-shifted by increasing the extent of con-

jugation in the molecule. The calculated absorption (384 nm) and emission

(619 nm) maxima were also found to be in good agreement with experi-

mental values, at 376 and 570 nm, respectively.

Zhao et al. studied the excited state intramolecular proton transfer mech-

anisms of 3-hydroxyisoquinoline (3HIQ),213 bis-2,5-(2-benzoxazolyl)-

hydroquinone (BBHQ) and its derivatives,214 and 1,8-dihydroxybenzo

[a,h]phenazine (DHBP)215; each study used TD-B3LYP. In the case of

3HIQ, three model proton transfers were considered; the first involved a

single 3HIQ molecule along which the enol-keto tautomerization proceeds

via a high barrier of approximately 37 kcal mol�1. The second and third

transfer reactions involved (a) 3HIQ self-association in cyclohexane with

a step-wise double proton transfer via a 3HIQ+H+/3HIQ� charge-

separated intermediate, and (b) 3HIQH-bonding to an acetic acid molecule

that involves a simultaneous 3HIQ!ACID/ACID!3HIQ double proton

transfer to form the keto species. Mechanism (b) is found to be essentially

barrierless. The studies of BBHQ and DHBP also employed a TD-DFT
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PES and demonstrated the feasibility for either single- or double-proton

transfer mechanisms, as the respective hydrogen-bonds of interest are

strengthened in the S1 states. However, no work is done to definitively

determine which mechanism actually takes place.

Liu et al.216 performed a similar study focusing on quinoline-pyrazole

isomerization, which involves excited state intramolecular proton transfer.

Two isomeric systems were considered, labelled QP-I and QP-II, as it is

found experimentally that, upon photoexcitation, QP-I undergoes emission

at a wavelength corresponding to the proton-transferred (PT) isomer; how-

ever, no such emission is observed for QP-II. The authors find that the PES

for H-transfer in QP-II exhibits a lower barrier than that of QP-I on the S1
state, suggesting QP-II excited state intramolecular proton transfer is in fact

more favorable than that of QP-I. The lack of emission is therefore attrib-

uted to the small energy gap (�0.29 eV) between the S1/T2 states found in

PT-QP-II, which could result in ISC and therefore no fluorescence. The

equivalent energy gap in PT-QP-I is found to be �0.77 eV, which results

in the observed fluorescence.

6.4 Photoinitiation
Photoinitiation is the process by which involves a molecule that undergoes

α-decomposition (Type I) or a hydrogen atom abstraction (Type II) to gen-

erate either free radicals or ions upon irradiation with (usually UV) light.217

Fig. 3 shows the both types of photoinitiation, adapted from ref. 217

Huix-Rotllant et al.108,218,219 have applied TD-DFT to retinal,

acetophenone, and photoinitiation of nitroxide mediated polymerization

(NMP). In the case of retinal, TD-DFT and TDA-TD-DFT with the

B3LYP, CAM-B3LYP, BHHLYP,M06-2�, and mPW2PLYP functionals

was compared to MRCISD+Q, SF-EOMCCSD(dT), and SA-CAS. The

study explores the ground and excited state PES, finding generally that the

single-reference TD-DFT was unsuitable, and was incapable of describing

the diradical and CT intersection geometries. As well as this, TD-DFT

was found to produce “kinks” in the PES, artefacts that were not present

in higher-level calculations. Out of all the functionals tested, the double

hybrid mPW2PLYP functional performed the best. mPW2PLYP was also

found to perform the best in describing the three-state crossing between

the 1(nπ∗), 3(nπ∗), and 3(ππ∗) states, in particular when combined with

TDA-TD-DFT. The double hybrid functional was the only functional to

predict a three-state crossing and produced energies and geometric
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parameters in closest agreement with multireference calculations. The

increase in accuracy of mPW2PLYP is attributed to the larger inclusion

of double-excitations in the excited states arising from the MP2 component

of the calculation. Full TD-DFT, and CAM-B3LYP in particular, was

found to perform badly when describing the triplet surfaces, and TDA-

TD-DFT is found to correct these issues.

For the NMP study, several different isomers of an NMP iniferter (An

iniferter is an initiator for radical polymerizations.), which combine a chro-

mophoric acetophenone moiety with an alkoxyamine group that will

undergo cleavage to initiate the reaction, were studied using TD-B3LYP.

The calculations suggest that the photochemical processes of the iniferters

are defined by singlet-triplet crossing, followed by excitation delocalization

across the alkoxyamine moiety, which results in bond homolysis. It was also

found that CdN and OdC dissociations can compete, which could

account for low initiation efficiencies. However, in their acetophenone

study Huix-Rottlant et al.218 recommend the use of mPW2PLYP/TDA

for exploring the excited states of acetophenone-based chromophores,
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not B3LYP/TD-DFT which is found to perform poorly. As well as this,

B3LYP is known to fail for describing radical bond dissociations,220 so

the competition between the different σ-cleavage pathways remains unclear.

Frick et al.221 explored the relationship between the structure and

reactivity of benzoin-based radical photoinitiators, using a combination of

pulsed-laser polymerization with subsequent electrospray-ionization mass

spectrometry (PLP-ESI-MS), femtosecond transient absorption (fs-TA)

spectroscopy, and ab initio calculations. TD-B3LYP was employed to com-

pute the excited state properties, finding generally that there was no signif-

icant relationship existed between the brightness of an excited state and the

subsequent dissociation reaction. In fact, dark nπ∗ states generally dominate

the S1 state, and it is the population of these states that most efficiently leads

to dissociation. The study also finds that if too many singlet/triplet states lie

below the likely most reactive states, photoinitiation becomes less favorable

due to increased competition with internal conversion decay pathways.

Xiao et al.11,222,223 employed TD-DFT to study the absorption charac-

teristics and photoinitiation mechanism of anthraquinone derivatives. The

studies highlight the impact of different substitution patterns can have on

altering the ordering of nπ∗ and ππ∗ transitions, also finding that the anthra-
quinone molecules undergo excited state redox processes when co-initiating

molecules are present.

6.5 Other photochemical reactions
A range of other photochemical triggered reactions are possible, and below is

just a few of the processes studied via TD-DFT. Luo et al.224 employed

ultrafast spectroscopic techniques and TD-M06-2� to investigate the effi-

cacy of sinapoyl malate and sinapic acid for natural UV-protection. In this

case, TD-DFT is found to be able to qualitatively reproduce the S0/1 PES,

finding that the cis-trans isomerization is barrierless for both systems on the

S1 state, and leads back to the ground state. However, it is observed that the

cis-isomer of sinapic acid is less able to absorb UV light than its trans-

counterpart; in contrast, sinapoyl malate exhibits no significant difference

in the absorption characteristics of either cis/trans isomer and continues

to absorb UV light efficiently. This is used to reconcile why sinapoyl malate

is prevalent in nature rather than sinapic acid.

Mazzone et al.225 used several functionals, M06-2�, M06, PBE0, and

B3LYP, to examine the electronic properties and spin-orbit couplings of

two thienopyrrole BODIPY (BODIPY¼ a boron-dipyrromethene).
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All four functionals gave consistent structural parameters and S1/T1 energy

gaps, and M06 and B3LYP gave S0 to S1 transition energies closest to the

experimental values. The spin orbit coupling between the S1 and T1 states

was found to be higher than Foscan® (Temoporfin photosensitizer) taken as

a reference molecule, and the BODIPY derivatives are therefore feasible

photosensitizers for singlet oxygen generation.

Liu et al.226 designed a cross-coupling reaction between thiol and aryl

halides that is promoted by visible light, and results in a highly synthetically

useful carbon-sulfur bond. TD-DFT was applied in order to gain insight

into the process taking place upon excitation, using the CAM-B3LYP func-

tional. The calculations suggest that, upon excitation, a preformed nega-

tively charged electron donor-acceptor (EDA) complex undergoes CT to

form a negatively charged species now on the acceptor molecule, and a

biradical across the complex. These biradicals are localized on the carbon

and sulfur atoms that then undergo coupling to form the product.

Kozlowski et al.227 give a perspective on the photochemistry of cobala-

mins; in particular, methylcobalamin (MeCbl), adenocobalamin (AdoCbl),

cyanocobalamin (CNCbl) a.k.a. vitamin-B12, and hydroxocobalamin

(HOCbl). These molecules have significant biological relevance, for exam-

ple, some enzymes are found to be dependent onAdoCbl in radical-mediated

rearrangement reactions; the cobalamins also possess a “unique σ CodC

bond”. The rich chemistry of the cobalamins also involves complex excited

state properties that are found to be dependent not only on the relative sub-

stitutions of various chemical groups, but also the local environment. In par-

ticular, cobalamins are found to undergo bond photolysis, resulting in a

Co(III)!Co(II) oxidation and production of alkyl radicals, and detailed

understanding of the photolysis mechanism is therefore sought. Due to

the size of the systems, TD-DFT was employed rather than ab initio

methods, along with a significantly truncated model that captures the cobal-

amin Co core and leaves out any functional groups extending beyond the

pyrrolic halo. B3LYP, and dispersion corrected B97-D and BP86 functionals

were used, finding that, for MeCbl, B3LYP incorrectly predicted a S1 state

dominated by ππ∗ character, whereas BP86 correctly (according to ab initio
and spectroscopic results) predicts predominantly metal to ligand charge

transfer character. The results concentrate on the singlet excited states of

the four cobalamin complexes, finding that cobalamin low-lying excited

states can be dominated by ππ∗, σπ∗, πd, and dπ∗ characters, which give rise
to complicated dissociation pathways from which reactivity can be difficult

to elucidate. As well as this, the authors find that TD-DFT is insufficient to
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explain the experimentally observed wavelength independence of AdoCbl

with respect to photolysis, as the calculations draw similarities between

AdoCbl and MeCbl that do not translate to experimental similarities. The

involvement of triplet excited states is also fielded as a potential avenue for

further study and could provide further insight into currently unexplained

phenomena.

Ding and Liu228 used TD-DFT and SF-TD-DFT to study the biolumi-

nescence mechanism of luciferin in Watasenia scintillans. The biolumines-

cence of this structure is important it is a derivative of a core skeleton

structure that is found in wide range of bioluminescent organisms. CAM-

B3LYP was applied to TD-DFT calculations, from which a range of

ground- and excited-state PES were calculated, to either support or refute

the proposed bioluminescence mechanism.229 As well as this, BHHLYPwas

used in conjunction with SF-TD-DFT to perform non-adiabatic dynamics

simulations with on-the-fly trajectory surface hopping (THP) to model the

chemiluminescent decomposition reaction. SF-TD-DFT was chosen as it is

more capable of coping with regions of electronic degeneracy. These two

methods were found produce qualitatively correct surfaces and results, from

which the previously proposed mechanism is strongly supported.

6.6 UV–Vis spectra and excitation energies
Ashwood et al.230studied the excited state dynamics of 6-thioguanine

(6tGua) and its N9-glycosilated derivative (6tGuo) with ultrafast spectros-

copy, and TD-DFT was used to provide theoretical insight; the PBE0 func-

tional was used. The calculations find low-lying triplet states that are close in

energy to the S1 and S2 states. The calculations and dynamics experiments

appear to disagree, as the difference in the vertical excitation energy of 6tGua

and 6tGuo are small, however, upon the excitation, the triplet states of the

6tGuo are populated nearly twice as quickly as the 6tGua molecule. This is

attributed to an increase in vibronic coupling between various singlet and

triplet states due to the 6tGuo molecule being significantly larger.

Simone et al.231 studied the effect of substituting hydrogen atoms

for either bromine or iodine atoms at various positions of aza-BODIPY.

Aza-BODIPY has potential for therapeutic use as a photosensitizer for gen-

eration of singlet oxygen, which is cytotoxic and can be used to kill targeted

cells. For a photosensitizer to be efficient, the triplet states of the molecule

need to be effectively and rapidly populated after excitation. TheM06 func-

tional was used to calculate the ground state and absorption properties of the
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substituted derivates, finding that neither bromine nor iodine had a signif-

icant impact on the absorption properties. TD-DFT also predicted that

for all compounds investigated, the lowest energy transition is the ππ∗
transition, and that the low-lying triplet states are of nπ∗ character, and

therefore populating these states, according to the El-Sayed rules,232 should

be reasonably favorable.

Boron dipyridylmethene (DIPYR) dyes, which are pyridine based

BOPDIY derivatives, were studied by Golden et al.233 TD-DFT and

XMCQDPT2 calculations were performed on boron dipyridylmethene,

boron diquinolylmethene, and boron diisoquinolylmethene. B3LYP was

employed, and the calculated vertical excitation energies were found to

be systematically overestimated and were subsequently scaled by subtracting

0.44 eV from all calculated values; doing so resulted in good agreement with

experimental values for the three molecules. The lack of fluorescence

exhibited by DIPYR is attributed to the near degeneracy between the S1
and T2 states which leads to efficient ISC between the two. The authors

note that manipulation of the relative energies of these two states, e.g. by

benzannulation, can lead to an increase in fluorescence behavior.

Lorenz et al.234 studied the electronic structure of poly(p-phenylene

iminoborane) with TD-B3LYP. This was done to determine the extent

of the π-conjugation across the polymer backbone; the TD-DFT calcula-

tions were performed to find the HOMO-LUMO transition, which was

found to be a ππ∗ transition, providing evidence that there is such a π-sys-
tem. Three different chain lengths were studied, and it was found that

conjugation extends with chain length.

Margar et al.235 studied difluoroboron-curcumin complexes, another

highly π-conjugated system, in which the hydroxy-groups were replaced

with methoxy and tosylate groups. Absorption and emission properties were

calculated with B3LYP and are in good agreement with experimental

values, and the first-order hyperpolarizability was calculated, suggesting that

the molecules could exhibit significant non-linear optical properties.

Kamada et al.177 also studied difluoroboron curcuminoid molecules with

TD-B3LYP, using it to calculate the one- and two-photon absorption

properties. In agreement with Margar et al., the fluorophores are shown

to exhibit significant non-linear optical properties, and B3LYP calculations

are in good agreement with the experimental absorption spectra, if

somewhat blue-shifted.

Cabrera-González et al.236 studied a set of carborane clusters for their

photophysical properties, finding experimentally that ortho- vs meta- bond-

ing to the stilbene groups does not affect the absorption profile of the
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different molecules. TD-B3LYP found that for all systems the S1 state was

dominated by a HOMO-LUMO transition localized to the stilbene moie-

ties, leading to absorption behavior independent to the bonding patterns of

the stilbene units. This is found to be in direct contrast to previously reported

carborane diads,237,238 which find that the S1 states are dominated by CT

character and are therefore significantly affected by structural parameters.

Momeni and Brown239 note that BODIPY and aza-BODIPY are chal-

lenging systems for TD-DFT to model accurately, and therefore benchmark

the performance of a range of functionals (B3LYP, PBE, BLYP, PBE0,

LC-BLYP, LC-PBE, CAM-B3LYP, ωB97X-D, and LC-ωPBE) against
ab initio methods (TD-HF, CIS, CIS(D), EOM-CCSD, SAC-CI,

LCC2, CCS, CC2, LR-CCSD, CCSDR(T), CCSDR(3), CASSCF, and

CASPT2), all with the cc-pVTZ basis set. The correlated methods provide

the authors with the means to analyze the different contributions to the

excited state wavefunctions, for example dynamic correlation arising

from the coupled-cluster methods, or double excitations that can appear

in CASSCF calculations. The study finds that TD-DFT generally overesti-

mates the vertical excitation energy by>0.3 eV, and that within the test-set

of functionals used, the range-separated functionals generally performed

the best. Although the ab initio methods are computationally expensive,

the authors find that SAC-CI and LCC2 with reasonably sized basis sets

(cc-pVDZ/cc-pVTZ) provide greater accuracy than TD-DFT, while still

being applicable to medium-sized systems.

Fujikawa et al.240 were able to rationalise the UV–vis absorption behav-

ior of two isomers, twisted- and meso-, of their synthesized double helicene

molecule. The meso-isomer was found to exhibit a similar spectrum to that

of the twisted-isomer, albeit shifted to higher energies. This was found, via

TD-B3LYP, to arise from an increase in contribution from the HOMO-2

orbital to the S1 state for the meso-isomer, resulting in a higher energy exci-

tation compared to that of the twisted-isomer. This is a neat example of how

TD-DFT can be used to separate the behavior of two isomers.

Maier et al. report the seminumerical implementation241 and perfor-

mance242 of TD-DFT for global and local hybrid XCF functionals. The

semi-numerical implantation is found to scale favourably compared to ana-

lytical implementations available for global hybrids. The performance of

several popular XCFs namely SVWN, BLYP, PBE, TPSS, TPSSh,

PBE0, B3LYP, BMK, BHLYP, M06-2X, CAM-B3LYP, LC-ωPBE, and
ωB97X-D, is compared to that of the following local hybrid (Lh) func-

tionals; Lh-SVWN, Lh-SsifPW92, and Lh-SsirPW92. The local hybrid

functionals are found to performwell when calculating the singlet and triplet
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excitation energies of the Thiel benchmark set of molecules,243,244 and pro-

vide a good balance between accurate energies for valence, core, and

Rydberg states. However, the local hybrids were found to perform poorly

for charge-transfer excitations.

Zhekova et al.245 benchmark the performance of adiabatic TD-DFT

(ATD-DFT) with and without the Tamm-Dancoff approximation. The

performance of ATD-DFT is compared to that of CC2 and a ΔSCF pro-

cedure for energies corresponding to the first ππ∗ transition in a number of

cyanine molecules. The ATD-DFT excitation energies were found to be

reasonably functional independent, however, this still corresponded to

significant singlet and triplet energy over- and underestimation, respec-

tively. The ΔSCF procedure was found to exhibit significant functional

dependence, with the authors finding that the BHLYP functional with

the proportion of exact HF exchange set at 50% gave the excitation

energies closest to ab initio results.

Cao et al.246 studied the effect of antiaromatic bispentalene derivatives

fused attached to either a benzene or naphthalene core. The focus of the

paper is generally toward the experimental work carried out, showing with

NMR that, although the molecules of interest fit the classical rule of aroma-

ticity (i.e., [4n+1] π electrons), the pentalene protons experience a signif-

icant upfield shift like that of antiaromatic compounds. As well as this, ring

currents around the rings were measured using nucleus-independent chem-

ical shift (NICS)-XY-scans, which demonstrated a global paratropic ring

current (consistent with antiaromaticity) and a local diatropic current around

the benzene core. The result of these opposing ring currents is present in

the UV–vis spectra which show, for all of the systems studied, broad,

low-energy absorption characteristics. Here, TD-CAM-B3LYP was used

to characterize these broad peaks finding, compared to fully aromatic mol-

ecules with the same number of fused rings, significantly lower HOMO-

LUMO energy gaps. Particularly impressive is the significant absorption

taking place at >650 nm.

Etienne et al.247 developed a method of quantifying the extent of charge-

transfer that takes place upon excitation, essentially by determining the

extent of the overlap between the ground- and excited-state electron den-

sities. The index,ϕS, is found to be relatively insensitive to the type of orbital

employed, e.g. natural transition orbitals (NTO) vs. Kohn-Sham, is compu-

tationally cheap to calculate. The index can also be employed to assess the

failing of XCF functionals that are not range-corrected, so as to determine

the extent of any potential XCF failing.
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Ji et al.248 synthesized several boron-containing oligothiophene chro-

mophores, and employed TD-B3LYP in order to examine both the one-

and two-photon absorption behavior of the molecules. The simulated

one-photon absorption spectra are in good agreement with the experimental

data, and the calculated TPA spectra are found to be systematically over-

estimated by B3LYP. However, the calculated TPA trends between each

of the molecules studied were found to be reproduced qualitatively. In

another interesting study Arulmozhiraja et al.249 used TD-DFT and

SAC-CI to explain the strong UV-absorbance of Arsenicin A, a compound

with no formal π bonds. It was shown that the chromophore facilitated by

through-space and through-bond interactions between the lone pairs on the

arsenic and oxygen atoms and the σ-bonding framework of the molecule.

These destabilize occupied and stabilize unoccupied molecular orbitals thus

favoring the transitions.

6.7 Thermally activated delayed fluorescence (TADF)
Samanta et al.250 applied TD-DFT to the up-conversion intersystem

crossing (UISC) of 11 different organic emitting molecules that undergo

thermally activated delayed fluorescence (TADF). B3LYP was used to

optimize the ground state structures, and CAM-B3LYP was used to opti-

mize the excited state geometries. S1 and T2 states were optimized with

TD-DFT, and the T1 state was optimized with unrestricted DFT; the exci-

tation energies, however, were calculated with a tuned LC-ωPBE func-

tional. The spin-orbit couplings (SOC) between the singlet and triplet

states of interest were also calculated, and it is well established that the smaller

the energy difference between singlet and triplet states (ΔETS), the larger the

SOC, and ultimately the faster the rate of UISC. The study finds that ΔETS

cannot be reduced by simply extending the spatial separation between the

donor-acceptor regions within the molecule; instead, it is found that increas-

ing the CT character of the T1 results in a concomitant decrease in ΔETS. It

is also found that, if possible, the symmetry of the singlet and triplet states

needs to be different, which according to El Sayed’s rules results in an

increase in SOC.

Cai et al.251 employed TD-DFT with the BMK functional to tune

TADF of organic light emitting diodes (OLEDs). Four rate parameters

are identified as important for determining the crucial excited state lifetime

of TADF (τTADF); the rate of fluorescence (kF), the rate of intersystem cross-

ing (ISC, kISC), the rate of reverse ISC (RISC, kRISC), and the rate of
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internal conversion (IC, kIC). τTADF is required to be short for OLEDs to be

at their most efficient, and it is found that increasing kRISC has the most pro-

found effect in shortening τTADF, even when large values of kISC and small

values of kF are observed. It was also found that tuning the dihedral angles of

the molecule can decrease ΔEST; these factors are to be considered when

designing OLED candidate systems.

Gómez-Bombarelli et al.252 applied a high-throughput screen-

ing approach to target novel TADF OLED candidates. Ultimately

TD-B3LYP was employed to quantify the excited state properties of the

molecules of interest, finding that it performed well for calculating vertical

absorption. Improvement in the calculated values were not obtained though

usage of M06-2�, BHHLYP, LC-ωPBE0, CAM-B3LYP, or ωB97X-D
functionals, nor through employing the PCM implicit solvent model. It

was found that TD-B3LYP was incapable of accurately reproducing S1
PES as it overestimated the extent of the CT character of the excited state,

and UDFT was therefore employed to optimize the T1 state. It is unclear if

basis set choice was also considered for the calculations, as the 6-31G(d) basis

set used is lacking the diffuse functions generally required to model the

more diffuse excited state electron densities.

Valchanov et al.253 also examined TADF of a series of donor-bridge-

acceptor organic chromophores using the B3LYP and PBE0 functionals.

The absorption and emission spectra were simulated, and singlet-singlet

and singlet-triplet energy gaps were evaluated in order to determine the like-

lihood of (R)ISC processes. The authors find that the optical properties can

be significantly altered by varying any one of the following physical param-

eters; the spacer fragment used, the binding positions to it, and the structure/

elemental makeup of the donor and acceptor units. Chen et al.254 examined

TADF from a more fundamental perspective; that is, exploring the role of

nonadiabaticity in the observed RISC mechanisms. TD-BMK is employed

to explore some of the potential energy surfaces of some donor-acceptor

molecules.

Zhang et al.255 applied TD-DFT as a means to design anthraquinone-

based TADF emitters, based on the requirement for a system that exhibits

large fluorescence rates (kF) and small singlet-triplet energy gaps (ΔES-T).
In order to achieve these desirable qualities, the authors paired anthraqui-

none acceptor units with diphenylamine (DPA), bis(4-biphenyl)amine

(BBPA), 3,6-di-tert-butylcarbazole (DTC), and 9,9-dimethyl- 9,10-

dihydroacridine (DMAC) as the donor units, using phenyl rings as the bridg-

ing units. The authors found that increasing the distance between the
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acceptor/donors increased the rate of fluorescence without increasing the

ΔES-T, as is desirable. However, geometry optimizations of the molecules

on the S1 excited state found significant out-of-plane relaxation resulting

in a decrease in ΔES-T with a lower kF and an increase in radiationless inter-

nal processes. Predictions made with TD-DFT with respect to emission

peaks and photoluminescence quantum yield (Φ) were found to be in

good agreement with experimental observations, despite the fact the

B3LYP functional was employed for systems that exhibit significant

charge-transfer.

Walter et al.256 investigated the performance of TD-DFT and the semi-

empirical OM2257 method against spin-component scaled (SCS-) CC2 and

SCS-ADC(2) by application to perylene and perylene bisimide (PBI) dimer

aggregates. The functionals used were CAM-B3LYP, ωB97X-D, ωB97X,
LC- ωPBE, and LC-BLYP. The dimer aggregates are π-electron rich

systems, and a significant component of the stabilizing energy holding the

systems together is likely to arise from dispersion forces, however, no disper-

sion correction to any of the functionals was introduced so this effect has not

been studied. The study finds that the CAM-B3LYP and ωB97X-D func-

tionals give the best results for the perylene dimer, and for PBI the predicted

ordering of the excited states is found to be incorrect when calculated

with CAM-B3LYP. The ωB97X-D functional results were found to be

extremely sensitive to the monomer geometries of PBI, and this was attrib-

uted to near-degeneracies in the low-lying excited states. The long-range

corrected functionals were found to give qualitatively correct results but

overestimated the CT state energies. A combination of ωB97X-D mono-

mer geometry and ωB97X transition energies was found to provide an

accurate approach, and it was also found that tuning the ω parameter of

ωB97X-D to ω ¼ 0.25 yielded results similar to the ab initio methods.

However, the authors note that this approach needs to be further investi-

gated. The OM2 method was found to give poor results.

Huang et al.258 examine the HF exact-exchange dependence with

respect to the calculation of charge-transfer states in organic fluorophores

that could be employed in TADF. The authors highlight the importance

for the accurate prediction of singlet- and triplet-charge-transfer adiabatic

energies for assessment of a molecules potential and employ a range of

XCFs that incorporate different percentages of HF exchange, the most

extreme examples being BLYP (0% HF) to M06-HF (100% HF). All

the calculations point to a significant %HF dependency when describing

CT character.
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6.8 Fluorescence and quenching
Qian et al.259 used TD-DFT to gain insight into the suppression of Kasha’s

rule found in the fluorescent behavior of 8 derivatives of the BODIHY

chromophore. The PBE functional was chosen, and its suitability was deter-

mined by comparison of calculated low energy bands against experimental

absorption spectra, finding the predicted absorption maxima are within

approximately 5 nm of the experimental values, and the predicted intensities

are within approximately 10%. The PBE functional also correctly predicts

the observed blue-shift in absorption upon addition of ortho-methyl groups

and the observed red-shift upon addition of para-electron withdrawing

groups. TD-DFT calculations also find that the S1 state is not the first

observable transition in the experimental spectra, instead the absorption

maxima correspond to the S0 to S2 transition. It is also found that for the

highly fluorescent molecules, the S2 state is significantly higher in energy

than the S1 state, and the less fluorescent molecules have a smaller S1/S2
energy gap. The difference in the energy gaps is inversely correlated to

the efficiency of the S2/S1 internal conversion, the smaller the gap, the

greater the extent of internal conversion. As the S1 state is dark, this increase

in population will result in less fluorescence, as observed.

Escudero260 reviewed the oft-quoted mechanism for fluorescence

quenching in donor-acceptor molecules, photoinduced electron transfer

(PET). Escudero argues that PET is overused as a mechanism for fluorescence

quenching in fluorescent sensors/switches and employs TD-DFT and

multireference calculations to provide evidence for this. Instead of PET,

Escudero finds that enhancement of “dark” excited states, e.g. nπ∗ states,

are the most likely explanation, as they provide nonradiative pathways not

previously accessible in the “ON” state of the sensor/switch. TD-PBE0

was found to be capable of reproducing adiabatic PES of the lowest-lying

excited states and finds that multireference (CASPT2//CASSCF) calculations

are required for proper treatment of any higher states that may be relevant.

Shepard et al.261 used increasing halogen substitution to form high-spin

iron(II)-polypyridines complexes, in order to extend the excited-state life-

time of the metal-to-ligand charge-transfer (MLCT) excited states. The

study employs the APFD hybrid density functional, and the TD-DFT

calculations show that the low-lying states remain predominantly metal-

to-ligand, i.e. metal d-orbitals to ligand π∗-orbitals, in nature. It is also found
that the increased number of chlorine atoms does indeed increase theMLCT

lifetime, however, this evidence is obtained experimentally rather than

from the TD-DFT calculations.
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Nobusue et al.262 report the synthesis and physical properties of

tetracyclopenta[def,jkl,pqr,vwx]tetraphenylene (TCPTP), which is found

to potentially exhibit tetraradicaloid nature. Here, a combination of

CASSCF and TD-DFT, using either BHHLYP or LC-BLYP, were used

to study the structure and occupation of the LUMO and LUMO+1 of

the species. Imposing D2h symmetry on the structures results in the lowest

energy geometry with a relatively small diradical nature, whereas D4h sym-

metry resulted in a higher energy structure with a LUMO and LUMO+1

population (1.000 and 0.166, respectively) indicative of tetraradicaloid

character. TD-B3LYP was also employed, showing that it was possible

to decrease the energy of the HOMO-LUMO transition of TCPTP by

substituting extended conjugation onto the ring. Hu et al.263 studied the

tetraradicaloid nature of p-quinodimethane (p-QDM) units fused to either

a naphthalene or a benzene ring. DFT and TD-DFT calculations were used

to study the UV–vis absorption of the molecules as well as study the orbital

occupancies that would suggest polyradicaloid character of the species; in

this case, the tetraradicaloid character of the molecules was found to be very

small. However, different fusion modes of the p-QDM to the benzene/

naphthalene moieties had a pronounced effect on diradical characteristics.

Lou et al.264 note the advantages of using TD-DFT when exploring the

photochemistry of redox-responsive fluorescent probes for use in biological

systems. In particular, these complicated systems can give rise to experi-

mental data that can be difficult to rationalize; however, such experimen-

tal results can be used in conjunction with TD-DFT calculations to

determine the photophysical processes taking place, and therefore can well

describe the biological system of interest. As well as this, the biological pro-

bes are generally very large, and can incorporate heavy metals, for example,

selenium, and can therefore only feasibly be tackled with TD-DFT.

Daday et al.265 used a range of excited state methods, namely, TD-DFT

(CAM-B3LYP, LC-BLYP), CASPT2, NEVPT2, and QMC, with lower

level theories, i.e. static point charges (QM/MM), DFT embedding

(QM/DFT), and classical polarizable embedding through induced dipoles

(QM/MMpol), in order to determine which combinations of theory were

able to fully capture the complex photophysical behavior of the green

fluorescent protein (GFP), which is known to be dependent on its environ-

ment. The authors study the GFP in both its neutral and anionic form, find-

ing better agreement for the anionic form of the GFP compared to the

neutral species, which is found to exhibit greater sensitivity to the structure

of the environment. This sensitivity is demonstrated by the spread of
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excitation energies found for several different “frames” in the MD simula-

tions. It is also found that the QM/MM approach to the environment results

in a systematic blue-shift in excitation energies, and the QM/DFT approach

is also unable to provide results in good agreement with experiment. The

QM/MMpol approach, specifically the linear-response (polLR) approach,

results in a chromophore-protein resonance that leads to a red-shift in

excitation energy and subsequently more accurate excitation energies.

The TD-DFT energies were found to be blue-shifted relative to that of

CASPT2, although both sets of energies followed a similar trend with

respect to the lower-level approach to environment.

Wu et al.266 study the effect of aggregation on the absorption/emission

characteristics of three highly conjugated systems; 9,10-distyrylanthracene

(DSA), 2,3-dicyano-5,6-diphenylpyrazine (DCDPP), and cis,cis-1,2,3,4-

tetraphenyl- 1,3-butadiene (TPBD). Generally, it is found that upon

aggregation optical emission spectra will be red-shifted relative to the

solvent-phase species; however, the emission spectra of the three mole-

cules investigated in this study are found to undergo a blue-shift upon

aggregation. The authors employ a PCM model for solvent calculations

and a QM/MM approach in order to model the aggregate systems, using

the PBE0-D3 functional. The calculations find that the absorption behav-

ior of the molecules in both phases is largely the same; only the emission is

affected. This is found to arise from the fact that the molecules are unable

to fully relax in the aggregate phase compared to the solution phase,

resulting in a smaller Stokes’ shift and blue-shifted emission.

Adamska et al265 study a set of intriguing cycloparaphenylenes (CPP),

highly conjugated ring systems that exhibit a ring-size independency with

respect to absorbance maxima, and exhibit a ring-size dependency with

respect to extinction coefficient. Fluorescence of these molecules is also

found to be ring-size dependent, with a strong red-shift with respect to

ring-size. CAM-B3LYP was used in order to study the absorbance of 8 dif-

ferent sized CPP hoops, finding across all of the molecules studied that the

lowest energy transition results in a nodeless S1 state that is delocalized across

the entire structure which, due to the circular nature of the systems, results in

no net transition dipole. The S2 and S3 states are found to be degenerate in

even-numbered ring systems and quasi-degenerate in odd-numbered ring

systems; both states have nodes and therefore exhibit significant transition

dipole moments and therefore high spectroscopic absorbance. The increas-

ing absorbance with respect to ring size is attributed to the increase in con-

jugation found in such systems. The ring-size independency with respect to
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absorbance maxima is found to arise from the near-exact cancellation of two

competing effects. Increasing the ring size would result in a red-shift arising

from increased conjugation as well as a decrease in the splitting between the

S1 and S2/S3 states; however, increasing the ring size would also serve to

blue-shift the absorbance due to a decrease in favorable through-space

π-interactions (pseudo π-stacking) between neighbouring phenyl groups.

The authors also employ non-adiabatic dynamics simulations in order to

study the behavior of the molecules upon excitation, using PES generated

on-the-fly by TD-DFT. These calculations demonstrate that the fluores-

cence observed for the larger CPP systems is due to strong vibronic coupling

that results in a spatial localization of an exciton.

6.9 Other properties
Johnson et al.267 tackle the ability of DFT methods to accurately compute

both first-order hyperpolarizabilities (β) and absorption values, as large β
values give rise to efficient, high-bandwidth electro-optical devices and

therefore accurate modelling of these systems will allow for their optimiza-

tion. The authors focus on hybrid DFT functionals, i.e. those that incorpo-

rate some amount of HF exchange, finding that those with <50% HF

exchange were unable to accurately reproduce β values, whereas those with
>50% HF exchange provided better estimates of β with, however, signifi-

cantly blue-shifted absorbance energies. The authors suggest MP2 for β
calculations, and find that CAM-B3LYP and M06-2X were the most

successful of the functionals tested in terms of accuracy.

Pescitelli and Bruhn268 give a review on good practice toward the

computation of electronic circular dichroism spectra in molecules, and is

also reviewed by Longhi et al.269 Ferrer et al.270 discuss the approach to

first-principle simulation of vibrationally resolved absorption and emission

spectra that include temperature and solvent effects.

Rozzi et al.271 combined femtosecond spectroscopy and TD-DFT to

study the dynamics of a carotene-porphyrin-fullerene triad, in order to

examine quantum coherence effects that could be exploited in artificial pho-

tosynthesis. The Perdew-Zunger functional272 (PZ81) was employed which

uses the local density approximation (LDA), and should be suitable given the

lack of charge-transfer character exhibited by the excited states of interest.

The study finds that PZ81 was able to reproduce the Soret band and to some

extent the Q-band of the porphyrin, once the calculated spectrum was

red-shifted by 180 meV. The semi-classical dynamic simulations, where
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the nuclei are modelled as classical particles, find that almost complete

charge-flow from the porphyrin to the fullerene takes place in approxi-

mately 70 fs, in good agreement with the experimentally observed timescale.

In other studies, Santhanamoorthi et al.273 and Karthikeyan et al.274 used

B3LYP with the 6-31G(d) basis set in order to investigate the effects of dif-

ferent sensitizers on the absorption behavior of porphyrin-based dyes.

Guido et al.275 benchmarked the performance of the B3LYP, CAM-

B3LYP, and PBE0 functionals in determining relaxed gas- and solvent-

phase excited state geometries, compared to RI-CC2. The chromophores

chosen in the test set exhibit both nπ∗ and ππ∗ transitions, and PCM-

acetonitrile solvation is used. Adiabatic energies are not considered. The

B3LYP and PBE0 functionals are found to perform best for vertical excita-

tion energy and ground-state structure; however, CAM-B3LYP is found to

perform best for excited state geometries.

Sousa et al.276 coupled TD-DFT and CASSCF/CASPT2 to study the

ultrafast deactivation mechanism of [Fe(2,2-bipyridine)3]
2+. The TD-DFT

calculations with the PBE0 functional were used to calculate the geometries

and frequencies of the ground and excited states of the different spin states of

the complex, and CASPT2 calculations were used for the ultimate energy

comparisons and SOC computations. This combined approach suggests a

5-step deactivation process that involves singlet! triplet intersystem cross-

ing, triplet! triplet internal conversion, with a final triplet!quintuplet

intersystem crossing.

Cerezo et al.277 studied the issue of coordinate choice when modelling

vibrationally resolved absorption spectra. The excited state PES were con-

structed using the adiabatic (AH) and vertical Hessian (VH) models, with

internal coordinates and Cartesian coordinates used with AH. The study

finds that, when the S0!S1 transition results in significant geometric dis-

placement, Cartesian coordinates perform poorly for absorption spectra

due to being unable to cope with curvilinear displacements; using internal

coordinates alleviates this issue. The VH approach is found to generally give

good agreement between experimental and computed spectra independent

of the extent of relaxation in the excited state.

Long et al.278 designed a coumarin-based fluorescent probe capable of

detecting biological thiols. The initial compound is found to exhibit almost

no fluorescence in solution, and upon reaction with a thiol fluorescence

is switched on. B3LYP is used to determine the extent of the CT for the

different forms of the probe, finding that CT, and therefore fluorescence,

is inhibited in the non-thiol-reacted form. However, as B3LYP fails with

CT states it’s unclear to what extent this is true.
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Baiardi et al.279 present the implementation of a time-independent

model that can include Franck-Condon, Herzberg-Teller, and Duchinsky

effects280 in the simulation of vibrationally resolved absorption spectra.

The authors note the importance of simulating electronic transitions when

attempting to assign experimental spectra, but also highlight how, generally,

the simulation of spectra is limited to the simple fitting of a symmetric

Gaussian function to the absorption maximum. This in turn limits the

amount of information that can be extracted from the calculations and

can prevent them from truly complementing experimental results. The

authors therefore developed this vibronic model in order to enhance excited

state calculations. The BLYP functional was employed against a test set

of molecules that included anthracene, furan, phenyl radical, R,R-

dimethyloxirane, and coumarin 339. The resulting spectra exhibit signifi-

cant vibrational fine structure in good agreement with experimentally

obtained photoionization and absorption spectra.

Mitri et al.281 employed a QM/MD approach to simulating the absorp-

tion and emission spectrum of 4-naphthoyloxy-1-methoxy-2,2,6,6-

tetramethyl-piperidine (NfO-TEMPO-Me) in toluene; theMD calculations

were run for 3 ns, frames of which were used to build an average UV–vis
spectrum as calculated with CAM-B3LYP and PBE0. The MD approach

was employed due to the flexibility of the NfO-TEMPO system, which

can occupy a range of spectroscopically relevant equilibrium structures at

the temperature of 300 K. The calculations find good agreement with exper-

imental data, when comparing vertical excitation energies, Stoke’s shift, and

solvatochromic shifts.

Li et al. have applied TD-DFT to open-shell systems282–285 and to the

effect of solvent on the excited states of triphenylamine-thiadiazole (TPA-

NZP).286 In particular, for the open-shell systems, which often suffer from

spin-contamination issues, the spin-adapted (X-) TD-DFT method was

found to cope well and offer an increase in accuracy for doublet-doublet

and doublet-quartet transitions. In the case of TPA-NZP, the S0 geometries

were found to be solvent independent, and the S1 geometry was found to be

solvent dependent. The study also finds that increasing the solvent polarity

increases the amount ofCT in the S1 state. However, as the excited states were

computed with B3LYP, it is unclear to what extent the CT really dominates.

6.10 Assessment
TD-DFT methods are certainly the most widely used in photochemi-

cal studies as they offer the best compromise between accuracy and
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computational cost. They are also much simpler to use than the more accu-

rate multireference methods, which in turn require careful selection of

active space orbitals. The main applications of TD-DFT are in the predic-

tion of absorption and emission spectra, and their accuracy depends upon

the system and choice of functional (Table 3). As a general rule, systems

involving significant charge-transfer character require long-range corrected

functionals, but even these are not always sufficiently accurate. Owing to its

low cost, TD-DFT is also frequently used to study photochemical reaction

mechanisms such as excited state intermolecular proton transfer, photo-

initiation, and photoisomerization. Often it is able to qualitatively explain

experimental results, but does have failures and is rarely used for quantitative

studies. However, new developments such as Truhlar’s Dual-Functional

Tamm-Dancoff Approximation153 show enormous promise in raising the

accuracy of TD-DFT to that of equivalent multireference methods, but

at a fraction of the cost. At the other extreme, Grimme’s Simplified

Tamm-Dancoff Approximation has recently been shown to reproduce

standard TD-DFT at a fraction of the cost, allowing systems with 1000s

of atoms to be studied.154

7. Solvent and environmental effects

7.1 Continuum versus explicit solvent
Solvent effects can have profound influences on the excited state behavior,

which can be difficult to fully capture. Implicit solvent effects remain

popular; however, they will fail, when explicit solvent-solute bonding is

Table 3 TD-DFT summary.
Property Trends Quantitative

Nonlinear optical properties TD-HF TD-HFa

Absorption spectra Yesb Yesb

Fluorescence spectra Yesb Yesb

Photochemical mechanisms Sometimesb No

Quantitative photochemical Kinetics No No

aDepends on the system andwhether it is a first, second, third order hyperpolarizability, with higher order
polarizabilities modelled better than lower order ones.
bDepends on system and choice of functional. In particular, states involving charge transfer character need
to be treated with a long-range corrected functional, relaxed densities are needed for emission spectra and
modern functional with improved correlation/dispersion treatment tend to perform better.
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taking place. For example, hydrogen bonding of water to a carbonyl oxygen

will result in the blue-shift in the corresponding nπ∗ transition, due to

stabilisation of the nonbonding oxygen electrons, and implicit solvent

models will therefore be inherently inaccurate when considering such

an effect.

Including explicit solvent molecules can add to the cost of already expen-

sive calculations. To address this, Zhang et al.287 have implemented a local

excitation approximation (LEA) for CIS, TD-HF, and TD-DFT, in which

an optically active region (containing the chromophore) is defined in aQM/

MM, chromophore/solvent system. Using local excitation serves to truncate

excited state calculations as most of the explicit solvent molecules are not

considered. However, the method benefits relative to simply using the

polarizable continuum models (PCM), as important solvent-chromophore

interactions are still included. The LEA-TD-DFT implementation results

in a speedup of 6–10 times for calculations, compared with a standard

TD-DFT calculation for the same system. The LEA schemes for all three

of the testedmethods also show significant blue-shifting of the nπ∗ transition
observed for aqueous acetone, compared with gas-phase acetone, suggesting

the LEA scheme is correctly capturing explicit solvent-chromophore inter-

actions. However, no comparison to experimental data is provided, so it is

unclear if the LEA-TD approach is outperforming traditional PCM-TD

approaches.

Milanese et al.288 studied the convergence of excited state calculations

with respect to increasing the number of explicit water molecules solvating

four 1,4-diphenylbuta-1,3-diene derivatives in a full QM approach, from 0

to 400 water molecules, citing concerns with defining the QM/MM regions

as to why such a system was not used. TD-DFT and CIS methods are com-

pared with several basis sets (3-21G, 6-31G, 6-31G*, 6-31+G*), and the

emphasis is on the TD-(LC-)ωPBE results. The addition of polarization func-

tions, from 6-31G to 6-31G*, was found to have an insignificant effect on the
absorption spectra, however, increasing the size of the basis set, from 3-21G

to 6-31G, then to the 6-31+G* results in a concomitant decrease in the

HOMO-LUMO transition energy. The biggest change in transition energy,

for all basis sets with CIS and TD-DFT approaches, arises in approximately

the 0–100 water molecule regime. The authors note that CIS convergence

with respect to explicit solvation is faster than that of TD-DFT, and that

increasing the size of the basis set also results in faster convergence. Clearly,

however, there is a balance, between increasing the number of solvating mol-

ecules and increasing the basis set size, with respect to computational expense.
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Like that of Zhang,287 neither experimental nor PCM-TD absorption spectra

are included for comparison, so convergence with respect to physical rele-

vance/computational expense is not quantified. Such a comparison would

also allow for better estimation of the required size of a QM region of solvated

chromophore, and therefore whether a full QM, rather than a QM/MM,

treatment is required.

The contrast between implicit and explicit solvation is illustrated in

studies by Martı́nez-Fernández et al.289 and Szabla et al.290 of the absorption

properties of methylated cytosine derivatives. Martı́nez-Fernández et al. used

TD-CAM-B3LYP and CASPT2/MM to describe how the low-lying ππ1∗,
ππ2∗, nNπ∗, and nOπ∗ are vibronically coupled, and therefore population of

the dark states is possible. These states are then able to decay to the ground

state, and the excited state lifetimes are estimated using the CASPT2/MM

approach. However, Szabla et al. argued that the approach byMartı́nez-Fern-

ández et al. is insufficient to properly describe the experimentally observed

behavior of the cytosine/cytidine derivatives, as the CASPT2/MM calcula-

tions do not include any explicit solvent molecules in theQM region, and the

TD-DFT calculations utilize the nonexplicit PCM solvent model. In their

study, Szabla et al. find that microsolvation of the N1-methylcytosine by

two H2O molecules results in a dark, low-lying water-to-chromophore

charge transfer state, denoted nNπCT∗ , and significant destabilization of the

nOπ∗ state to approximately 3 eV above the CT state. Exploring the PES

of the nNπCT∗ state demonstrates the possibility for an electron-driven proton

transfer (EDPT), along the coordinate of which there is a conical intersection

between the S1 and S0 state, which forms a reactive hydroxyl anion that could

further react to form uracil derivatives.

Li et al.291 also studied the effect of explicit solvent molecules on the

absorption spectrum of cytosine, using a QM/MM approach. The structure

of the solute is determined using CASSCF, upon which CASPT2 vertical

excitation energies are calculated. The approach is found to blue-shift the

nπ∗ transitions, relative to values calculated with PCM, a result that is to

be expected as the inclusion of explicit solvent-solute hydrogen-bonds sta-

bilises the n-orbitals. There is also, however, significant deviation observed

for some of the ππ∗ transitions; this is likely due to the CASSCF calculated

geometries not being accurate enough. Spata andMatsika292 studied a conical

intersection in a 9-methyladenine homodimer, finding that, upon excitation

to a low-lying ππ∗ state significant charge-transfer takes place between the

two adenine species. Radiationless decay can also take place between

the S0 and S1 states, and higher energy excitations result in the population

of the dissociative part of the S0 PES.
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Fang and Kim293 used (MRPT2-)CASSCF to study the excited state

tautomerization of 7-azaindole complexed with a methanol molecule; the

tautomerization involves transfer of a hydrogen atom to the methanol mol-

ecule, before a subsequent H-transfer from the methanol to a neighboring

nitrogen atom. The rates of transfer were calculated with variational transi-

tion state theory, and it is also found that the integral equation formalism

PCM (IEFPCM) solvent model was not capable of reproducing the correct

energetics of the reaction.

Zuehlsdorff et al.294,295 have studied the effect of including explicit sol-

vent molecules on the simulated absorption properties of Nile Red and aliz-

arin. The study of alizarin used a QM/MM model (TD-PBE and

TD-CAM-B3LYP for the QM region) and found a relatively slow conver-

gence of absorption accuracy vs number of explicit solvent molecules, with

up to 380water molecules being required for accurate results. The slow con-

vergence was attributed to charge transfer to solvent molecules in the imme-

diate vicinity of the alizarin molecule, and long-range electrostatic effects of

the water molecules. The study of Nile Red found that the failure of implicit

solvent models to describe π-stacking andH-bonding interactions led to sig-

nificant deviations in calculated absorption peaks. The study also found that

the PBE functional systematically underestimated excitation energies, and

that CAM-B3LYP could be used to improve the results.

Chang et al.296 studied the photoprotection mechanism of p-methoxy

methylcinnamate, which was found to display increased radiationless decay

to the S0 state upon addition of water. CASPT2-corrected CASSCF calcu-

lations demonstrate that initial excitation is to a1ππ∗, which can undergo

either internal conversion to a1nπ state, or deactivation to the S0 state via

a conical intersection along the photoisomerization pathway. The H2O

explicit solvent molecule is found to stabilize the ππ∗ state and destabilise

the nπ∗ state, compared with the unsolvated species, resulting in an

increase in favorability for the photoisomerization deactivation pathway

to take place.

Charlton et al.297 used several flavors of the PBE functional including the

LC-ωPBE functional, the optimally tuned (OT-) LC-ωPBE, and the PBE

functional itself, to study the effect of including explicit, near-neighbour,

nitrogen-doped pentacene molecules around a single pentacene molecule.

The use of the long-range corrected functionals was to negate some of

the error associated with charge-transfer excited states, which were being

modeled. The study found that the explicit inclusion of the surrounding

molecules resulted in a red-shift in the S1 state, compared to values calculated

with a PCM solvent model.

261A comparison of methods for theoretical photochemistry



Marazzi et al.298 used TD-DFT and CASPT2 to calculate the electronic

properties of Nile red and Nile blue chromophores. The authors also

employed two types of geometry upon which vertical excitation energies

were calculated; that is, QM optimized S0 equilibrium structures, and

dynamic, explicitly solvated structures as calculated with MD. The dynamic

structures were found to give red-shifted energies compared with the static

structures and are in closer agreement with experimental data.

Mewes et al.299 reported the implementation and performance of a cor-

rection scheme for vertical excitation energies calculated with ADC(n) and

TD-DFT (LRC-ωPBE) in a PCM solvent environment, using a test set of

molecules mainly made up of nitroaromatic compounds. The correction is

possible with both linear-response (LR-PCM) and state-specific (SS-PCM)

PCM schemes. At best, the study finds that the correction scheme is able

to reproduce experimental solvent shifts, when the shifts arise from bulk

electrostatic interactions, with maximum absolute errors and mean absolute

deviations of 50 meV and 20–30 meV, respectively. The authors also find

that the success of LR-PCM vs SS-PCM is dependent on the extent of

orbital relaxation included in the excited-state calculation; methods that

do not include orbital relaxation, i.e., TD-DFT/ADC(1), performed best

with LR-PCM (essentially unrelaxed PCM), whereas higher-order

ADC(n) calculations performed best with SS-PCM.

Isborn et al.300 studied the issues when using TD-DFT with chromo-

phores explicitly solvated by water molecules to explore QM/MM calcula-

tions that often result in the spurious, low-energy solvent! chromophore

(or vice versa) charge-transfer states. These charge-transfer artefact states

are found to arise from so-called “edge” water molecules, molecules that

are hydrogen-bond unsaturated and therefore have high-lying HOMOs.

The effects of the edge waters are exacerbated by small basis sets, unoptimized

geometries, and when using functionals that do not contain any exact HF

exchange. However, the LC-ωPBEh functional, which is both long-range

corrected and incorporates 20% HF exchange, is found to reduce the impact

of the edge water molecules and gives low-energy excitations corresponding

to the optically relevant chromophore valence states.

7.2 Equilibrium versus nonequilibrium solvation
Molecules in their excited states are dynamic systems, exhibiting different phe-

nomena that take place over a range of timescales,301 and different compon-

ents of the model system exhibit different response timescales to each other.
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This gives rise to “nonequilibrium” solvation effects, in which the redistribu-

tion of electron density upon photon absorption is assumed to be faster than

solvent nuclei redistribution. Vertical excitation energies, i.e., the instanta-

neous redistributions of electron density, are therefore calculated using non-

equilibrium solvation, whereas relaxed properties, for example, excited state

geometry optimizations, are calculated using equilibrium solvation. In calcu-

lations including explicit solvent effects, nonequilibrium vertical excitation

energies are achieved simply by taking single-point energies. In continuum

solvent models this is generally achieved by separating the solvent response

into a dynamic component, which is relaxed alongside the new solute electron

density, and an inertial component, which is kept frozen in equilibrium with

the initial state of the molecule.302

Li303 provides a comprehensive overview of continuummodels for non-

equilibrium solvation. Generally, however, studies explicitly dealing with

nonequilibrium versus equilibrium solvation effects do so with respect to

comparing state-specific and linear-response formalisms for excited state

calculations.302,304–306

7.3 Other environmental effects
Chromophores involving lone pairs (e.g., on oxygen or nitrogen) undergo nπ*
transitions. These can be disrupted by protonating the lone pair through pH

changes. Likewise, if conjugated with a π system, the stability of the π and

π* orbitals can also change dramatically the protonation state of acidic

or basic functional groups. These pH effects can be studied conveniently

in silico by considering the charged and neutral forms. This approach can be

used in conjunction with experimental spectroscopic data to help ascertain

the protonation state of a species, particularly in environments (such as

enzymes)where direct titration is difficult.8 In a similar vein, complexationwith

Lewis acids has been shown to dramatically alter the photochemical behavior of

photoinitiators, blue shifting the nπ* excitations of type I photoinitiators,

methyl-40-(methylthio)-2-morpholinopropiophenone (MMMP) and 2,2-

dimethoxy-2-phenylacetophenone (DMPA), while concurrently red shifting

the ππ* transitions.10

Even when direct conjugation is not possible, the electrostatic effect

of charged functional groups can also influence the relative energies

of excited states due to their different polarities. Recently Hill and

Coote showed used TD-DFT that by including these charged functional

groups as nonconjugated substituents, simple pH changes can be used to
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selectively modify the relative energies (and even ordering) of the nπ* and

ππ* states of an acetophenone derivative.307 This proof-of-concept study

suggests significant opportunities to selectively tune photochemical

reactivity.

8. Conclusion

While photochemical processes are challenging to model using

computational methods, much progress has been made in this field over

recent years. Expensive multireference calculations remain the gold standard

for studying photochemical reactions, particularly on nonadiabatic surfaces

(Fig. 4). However, improvements to TD-DFT, such as long range correc-

tions, dispersion corrections and, most recently, the Dual-Functional

Tamm-Dancoff Approximation,153 has meant that are they are starting to

rival multireference in accuracy even for excited state potential energy

surfaces. More generally, TD-DFT has become routine for the prediction

of absorption and emission spectra, and in most cases provides qualitatively

if not quantitatively useful results. For large systems, the wavefunction

based TD-HF and CIS methods have traditionally been the only option,

providing useful predictions of nonlinear optical properties but generally

failing for other photochemical phenomena. However, the use of methods

based on localized orbitals (for correlated wavefunctions), and the Simplified

Tamm-Dancoff Approximation154 and TD-DFT155 has made it possible

to apply more accurate methods to increasingly larger systems. At the

same time the use of QM/MM methods have also made it possible to pro-

vide increasingly accurate treatments of solvent effects on photochemi-

cal processes without the prohibitive cost of including explicit solvent

molecules in the excited state QM treatment.

The value of these methodological improvements is evident in the wide

range of applications highlighted herein. Theory has proven extremely useful

in clarifying photochemical reaction mechanisms and, for example, showing

that targeting dark states sometimes provides more efficient reactivity.

Theoretical studies have helped to provide an insight into structure-reactivity

trends in a range of photochemical phenomena, in turn providing guidelines

for optimizing nonlinear optical properties, dye-sensitized solar cells, redox-

responsive fluorescent probes and visible light photoinitiators, among other

applications. Moreover, the recent demonstration of electrostatic tuning of

photochemical reactivity may open up yet further avenues for computational

design in this field.
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Núñez, R. Photoluminescence in Carborane–Stilbene Triads: A Structural, Spectro-
scopic, and Computational Study. Chem. A Eur. J. 2016, 22(38), 13588–13598.
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277. Cerezo, J.; Zúñiga, J.; Requena, A.; Ávila Ferrer, F. J.; Santoro, F. HarmonicModels in
Cartesian and Internal Coordinates to Simulate the Absorption Spectra of Carotenoids
at Finite Temperatures. J. Chem. Theory Comput. 2013, 9(11), 4947–4958.

278. Long, L.; Zhou, L.; Wang, L.; Meng, S.; Gong, A.; Du, F.; Zhang, C. A Coumarin-
Based Fluorescent Probe for Biological Thiols and Its Application for Living Cell Imag-
ing. Org. Biomol. Chem. 2013, 11(47), 8214.

279. Baiardi, A.; Bloino, J.; Barone, V. General Time Dependent Approach to Vibronic
Spectroscopy Including Franck–Condon, Herzberg–Teller, and Duschinsky Effect.
J. Chem. Theory Comput. 2013, 9(9), 4097–4115.

280. Small, G. J. Herzberg–Teller Vibronic Coupling and the Duschinsky Effect. J. Chem.
Phys. 1971, 54(8), 3300–3306.

281. De Mitri, N.; Monti, S.; Prampolini, G.; Barone, V. Absorption and Emission Spectra
of a Flexible Dye in Solution : A Computational Time-Dependent Approach. J. Chem.
Theory Comput. 2013, 9, 4507–4516.

282. Li, Z.; Suo, B.; Zhang, Y.; Xiao, Y.; Liu, W. Combining Spin-Adapted Open-Shell
TD-DFT With Spin—Orbit Coupling. Mol. Phys. 2013, 111(24), 3741–3755.

283. Li, Z.; Liu, W. Critical Assessment of TD-DFT for Excited States of Open-Shell
Systems: I. Doublet-Doublet Transitions. J. Chem. Theory Comput. 2016, 12(1),
238–260.

284. Li, Z.; Liu, W. Critical Assessment of Time-Dependent Density Functional Theory for
Excited States of Open-Shell Systems: II. Doublet-Quartet Transitions. J. Chem. Theory
Comput. 2016, 12, 2517–2527.

285. Suo, B.; Shen, K.; Li, Z.; Liu, W. Performance of TD-DFT for Excited States of
Open-Shell Transition Metal Compounds. J. Phys. Chem. A 2017, 121, 3929–3942.

286. Fan, D.; Yi, Y.; Li, Z.; Liu, W.; Peng, Q.; Shuai, Z. Solvent Effects on the Optical
Spectra and Excited-State Decay of Triphenylamine-Thiadiazole With Hybridized
Local Excitation and Intramolecular Charge Transfer. J. Phys. Chem. A 2015, 119,
5233–5240.

287. Zhang, C.; Yuan, D.; Guo, Y.; Li, S. Efficient Implementation of Local Excitation
Approximation for Treating Excited States of Molecules in Condensed Phase.
J. Chem. Theory Comput. 2014, 10(12), 5308–5317.

288. Milanese, J. M.; Provorse, M. R.; Alameda, E.; Isborn, C. M. Convergence of
Computed Aqueous Absorption Spectra With Explicit Quantum Mechanical Solvent.
J. Chem. Theory Comput. 2017, 13(5), 2159–2171.

289. Martı́nez-Fernández, L.; Pepino, A. J.; Segarra-Martı́, J.; Jovaišaitei, J.; Vaya, I.;
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