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ABSTRACT

The development of new technologies for conversion and storage
of solar energy is one of the grand challenges in this century for
replacing fossil fuels with renewable and clean energy resources.
Transition metal complexes (TMCs) are a class of materials that have
been considered for a long time as favorable photosensitizers for
solar cells such as dye-sensitized solar cells (DSSCs). Using low-cost,
earth-abundant, and environmentally friendly material-based is of
particular importance for large-scale production. Another group of
compounds are photoswitchable organic molecules that can capture
solar light, store it into the chemical bonds of metastable photoisomers,
and make it available on demand. To develop and design high efficient
materials in this regard, we need to have a profound knowledge
and understanding on the excited-state processes occurring upon
light absorption. Despite great advancements in ultrafast pump-probe
spectroscopy and scattering in recent years, our understanding is
restricted due to complexity and difficulty in the interpretation of
experimental results. This makes theoretical methods indispensable
tools to complement and design experiments.
In the first part of this thesis, we study excited-state photorelaxation
processes of the [Fe(bmip)2 ]2+ (bmicp = 2,6-bis(3-methyl-imidazole1-ylidine)-4-carboxy-pyridine) complex functionalized by carboxyl
(-COOH) groups by means of time-dependent density functional
theory (TD-DFT) and quantum dynamics simulations using a fourdimensional spin-vibronic model Hamiltonian in the presence of a
polar solvent. We discuss in detail the effects of the solvent on the
excited-state potential energy surfaces and population decay dynamics.
Understanding the role and effects of the solvent on the photoexcitation properties of TMCs is a great challenge both experimentally
and theoretically. We investigate the excited-state solvation structure
of several prototypical TMCs in explicit polar solvents in terms of
solute-solvent radial distribution functions (RDFs). In this study, we
assess the RDFs obtained from classical molecular dynamics simulations using different partial atomic charge methods. The results of
quantum mechanics/molecular mechanics (QM/MM) MD are used as
reference to find the best-performing partial atomic charge method for
providing reliable RDFs and information about the solvation structure
around TMCs. Moreover, the effects of different parameters on the
selection of partial atomic charge method are discussed.
The second part of this thesis is devoted to study of dihydroazulene/vinylheptafulvene (DHA/VHF) photoconversion with emphasize
on the photoinduced ring-opening reaction of a DHA photoswitch.
To this end, non-adiabatic trajectory surface hopping dynamics simulations and electronic structure calculations are employed. In this
study, we provide a detailed and comprehensive investigation on
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the mechanism of the DHA ring-opening reaction as well as S1 →
S0 internal conversion process toward formation of the VHF isomer.
In addition, we target an investigation of macrocyclic photoswitches
comprised of two DHA units and one azobenzene (AZB) unit. Here,
using TD-DFT calculations in solution, we study the effects of substitutions in the ortho positions of the AZB unit by halogen atoms on the
absorption spectra of the DHA/AZB macrocycles aimed to remove the
unfavorable overlap between absorption bands of the DHA and AZB
units. This separation is essential for a selective photoisomerization of
individual unit making these macrocyclic photoswitches suitable for
optical data storage applications.

R E S U M É

Udvikling af nye teknologier til konvertering og lagring af solenergi
som erstatning af fossile brændstoffer er en af de store udfordringer
for dette århundrede. Overgangsmetalkomplekser (engelsk, transition
metal complex, TMC) er en klasse af materialer, som i lang tid har
været betragtet som favorable foto-sensibilisatorer i farvestofsensibiliserede solceller (engelsk, dye-sensitized solar cell, DSSC). Brug af billige,
lettilgængelige og miljøvenlige materialer er af særlig betydning for
storskalaproduktion. En anden gruppe af kemiske forbindelser er fotoomskiftelige organiske molekyler, som kan fange sollys og lagre det i
kemiske bindinger i metastabile foto-isomerer, hvorfra det kan frigives
efter behov. Udvikling og design højeffektive materialer til disse formål
kræver dyb viden og forståelse af processer i foto-anslåede tilstande.
På trods af store fremskridt i ultrahurtig, tidsopløst spektroskopi og
spredning de senere år, er vores forståelse begrænset på grund af
kompleksitet og vanskeligheder med at fortolke eksperimentelle resultater. Derfor er teoretiske metoder et uundværlig supplement til
eksperimenter og design heraf.
I den første del af denne afhandling studerer vi relaksationsprocesser af foto-anslåede tilstande i [Fe(bmip)2 ]2+ (bmicp = 2,6-bis(3methyl-imidazole-1-ylidine)-4-carboxy-pyridine) funktionaliseret med
carboxyl-grupper (-COOH) ved brug af tidsafhængig tæthedsfunktionalteori (engelsk, time-dependent density functional theory, TDDFT) og kvantedynamiske simuleringer med en firdimensional spinvibronisk model-Hamilton-operator under indflydelse af et polært
solvent. Vi diskuterer i detaljer effekten af solventet på de anslåede
tilstandes potentiel-energi-flader og populationsdynamikker. Det er
en stor udfordring at forstå solventets rolle og indflydelse på de fotofysiske egenskaber af TMCer både eksperimentelt og teoretisk. Vi
udforsker solventstrukturen omkring adskillige prototypiske TMCer
ved brug af radiale fordelingsfunktioner (engelsk, radial distribution
function, RDF). Vi evaluerer RDFer beregnet ud fra klassisk molekyldynamiske (engelsk, molecular dynamics, MD) simuleringer ved brug af
forskellige metoder til beregning af partielle ladninger. Disse holdes op
mod resultater fundet ud fra kvantemekaniske/molekylærmekaniske
(engelsk, quantum mechanics/molecular mechanics, QM/MM) MD
simuleringer for at finde den bedste metode til at beskrive RDFer og
solventstrukturen omkring TMCer. Derudover diskuterer vi forskellige
parametres indflydelse på valget af metode.
Anden del af denne afhandling omhandler studiet af foto- omdannelsen dihydroazulen/vinylheptafulven (DHA/VHF) med fokus på
ringåbningsreaktionen af DHA. Vi anvender ikke-adiabatiske MD simuleringer og elektronstrukturberegninger. Vi foretager et detaljeret undersøgelse af mekanismen for ringåbningen af DHA samt overgangen
fra S1 til S0 på vej på dannelsen af VHF-isomeren. Derudover fore-
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tager vi en undersøgelse af makrocykliske foto-omskiftere bestående
af to DHA-enheder og en enhed af azobenzen (AZB). Ved brug af
TD-DFT og solvent-beregninger studerer vi effekten af substitutioner
i ortho-positionen af AZB-enheden med halogen-atomer på absorptionsspektret af makrocykliske DHA/AZB-forbindelser med henblik
på at fjerne det uhensigtsmæssige overlap mellem absorptionsbåndene
af DHA- og AZB-enhederne. Adskillelse af disse bånd er essentiel for
at opnå selektiv foto-isomerisering af individuelle enheder og dermed
at gøre disse makrocykliske foto-omskiftere egnet til datalagringsanvendelser.
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B. Møller, Mátyás Pápai, and Niels E. Henriksen. Your contributions
are countless not only to my scientific discipline but also to my life.
Klaus, I cannot find any word to really appreciate what you have
done for me during these years. I have learned so many priceless
things from you. I have learned how to learn, how to think, and how
to understand. I believe these are the keys to success in my life. I never
forget your impact on my life. Thank you very much for your trust in
me, for your support and encouragement, and for everything.
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1

INTRODUCTION

“If you want to find the secrets of the universe, think in terms of energy,
frequency and vibration.”
-Nikola Tesla

The growing global population and the need for technological advancements have led to a continuous growth in energy consumption.
Historically, an exponential energy boom was observed as a consequence of the Industrial Revolution, where new energy sources and
technologies were introduced. In 2012 the world’s primary energy
consumption reached an average rate of 16.3 terawatt (TW), in which
85% of that was obtained from fossil fuels. 1 It is estimated that by 2050
and 2100 the energy demand will reach 40 and 60 TW, respectively. 1
There is no doubt that mankind’s consumption of fossil fuels is an
unsustainable approach for obtaining energy. This results, for example,
in climate change, the biggest threat that we have been facing presently
impacting on our environment, health and livelihood. Therefore, it is
crucial to consider renewable energy resources since they offer a green
alternative to fossil fuels and do not ruin the resources of the Earth.
The Earth by receiving around 120,000 TW energy every year 2 , 4
orders of magnitude larger than our current demand (17.7 TW), makes
the solar energy one of the best alternatives as a renewable, abundant
and green energy source. Over the decades, great developments have
been achieved in solar cell technology for conversion of sunlight
into chemical energy. However, the large-scale application of solar
cells are limited by high price of materials for production and low
light conversion efficiency. This encourages scientists to provide more
efficient and economical friendly solar cells.
1.1

transition metal complexes as photosensitizers

One of the decisive achievements in solar energy conversion has
been obtained by Grätzel and co-workers 3 for the invention of dyesensitized solar cells (DSSCs). These cells are well-known for their
remarkably low cost and high efficiency compared to the traditional
silicon solar cells. At the heart of the DSSCs, photosensitizers play
a major role. A photosensitizer absorbs sunlight and promotes an
electron from the ground to an excited state. The excited electron will
be injected to the conduction band of a semiconductor, frequently
titanium dioxide (TiO2 ), and then transported to an external circuit
leading to a photocurrent.
An ideal photosensitizer should be able to fulfill some requirements
such as broadly absorb the solar light, showing long enough excitedstate lifetime, and quantum yield of unity for injection of electrons
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into the semiconductor. Ruthenium(II) polypyridine transition metal
complexes (TMCs), particularly the prototype one [Ru(bpy)3 ]2+ (bpy
= 2,20 -bipyridine), have been considered as favorable photosensitizers
since emerging of the DSSCs. In such TMCs, metal-to-ligand charge
transfer (MLCT) excited states by transferring an electron from a
d orbital of the metal to a π* of the ligand, lead to an intense absorption band and a key role in the electron injection process. Ru(II)
polypyridine TMCs possess long-lived MLCT states, usually several
µs depending on the ligand and solvent 4–6 . This is due to the fact
that these low-lying MLCT states are energetically well-separated
from deactivating metal centered (MC) states, originating from d-d
transitions. This hampers back electron transfer to the metal and thus
leads to an effective electron injection. Besides many advantages of
Ru(II) polypyridine TMCs as well as other compounds based on other
third-row TMCs like Re(I), Os(II), and Ir(III), they suffer from toxicity
and rarity of the metal making them unsuitable in an extensive application. This causes a continuous research to find inexpensive and
environmental friendly replacements.

[Fe(bpy)3]2+

[Fe(bmip)2]2+

𝝉MLCT = ∼0.1 ps (in H2O)

𝝉MLCT = ∼9 ps (in CH3CN)

[Fe(btbip)2]2+

𝝉MLCT = ∼0.3 ps (in CH3CN)

[Fe(bmicp)2]2+

𝝉MLCT = ∼18 ps (in CH3CN)

Figure 1: Illustration of the molecular structures of Fe(II) polypyridine derivatives and their MLCT lifetimes in H2 O and CH3 CN solutions.

Among the first-row earth-abundant TM elements, iron has attracted great attention. In contrast to [Ru(bpy)3 ]2+ , the MLCT lifetime of
[Fe(bpy)3 ]2+ is extremely short and the photoexcited electron relaxes
to the MC states within ∼100 fs. 7–9 This is due to the significantly
smaller ligand field splitting, i.e., smaller gap between t2g and eg molecular orbitals of the metal, compared to the Ru(II). Typically, in TMCs
containing second- and third-row metal elements, large ligand field
splitting causes that the MC states are energetically higher than the
MLCT states. Using the fact that manipulation of ligands can modify
this splitting, Wärnmark and coworkers 10–12 employed strongly σdonating N-heterocyclic carbene (NHC) ligands to destabilize the
MC states. The [Fe(bmip)2 ]2+ (bmip = 2,6-bis(3-methyl-imidazole-

1.1 transition metal complexes as photosensitizers

1-ylidine)-pyridine) complex has been shown to exhibit MLCT lifetime of ∼9 ps in CH3 CN, which is a remarkable improvement over
[Fe(bpy)3 ]2+ . 10 However, functionalization of the ligands with 3-tertbutyl (t-Bu), an electron donating group, leads to stabilization of the
MC states and an MLCT liftime of ∼300 fs in CH3 CN. 10 Attachment
of [Fe(bmip)2 ]2+ to TiO2 using carboxylic acid anchoring groups has
revealed a quantum yield of 92% for the injection of electrons and
a lifetime of 18 ps for the MLCT state in CH3 CN. 11 Figure 1 shows
some of the studied Fe(II)-NHC complexes with their measured MLCT
lifetimes in the group of Wärnmark.
Upon photoexcitation, ultrafast radiationless decay processes such
as internal conversion (IC), intersystem crossing (ISC) and intramolecular vibrational redistribution (IVR) occur on the fs-ps time scale. To
explore such ultrafast processes, pump-probe techniques have been
employed. Although, a lot of advancements have been achieved in
recent years in this field like using high-harmonic generation or Xray free electron lasers for probing, the interpretation of such experiments are still complex and difficult. Theoretical approaches have been
emerged and developed to take us to the subatomic world of atoms
and molecules and show how they react with each other and possibly
with light and extend our grasp. The aforementioned experimental
studies indeed indicate that we are on the right track towards developing new abundant, nontoxic and inexpensive photosensitizer and solar
energy converting devices. To follow this route, a deep understating
and knowledge of the photorelaxation mechanism of these TMCs is
essential. For example, knowing how a minor ligand structural change
(e.g. functionalization) can readily alter the MLCT lifetime. The first
part of this thesis will be devoted to study of COOH-functionalized
[Fe(bmip)2 ]2+ complex by means of quantum dynamics simulations
and quantum chemistry calculations to get a profound understating
of the photorelaxation mechanism and the effects of functionalization
and solvent.
Many excited-state chemical processes take place in solution. The
experiments have demonstrated that the excited-state properties can
be strongly altered in the presence of solvent leading to considerable changes in relaxation rates and products. 13 It has been a great
challenge both experimentally and theoretically to study and understand the role and effects of solvent on excited-state photophysical
and photochemical properties of TMCs. This encourages us to take
this challenge and investigate the excited-state solvation structure
of several prototypical TMCs including [Ru(bpy)3 ]2+ , [Fe(bpy)3 ]2+ ,
[Fe(bmip)2 ]2+ and [Cu(phen)2 ]+ (phen=1,10-phenanthroline) in H2 O
and CH3 CN solvents. For this purpose, we employ electronic structure methods, classical molecular dynamics (MD) simulations and
quantum mechanical/molecular mechanical (QM/MM) molecular
dynamics simulations.
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Figure 2: Schematic representation of the photoinduced DHA ring-opening
reaction and thermal VHF cis-trans isomerization.

1.2

molecular photoswitchable materials

Among the several methods that have been established for sunlight
conversion, the strategy for conversion and storage of solar energy into
the chemical bonds of metastable photoisomers has attracted considerable interest for a long time. Organic molecular photoswitches owing
to light-induced isomerization from a low-energy to a high-energy
metastable isomer have been considered as promising candidates for
closed-cycle solar heat batteries. 14 Dihydroazulene/vinylheptafulvene
(DHA/VHF), introduced by Daub et al. 15 , is one of the encouraging
molecular photoswitches for harvesting, storage and release solar energy. The DHA/VHF molecular switch has been of great interest in
recent years. 16–20 The maximum light absorption of the DHA and
VHF molecules are at 350 and 470 nm, respectively, without spectral
overlap. While conversion of DHA to VHF is induced by light, the
VHF-to-DHA back-reaction takes place thermally not photochemically
and the stored energy releases by an external trigger on demand.
Therefore, the thermal back-reaction should be slow (i.e., a long VHF
lifetime) to store the energy for a notable time. So far, a timescale of a
day has been reported in solution. 20
Upon photoexcitation of the DHA molecule to the lowest-lying
singlet excited state, a high quantum yield ring-opening reaction occurs. 21–24 The photoexcited molecule undergoes an internal conversion
process through a conical intersection and relaxes to the ground state
leading to formation of the metastable s-cis-VHF. The s-cis-VHF isomer
can either reform the DHA molecule via the thermal back-reaction
(ring-closure) or be transformed to the metastable s-trans-VHF isomer
through a thermal cis-trans isomerization process (see Figure 2).
The photoinduced ring-opening reaction is of particular importance
since it initiates the entire DHA/VHF photoconversion process. Therefore, to understand and more importantly control this reaction, it is
crucial to get detailed and exhaustive knowledge about the mechanism of this reaction. In the second part of the thesis, the excited-state
mechanism of the DHA ring-opening reaction will be investigated.
To this end, we employ non-adiabatic excited-state trajectory dynamics simulations to explore the dynamical aspects of this reaction and
electronic structure calculations to obtain the excited-state potential
energy surface (PES).
Macrocyclic photoswitchable molecules consisting of covalently
linked several chromophores offer a possibility to control accessibil-
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Figure 3: Schematic representation of trans-AZB-DHA-DHA to cis-AZB-VHFVHF photoisomerization.

ity to particular building blocks. Molecules comprised of DHAs and
azobenzene (AZB) photoswitches have been recently synthesized and
shown great potential as a candidate for application in optical data
storage devices and solar energy harvesting. 25 Upon light irritation
at 365 nm, in addition to the DHA ring-opening reaction and DHAto-VHF conversion, trans to cis isomerization of AZB takes place (see
Figure 3). Through this photoisomerization different isomeric forms
of these macrocycles can be accessed. Being able to excite photoswitchable molecules selectively is of special importance for controlling their
photophysical and photochemical properties. For the case of macrocyclic DHA/AZB photoswitches, unfavorable overlap between the
absorption spectra of DHA and trans-AZB together with trans- and
cis-AZB, restrict a thorough light control to each individual building
units. It has been shown that para and, in particular, ortho substitutions
of AZB molecule by halogen atoms lead to a significant separation
of n → π ∗ absorption maxima of cis- and trans-AZB isomers. Having
this strategy in mind, we investigate computationally the impact of
halogen substitutions in the ortho positions of the AZB unit on the absorption spectra of the macrocycles to provide a detailed information
and a guideline for designing new and highly controllable materials. To do so, we first evaluate the performance of different explicit
and implicit solvation models to find the best-performing model for
including properly the solvent effects in the absorption spectra of
the macrocycles. Thereafter, using the chosen solvation model, we
perform systematic electronic structure calculations to obtain the best
substitutions for the separation of the bands.
The ultimate goal of this thesis is to unravel the atomistic mechanisms behind the light energy conversion processes and pave the
way for rational design of chemical compounds to address grand
challenges in solar energy conversion and storage.
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METHODS

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you
are. If it doesn’t agree with experiment, it’s wrong.”
-Richard P. Feynman

In this chapter, we will briefly discuss the theoretical background
of the methods that are widely employed in this thesis. In the first
section, the quantum chemistry methods, for describing the electronic
structure of the considered systems in this work, are covered. These
methods are applied to find equilibrium molecular structures and
molecular properties. In the second section, we will present different
approaches used for the description of nuclear dynamics.
2.1

the molecular schr ödinger equation

In 1926, Erwin Schrödinger developed his well-known equation to
describe atoms and molecules at a subatomic level. The differential
time-dependent Schrödinger equation (TDSE) is introduced to provide
information about a quantum system evolving in time:
∂
Ψ(R, r, t) = Ĥ (R, r )Ψ(R, r, t)
(1)
∂t
where Ψ(R, r, t) is a mathematical function depending on the coordinates of nuclei (R), electrons (r), and time (t). The Ψ(R, r, t) is called
molecular wavefunction that is the solution of the TDSE and contains
all information about the system. The square of the wavefunction gives
us a probability density of finding the particles (electrons and nuclei)
at the positions described by R and r at time t. The non-relativistic
time-independent molecular Hamiltonian Ĥ (R, r ) is a mathematical
operator that contains the kinetic energy operator for each particle and
the potential energy operator describing the Coulombic interaction
between all particles:
ih̄

Ĥ (R, r ) = −

h̄2
2me

Ne

1

Nnu

∑ ∇2i − 2 ∑
i

α

h̄2 2 Ne Ne
e2
∇α + ∑ ∑
Mα
4πe0 |ri − r j |
i j >i

Ne Nnu
(2)
Zα Zβ e2
Zα e2
−
∑ 4πe0 |Rα − Rβ | ∑ ∑ 4πe0 |ri − Rα |
β>α
i α

Nnu Nnu

+∑
α

= T̂e (r ) + T̂nu (R) + V̂e-e (r ) + V̂nu-nu (R) + V̂e-nu (R, r )
where Mα and Zα are the mass and atomic number of the αth nucleus,
me is the mass of electron, and ∇2 is a scalar operator called Laplace
operator and defined as:

∇2 =

6

∂2
∂2
∂2
+
+
= ∇·∇
∂x2
∂y2
∂z2

∇=(

∂ ∂ ∂
, , )
∂x ∂y ∂z

(3)

2.1 the molecular schr ödinger equation

The first and second terms in eqn (2) are the kinetic energy operators
for the electrons and nuclei, respectively. The potential energy operators in terms of electron-electron repulsion (V̂e-e ), nuclear-nuclear
repulsion (V̂nu-nu ) and electron-nuclear attraction (V̂e-nu ) are expressed
as the third, fourth and last terms.
The TDSE can be solved by the method of separation of variables. 26
In this method, a particular wavefunction is written as a product of
spatial wavefunction and temporal part:
Ψ(x, t) = ψ(x)T (t)

(4)

x = (R, r )

Rewriting the TDSE in terms of eqn (4) and dividing by ψ(x)T (t)
results in:
ih̄

∂
T (t) = ET (t)
∂t

(5)

and
(6)

Ĥ (x)ψE (x) = EψE (x)

Eqn (6) is an eigenvalue equation and known as the time-independent
Schrödinger equation (TISE) in which E (energy) and ψE (x) are, respectively, the eigenvalue and eigenfunction. Therefore, E is a discrete
value obtained by acting with the operator Ĥ (x) on the eigenfunction
ψE (x). Solving eqn (5), the time-dependent part, and inserting into
eqn (4) yields:


−i
Ψ(x, t) = ψE (x)T (0) exp
Et
(7)
h̄
where T (0) is a constant and can be absorbed into ψE (x). The square
of Ψ(x, t) gives the probability density:

|Ψ(x, t)|2 =

−i
ψE (x) exp
Et
h̄


!∗

−i
Et
ψE (x) exp
h̄


!

= |ψE (x)|2
(8)

This equation shows that there is no time dependence in the probability
density and therefore Ψ(x, t) is unable to describe the motion. In this
regard, Ψ(x, t) is called a stationary-state wavefunction. This is due to
the fact that eqn (7) is a particular solution of the TDSE and one has
to make it general by a linear combination of particular solutions:


−i
Ψ(x, t) = ∑ c j ψEj (x) exp
Ej t
(9)
h̄
j
Writing the probability density for eqn (9) leads to appearance of
interference terms between the particular solutions, which is a consequence of superposition of eigenfunctions with different eigenvalues:
a wavepacket. As a result, in order to have a time-dependent probability
and also other time-dependent physical observables like position and
momentum, a wavepacket is crucial. 26
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2.2

born-oppenheimer approximation

As can be seen from eqn (2), the motions of the particles (electrons
and nuclei) are correlated through the potential energy operators. This
makes the solution to the molecular Schrödinger equation problematic and impractical for many-body systems. This problem can be
overcome by applying the Born-Oppenheimer (BO) approximation,
which exploits the large difference between the mass of electron and
nuclei. 27 The BO approximation enables us to separate the electronic
problem and solve it for a set of fixed nuclei. By applying the BO
approximation to the molecular Hamiltonian (eqn (2)), V̂nu-nu (R) and
T̂nu (R) become constant and zero, respectively, and gives us:
(10)

Ĥe (r; R) = T̂e (r ) + V̂ (r; R)

The semicolon indicates that the Hamiltonian depends on the nucleusnucleus and electron-nucleus distances and not on the absolute nuclear
positions. In other words, it depends parametrically on the nuclear
positions. The Hamiltonian in eq (10) is called electronic Hamiltonian
(also known as the clamped nucleus Hamiltonian). Acting with the
electronic Hamiltonian in the TISE, results in the electronic adiabatic
energies (including Vnu-nu ) and stationary electronic eigenfunctions:
(11)

Ĥe (r; R)ψn (r; R) = Vn (R)ψn (r; R)

Solving the electronic TISE (eqn (11)) for a set of fixed nuclear configurations leads to formation of a potential energy surface (PES).
Utilizing the Born-Huang ansatz, we can expand the (exact) molecular wavefunction in a complete set of electronic eigenfunctions,
ψn (r; R):
Ψ(R, r, t) =

∞

∑ χn (R, t)ψn (r; R)

(12)

n

where χ(R, t) are the time-dependent expansion coefficients, which
are functions of the nuclear coordinates (R). Inserting eqn (12) into
the TDSE (eqn (1)) gives: 28
ih̄

∂
∂t

∞

∞

n

n

∑ χn (R, t)ψn (r; R) = T̂nu (R) ∑ χn (R, t)ψn (r; R)+
∞

Ĥe (r; R) ∑ χn (R, t)ψn (r; R)
n

(13)

2.2 born-oppenheimer approximation

2

Nnu

using the T̂nu (R) = − h̄2 ∑
α

rewritten as:
ih̄

∂
∂t

∞

1
Mα ∇ α

∑ χn (R, t)ψn (r; R) = −
n

2 Nnu

h̄
2×
2

∑
α

· ∇α expression, eqn (13) can be

h̄2
2

Nnu ∞

h̄
2

∑ ∑ χn (R, t) Mα ∇2α ψn (r; R)−

1

∑ ∑ Mα ∇2α χn (R, t)ψn (r; R)−

α n
2 Nnu ∞

1

n

α

i
1 h ∞
∇
χ
(
R,
t
)
·
∇
ψ
(
r;
R
)
+
α n
α n
Mα ∑
n

(14)

∞

Ĥe (r; R) ∑ χn (R, t)ψn (r; R)
n

∗ (r; R)
ψm

and then left multiplication by
(or hψm (r; R)|), integration
over electronic coordinates and using the orthonormality property of
ψn (r; R) yields:
ih̄

h̄2
∂
χm (R, t) = −
∂t
2

Nnu

2 Nnu ∞

h̄
2
Nnu

∑
α

∑
α

1 2
∇ χm (R, t)−
Mα α

1

∑ ∑ χn (R, t) hψm (r; R)| Mα ∇2α |ψn (r; R)i −
n

α

2

i
h̄ h ∞
∇α χn (R, t) · hψm (r; R)| ∇α |ψn (r; R)i +
∑
Mα n

(15)

∞

r; R) |ψn (r; R)i
∑ χm (R, t) |hψm (r; R)| Ĥe ({z
}
m

Vn δnm

We may rewrite eqn (15) as:
∂
h̄2
ih̄ χm (R, t) = −
∂t
2

Nnu ∞

∑ ∑ χn (R, t)
α

n

"

hψm (r; R)|

1 2
∇ |ψn (r; R)i +
Mα α
#

1
∇α |ψn (r; R)i · ∇α +
Mα
h
i
T̂nu (R) + Vm (R) χm (R, t)

2 h(ψm (r; R)|

(16)
Eqn (16) can be expressed in matrix notation:
h
i
∂
ih̄ χ(R, t) = T̂nu (R)1 + V (R)1 − Λ χ(R, t)
(17)
∂t
Off-diagonal elements of the Λ matrix are the non-adiabatic scalar
couplings, Gmn , and non-adiabatic derivative coupling vector, F mn :
"
Nnu
h̄2
1 2
Λmn = ∑
hψm (r; R)|
∇ |ψn (r; R)i +
2
Mα α
α
|
{z
}

Gmn

1
h̄ h(ψm (r; R)|
∇α |ψn (r; R)i ·∇α
Mα
|
{z
}
2

F mn

#

(18)
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These non-adiabatic couplings are responsible for radiationless electronic transitions such as IC between adiabatic states. In the BO approximation, it is exploited that the nuclear motion is very slow with
respect to the electronic one and therefore there is no considerable
coupling between their motions. This leads to the situation that the
non-adiabatic couplings in eqn (18) are completely neglected and all
states are decoupled from one another. Furthermore, since the adiabatic derivative terms, the on-diagonal elements of the Λ matrix, are
normally very small compared to the the adiabatic potential energy,
they are also ignored. We can now rewrite eqn (17) within the BO
approximation framework:

ih̄

h
i
∂
χ(R, t) = T̂nu (R)1 + V (R)1 χ(R, t)
∂t

(19)

Here, we refer to χ(R, t) as the time-dependent nuclear wavefunction,
which is the solution to eqn (19). The Hamiltonian contains the V (R)
term that provides a PES for moving the nuclei with kinetic energy
T̂nu (R).
2.3

electronic structure methods

2.3.1 Hartree-Fock Theory
The electronic TISE in eqn (11) within the BO approximation can be
solved analytically only for one-electron systems such as hydrogen
and hydrogen-like ions. For many-electron systems there is no analytical solution and one has to rely on numerical solutions. There are two
well-known methods for solving the TISE of many-electron systems:
wavefunction-based methods and density-based methods. A remarkable simplification can be introduced to the electronic TISE by the
independent-particle model. In this model, each electron moves in an
average field due to the other electrons. This enables us to decompose
the total electronic wavefunction as a product of one-electron wavefunctions or molecular orbitals (MOs), known as a Hartree product.
Each unknown MO is built as a linear combination of known atomic
orbitals (AOs):
φµ (r ) =

∑ Cµk µk (r)

(20)

k

where Cµ are the MO coefficients and need to be optimized variationally to provide the best set of MOs. The MOs are dependent on
the spatial orbitals and their arrangements on one of the two spin
functions (spin up and spin down). A product of a spatial orbital
and a spin function is known as spin-orbitals. Since the electrons are
fermion particles (spin of 12 ), the total electronic wavefunction has to
be antisymmetric meaning that upon exchanging the coordinates of
any two electrons, the sign of the wavefunction must be changed. The
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antisymmetry of the wavefunction can be satisfied by expressing the
electronic wavefunction as a Slater determinant:

ΦSD

φ1 (r1 ) φ2 (r1 ) φ3 (r1 ) · · · φN (r1 )
φ1 (r2 ) φ2 (r2 ) φ3 (r2 ) · · · φN (r2 )
1
=√
..
..
..
..
..
.
N!
.
.
.
.
φ1 (r N ) φ2 (r N ) φ3 (r N ) · · · φN (r N )

(21)

where the columns and the rows represent, respectively, the spinorbitals and the electronic coordinates for a system with N electrons
and N spin-orbitals. The energy of the Slater determinant can be
minimized variationally by optimizing the MOs within the HartreeFock (HF) method:
fˆi φi = ε i φi

(22)

where ε i are the MO energies. fˆi is the Fock operator and defined as:
fˆi = T̂e,i + V̂e-nu,i + V̂iHF

(23)

Here, the first term is the kinetic energy operator of the ith electron,
V̂e-nu,i describes the attractive forces between the ith electron and
the nuclei, and V̂iHF is the average potential between the ith electron
and the other electrons. The HF potential operator can be expressed
as the Coulomb operator, describing repulsive electron-electron interactions, and the exchange operator, expressing exchange electron
interactions due to the Pauli principle. The HF method is the simplest
wavefunction-based method that approximates the correlation between
electrons by the average electron-electron interactions. An improvement to the HF method in the description of electron correlation
can be achieved by adding more Slater determinants leading to multideterminant or electron correlation methods. Density functional theory
(DFT) is another approach, which recovers the electron correlation
based on a functional of the electron density.
2.3.2

Density Functional Theory

The central idea of DFT is using the density of electrons to describe a
quantum state rather than calculating the wavefunction. For a system
with N electrons, the electron density of the ground state wavefunction,
which is a single Slater determinant of MOs, can be obtained by:
ρ (r ) =

Ne

Ne

i =1

i =1

∑ ρi (r ) = 2 ∑ |φi (r )|2

(24)

Using the electron density instead of wavefunction in fact reduces
the variables numbers from 4N (3 spatial and 1 spin coordinates for
each electron) to only 3 spatial coordinates. Now, we may write the
ground-state DFT electronic energy as a functional of the electron
density, ρ(r ):
EDFT [ρ(r )] = T [ρ(r )] + Ee-nu [ρ(r )] + J [ρ(r )] + EXC [ρ(r )]
|
{z
}
Ee-e [ρ(r )]

(25)
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The Ee-nu [ρ(r )] and J [ρ(r )] functionals are the nuclear-electron attraction energy and Coulomb part of the electron-electron repulsion
energy, Ee-e [ρ(r )]. These two terms are known and defined as:
Nnu

Ee-nu [ρ(r )] = − ∑

Z

α

1
J [ρ(r )] =
2

Z Z

Zα
ρ(r )dr
|r − Rα |

ρ(r1 )ρ(r2 )
dr1 dr2
| r1 − r2 |

(26)

(27)

The first and last terms in eqn (25) are, respectively, the kinetic energy
of the electrons and exchange-correlation (XC) functional describing
the exchange and correlation interaction energy between electrons.
Kohn and Sham suggested to calculate the exact kinetic energy for a
fictitious system with non-interacting electrons, which is described by
a single Slater determinant of MOs, and has the same electron density
as the real system of interacting electrons. 29 The non-interacting kinetic
energy is given as:
TS [{φi }] = −

1 Ne
2 i∑
=1

Z

φi∗ (r )∇ri φi (r )dr

(28)

Unfortunately, the exact XC functional is not known and in fact, it is
the main purpose of KS-DFT to develop approximate XC functionals
as accurate as possible. This leads to the rise of many levels of approximations for XC functionals (known as ”the functional zoo”). If the XC
functional is only dependent on the electron density itself, this results
in the so-called local-density approximation (LDA). Dependency on
the gradient of the electron density and Laplacian of the electron
density (or the orbital kinetic energy density) leads to the so-called
generalised-gradient approximation (GGA) and meta-GGA functionals, respectively. By including exact exchange from the HF method
into the KS-DFT XC functional, we can construct hybrid functionals:
EXC [ρ(r )] = aEXHF + (1 − a) EXKS-DFT + ECKS-DFT

(29)

where a is a constant value enabling us to control the fraction of
HF-exchange. KS-DFT has been routinely applied in a wide-range
of ground-state chemical problems due to its reasonable accuracy
and computational efficiency. Throughout this thesis, we use three
hybrid functionals including B3LYP* 30 , M06 31 , and CAM-B3LYP 32 for
the geometry optimizations, calculations of molecular properties and
computing PESs. The B3LYP* functional is the same as B3LYP but
with 15% exact HF exchange and the M06 functional is a meta-hybrid
GGA functional that has 27% exact HF exchange. The CAM-B3LYP
functional is a hybrid long-range corrected functional that applies 19%
and 65% HF for the exchange interaction in the short- and long-range
regions, respectively.
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2.3.3

Time-Dependent Kohn-Sham Density Functional Theory

The main purpose of this thesis is to study excited-state properties.
To do so, we need a robust and efficient method. Time-dependent KSDFT (TD-KS-DFT) is a common tool to study excited-state phenomena.
Here, we concentrate on TD-KS-DFT in the weak-perturbation regime. In this theory, we calculate the linear response (LR) of a system
perturbed by a weak external electric field. The LR problem can be
expressed as an eigenvalue problem: 33

" #

" #
~X
~X
A B
1 0
=
ω
(30)
∗
∗
~Y
B A
0 −1 ~
Y
Solving eqn (30) for a given excited state results in pairs of eigenvalues
(±ω) for the excitation and de-excitation energies and the ~
Y
X and ~
eigenvectors for the transition amplitudes. The A and B matrices are
defined by:


Aijab = (ε a − ε i )δij δab + φi φa φj φb + φi φa f XC φj φb
(31)

Bijab = (φi φa |φb φj ) + (φi φa | f XC |φb φj )

(32)

where the subscripts (i and j) and superscripts (a and b) denote, respectively, occupied and unoccupied
orbitals, ε are the corresponding

MO energies, and φi φa φj φb are the two-electron integrals. f XC is the
XC kernel given as:
f XC =

δ2 EXC
δρ(r1 )δρ(r2 )

(33)

We can apply the Tamm-Dancoff approximation (TDA) to the nonHermitian eqn (30) in order to simplify it to a Hermitian problem by
setting the matrix elements of B (de-excitation part) to zero:
A~
X = ω~
X

(34)

Diagonalization of the A matrix in the TDA gives us the excitation
energies (eigenvalues) and the corresponding transition amplitudes
(eigenvectors) expressed in singly excited Slater determinants.
TD-KS-DFT has been extensively applied throughout this thesis for
computing excited-state PESs in Publication 2 and for calculations
of excitation energies and oscillator strengths to simulate absorption
spectra in Publication 4. Another area that we use TD-KS-DFT is in
on-the-fly non-adiabatic molecular dynamics simulations for providing the potential energies of excited states, energy gradients, and
describing interstate couplings (see Publication 3). TD-KS-DFT has
been shown good performance in non-adiabatic dynamics simulations as long as the system stays in the excited states. As soon as
the system approaches the ground state and undergoes an internal
conversion process, the problem of describing multiconfigurational
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character of the electronic states arises. In such situation, the ground
state cannot be described properly by a single Slater determinant and
thus TD-KS-DFT fails. 34 The solution to this problem lies in use of
multiconfigurational methods.
2.3.4

Complete Active Space Self-Consistent Field

In contrast to single-determinant methods like HF and DFT, the wavefunction in multiconfigurational methods is described by a linear
combination of several Slater determinants: 33
rs
ψ = a0 Φ0 + ∑ ∑ ari Φri + ∑ ∑ ars
ij Φij +
i

r

i < j r <s

∑ ∑

rst
arst
ijk Φijk + ... (35)

i < j<k r <s<t

The reference (first term) is the HF Slater determinant and many Slater
determinants that are singly, doubly, triply, etc. excited are constructed
relative to the reference. This approach is called configuration interaction (CI). Note that, here both the MOs and expansion coefficients a
are optimized variationally. The exact wavefunction and solution to
the TISE can be obtained by including all possible excitations in the
expansion leading to full CI. However, this is practically only possible
for very small systems and for making this method applicable for
many-body systems, a truncation in the expansion needs to be applied. Complete active space self-consistent field (CASSCF) provides
a possibility to have full expansion for a selected set of orbitals (the
active space), i.e., all possible excitations within these orbitals. The
bottleneck of this approach is the selection of the active space, which
requires more chemical intuition and knowledge of the molecular
system than ”black box” methods, like DFT. CASSCF is the most-used
multiconfigurational method for characterizing the excited-ground
state crossing region and conical intersections. It should be noted that
the lack of dynamic electronic correlation effects, due to the instant
correlation between electrons sitting close to each other 33 in CASSCF
may lead to some problems. We have observed one of the common
consequences of lack of these effects in our calculations resulting in
wrong excited-state ordering in the Franck-Condon (FC) region and
in poor quantitatively description of the DHA ring-opening reaction
yield (see Publication 3).
2.3.5

Solvation Models

To describe the role and effects of solvents on molecular properties
and chemical reactions, we may offer two general approaches based
on the way of introducing solvent molecules: in an explicit and implicit way. In explicit models, the solute is surrounded by a number of
solvent molecules and the interaction between all solute-solvent pairs
is considered explicitly. In this thesis, we employ explicit model for
several purposes. In Publication 1, we use this model for describing
solvation structure around the solute. In Publications 2 and 4, it applies for inclusion of vibrational sampling of the solute in calculating
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the electronically excited-state properties. For these two purposes,
collecting enough number of uncorrelated thermally-sampled solute
and solvent configurations is necessary. In addition, in Publication 2,
the explicit solvent model is used for studying the solvent relaxation
dynamics following excitation. Three most-used methods that enable
us to treat solvent explicitly are classical MD, ab initio MD (AIMD) and
hybrid quantum mechanics/molecular mechanics (QM/MM) MD simulations. In these approaches, the nuclear motion is treated classically
by Newton’s equations of motion. But, they differ in the way of obtaining the forces between the atoms. While in classical MD simulations,
we utilize a set of predetermined empirical parameters (the so-called
force fields) for the forces, in AIMD, “on the fly” ab initio calculations
provide them at each simulation time step. In QM/MM computations,
the entire system is divided into two parts that are described at QM
and MM levels of theory, respectively. Here, the forces for the QM and
MM parts are, respectively, obtained from ab initio calculations and a
force field. In the case of studying solvent effects, usually the solute is
in the QM region and solvent molecules are in the MM part. Explicit
methods are typically time consuming and need more user effort to
setup the calculations. However, if we are interested in studying the
solvent structure and dynamics around the solute, there is no alternative to explicit models. In order to study the solvation structure, we
calculate solute-solvent radial distribution functions (RDFs), which are
powerful tools to characterize the solvent structure around the solute
and evaluation of X-ray scattering signals. RDF or g(r ) presents the
probability of finding an atom in a shell of thickness dr at a distance
r from a reference atom. The RDF is calculated based on the bulk
or isotropic density, ρiso , (=total number of atoms/volume) and the
average local density, ρ(r ):
g (r ) =

ρ (r )
1 h N (r, dr )i
=
ρiso
ρiso 4πr2 dr

(36)

where h N (r, dr )i is the average number of atoms in the shell (between
r and dr) over all snapshots and 4πr2 dr is the volume of the shell.
In implicit models, solvents are structureless and approximated by
a polarizable medium characterized by the dielectric constant of the
solvent. The polarizable continuum model (PCM) is a widely known
implicit solvent model implemented in most quantum chemistry programs. Compared to QM/MM approaches, in which the total energy
of entire system is the sum of the QM energy of solute, the MM energy of solvent, and the interaction energy between them, in PCM,
we neglect the energy of the solvent and approximate the interaction
energy by a polarizable continuum dielectric model. The ultimate aim
here is to solve the electronic TISE for a system interacting with the
solvent to acquire energies of isolated molecule and the interaction: 35
h
i
Ĥe0 (r; R) + Ĥeint ψ(r; R) = V (R)ψ(r; R)
(37)
Here, the molecular electronic Hamiltonian is the sum of the Hamiltonian of isolated molecule in vacuo, Ĥe0 , and the Hamiltonian for its
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electrostatic interaction with the medium, Ĥeint . In PCM, a cavity is
built around the solute according to the molecular van der Waals
(vdW) surface. The apparent surface charge (ASC) are then placed on
the surface of the molecular cavity (ASC model). Ĥint describes the
solute-solvent electrostatic interactions in terms of the ASCs and the
solute charge distribution. In the actual practical implementation of
PCM, the cavity surface is divided into very small surface elements
known as tesserae. The apparent charges placed at the center of these
tesserae are obtained by solving this matrix equation:
q = −KΦESP

(38)

where q carries the apparent charges for each tesserae. K is a square
matrix with a dimension of the number of tesserae, dependent on the
geometrical parameters using to define the cavity and the solvent static
dielectric constant. ΦESP is the electrostatic potential of the solute at the
positions of tesserae. The apparent charges and the solute electrostatic
energy are calculated self-consistently so that the solute and solvent
are mutually polarized. The obtained apparent charges are inserted
into the electronic Hamiltonian (eqn (37)) to include the polarizable
electrostatic effect of the solvent, approximated by the continuum
dielectric medium, and correct the electronic energy of the solute.
For the cases that the solvent effects on the electronic energy are
dominated by polarization effects, PCM with an average representation of the solvent is a reliable replacement for the explicit solvent
molecules and reduces the computational cost, significantly. In Publications 2 and 4, we have shown the accuracy and efficiency of PCM in the
energy stabilization of excited states and prediction of the absorption
spectra, respectively.
2.4

nuclear dynamics methods

The major part of this thesis deals with describing the dynamics of
the nuclei on the PESs. In this section, we will discuss three different
flavors for the nuclear dynamics that we employ in this work including
classical, quantum, and mixed quantum-classical dynamics. They
differ from way of obtaining the forces and treatment of the nuclei.
In classical dynamics, the nuclei are treated classically and the forces
are obtained from a force field, while in mixed quantum-classical, the
forces are computed by quantum chemistry calculations and the nuclei
are moved classically. In full quantum dynamics, the nuclei and the
forces are described both quantum mechanically.
2.4.1

Classical Nuclear Dynamics

In classical mechanics, the forces (F) acting on nuclei are derived from
integration of Newton’s second law:
Fα = Mα

d 2 Rα
= −∇V (R)
dt2

(39)
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where V (R) is the potential energy. In classical MD simulations, the
potential energy is computed based on the evaluation of a potential
function using a force field:
V (R ) =

∑

bonds

k r (r − r0 )2 +

∑

angles
atoms

∑

k θ (θ − θ0 )2 + ∑ k φ (1 + cos(nφ − δ))+
dih

"
4eij

i< j

 σ 12
ij

rij

−

 σ 6
ij

rij

atoms

#

+

∑
i< j

qi q j
4πε o rij
(40)

The first three terms are called bonded terms describing, respectively,
the required energy to distort a molecule by altering bonds, angles,
and dihedrals from the equilibrium state and kr , k θ , and k φ are the
corresponding force constants. The last two terms are responsible
for non-bonded interaction energies between two atoms described
by Lennard-Jones (LJ) and electrostatic potentials, respectively. All
parameters in the potential energy function are collected in a force
field and have to be predetermined either from experimental data or
high-level ab initio calculations. In this work, we utilize classical MD
simulations, in Publication 1, to characterize the solvation structure
around a (frozen) solute in the ground and excited states, and in
Publication 2 for including vibrational sampling of the solute in the
calculated excited-state PESs and studying the excited-state solvent
relaxation dynamics. The available force fields are developed for the
ground-state simulations and as excited-state simulations are desired,
reparameterization is essential. In the case of studying the solvation
structure of polar solvents, the solute-solvent electrostatic interactions
have the main contribution in the potential energy function. As seen
from eqn (40), partial atomic charges (qi and q j ) play an important
role in this term. This enables us to design an approximate excited-state
force field by introducing excited-state solute partial atomic charges
into the electrostatic term. We note that in polar solvents like H2 O and
CH3 CN, using the ground-state LJ parameters for the excited-state
simulations do not cause a significant error in the potential energy
function. 35
2.4.2
2.4.2.1

Quantum Nuclear Dynamics
Diabatic Representation

Eqn (17) allows us to solve the TDSE for the nuclear dynamics on
the adiabatic or BO potentials (V (R)) obtained from solution to the
TISE for the electrons at different nuclear configurations. The nonadiabatic derivative coupling in eqn (16) can be also written in terms
of electronic energies: 28

F mn = hψm (r; R)| ∇R |ψn (r; R)i =

hψm (r; R)| ∇R Ĥe |ψn (r; R)i
Vn (R) − Vm (R)
(41)
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This expression shows an inverse relation between the magnitude of
non-adiabatic coupling elements and the energy difference between
the electronic states. Therefore, larger energy gap between the electronic states leads to a weaker non-adiabatic coupling and stronger
validity of the BO approximation. However, when two states approach
each other like in an avoided crossing or conical intersection regions,
the coupling elements become significant and the adiabatic states may
switch their character. Note that in the adiabatic representation, the
electronic states are ordered based on their energies. In such situation,
the energy gap is very small or even zero (degenerate states) and
thus non-adiabatic derivative coupling becomes singular, i.e., the denominator in eqn (41) goes to zero. From a numerical computational
point of view, this singularity is problematic and can be overcome by
a transformation from the adiabatic to a so-called (quasi)diabatic electronic basis. In a diabatic representation, the electronic wavefunction is
expressed in terms of the fixed internuclear coordinates at some point,
ψ(r; R0 ). This leads to transformation of kinetic-like coupling terms
(∇ and ∇2 in eqn (16)) in the adiabatic representation to potential-like
terms in the diabatic basis. 36 In diabatic representations, the PESs are
smooth and assigned based on their character throughout the whole
nuclear space. We may now rewrite the TDSE (eqn (17)) in the diabatic
representation in matrix form as:
h
i
∂
ih̄ χd (R, t) = T̂nu (R)1 + W (R) χd (R, t)
(42)
∂t
where W (R) is the matrix of diabatic potentials and χd (R, t) is the
diabatic nuclear wavefunction obtained by a unitary matrix transformation U (R) of the adiabatic wavefunction:
χd (R, t) = U (R)χad (R, t)

(43)

2.4.2.2 Vibronic Coupling Hamiltonian
The vibronic coupling Hamiltonian is basically a diabatic description
of the potentials around a point of interest, for example the FC point.
This model Hamiltonian was introduced first by Köppel et al. 37 and
has been successfully applied to different systems to describe the
nuclear dynamics in bound electronic states and in the presence of
vibronic (non-adiabatic) couplings. 38 The diabatic matrix Hamiltonian
in eqn (42) can be written as the sum of the nuclear kinetic energy
operator and the diabatic potential energy matrix:


H (Q) = Tnu (Q)1 + V 0 (Q)1 + W (Q)
(44)
where
Tnu (Q) =

∑−
α

ωα0 ∂2
2 ∂Q2α

(45)

and
V 0 (Q) =

∑
α

ωα0 2
Q
2 α

(46)
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Here, the vector Q is an array of dimensionless (mass-frequency scaled)
normal coordinates and 1 is the unity matrix. Eqns (45) and (46)
express the ground state harmonic oscillator approximation with
the vibrational frequencies ωα0 . The W (Q) is a square matrix with
dimension of number of electronic states expressing the changes in
the diabatic potentials with respect to V 0 (Q). Taylor expansion of
the diabatic potential matrix around the FC point, Q = 0, gives a
description of diabatic states (n and m) in terms of electronic ondiagonal and off-diagonal elements:
W nn (Q) = W (nn) (Q)|Q=0 + ∑(

+

W nm (Q) =

∑(
α

1
0
(ωα,β
+
2∑
α,β

∂W (nn) (Q)
)|Q=0 Qα
∂Qα

α
2
(
nn
∂ W ) (Q)

∂Qα Q β

(47)

|Q=0 ) Qα Q β + ...

1
∂2 W (nm) (Q)
∂W (nm) (Q)
)|Q=0 Qα + ∑(
)|Q=0 Qα Q β + ...
∂Qα
2 α,β
∂Qα Q β
(48)

In eqn (47), the first term, W nn (Q), contains adiabatic state energies
since in the diabatic potential matrix at the FC point, the diabatic and
adiabatic states are chosen to be identical. The expansion coefficients
in the first order term are called καn and are the gradients showing the
forces on the diabatic potentials, while in the second order term they
represent the differences in the vibrational frequencies with respect to
ωα0 and are called γαn . With the on-diagonal elements of the diabatic
potential matrix in eqn (47), we can characterize the diabatic potentials.
Here is an example for one-dimensional cuts through a PES:
1
n
Vαn,d = En + καn Qα + (ωα0 + γαα
) Q2α
2

(49)

The κα term plays an important role in constructing the diabatic potentials in shifting the minimum with respect to the ground-state
minimum in the harmonic approximation. This shift can be characterize as follows:
∂Vαn,d
n
= καn + (ωα0 + γαα
) Qα
∂Qα

(50)

and using the fact that at a minimum, the gradient is zero:
καn
= − Qα,min
n )
(ωα0 + γαα

(51)

We can now rewrite eqn (49) in a harmonic-like form:
Vαn,d =



2 
1 0
(καn )2
n
ωα + γαα
(52)
Qα − Qα,min + En −
n )
2
2(ωα0 + γαα

The effect of the expansion coefficient κα can be seen from the relative
displacement of the diabatic excited-state potentials in Publication 2.
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In eqn (48), the first and second order off-diagonal elements are called
(nm)
(nm)
λα
and µα , which are responsible for the non-adiabatic couplings
between the two states. Applying only the linear coupling terms,
(nm)
καn and λα , results in the so-called linear vibronic coupling (LVC)
model. Note that high-order terms (third, fourth etc.) are important to
include in the expansion if the potential energy curves are anharmonic.
The linear on- and off-diagonal terms are defined as:
καn = ψn (Q)

∂ Ĥe n
ψ (Q ) | Q=0
∂Qα

n
λnm
α = ψ (Q)

∂ Ĥe m
ψ (Q ) | Q=0
∂Qα

(53)

(54)

The adiabatic potential energy matrix, VR can be obtained by diagonalization of the diabatic vibronic coupling Hamiltonian matrix. The
expansion coefficients (coupling constants) are optimized through a
least squares fit of the model in order to obtain the best fit to reproduce
adiabatic PESs obtained from quantum chemistry calculations along
each normal mode. This technique is often known as diabatization
by ansatz. 39 The vibronic coupling model Hamiltonian can be extended by inclusion of spin-orbit coupling (SOC) between different spin
manifolds to form the spin-vibronic model Hamiltonian:


H (Q) = Tnu (Q)1 + V 0 (Q)1 + W (Q) + S (Q)
(55)
where S (Q) is a matrix containing SOC matrix elements. Note that
in our study, the SOC matrix elements are only calculated at the FC
point and the same values are used for all geometries along the PESs.
Symmetry plays an important role and provide a simple way,
without need of calculating integrals in eqns (53) and (54), to find
non-zero linear terms and reduction of parameters in the model
Hamiltonian. We can show that the linear terms are non-zero if they
fulfill this condition: 36,37
Γn ⊗ Γα ⊗ Γm ⊃ Γ A

(56)

where Γn , Γm and Γα are the symmetries of the states n and m and the
corresponding normal mode α, respectively. Γ A is the totally symmetric
irreducible representation of the molecular point group symmetry.
According to this rule, only the totally symmetric modes lead to
non-vanishing linear intrastate parameters (καn ) and only the modes
with symmetry of Γn ⊗ Γm can lead to non-vanishing linear interstate
(nm)
couplings (λα ).
Performing quantum dynamics with many nuclear degrees of freedom (DOFs) is still impractical. The vibronic coupling model Hamiltonian can confine the motion of nuclei within only a few number of
vibrational modes. However, this needs some knowledge about the
system and the process under study for identifying the most important modes. The magnitude of linear couplings can be also utilized to
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realize the importance of modes in the dynamics. The mode selection
is the bottleneck of using this model Hamiltonian and can affect the
dynamics results, for example, accurate description of effects like IVR.
In Publication 2, we employ a spin-vibronic model Hamiltonian to
study the excited-state dynamics of COOH-functionalized [Fe(bmip)2 ]2+
complex. This model Hamiltonian is suitable for our study since photoinduced charge transfer and photorelaxation processes occur in the
FC region. In this model, we include four important vibrational modes
that drive the nuclear dynamics: two low-frequency tuning modes,
responsible for the largest structural distortions and two coupling
modes responsible for the non-adiabatic coupling and population
transfer between excited states. In this work, the solvent effects on the
population decay dynamics are considered by deriving the Hamiltonian using the non-equilibrium PCM, i.e. only fast response of the
solvent is taking into account. In the non-equilibrium regime only
electronic solvent charges (fast response) are polarized by excited-state
electron density of the solute, while orientational solvent charges are
relaxed to the ground-state solute electron density. The influence of the
solvent relaxation on the dynamics is also studied by considering these
effects on the excited-state potentials. Note that in this study, dynamical solvent effects on the solute dynamics are not considered, which
require to include the solvent vibrational modes in the Hamiltonian.
2.4.2.3

Multiconfiguration Time-Dependent Hartree

The multiconfiguration time-dependent Hartree (MCTDH) method 40–42
is a general and efficient algorithm to solve the TDSE associated with
the model Hamiltonian for multidimensional dynamical systems using wavepacket propagation. For a system with f nuclear DOFs, the
MCTDH wavefunction is written as a linear combination of Hartree
products of time-dependent basis functions, known as single particle
functions (SPFs):
χ ( Q1 , . . . , Q f , t ) =

S1

∑

j1 =1

Sf

...

∑

j f =1

f

A j1 ... j f (t) ∏ ξ jα ( Qα , t)
(α)

(57)

α =1

where A j1 ... j f (t) are time-dependent expansion coefficients. The summations in eqn (57) run over the number of SPFs describing the wavepacket in an individual electronic state for a given nuclear DOF. The
SPFs can be further expanded as a superposition of time-independent
one-dimensional primitive basis functions:
(α)

ξ jα ( Qα , t) =
(α)

Pα

∑ ak

k =1

(α)
j

(α)

(t)Θk j ( Qα )

(58)

where Θk j , in our study, are harmonic oscillator (HO) basis functions.
Eqn (57) can be extended to systems with more than one electronic
state using different set of SPFs for each electronic state, leading to
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the multi-set formulation. In the multi-set formulation, the MCTDH
wavefunction is expanded in a set of electronic states:
Ns

χ(Q, t) =

∑ χ(Q, t)(n) |ni

(59)

n =1

where the sum runs over all electronic states and χ(Q, t)(n) is expanded as eqn (57). One of the important and useful features of the
MCTDH method is the possibility to control the degree of accuracy of
the calculations by changing the number of SPFs. In Publication 2, we
use MCTDH wavepacket propagation to study non-adiabatic excitedstate dynamics of COOH-functionalized [Fe(bmip)2 ]2+ complex employing a 4-dimensional diabatic spin-vibronic model Hamiltonian, as
presented in section 2.4.2.2.
2.4.3

Mixed Quantum-Classical Nuclear Dynamics

2.4.3.1 Trajectory Surface Hopping
Treating all nuclear DOFs of large molecular systems in quantum
dynamics is unrealistic since it suffers from an exponential scaling
of computational time with the number of DOFs. An alternative approach is AIMD or mixed quantum-classical dynamics where nuclei
are propagated based on the Newtonian classical equations of motion
on the PESs computed quantum mechanically by the TISE. To obtain
the forces acting on the nuclei, the electronic energy gradients need to
be calculated only for the position of the nuclei at time t (see eqn (39)).
This locality of the nuclei makes use of on-the-fly calculations for the
necessary electronic-structure properties at each nuclear configuration.
On-the-fly trajectory surface hopping (TSH) 43–47 is one of the successful methods for the non-adiabatic mixed quantum-classical dynamics
(non-adiabatic AIMD). In TSH, the nuclei are propagated classically
on a single adiabatic (BO) potential and electrons are propagated
quantum mechanically according to the TDSE. In this method, the
nuclear wavepacket is approximated by a swarm of independent classical trajectories. Note that, since in TSH, a classical trajectory cannot
split like wavepacket in quantum dynamics, an ensemble of many
trajectories are needed to mimic wavepacket splitting. The electronic
wavefunction is given as a linear combination of electronic basis states,
Ns :
Ns

ψ(r; R̄, t) =

∑ cn (t)φn (r; R̄(t))

(60)

n =1

where, R̄ are the classical nuclear coordinates. We introduce the electronic TDSE as:
ih̄

∂
ψ(r; R̄, t) = Ĥe (r; R̄)ψ(r; R̄, t)
∂t

(61)
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By substituting eqn (60) into eqn (61), the time evolution of the electronic wavefunction coefficients can be obtained: 43
ih̄

Ns n
o
∂cm
= − ∑ Hmn − ih̄F mn · v cn
∂t
n =1

(62)

where
Hmn = hφm (r; R̄(t))| Ĥe |φn (r; R̄(t))i

(63)

F mn = hφm (r; R̄(t))| ∇R̄ |φn (r; R̄(t))i

(64)

and

Here, Hmn are the Hamiltonian matrix elements, F mn denotes the nonadiabatic coupling vector between states m and n (see eqns (16) and
(41)), and v is the nuclear velocity vector. When the system reaches
the region of crossing and two adiabatic potentials need to exchange
their character, in TSH a hop can take place from the running state
(the active state) to the other, according to the magnitude of hopping
probability and the random number. The Tully’s fewest switches is the
most common approach for calculating hopping probabilities. This
method ensures that the number of hopping events are minimized. At
each nuclear dynamics time step, ∆t, the population in each electronic
state is monitored by the absolute square of the electronic coefficient,
and when the population of the active state decreases, the hopping
probabilities to the other states are calculated by: 43

Pm→n =

n
i
o
2∆t
∗
∗
Re
c
(
t
)
c
(
t
)
H
+
F
·
v
mn
mn
m
n
c∗m (t)c∗n (t)
h̄

(65)

If the computed hopping probability is smaller than the random
number, generated from an uniform distribution between 0 and 1, the
trajectory allows to hop to another state. After the hop, the nuclear
velocities are adjusted to conserve the total energy of the system.
Calculation of non-adiabatic coupling vectors is one of the timeconsuming parts of the TSH simulations. An alternative way is to use
the wavefunction overlaps between two time steps within the local
diabatization procedure. 48 In this approach, the electronic coefficients
are propagated as follows: transformation from the adiabatic basis to
the locally diabatic basis using the exponential propagator matrix P
and propagation, and then back transformation to the new adiabatic
basis using the overlap matrix S (see Ref. 45 for details):
S†

c(t)ad −
→ c(t + ∆t)ld −→ c(t + ∆t)ad
P

(66)

In contrast to eqn (62), in this procedure the calculation of nonadiabatic coupling vectors is not required, which makes more quantum
chemical methods applicable to TSH. Furthermore, using local diabatization makes the propagation numerically much more stable. Using
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the adiabatic coefficients at both time steps, c(t) and c(t + ∆t), the
hopping probability can be rewritten as: 45

Pm→n =

1−

+ ∆t)|2

|cm (t
|cm (t)|2

!



∗ c∗ (t)
Re cn (t + ∆t) Pnm
m


∗ c∗ (t)
|cm (t)|2 − Re cm (t + ∆t) Pmm
m

(67)

In TSH, the electronic populations, obtained from the coefficients, of
all states follow the gradient of the active state. On the other hand,
in quantum dynamics, the population of each state is controlled by
the gradient of the given state. This results in an improper treatment
of quantum coherence between the electronic states, making TSH
overcoherent and a decoherence correction must be applied. In this
work, we use an energy-based decoherence correction scheme. 49
In this thesis, we employ non-adiabatic excited-state TSH dynamics
simulations for the DHA ring-opening reaction using the Surface
Hopping including ARbitrary Couplings (SHARC) Rev 2.0 program
package 47 (see Publication 3). We refer the interested reader to Refs.
45 and 47 for further discussion and work equations.
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“A theory is something nobody believes, except the person who made it. An
experiment is something everybody believes, except the person who made it.”
-Albert Einstein

3.1

publication 1
Excited-state solvation structure of transition metal
complexes from molecular dynamics simulations and
assessment of partial atomic charge methods
Mostafa Abedi, Gianluca Levi, Diana B. Zederkof, Niels E.
Henriksen, Mátyás Pápai, and Klaus B. Møller

Phys. Chem. Chem. Phys., 2019, 21, 4082–4095
Contribution: performing the electronic structure calculations and
classical molecular dynamics simulations, collecting and analyzing
the results, and writing the manuscript.
The difficulties in understanding solvent effects on excited-state photophysical and photochemical properties of TMCs from experimental
features make the role of theoretical tools more decisive. The purpose
of this work is to develop a fast and simple approach using classical
MD simulations, as discussed in sections 2.3.5 and 2.4.1, for providing
excited-state solvation structure around a TMC with accuracy close
to computationally more expensive QM/MM MD simulations. The
important role of electrostatic interactions in the description of (polar) solvent configurations gives us the idea to design an approximate
excited-state force field by introducing excited-state partial atomic
charges of the solute. These charges can be obtained from electronic
structure calculations.
In this study, we have found that using partial atomic charge methods such as ChelpG/RESP or CM5 in classical MD simulations leads to
reliable solute-solvent RDFs compared to QM/MM MD and provide
valuable information about the solvation structure. In these methods,
partial atomic charges are obtained through a fitting procedure to
reproduce a real physical observable like molecular electrostatic potential or dipole moments. Furthermore, the calculations have shown that
the selection of a suitable partial atomic charge method can be affected
by the coordination number of the metal, denticity of the ligands, and
type of solvent.
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In summary, the main message of this work is that in order to
characterize the solvation structure around TMCs, it might not always
be necessary to employ high-level simulations such as QM/MM MD or
ab initio MD and it can be achieved readily by classical MD simulations
with appropriate solute partial atomic charges. The results of this
investigation can be applied to assist interpretation of experimental
scattering data. The chosen partial atomic charge method was also
used for Publication 2 to account for solvent effects on excited-state
PESs.
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publication 2
Theoretical Evidence of Solvent-Mediated Excited-State
Dynamics in a Functionalized Iron Sensitizer
Mátyás Pápai, Mostafa Abedi, Gianluca Levi, Elisa Biasin,
Martin M. Nielsen, and Klaus B. Møller

J. Phys. Chem. C, 2019, 123, 2056–2065
Contribution: participating in the gas-phase quantum dynamics simulations and analyzing the results.
Over the years, it has been a great challenge to include the influence
of solvent on the non-adiabatic excited-state molecular dynamics simulations, particularly in quantum dynamics of TMCs. In this work, we
take this challenge and study the role and effects of a polar solvent
on the excited-state PESs and population decay dynamics of a Fe(II)
N-heterocyclic carbene photosensitizer.
In this study, we have performed excited-state quantum dynamics
simulations associated with the spin-vibronic model Hamiltonian, as
discussed in section 2.4.2, by including four important vibrational
modes that drive the nuclear dynamics. The solvent effects on the
excited-state PESs were considered using an implicit PCM solvent
model and an explicit way by using different thermally-sampled solute
configurations obtained from classical MD simulations employing the
best-performing partial atomic charge method found from Publication
1. The results have shown that how changes in the PESs caused by
inclusion of the solvent effects can lead to completely different population decay dynamics compared to the gas-phase simulations. It is
realized that the main consequence of solvent effects is that the longlived MLCT is in fact the singlet excited state because the system does
not undergo 1 MLCT → 3 MLCT ISC as 1 MLCT state is energetically
isolated from the 3 MLCT ones. Furthermore, we have identified fast
and slow components for the solvent reorientation upon excitation
corresponding to an initial solvent rotation (∼300 fs) and diffusional
dynamics within the local cage (∼2 ps), respectively. This indicates
that the solvent relaxation is fast enough to influence the population
dynamics. However, no considerable effect was observed from relaxation of the solvent on the solute population decay dynamics, due
to the relative smaller energy shift caused by the solvent relaxation
compared to the solvent disorder.
In this work, we have shown the reliability and accuracy of PCM in
considering the most important part of solvent effects on the population decay dynamics.
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publication 3

Mechanism of Photoinduced Dihydroazulene Ring-Opening
Reaction
Mostafa Abedi, Mátyás Pápai, Kurt V. Mikkelsen, Niels E.
Henriksen, and Klaus B. Møller

J. Phys. Chem. Lett., 2019, 10, 3944-3949
Contribution: performing trajectory surface hopping dynamics simulations and electronic structure calculations, collecting and analyzing
the results, and writing the manuscript.
This work is a part of our collaboration with Professor Kurt Valentin
Mikkelsen at Center for Exploitation of Solar Energy, University of
Copenhagen. In this work, we have carried out a mechanistic study on
the excited-state ring-opening reaction of DHA using non-adiabatic
TSH dynamics simulations including all nuclear DOFs, as described
in section 2.4.3, together with CASSCF and TD-DFT electronic structure calculations, as explained in sections 2.3.4 and 2.3.3, respectively.
The results have shown an important role of ring planarization as a
prerequisite process for the ring opening. Furthermore, we have found
that the ring opening is an ultrafast reaction that exhibits ballistic dynamics. While CASSCF is one of the most-used methods for describing
the S1 /S0 CI, in this study it suffers from wrong excited-state ordering
prediction in the FC region, due to the lack of dynamic electronic correlation, leading to a poor quantitative description of the ring-opening
reaction yield. TD-DFT is able to overcome this problem, however, it
fails to correctly describe the S1 /S0 CI because of the single-reference
character of the ground-state wavefunction.
In this work, we have made use of the results of both quantum
chemical methods leading to complementary information that is in
a very good agreement with the related experimental observations.
It is conventional to utilize the static picture of PESs to understand
the dynamics results. However, the aforementioned problems with
CASSCF and TD-DFT prevent us to get that picture. Therefore, in
this study, we let the dynamics to guide us to determine the ringplanarization, ring-opening, and S1 → S0 internal conversion processes
and to understand the mechanism of ring-opening reaction. It is found
that the ring planarization in fact facilitates the pathway for the bond
breaking.
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Theoretical Investigation On the Control of Macrocyclic
Dihydroazulene/Azobenzene Photoswitches
Mostafa Abedi, Mátyás Pápai, Niels E. Henriksen, Klaus B.
Møller, Mogens B. Nielsen, and Kurt V. Mikkelsen

Submitted
Contribution: performing the electronic structure calculations and
classical molecular dynamics simulations, collecting and analyzing
the results, and writing the manuscript.
Macrocyclic compounds constructed by linking several photoswitches
offer a feasibility to access each building units in a controlled manner
suitable for materials applicable for optical data storage and light harvesting. This requires that each unit has to be excited selectively. As
another part of our collaborative work with University of Copenhagen,
we target an investigation on macrocycles comprised of two DHAs
and one azobenzene (AZB) photoswitches. An unfavorable overlap
between absorption bands of the DHA and AZB units makes these
compounds inappropriate and their bands need to be separated.
In order to include the solvent effects in the absorption spectra, as
the first part of this work, we have performed a series of calculations
using explicit and implicit solvation models, as discussed in section
2.3.5, to find the best-performing solvation model for our study. The
results of this part have shown a very good performance of PCM
in prediction of the absorption spectra. For the next step, we have
substituted the AZB units by fluorine and chlorine atoms in the ortho
positions with the aim of separating the bands in the DHA/AZB
macrocycles. Our calculations have revealed significant separations in
ππ* and nπ* bands of DHA and AZB in the substituted macrocyclic
isomers with mixed fluorine-chlorine atoms. We have realized that
the repulsive interactions between halogen atoms caused by the ortho
substitutions lead to distortion of the rings and manipulate the energy
of corresponding molecular orbitals.
The results of this work provide a guideline and useful information
for experimentalists to design and make high efficient and controllable
materials.
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“I gotta stop somewhere; I will leave you something to imagine!”
-Richard P. Feynman

In this thesis, we presented a series of theoretical investigations on
the excited-state molecular dynamics and properties of transition metal
complexes (TMCs) and organic molecules relevant for solar energy
conversion and storage. TMCs owing to their significant excited-state
photophysical and photochemical properties have been widely considered as photosensitizers in solar energy conversion and photocatalysis applications. Another class of compounds are photoswitchable
organic molecules that have been used in solar energy conversion
and storage. These compounds can be also linked together to form
macrocyclic photoswitches applicable in optical data storage devices,
light harvesting, molecular electronics, and related technologies.
In recent years, a lot of works have been devoted to develop TMCs
based on the earth-abundant, low-cost, and environmentally friendly
metals like iron. Fe(II) N-heterocyclic carbenes (NHC) are promising
TMCs that have been shown to possess very significant photophysical
properties as photosensitizers applicable in dye-sensitized solar cells
(DSSCs), photovoltaics or photocatalysts. A deep understanding of the
photorelaxation processes occurring upon light absorption would be
necessary for designing and developing more efficient TMCs based
materials. Quantum description of the photorelaxation dynamics in
the presence of solvent is not feasible due to an exponential growth of
computational time with the increase of nuclear degrees of freedom.
On the other hand, it has been evidenced that the solvent can alter
the dynamics of the molecule significantly. We showed that implicit
PCM solvation model can provide a trade-off between accuracy and
computational cost for accounting for the solvent effects. This opens
this possibility to use this solvation model in quantum dynamics
simulations for considering the solvent effects. However, for the cases
when the dynamics are affected by solvent relaxation or hydrogen
bonding, there is no alternative to explicit solvation models. Classical
MD simulations, due to their low-cost computational feature, are one
of the common approaches to obtain information about the solvation
structure around a solute. However, the accuracy and reliability of
the results are highly dependant on the parameters defined in the
applied force field. For the cases when the solvent is polar like, water
or acetonitrile, the solute-solvent electrostatic interactions, which rely
on partial atomic charges, become more important in the potential
energy function for the description of solvation structure. Our study
on TMCs showed a possibility for using partial atomic charges as an
effective tool toward the accuracy of description of ground- or excited-
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state solvation structure by high-level simulations such as QM/MM
or ab initio MD. We have found that the charges that are obtained
from a fitting procedure to reproduce a physical observable, such as
molecular dipole moment or electrostatic potential, are more reliable
in characterizing a polar solvent around a TMC. The validity of chosen
partial atomic charge methods can be assessed based on the scattering
experiments and be extended to further TMCs and possibly solvents.
In this work, we used the frozen solute and partial atomic charges in
the dynamics. Therefore, it would be valuable to investigate the effects
of the flexibility of these quantities on the RDFs.
Dihydroazulene (DHA) is one of the promising candidates that
harvests light in the visible region, stores it into the chemical bonds
of metastable VHF photoisomers, and make it available on our demand. The photoinduced ring-opening reaction is the key process for
the DHA-VHF conversion. A profound understanding of the ringopening reaction is essential for controlling this photoconversion.
Full-dimensional non-adiabatic trajectory surface hopping dynamics
simulations have been used to unravel the mechanism of the ringopening process. We determined that a ring-planarization process is
crucial for initiation of the ring opening. Moreover, the results showed
an ultrafast timescale of the ring opening indicating that this process
is ballistic. In has been experimentally shown that the dynamics of
the ring-opening reaction strongly depends on the solvent and ring
substitutions. Therefore, it is important and worth to study the effects
of solvent and ring substitutions on the dynamics of the DHA-VHF
photoconversion, which are big challenges for theoretical methods.
Macrocyclic DHA/AZB photoswitches are a class of organic compounds that enable us to control accessibility to each building units
individually. This control can be achieved through a selective excitation of the individual unit. An overlap between absorption bands of
the DHA and AZB units makes these macrocycles unsuitable. Using
TD-DFT calculations in PCM, we showed that the ortho-halogen substitutions of AZB units lead to a considerable separation of the DHA
and AZB bands in the DHA/AZB macrocycles. Our results suggested
that by a simple functionalization, a remarkable improvement can be
obtained in the efficiency of the DHA/AZB macrocycles. The results of
this study can be applied for designing high efficient and controllable
materials for optical data storage and molecular electronics devices.
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Excited-state solvation structure of transition
metal complexes from molecular dynamics
simulations and assessment of partial atomic
charge methods†
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In this work, we investigate the excited-state solute and solvation structure of [Ru(bpy)3]2+, [Fe(bpy)3]2+,
[Fe(bmip)2]2+ and [Cu(phen)2]+ (bpy = 2,2 0 -bipyridine; bmip = 2,6-bis(3-methyl-imidazole-1-ylidine)pyridine; phen = 1,10-phenanthroline) transition metal complexes (TMCs) in terms of solute–solvent
radial distribution functions (RDFs) and evaluate the performance of some of the most popular partial
atomic charge (PAC) methods for obtaining these RDFs by molecular dynamics (MD) simulations. To this
end, we compare classical MD of a frozen solute in water and acetonitrile (ACN) with quantum
mechanics/molecular mechanics Born–Oppenheimer molecular dynamics (QM/MM BOMD) simulations.
The calculated RDFs show that the choice of a suitable PAC method is dependent on the coordination number
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of the metal, denticity of the ligands, and type of solvent. It is found that this selection is less sensitive for water
than ACN. Furthermore, a careful choice of the PAC method should be considered for TMCs that exhibit a free
direct coordination site, such as [Cu(phen)2]+. The results of this work show that fast classical MD simulations
with ChelpG/RESP or CM5 PACs can produce RDFs close to those obtained by QM/MM MD and thus, provide
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reliable solvation structures of TMCs to be used, e.g. in the analysis of scattering data.

1 Introduction
Transition metal complexes (TMCs) have been used broadly in
solar energy conversion and photocatalysis applications due to
their excited-state photophysical and photochemical properties.1
The advent and development of ultrafast spectroscopy in recent
years has made it feasible to study and unravel mechanisms of
ultrafast excited-state dynamics of TMCs in solution.2–5 The
experiments reveal that excited-state photophysical and photochemical properties can be strongly affected by the molecular
environment in solution leading to significant changes in
relaxation rates and products.6–12 Therefore, in order to get a
deep understanding of such processes, a detailed insight into
the effect and role of the solvent is essential. By utilizing timeresolved X-ray diffuse scattering (TRXDS) and extended X-ray
a
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absorption fine structure (EXAFS) spectroscopy, one can obtain
information about the solvent structure.13–17 However, the
complicated ultrafast excited-state dynamics of TMCs and, in
particular, the nearest surrounding solvation make the interpretation of the observed experimental features difficult. In this
regard, computational chemistry tools play an essential role for
comprehensive interpretation and understanding.
There are two commonly used theoretical approaches for
considering solvent eﬀects: methods that treat the solvent
explicitly and implicit models. In the implicit solvent treatment,
also known as continuum solvation models,18–20 the solvent
molecules are approximated by a homogeneous medium. The
polarizable continuum model (PCM)18 is a well-known implicit
solvent model. Implicit models do not provide information
about the structure of the solvent. Solvent structure can only be
simulated using explicit solvent methods, in which the interaction
between all solute–solvent pairs is explicitly considered. The
explicit solvent treatment is usually employed in classical
molecular dynamics (MD), ab initio MD (AIMD) or hybrid quantum
mechanics/molecular mechanics (QM/MM) MD simulation
approaches. In classical MD simulations, the forces are obtained
from predetermined molecular mechanics (MM) force fields,
while in AIMD an electronic structure method is used for
calculating the forces on-the-fly; in QM/MM MD, a hybrid
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scheme of these two approaches is applied. Classical MD
simulations are among the most popular methods for studying
chemical processes of medium- to large-size systems in condensed
phases. One of the main challenges in classical MD is the
specification of suitable empirical models for the forces between
the atoms. These force fields are parametrized by fitting to
experimental data or high-level ab initio calculations. A major
limitation of this method is that the model is not transferable to
any type of reaction or chemical process and often needs to be
re-parameterized. On the other hand, classical MD simulations
are fast and easy to handle. AIMD addresses the limitation of
force fields in MD simulations. In this method, the forces are
calculated ‘‘on the fly’’, i.e. during the MD propagation, from
electronic structure calculations, typically using density functional
theory (DFT). Because the electronic structure calculation is performed at every time step of the simulation, the AIMD method is
computationally very demanding. The computational cost can be
reduced by density functional tight binding (DFTB),21 which is
much faster than DFT but less accurate22 or by QM/MM MD, in
which the most important part of the system is described by a
suitable (high-level) quantum chemistry method and the rest by
molecular mechanics using a force field.23–26
Solvation structure can be obtained from explicit solvent
methods through the evaluation of solute–solvent radial distribution functions (RDFs), which can be used for calculations
of XDS27 and EXAFS28 signals. Classical MD simulations have
been extensively applied for calculating RDFs and gaining
information about the solvation structure around TMCs in both
ground and excited states.11,29–35 However, standard available
force fields are particularly developed for ground-state (GS) MD
simulations. This raises a serious problem when performing
MD simulations in the excited state: the force fields essentially
are required to be re-parametrized. The pairwise electrostatic
interactions between solute and solvent atoms, which rely on
the choice of partial atomic charges (PACs), play a key role in the
determination of solvent configurations in MD simulations. In
this work, we explore the idea of using PACs of the excited state
of the solute from DFT calculations in MD simulations while
keeping the GS van der Waals (vdW) parameters, to develop an
approximate excited-state force field. For polar solvents like
water and ACN this is justified by the fact that the contribution
of vdW terms (non-electrostatic non-bonded interactions) is
significantly smaller than those of electrostatic interactions in
the potential energy of the system.36 Therefore, using the GS
vdW parameters for the excited-state simulations should not
result in a notable error.
In the present work, we perform classical MD simulations
and assess the performance of several of the most popular PAC
methods (see Theoretical methods part) in the description of
the solvation structure of four prototypical polypyridine TMCs
including two tris-bidentate TMCs [Ru(bpy)3]2+ and [Fe(bpy)3]2+,
a bis-tridentate TMC [Fe(bmip)2]2+ and a bis-bidentate TMC
[Cu(phen)2]+ (bpy = 2,2 0 -bipyridine; bmip = 2,6-bis(3-methylimidazole-1-ylidine)-pyridine; phen = 1,10-phenanthroline) (see
Fig. 1). The excited-state dynamics of these TMCs have been
extensively investigated.4,5,11,32,34,37–42 These TMCs represent a
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Fig. 1 Schematic molecular structures of the investigated TMCs. Color
codes: nitrogen – blue; carbon – yellow; hydrogen – white; ruthenium –
green; iron – violet; copper – orange.

comprehensive set exhibiting a range of possibilities for solvent
molecules to approach the metallic center depending on the
coordination number of the metal and denticity of the ligands.
We assess the performance of the various PAC methods by
contrasting the RDFs simulated by classical MD with frozen
solute to those obtained by QM/MM Born–Oppenheimer molecular
dynamics (BOMD) simulations of a non-rigid solute carried out in
the present work or taken from the literature (QM/MM MD and
AIMD). In this work, we seek suitable PAC methods, which enable
us to perform classical MD simulations (with frozen solute) without
need of force field reparameterization to provide reliable RDFs.
These results can be used to complement and assist experimental
determinations. The QM/MM BOMD and classical MD simulations
are performed in water for [Ru(bpy)3]2+ and [Fe(bpy)3]2+ and in
acetonitrile (ACN) for [Fe(bmip)2]2+ and [Cu(phen)2]+; these two
solvents are the most popular ones in experimental studies of
such TMCs.

2 Theoretical methods
2.1

Partial atomic charges

As PACs are not quantum mechanical observables, many diﬀerent
methods have emerged to calculate them. In the present work,
seven common PAC methods have been chosen: Mulliken
population analysis (MPA),43 natural population analysis (NPA),44
charges from electrostatic potentials using a grid based method
(ChelpG),45 restrained electrostatic potential (RESP),46 atoms in
molecules (AIM),47 Hirshfeld48 and charge model 5 (CM5).49
MPA and NPA are methods based on partitioning the
molecular electronic wave function. MPA, due to its simplicity,
is the most straightforward method for assigning PACs and
almost all quantum chemistry programs provide it as default
population analysis. However, this method suﬀers from basisset dependency and lack of convergence of atomic charges with
increasing basis-set size. NPA was developed by Reed et al.44 as
an alternative to overcome the problems with MPA. This
method works based on natural atomic orbitals on each atomic
center which are orthogonal and less sensitive to the basis set.
The NPA method is usually recommended for characterization
of the electron distribution in systems that have high ionic
character.44
ChelpG and RESP, in which PACs are derived through a
fitting procedure to reproduce the molecular electrostatic
potential (ESP), a real physical observable, are among the most
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popular methods for assigning atomic charges. The ESP at a
given point i is computed by eqn (1):
 
M
L
X
X
r rj
Za


FESP ðri Þ ¼
(1)

r j  r i V p
j R a  ri j
a
j
where Za and Ra are respectively the charge and position of nucleus
a and M is the total number of nuclei. The electron density of the
molecule at point j is denoted by r(rj), where rj is the grid point
coordinate. Vp is the volume per grid point and L is the total
number of grid points. The first term in eqn (1) is straightforward
to calculate. But for the molecular electron density, quantum
chemistry calculations are required. Atomic charges Qa are
obtained by least squares fitting of the molecular ESP. The best
fit is achieved by minimization of an error function, FESP
error, (eqn (2))
so that the ESP predicted by the Qa is as close as possible to FESP.
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Here, N is the total number of ESP points. The Qa (a = 1, . . ., M) can
be found by solving eqn (3):
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In the ChelpG method, a cubic box is designed and the molecular
ESP points are generated between 0–2.8 Å from the vdW surface
of the molecule. A well-known issue that affects ChelpG is the
poor prediction of the atomic charges of deeply buried atoms,
such as metals in TMCs. This is because during the fitting
procedure the molecular ESP points are far from the buried
atoms. This problem is addressed by the RESP method by
utilizing a penalty function in eqn (2), which enables us to
introduce target charges and the possibility to fix them during
the fitting. Moreover, this method ensures that atoms with the
same chemical environment possess identical partial charges.
Here, we use a hyperbolic penalty function. Bayly et al.46 have
found that a hyperbolic restraint function determines charges
better than a quadratic function. Eqn (4) shows the modified
error function for the calculation of the RESP charges:
"
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X
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¼
FESP ðri Þ 
jRa  ri j
a
i
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Here, b is a quantity for setting the strength of the restraint, Q0a
is the target charge and b is the tightness of the hyperbola
around its minimum. The RESP charges can be obtained by
solving eqn (5):
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The basis of the AIM and Hirshfeld methods is to partition
the electron density into atomic domains. In the AIM method,
topological analysis of the electron density is used to find the
electron density maxima (which often occur at the nuclei) and
minima. The atomic domains (also known as Bader regions)
are obtained by following the density gradients. The border
between regions, which is called the zero flux surface, is placed
where the density gradient is zero. The partial charges are then
obtained by integration of the electron density in each atomic
domain. The Hirshfeld method is similar to AIM except that the
atomic domains are defined based on a weight factor, which
is the ratio of the electron densities of isolated atoms and
the density constructed from a sum of atomic densities (the
so-called promolecular density). The main disadvantages of the
AIM method are its computational cost and the overestimation
of partial charges for polar bonds,50 similarly to the NPA
method,51 while the Hirshfeld method frequently underestimates
these charges.52 Finally, CM5 is a parametrized method that uses
gas-phase Hirshfeld charges as input and derives PACs to reproduce
the molecular dipole moment. The charges derived by dividing the
electron density are less sensitive to the basis set size and usually
yield more reasonable PACs for the buried atoms.
2.2

Computational details

In this section, we provide the computational details for the
methods used in this work. Section 2.2.1 covers the geometry
optimizations and PAC calculations of the chosen TMCs using
density functional theory (DFT) in gas phase. In Section 2.2.2,
we discuss the classical MD simulations utilizing the optimized
structures and PACs obtained from DFT calculations. Finally, a
detailed description of the QM/MM MD simulations is given in
Section 2.2.3.
2.2.1 Electronic structure calculations: optimizations and
PAC calculations. The structures of the four selected TMCs were
optimized using DFT with the B3LYP* hybrid exchange–correlation
functional53,54 in combination with a triple zeta valence quality basis
set augmented by polarization functions (Def2TZVP).55 The B3LYP*
functional has been benchmarked for the structural and energetic
characteristics of TMCs against high-level quantum chemical
methods and experimental results and shown reliable performance.56–60 D2d and C2 symmetries are used for [Fe(bmip)2]2+
in its ground and excited states, respectively, and C1 for the other
TMCs (geometry optimizations and PAC calculations for classical
MD simulations).
For the GS calculations, we employed the restricted formalism,
setting the total spin angular momentum quantum number to
zero (S = 0), while unrestricted open-shell calculations were
performed for the low-lying triplet metal-to-ligand chargetransfer (3MLCT) state (for [Ru(bpy)3]2+ and [Cu(phen)2]+) and
low-lying quintet metal-centered, 5MC (high-spin; HS) state (for
[Fe(bpy)3]2+), applying S = 1 and S = 2, respectively. It should be
noted that the very high density of low-lying electronic states in
[Fe(bmip)2]2+ leads to several conical intersections between the
3
MLCT and 3MC states,42,61 which prevents us from performing
state-specific QM/MM BOMD simulations in the excited state.
Therefore, for [Fe(bmip)2]2+, we only compare the GS RDFs
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obtained from the classical MD simulations with the QM/MM
BOMD ones. The Cartesian coordinates of the GS DFT optimized
structures of all TMCs are provided in the ESI.† The geometry
optimization as well as the calculation of MPA, NPA, ChelpG,
Hirshfeld and CM5 charges were performed in gas phase using
the GAUSSIAN 16 Rev A.03 suite of program.62 Scalar-relativistic
eﬀects were taken into account for all calculations using the
second-order Douglas–Kroll–Hess (DKH2) method.63,64 We
compared the gas-phase and PCM-calculated PACs (computed
at geometries re-optimized in PCM) and the results have shown
that the solvent effect on the PACs is negligible, and henceforth
we use gas-phase calculations for solute structure and PACs.
The AIM charges were computed with the Multiwfn program65
using the wave function file (.wfx file) obtained from the DFT
calculations. A high density grid is required for accurate
numerical representation of the electron density to ensure
convergence of the calculated AIM charges. In the present
work, this convergence was achieved at a grid spacing of
0.02 Å. For the calculation of ChelpG charges, the vdW radii
of 2.17 Å, 2.02 Å and 1.81 Å were used for Ru2+, Fe2+ and Cu+
metal ions in their ground states, respectively, which were
taken from the literature.66 In the excited states the abovementioned vdW radii might no longer be adequate. Therefore,
we also investigate the effect of different vdW radii of the
metals on the ChelpG PACs and simulated RDFs. To obtain
accurate ESP values, a high point density for the fitting procedure
is necessary. Sigfridsson and Ryde67 have suggested to use at least
2000 ESP points per atom. In this work, the grid spacing was set
to 0.15 Å and employed ca. 4000 ESP points per atom in order to
ensure that the charges are well-determined. The RESP charges
were calculated using the two-stage RESP algorithm implemented
in the Antechamber package68,69 which is part of AmberTools.
The default value of 0.1 e was used for the b term and the values
of 0.0005 e and 0.001 e were set for the b term for the first and
second stage, respectively (see eqn (5)). We have performed two
sets of RESP calculations. In the first set we have only restricted
atoms with the same chemical environment to have the same
partial charges, while in the second set we have used additionally
the MPA charges as target charges for the metal atoms and
fixed them during the fitting procedure (calculations tagged by
RESP(MPA)). The computed PACs of the four TMCs using
different methods are reported in Fig. S1–S4 of the ESI.†
2.2.2 Classical molecular dynamics simulations. All classical
MD simulations were carried out using the Desmond software
package70 at constant-temperature and volume (NVT). The DFToptimized geometries of the selected TMCs were solvated in
water (four-site TIP4P model)71 for [Ru(bpy)3]2+ and [Fe(bpy)3]2+
and in ACN solvent for [Fe(bmip)2]2+ and [Cu(phen)2]+. The threesite model of Guàrdia et al.72 was adopted for ACN. The selection
of these solvents was made to match the experimental conditions
of the time-resolved scattering and spectroscopic measurements
performed on the investigated TMCs.14,41,73,74 Chloride (Cl)
counterions were added for neutralization of the total charge.
The standard OPLS 200575 Lennard-Jones (LJ) parameters were
used to model the nonbonded dispersion and exchange repulsion
interactions between the atoms of the solute and the solvent.
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The ground- and excited-state PACs used in classical MD simulations
are obtained from the DFT calculations described in the previous
section and are kept fixed during the simulations.
The MD simulations were performed in a cubic box with side
length of 35 Å under periodic boundary conditions (PBCs). To speed
up the calculation of forces, the multistep RESPA integrator76 was
used, where the nonbonded-near and nonbonded-far (longrange electrostatic) interactions were updated every 1 fs and
3 fs, respectively. A distance cut-oﬀ of 9 Å was applied to
separate short- and long-range coulombic interactions, for the
latter, the particle mesh Ewald (PME) was used. For the equilibration of the system, the default protocol in Desmond was used,
which consists of three stages: (1) A 100 ps constant-NVT simulation
in Brownian regime at a temperature of 10 K and restraining solute
heavy atoms with a force constant of 50 kcal mol1 Å2. (2) A 12 ps
constant-NVT simulation with the same temperature and restrains
as stage 1. (3) A 24 ps constant-NVT simulation with the temperature
increased to 300 K and no restraints. The Berendsen thermostat77
was applied in the equilibration. Finally, a 2 ns NVT production
simulation was run by applying restraints on all solute atoms with a
harmonic force constant of 1000 kcal mol1 Å2 and the trajectory
was recorded every 50 fs. The bond lengths involving hydrogen
atoms in the solute were constrained using the M-SHAKE
algorithm78 implemented in Desmond. The counterions were
placed away from the solute and restrained with the same force
constant to avoid any coordination with the solute. The system
temperature was maintained at 300 K using the Nosé–Hoover
thermostat.79,80 The structure and configuration input files were
generated with the Maestro program (Schrödinger, LLC).
2.2.3 QM/MM MD simulations. The QM/MM MD simulations
were performed using the MD tools of the Atomic Simulation
Environment (ASE)81,82 and the implementation of QM/MM
electrostatic embedding83,84 that interfaces ASE built-in classical
force fields with the GPAW DFT code.85,86 For all four TMCs, the
simulations employed a fixed QM/MM partitioning scheme, in
which the complex (QM part) is entirely described with GPAW
and the MM solvent is modeled through a fixed point-charge
force field. The Kohn–Sham orbitals within the GPAW simulation
cell for the QM solute were represented in a basis of linear
combination of atomic orbitals (LCAO),87 using TZP basis set87
for the metal and DZP basis set87 for the rest of the atoms. We
assessed the performance of the selected mixed basis set against
TZP basis set for all atoms in predicting the charge transfer in the
MLCT state. The results show very similar charge transfer. The
grid spacing of the cell was set to 0.18 Å; this value was found to
ensure convergence with respect to structural parameters of
TMCs.88 Since forces for hybrid functionals are not yet implemented in GPAW, the BLYP functional, which is the GGA
precursor of the hybrid functional B3LYP*, was used for describing
all TMCs except [Ru(bpy)3]2+ where the GGA DFT functional
BP8689,90 was applied. The BLYP has been used in previous
studies.39,91,92 The BP86 functional is known from previous DFT
studies of this complex,35,93 to give a GS structure and an energy
separation between the lowest 3MLCT excited state and the GS
in good agreement with the X-ray crystal structure and optical
spectroscopic measurements, respectively.
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In the following, we applied the same parameters as in the
classical MD simulations described above, if not specified
otherwise. The ACN force field was implemented in a development branch of ASE based on the parametrization of ref. 72 and
on the scheme for holonomic constraints of rigid triatomic
molecules from ref. 94. For the nonbonded interactions, a
standard LJ potential was used, in which LJ parameters for
the atoms of the complex were taken from the universal force
field (UFF).95 The QM/MM MD data in a solvent bath at 300 K
were obtained for the GS of all four TMCs and for the excited
state of [Ru(bpy)3]2+, [Fe(bpy)3]2+ and [Cu(phen)2]+. The procedure
that we employed for each of the four systems is the following.
First, the GS geometry of the complex was optimized with GPAW
in vacuum using a quasi-Newton local optimization algorithm
implemented in ASE. Then, the GS optimized geometry was centered in a box of solvent molecules pre-equilibrated in the NVT
ensemble at 300 K. After solvating the complex, the QM/MM
simulation box was equilibrated in the NVT ensemble to 300 K
employing a time step of 1 fs. The equilibration was carried out with
the ASE Langevin thermostat applied to the atoms of the solvent.
PBCs were treated according to the minimum image convention.96

Paper

During these simulations the solute geometry is flexible and
in order to eliminate the fastest vibrational motions and thus
reduce the computational time in the QM/MM MD simulations,
we enforced two bond length constraints per hydrogen atom in
the complex using the RATTLE algorithm97 as implemented in
ASE. Following thermal equilibration of the solvent, QM/MM
MD data were collected for at least 18 ps with a time step of 2 fs.
From this first equilibrated trajectory, a set of other 20–45 QM/MM
trajectories were started to accelerate the data collection. The
starting MD frames were spaced by at least 0.5 ps from each
other. Moreover, to further minimize the correlation between
them, the velocities of the atoms of each of the starting frames
were randomized by imposing a Maxwell–Boltzmann distribution
at 300 K. Overall, we collected between 150 and 400 ps of 300 K
equilibrated QM/MM MD data for the GS of each of the four
complexes.
For [Ru(bpy)3]2+, [Fe(bpy)3]2+ and [Cu(phen)2]+, we further
generated QM/MM MD data in the same excited states as
considered in the classical MD investigation. This was achieved
by starting excited-state QM/MM trajectories from a set of
representative configurations of each of the equilibrated GS

Fig. 2 The RDFs, g(r), of [Ru(bpy)3]2+ in water for the Ru–Ow and Ru–Hw pairs obtained from the classical MD and QM/MM MD (red lines) simulations in
the GS and 3MLCT state.
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trajectories. The excited states were described using a recent
implementation of DSCF in GPAW,88 based on fixing the
electronic configuration of the system with Gaussian smeared
constraints on the orbital occupation numbers. The Gaussian
smearing ensures stable convergence of the electron density at
each step during the QM/MM MD propagation. We used a
flexible width for the Gaussian functions controlling the extent
of the smearing during the SCF cycle. Starting from an initial
value of 0.01 Å, the width was increased by 0.01 Å at each
120 SCF steps until convergence of the density. In most of the
cases, convergence of the SCF cycle took place within the first
120 steps. The DSCF-QM/MM trajectories were propagated with a
time step of 2 fs, with the Langevin thermostat applied to the solvent.
In total, we collected between 100 and 200 ps of excited-state
DSCF-QM/MM trajectories for each of the three TMCs. In the
cases of [Fe(bpy)3]2+ and [Cu(phen)2]+, we observe that the
solvation shell and solute structure relax within 3 ps. In
[Cu(phen)2]+, as copper is tetracoordinated, the planes of the
two ligands are perpendicular in the GS and due to a pseudo
Jahn–Teller distortion, flat in the 3MLCT state. The average
atomic Cartesian coordinates and significant internal structural
parameters of the solvated TMCs obtained as averages from the
equilibrated parts of the QM/MM MD trajectories are reported
in Tables S1–S14 of the ESI.† For a comparison, structural
information from the gas-phase DFT optimizations using the
Gaussian 16 and GPAW programs are also reported.
In terms of computational eﬃciency, our simulations indicate
that the QM/MM MD simulations, using 16 CPU cores, are 4
orders of magnitude slower than the classical MD simulations.
2.2.4 Analysis of solvation structure. Solute–solvent RDFs,
g(r), from the ground- and excited-state classical MD and QM/MM
MD simulations were computed using the VMD software98 with
a bin size of 0.1 Å for the radial sampling. For the excited state
simulations, we ensured that the RDFs reflected equilibrium
distributions by checking the convergence with respect to the
amount of sampled configurations included in the computation
of the RDFs. Furthermore, the running solvent coordination
number (cn), as shown in eqn (6), was used to obtain information
about the solvent organization and orientation around the complex.
ðR
cnðRÞ ¼ 4pr r2 gms ðrÞ dr

Fig. 3 Graphical representation of the chain of hydrogen-bonded water
molecules around [Ru(bpy)3]2+ obtained from a snapshot of a QM/MM MD
trajectory in the GS.

15 water molecules for both the GS and 3MLCT state and
contains a chain of hydrogen-bonded water molecules intercalated between the bpy ligands (Fig. 3). Moret et al.35,37 using
MD simulations in the GS and QM/MM MD simulations in the
3
MLCT state, and also Tavernelli et al.99 for the 1MLCT state by
QM/MM MD simulations, observed the same solvation structure.
The red lines in Fig. 4 show plots of the coordination number

(6)

0

Here, r is the density of the bulk solvent. cn(R) gives the
number of s solvent atoms in a sphere with radius R around
the transition metal center m.

3 Results
Fig. 2 shows the RDFs of [Ru(bpy)3]2+ in water for the Ru–Ow
and Ru–Hw pairs, which are labeled by gRu–Ow(r) and gRu–Hw(r).
The first peak of the gRu–Ow(r) bears important information
about the first solvation shell. As seen in Fig. 2, left panels, for
the results of QM/MM MD in either GS or 3MLCT state, this
peak is located at 5.5 Å and is followed by a valley at 6.45 Å. The
cnRu–Ow shows that this shell carries an approximate number of

This journal is © the Owner Societies 2019

Fig. 4 Plot of the coordination number ratio cnRu–Hw/cnRu–Ow as a function
of the distance from the Ru atom for [Ru(bpy)3]2+ in water obtained from the
classical MD simulations, using the ChelpG and CM5 methods, and QM/MM
MD simulations. The solid and dashed lines correspond to the ground and
3
MLCT states, respectively.
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ratio nHO(r) = cnRu–Hw(r)/cnRu–Ow(r) obtained from the QM/MM MD
simulations in the GS (solid line) and the 3MLCT state (dashed
line). At short distances from the Ru center (below 4 Å, not shown
in Fig. 4), very large nHO values reveal that only water H atoms can
approach the Ru atom. The nHO falls down below 2 between 4.3 Å
and 6.6 Å, which indicates that the oxygen atoms of water orient
toward Ru in the first solvation shell. Thereafter, nHO converges
toward 2 reflecting the random orientation of water in the bulk
solvent. Having fairly different nHO for the GS and the excited
state, despite negligible changes in the corresponding RDFs
(Fig. 2), reflects the high sensitivity of this parameter to the small
changes in solvent organization. By comparing the minima of the
ratios in the case of the QM/MM MD, it is found that upon
transition from the GS to the 3MLCT state, water molecules prefer
to re-orient through the oxygen atoms toward the Ru2+ cation at
B0.35 Å shorter distance.
The results obtained from the classical MD simulations
show that the RDFs from the ChelpG, CM5, Hirshfeld, MPA,
RESP and RESP(MPA) methods reproduce the QM/MM MD
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RDFs very well. The NPA method, except small shoulders at
B4 Å in gRu–Hw(r), also predicts the RDFs in good agreement
with the QM/MM MD ones but AIM fails. Fig. S1 (ESI†) shows
that the AIM method predicts large positive charge (+1.2 e) for
the Ru and large negative charges (1.1 e) for the nitrogen
atoms bonded to Ru, which causes larger charge separations in
the bpy ligands, compared to the other PAC methods (see
Fig. S6, ESI†). The large negative charges and more accessibility
of the nitrogen atoms with respect to Ru, provide a condition for
intercalation of three water molecules between the bpy ligands
and hydrogen bonding with the hydrogen atoms of water.
For the ChelpG charges in the 3MLCT state, we studied the
eﬀect of diﬀerent vdW radii for Ru on the charges and RDFs.
The vdW radii of 2.17 Å, 1.80 Å, and 1.20 Å have been used for the
Ru atom in the calculation of ChelpG charges and their corresponding RDFs are shown in Fig. S7 (ESI†). The results show that
although diﬀerent vdW radii can aﬀect the PACs significantly, this
has no considerable eﬀect on the RDFs. Fig. 4 and Fig. S8 (ESI†)
present a comparison between the nHO obtained from the QM/MM

Fig. 5 The RDFs, g(r), of [Fe(bpy)3]2+ in water for the Fe–Ow and Fe–Hw pairs obtained from the classical MD and QM/MM MD (solid red lines)
simulations in the GS and 5MC state. Also shown are the AIMD data from the literature: a ref. 91 and b ref. 39. The AIMD data (dashed and dotted lines) are
available until 12 Å.
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MD and classical MD simulations. The results show that the
ChelpG, RESP, RESP(MPA) and Hirshfeld methods successfully
reproduce the nHO ratio of QM/MM MD while the AIM and NPA
and MPA methods fail. Upon going from the GS to the 3MLCT
state, the diﬀerences between RDFs are very small indicating that
the amount of charge transfer from the Ru to the bpy ligands is not
suﬃcient to change the equilibrium solvation structure in the
3
MLCT state. Fig. S6 (ESI†) supports this observation by showing
the same charge separations of the bpy ligands for the GS and the
3
MLCT state.
The charge localization in the excited state of [Ru(bpy)3]2+ in
water from the QM/MM MD simulations has also been investigated.
The DFT gas-phase calculations give charge distribution and,
thus, PACs distributed equally over the three bpy ligands. Fig. S5
(ESI†) illustrates spin densities calculated from diﬀerent snapshots along a single QM/MM MD trajectory in the 3MLCT state.
During the first ps, the charge oscillates between all ligands and
then it localizes over at most two bpy ligands, with the pair
carrying the charge changing during the dynamics. These
results are in good agreement with the observation of Moret
et al.37 We note that using fixed equally distributed charges in
classical MD simulations does not seem to aﬀect the RDFs
compared to the QM/MM MD ones. This can be attributed to the
small magnitude of the charge transfer upon excitation (0.1–0.3 e,
as obtained from different PAC methods), which can also be seen
from very similar RDFs for the ground and excited states.
Fig. 5 illustrates the gFe–Ow(r) and gFe–Hw(r) of [Fe(bpy)3]2+
extracted from the QM/MM MD and classical MD simulations
in water. As expected from the similarity between the groundstate ligand structure of [Ru(bpy)3]2+ and [Fe(bpy)3]2+ and type
of solvent, the same trends in the RDFs of these two complexes are
observed. Lawson Daku et al.39,91 have investigated [Fe(bpy)3]2+
utilizing AIMD simulations. The red dotted and dashed lines in
Fig. 5 are the AIMD RDFs. The dotted one39 was obtained using the
BLYP functional within the Car–Parinello MD (CPMD) scheme and
the simulations were performed for 24.5 and 4 ps for the GS and
the 5MC state, respectively. Their results have shown that upon
going from the GS to the 5MC states, two water molecules are
expelled from the first solvation shell (B17 in the GS and B15 in
the 5MC). The dashed lines91 correspond to RDFs obtained by
applying the dispersion-corrected BLYP-D3 functional in the
BOMD approach, in order to describe long-range dispersion
interactions, and calculated for longer simulation times, 76.6 ps
for the GS and 67.2 ps for the 5MC state. The new study91 revealed
that the number of water molecules in the first shell actually
increases from B15 in the GS state to B17 in the 5MC state. The
RDFs and the resulting cnFe–OW values obtained from our QM/MM
MD, by going from the GS to the 5MC state, show that around 0.7
water molecule is expelled from the first coordination shell into
the bulk solvent. The expulsion of water molecules from the first
solvation shell is consistent with the increase in the density of bulk
solvent by 0.2% upon formation of the 5MC state, as measured by
Haldrup et al. using XDS.13 The RDFs extracted from classical
MD simulations for all PAC methods, except AIM, are in good
agreement with the QM/MM MD and show the same trend: a
decrease in the number of water molecules in the first shell
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upon the GS - 5MC transition. We investigated the effect of
changing the vdW radii of Fe on the excited-state ChelpG charges
and RDFs. As for [Ru(bpy)3]2+, we did not see any effect on the RDFs
by using vdW radii of 2.02 Å and 1.2 Å (see Fig. S9 in ESI†).
From the [Ru(bpy)3]2+ and [Fe(bpy)3]2+ RDF results, it can be
concluded that the structure of the three bidentate bpy ligands
prevent the solvent molecules to coordinate directly to the
metals and be aﬀected by their charges. This shows that the
ligand charges have a more important role than the metal
charges in the determination of the solvation structure in such
TMCs. However, the charges of the metals have an indirect
eﬀect on the solvation structure by changing the charges of the
neighboring nitrogen atoms.
Fig. 6 shows the gFe–N(ACN)(r) and gFe–Me(ACN)(r) for the GS of
[Fe(bmip)2]2+ in ACN. As mentioned before (Section 2.2.1), the
existence of several conical intersections between the low-lying
triplet MLCT and MC excited states did not allow us to carry out
state-specific QM/MM MD simulations for the 3MLCT state of

Fig. 6 The RDFs, g(r), of [Fe(bmip)2]2+ in ACN for the Fe–N(ACN) and Fe–
Me(ACN) pairs obtained from the classical MD and QM/MM MD (red lines)
simulations in the GS. Note that some curves overlap with each other.
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[Fe(bmip)2]2+. [Fe(bmip)2]2+ has two tridentate bmip ligands
and gives the possibility to the solvent molecules (ACN) to
approach the metal atom in the simulations. This is reflected in
the larger differences of the RDFs in [Fe(bmip)2]2+ compared to
the two previous cases. The AIM and NPA methods, similarly
to the cases of [Ru(bpy)3]2+ and [Fe(bpy)3]2+, exaggerate the
negative charges of the nitrogen atoms (see Fig. S3, ESI†),
leading to attraction of the methyl groups of the ACN molecules.
These electrostatic attractive interactions are reflected in the
structured peaks centered at 5 Å and 5.2 Å in the gFe–Me(ACN)(r)
corresponding to the AIM and NPA methods, respectively (see
Fig. 6, top panel). However, here the peaks are located at longer
distances. This is due to the bulky structure of the ACN molecules,
compared to water, which prevents them from intercalating
between the ligands and getting close to Fe. Among the applied
PAC methods, the MPA, ChelpG, RESP and RESP(MPA) methods
provide RDFs close to the QM/MM MD ones. Although we do not
have QM/MM MD results for the 3MLCT state of [Fe(bmip)2]2+ to
compare with, for the reason explained above, we have, for the
sake of completeness, included the gFe–N(ACN)(r) and gFe–Me(ACN)(r)
obtained from classical MD simulations in the ESI† (see Fig. S10).
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The last case that we have considered for this study is
[Cu(phen)2]+ in ACN. The main reason for choosing this TMC
is its unique ligand structure that oﬀers the possibility of direct
coordination of solvent molecules to the copper. This enables
us to study the direct eﬀect of the metal charge on the
calculated RDFs using diﬀerent PAC methods. Fig. 7 displays
the gCu–N(ACN)(r) and gCu–Me(ACN)(r) for [Cu(phen)2]+ in the GS
and 3MLCT state in ACN. The red dashed lines in Fig. 7 show
QM/MM MD RDFs, which were taken from ref. 34 and were
calculated from B20 ps simulations using the CPMD scheme.
Owing to the flattened geometry of [Cu(phen)2]+ in the 3MLCT
state, we are able to assess the performance of each PAC method
more precisely. By inspection of the coordination number of the
first solvation shell in the QM/MM MD gCu–N(ACN)(r), it is realized
that upon transition from the GS to the 3MLCT state this shell
shifts to a shorter distance by 1.5 Å. This shows an increased
Cu–N coordination and, at the same time, a decrease in the
number of ACN molecules from 4.2 in the GS to 2.6 in the
3
MLCT state, i.e., a shift of B1.5 ACN molecules to the second
shell upon transition to the 3MLCT state. Among the applied
PAC methods in classical MD simulations, for the GS all of them,

Fig. 7 The RDFs, g(r), of [Cu(phen)2]+ in ACN for the Cu–N(ACN) and Cu–Me(ACN) pairs obtained from the classical MD and QM/MM MD (red lines)
simulations in the GS and 3MLCT state. Also shown are the QM/MM MD data from the literature: a ref. 34.
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except AIM and NPA, reproduce the QM/MM MD RDFs reasonably well. On the other hand, in the 3MLCT state, only CM5 along
with Hirshfeld, which predict large positive charges on Cu (see
Fig. S4, ESI†), provide RDFs relatively close to the QM/MM MD
ones. Note that although AIM and NPA provide large positive
charges on Cu, the negative charges on the nitrogen atoms cause
repulsive forces between the complex and the ACN molecules. In
case of the GS gCu–N(ACN)(r), none of the PAC methods can
reproduce the tail in the QM/MM MD RDF at short distance
(r o 3 Å). This may be attributed to the flexibility of the solute not
included in the classical MD simulations (see Fig. S16, ESI†).
Similar to [Ru(bpy)3]2+, we study the eﬀect of the vdW radius
of Cu on the excited-state ChelpG PACs and RDFs. The values of
1.80 Å, 1.60 Å, 1.20 Å, and 1.00 Å were used in computing the
ChelpG charges. The calculated PACs reveal that by decreasing
the vdW radius, the charges of Cu and N atoms become more
positive and negative, respectively, i.e., the ionic character is
increased. As seen in Fig. 8, top panels, the RDF results in the
3
MLCT state show that using diﬀerent vdW radii in ChelpG
PACs calculations leads to remarkable changes in the RDFs.

PCCP

This is ascribed to the significant eﬀect of the charges of Cu
and N atoms on the calculated RDFs of [Cu(phen)2]+. However,
according to Fig. 8, bottom panels, the GS RDFs are much less
sensitive to the chosen vdW radius. The results show that
applying vdW radii of 1.20 Å or 1.00 Å for Cu in the excitedstate ChelpG calculations can provide RDFs fairly close to the
CM5 and QM/MM MD.

4 Discussion and conclusions
In this work, utilizing the RDF, which is a powerful tool for
characterizing the solvation structure, we have evaluated the
performance of several most-used PAC methods in classical MD
simulations aimed at describing ground- and excited-state
solvation structures. Several PAC methods have been considered
for this study including MPA, NPA, ChelpG, RESP, RESP(MPA),
AIM, Hirshfeld and CM5. For this purpose, four popular polypyridine TMCs have been chosen: [Ru(bpy)3]2+, [Fe(bpy)3]2+,
[Fe(bmip)2]2+ and [Cu(phen)2]+. We analyse the RDFs obtained

Fig. 8 The RDFs, g(r), of [Cu(phen)2]+ in ACN for the Cu–N(ACN) and Cu–Me(ACN) pairs obtained from the classical MD, using the ChelpG method with
different vdW radii of Cu, and QM/MM MD (red lines) simulations in the GS and 3MLCT state.
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from classical MD simulations using fixed charges and frozen
solute structure, and compare them to more accurate QM/MM
MD RDFs where both the electronic and nuclear structures are
allowed to evolve. These results show that for the four investigated TMCs, the AIM and NPA methods are not suitable to
characterize the solvation structure. This is because these methods
suﬀer from overestimation of PACs for atoms in ionic bonds.50,51
Depending on the ligand structure, the ChelpG, RESP, RESP(MPA)
and CM5 methods are well-suited to describe the solvation
structure. For [Ru(bpy)3]2+ and [Fe(bpy)3]2+, the three bidentate
bpy ligands do not allow the solvent molecules to be aﬀected by
the charge of the metal directly. For such TMCs like [Ru(bpy)3]2+
and [Fe(bpy)3]2+, with exclusion of AIM, one can apply any other
PAC method of this work in classical MD simulations and obtain
RDFs as accurate as those provided by QM/MM BOMD in water. In
[Fe(bmip)2]2+ and especially [Cu(phen)2]+, more space is available
between the ligands which enables the solvent molecules to
approach the metals. In such cases, our results in ACN indicate
that a careful selection of the PAC method is required. Thus, the
selection of PAC method is dependent on the coordination
number of the metal and the denticity of the ligands.
To extend our conclusion, we also studied the eﬀect of the
type of the solvent. To do so, we have repeated the classical MD
simulations for [Ru(bpy)3]2+ and [Fe(bpy)3]2+ in ACN solvent
and for [Fe(bmip)2]2+ and [Cu(phen)2]+ in water; Fig. S11–S14
(ESI†) present their corresponding RDFs. The results show that
the RDFs simulated in ACN are more sensitive to the choice of
the applied PAC methods than in water, particularly in the cases of
[Fe(bmip)2]2+ and [Cu(phen)2]+ for which more space is accessible
between the ligands. These results might be due to the nearly twice
as large dipole moment of ACN (3.96 D) compared to the one of
water (2.18 D), as computed from the applied force fields.72,100
Hence, in addition to the ligand denticity and metal coordination
number dependency, the selection of PAC method is also solventdependent. The effect of the vdW radius of the metals on ChelpG
PACs and resulting RDFs for the GS and 3MLCT state of
[Ru(bpy)3]2+ and [Cu(phen)2]+ in ACN was also studied. By decreasing this parameter, the charge of the metal becomes more positive
while the bonded N atoms get more negative, leading to a higher
ionic character. For [Ru(bpy)3]2+ and [Fe(bpy)3]2+, no changes are
observed in the RDFs obtained using different vdW radii. However,
the excited state of [Cu(phen)2]+ is found to be highly sensitive on
the vdW radius. Our calculations show that by using vdW radii of
1.20 or 1.00 Å for the Cu atom in the ChelpG calculations, we can
produce RDFs in good agreement with the QM/MM MD. Furthermore, for the 3MLCT state of [Cu(phen)2]+, we studied this effect in
water. These results show that the obtained RDFs (see Fig. S15,
ESI†) are more sensitive to the change of vdW radius in ACN than
water. This leads to the conclusion that the application of ChelpG
PACs for such cases requires the optimization of the vdW radius of
the metal by further benchmarking.
According to the RDF results, only PAC methods derived
from physical observables, the ESP for the ChelpG, RESP, and
RESP(MPA) methods and the molecular dipole moment for the
CM5 method, enable us to produce RDFs as close as those from
QM/MM MD. As mentioned in Section 2.1, the RESP method is
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designed to overcome the problem of charge prediction of
deeply buried atoms in the ChelpG method. However, in all
four cases in this work, the results have demonstrated almost
identical RDFs for the ChelpG and the RESP/RESP(MPA) methods.
Among the applied PAC methods, the ChelpG/RESP and the
CM5 PAC methods can characterize the solvation structure
around TMCs using fast classical MD simulations with an
accuracy approaching the one of QM/MM MD simulations.
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T.-C. Weng, D. Zhu and K. J. Gaﬀney, Nature, 2014, 509, 345–348.
6 T. J. Penfold, B. F. E. Curchod, I. Tavernelli, R. Abela,
U. Rothlisberger and M. Chergui, Phys. Chem. Chem. Phys.,
2012, 14, 9444–9450.
7 A. O. Dohn, K. S. Kjær, T. B. Harlang, S. E. Canton,
M. M. Nielsen and K. B. Møller, Inorg. Chem., 2016, 55,
10637–10644.
8 K. S. Kjær, K. Kunnus, T. C. B. Harlang, T. B. Van Driel,
K. Ledbetter, R. W. Hartsock, M. E. Reinhard, S. Koroidov, L. Li,
M. G. Laursen, E. Biasin, F. B. Hansen, P. Vester, M. Christensen,
K. Haldrup, M. M. Nielsen, P. Chabera, Y. Liu, H. Tatsuno,
C. Timm, J. Uhlig, V. Sundstom, Z. Nemeth, D. S. Szemes,
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Adachi, A. Bordage, C. Bressler, P. Chabera, M. Christensen,
A. O. Dohn, A. Galler, W. Gawelda, D. Gosztola, K. Haldrup,
T. Harlang, Y. Liu, K. B. Møller, Z. Németh, S. Nozawa,
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38 A. J. Atkins and L. González, J. Phys. Chem. Lett., 2017, 8,
3840–3845.
39 L. M. Lawson Daku and A. Hauser, J. Phys. Chem. Lett.,
2010, 1, 1830–1835.
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56 M. Pápai, G. Vankó, C. de Graaf and T. Rozgonyi, J. Chem.
Theory Comput., 2013, 9, 509–519.
57 D. Leshchev, T. C. B. Harlang, L. A. Fredin, D. Khakhulin,
Y. Liu, E. Biasin, M. G. Laursen, G. E. Newby, K. Haldrup,
M. Nielsen, K. Warnmark, V. Sundstrom, P. Persson,
K. S. Kjær and M. Wulﬀ, Chem. Sci., 2018, 9, 405–414.
58 L. M. Lawson Daku, A. Vargas, A. Hauser, A. Fouqueau and
M. E. Casida, ChemPhysChem, 2005, 6, 1393–1410.
59 M. Reiher, Inorg. Chem., 2002, 41, 6928–6935.
60 H. Paulsen, V. Schünemann and J. A. Wolny, Progress in
electronic structure calculations on spin-crossover complexes,
2013.
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ABSTRACT: The solvent-mediated excited-state dynamics of the COOHfunctionalized Fe-carbene photosensitizer [Fe(bmicp)2]2+ (bmicp = 2,6-bis(3methyl-imidazole-1-ylidine)-4-carboxy-pyridine) is studied by time-dependent
density functional theory, as well as classical and quantum dynamics simulations.
We demonstrate the crucial role of the polar acetonitrile solvent in stabilizing the
metal-to-ligand charge transfer (MLCT) states of the investigated molecule using
the conductor polarizable continuum model. This leads to dynamics that avoid
sub-ps back electron transfer to the metal and an exceptionally long-lived 1MLCT
state that does not undergo sub-ps 1MLCT → 3MLCT intersystem crossing as it
is energetically isolated. We identify two components of the excited-state solvent
reorganization process: an initial rotation (∼300 fs) and diﬀusional dynamics
within the local cage surrounding the rotated solvent molecule (∼2 ps). Finally, it
is found that the relaxation of the solvent only slightly aﬀects the excited-state
population dynamics of [Fe(bmicp)2]2+.
of X-rays12,13 and electrons14 as probe pulses, is going through
a very robust technological evolution, exempliﬁed by highharmonic generation and X-ray free electron lasers. These
advancements enable high-resolution spatial and temporal
investigations of electronic and structural photoinduced
dynamics in molecular systems. However, the data analyses
of these ultrafast spectroscopic and scattering measurements
can be complex and cumbersome, making the interpretation
problematic. This obstacle can be overcome by the application
of theoretical approaches, which can lead to complementary
results and even to the design of new experiments.
Theory oﬀers two conceptually diﬀerent approaches to
simulate excited-state processes: nonadiabatic molecular
dynamics3,15 (MD) and quantum wavepacket dynamics
(QD). 16 The major methodological diﬀerence is the
description of nuclear motion: it is classical for the former,
with quantum eﬀects only partially accounted for, e.g., by hops
between adiabatic surfaces, as in trajectory surface hopping,
whereas for the latter, it is fully quantum mechanical, that is,
based on the solution of the nuclear time-dependent
Schrödinger equation. However, full QD simulations are

1. INTRODUCTION
Excited-state dynamics in transition-metal complexes1−3
(TMCs) are ubiquitous and a key to develop advanced
technologies, solar energy conversion,4 photocatalysis,5,6 and
molecular data storage,7,8 just to name a few. Among these
intriguing molecular systems, Fe−N-heterocyclic carbenes9
(NHCs) recently received special attention owing to their
great potential as cheap, earth-abundant photosensitizers. This
is due to their relatively long-lived (ps) photoactive metal-toligand charge transfer (MLCT) states that can be exploited, for
instance, to inject the photoexcited electron into the
conduction band of a semiconductor. This injection process
into TiO2 was indeed observed with 92% yield in the
[Fe(bmicp)2]2+ (bmicp = 2,6-bis(3-methyl-imidazole-1-ylidine)-4-carboxy-pyridine) complex; however, the majority of
these electrons were found to undergo fast (<10 ns)
recombination with cations, thus preventing eﬃcient photocurrent generation.10 To overcome such drawbacks, it is
inevitable to gain a thorough mechanistic understanding of the
underlying photophysics. As photorelaxation processes, such as
internal conversion (IC), intersystem crossing (ISC), and
vibrational dynamics, occur on the fs−ps time scale, ultrafast
pump−probe techniques are needed to explore these
molecular transformations. This ﬁeld, born with optical11
pump−probe experiments and afterward expanded to the use
© 2019 American Chemical Society
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heavily restricted by their exponential scaling with the number
of nuclear degrees of freedom (DoF); owing to this, model
Hamiltonians are developed, in which only the modes most
relevant for the dynamics are included. In contrast to “on-theﬂy” surface hopping, for these Hamiltonians, potential energy
surfaces (PESs) and interstate couplings do not have to be
recomputed throughout the dynamics, but only once, along the
selected modes, preceding the actual QD simulation. As a
matter of fact, whereas surface-hopping studies of TMCs have
been restricted to sub-ps time scales17−19 due to the high cost
of computing ab initio electronic properties at each time step,
longer time scales have been accessible only through recent
QD simulations.19−25
Numerous chemical and biological excited-state processes
occur in solution, which is also the medium utilized in the vast
majority of pump−probe experiments. Therefore, it is crucial
to assess solvent eﬀects on the excited-state dynamics, also
when comparing simulations to experiments. This is evidenced
by the observation of solvent-dependent photorelaxation decay
in transition-metal-based coordination compounds, including
the diplatinum [Pt2(P2O5H2)4]4− (PtPOP) complex26−28 and
[Fe(2,2′-bipyridine)2(CN)4]2−.29 In the case of surfacehopping MD, the solvent can be readily incorporated in the
simulations in the framework of electrostatic- or polarizableembedding hybrid quantum mechanics/molecular mechanics
(QM/MM).3,17,30,31 For QD, however, simulations on TMCs
have so far been carried out in vacuum, the only exceptions
being the works of Daniel et al. on Re(I) complexes,21,24,25 in
which the solvent has been included using a variant of
polarizable continuum models (PCMs), the conductor-like
screening model (COSMO). We mention that recently a
mixed quantum-classical method has been proposed, applying
diﬀerent approaches to couple the excited-state solute−solvent
dynamics,32 albeit for the internal conversion of a relatively
small organic molecule, thymine, not TMCs. In the present
work, we assess along similar lines the impact of solvent eﬀects
on the simulated excited-state population dynamics of
[Fe(bmicp)2]2+ (1, Scheme 1, top). Importantly, this
COOH-functionalized Fe(II)-NHC is the complex in which
the above-mentioned electron injection was experimentally
observed. Moreover, it was found in acetonitrile (ACN) to
exhibit twice as long MLCT lifetime (18 ps, Scheme 1,
bottom), compared to the one of its parent complex,
[Fe(bmip)2]2+ (2) (bmip = 2,6-bis(3-methyl-imidazole-1ylidine)-4-pyridine), as measured by transient absorption
spectroscopy.9,10,33,34

Scheme 1. Graphical Illustration of the Molecular Structure
(top) and Photophysicsa (Bottom) of [Fe(bmicp)2]2+ (1)
and the Parent Complex, [Fe(bmip)2]2+ (2, Which Has H
Atoms Instead of the COOH Groups)

a

9 and 18 ps are the MLCT lifetimes of [Fe(bmip)2]2+ and
[Fe(bmicp)2]2+, respectively, as determined by transient absorption
spectroscopy experiments performed in acetonitrile.10,33

where W(0) is a diagonal matrix, whose elements are the
excitation energies of the electronic states at the reference
point, in the present case the Franck−Condon (FC) geometry
W i(0) = Ei

The diagonal elements of the W matrix are related to the
forces acting on the excited-state surfaces
W i(1) =

W ij(1) =

f

α

α

α

(4)

∑ λij ,ν Q ν
f

α

α

α

(5)

where λij,να are the linear oﬀ-diagonal coupling coeﬃcients
between electronic states i and j (i ≠ j) along mode να.
The W(2) matrix is taken to be diagonal; its elements
describe the diﬀerences between ground- and excited-state
vibrational frequencies
W i(2) =

(1)

where TN and V0 are the kinetic and potential energy operators
of the ground-state (GS) harmonic oscillator (HO), 1 is the
unit matrix, and W is the potential coupling matrix. We expand
the coupling matrix up to second order
W = W (0) + W (1) + W (2)

∑ κi , ν Q ν

where κi,να are linear diagonal expansion coeﬃcients for
electronic state i and nuclear degree of freedom (DoF) να,
Qνα is the mass-frequency weighted dimensionless normal
coordinate of normal mode να, and f is the total number of
modes included in the model.
The oﬀ-diagonal elements of the W(1) matrix represent the
interstate nonadiabatic couplings

2. THEORETICAL AND COMPUTATIONAL METHODS
2.1. Quantum Mechanical Calculations and Simulations. 2.1.1. Spin-Vibronic Hamiltonian. The spin-vibronic
Hamiltonian20−24 is an extension of the widely adopted
vibronic-coupling Hamiltonian35,36 by the introduction of
spin−orbit coupling (SOC) between diﬀerent spin manifolds.
In the present work, we employ a diabatic vibronic-coupling
Hamiltonian that is expressed as
H = (TN + V0)1 + W

(3)
(1)

1
∑γ Q2
2 α i , να να
f

(6)

where γi,να are the second-order diagonal expansion coefﬁcients. Second-order oﬀ-diagonal coeﬃcients and higherorder terms can be important for anharmonic eﬀects; as the
computed excited-state potentials are harmonic (see Figures

(2)
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were performed within the linear response formalism.48 All
these electronic structure calculations were performed using
the Gaussian0949 program package.
The SOC matrix elements were calculated at the FC
geometry utilizing the perturbative approach of Ziegler et al.50
These calculations were carried out at the B3LYP*/TZP level
using the zeroth-order regular approximation (ZORA),51 in
vacuum and modeling the solvent environment by COSMO,52
as implemented in the ADF2016 program.53 The Gaussian and
ADF-computed electronic states were checked for consistency.
2.1.3. Quantum Dynamics Simulations. The nuclear timedependent Schrö dinger equation was solved using the
multiconﬁguration time-dependent Hartree54 ansatz

S1−S16 in the Supporting Information, SI), these parameters
were not included in our model.
The κi,να, λij,να, and γi,να values were determined by ﬁtting the
parameters, such that the obtained adiabatic potential energy
surfaces (PESs), resulting from the diagonalization of the
diabatic Hamiltonian, are in best agreement with those
computed by electronic structure calculations (in the present
case, time-dependent density functional theory, TD-DFT).
This method is known as diabatization by ansatz.37,38 In the ﬁt,
292 parameters were optimized to 2184 TD-DFT points, in
overall (thus, the risk of overﬁtting is minimized). The
parameters are given in Tables S1−S14. The ﬁt is carried out
separately for singlet and triplet states, whose adiabatic surfaces
are shown in Figures S1−S16 and the diabatic potentials are
depicted in Figures S17−S20. The coupling between the
singlet and triplet manifold is introduced via the inclusion of
SOC matrix elements, leading to the spin-vibronic Hamiltonian
H = (TN + V0)1 + W + S

Ψ(Q 1 , ..., Q f , t ) =

∑ ··· ∑ A j ... j (t )φ j(1)(Q 1, t )
n1

nf

j1 = 1

jf = 1

1

f

1

... φ j(f )(Q f , t )

(8)

f

(7)

55

as implemented in the Heidelberg code (version 8.4). Here,
( f)
Aj1...jf(t) and φ(1)
j1 (Q1, t)...φjf (Qf, t) are the sets of variationally
optimized time-dependent expansion coeﬃcients and basis
functions, that is, single particle functions (SPFs), respectively,
for f number of nuclear DoFs. The SPFs are then further
expanded in a time-independent primitive basis set, in the
present case, into HO basis functions (χνkα)

where S is the SOC matrix.
The four nuclear DoFs included in the applied Hamiltonians
of the investigated [Fe(bmicp)2]2+ complex (1) were adapted
from our recent QD study of the parent complex, [Fe(bmip)2]2+ (2).22 These include two low-frequency tuning (ν6
and ν46, breathing-like) and coupling (ν15 and ν35, antisymmetric stretching) modes, identiﬁed by the magnitude of linear
coupling constants κi,να (tuning modes, here i refers to MC
states) and λij,να (coupling modes). For the animation of the
four modes, see the video ﬁles in the SI. We included all singlet
and triplet electronic states that are lower lying or in the
energetic vicinity of the optically active 1MLCT at the FC
geometry. This led to the inclusion of 8 singlet excited states
6 1MLCTs and 2 1MCsand 11 triplet excited states7
3
MLCTs and 4 3MCs, accounting for the three triplet
components, overall 41 excited states.
2.1.2. Electronic Structure Calculations. The ground-state
(1GS) structure of 1 was fully optimized and the normal modes
were calculated at the B3LYP*39/TZVP40 level of theory. No
imaginary frequencies were found, conﬁrming that the
optimized geometry is a true minimum of the PES.
Subsequently, TD-B3LYP*/TZVP computations were carried
out at the 1GS equilibrium geometry and on structures
distorted along the 4 normal modes. The B3LYP* exchange−
correlation functional has recently been found to correctly
describe the excited-state energetics of transition-metal
complexes.41−43 Here, we performed two sets of calculations:
in vacuum and acetonitrile (ACN). In the latter case, the
solvent was modeled by the conductor polarizable continuum
model44 (QM/CPCM, where QM refers to the quantum
mechanical treatment of the solute) for the 1GS geometry
optimization and normal modes. In excited-state PCM models,
the charges of the solvent have two diﬀerent contributions:
orientational (“slow”, governed by the static dielectric
constant) and electronic (“fast”, governed by the optical
dielectric constant). We here consider the so-called nonequilibrium (noneq.) regime,45 in which the orientational
solvent charges are relaxed to the ground state, whereas
electronic charges are relaxed to the excited-state electron
density of the solute. This approach is widely used for
electronic absorption and the calculation of excited-state
PESs.46,47 Nonequilibrium TD-DFT/CPCM calculations

φjνα =

∑ akj(ν )χkν (Q ν )
Nνα

α

k=1

α

α

(9)

The ground-state wavepacket, built using one-dimensional
harmonic oscillator functions with zero initial momentum, was
projected to the excited-state surface of the optically active
1
MLCT state (S5). In Tables S18 and S19, we report the
computational details of the QD simulations utilizing the 4mode/42-state vacuum and nonequilibrium-CPCM Hamiltonians, respectively. These parameters ensured converged
dynamics for the full 10 ps of the excited-state QD simulations.
2.2. Classical Molecular Dynamics Simulations. All
classical MD simulations were carried out with periodic
boundary conditions, using the multistep RESPA integrator56
with a time step of 1 fs, as implemented in the Desmond-v4.5
program package.57 The OPLS-AA58 and the three-site force
ﬁeld by Guàrdia et al.59 were applied for the solute and the
solvent, respectively.
2.2.1. Equilibrium MD Simulations. For these simulations,
we followed the methodology applied in our recent study60
that contrasted classical and QM/MM simulations on
transition-metal complexes, prototypical for excited-state
dynamics. The ﬁrst step of this procedure is the optimization
of the 1GS and lowest-lying 3MLCT state of 1 at the B3LYP*/
TZVP level, in vacuum, followed by the calculation of partial
atomic charges at the optimized geometry (data presented in
Tables S16 and S17). For the latter, we utilized the CHELPG
method,61 which we recently found to lead to equilibrium
radial distribution functions (RDFs) in good agreement with
those simulated by QM/MM.60 The next step is the solvation
of the molecule in a 50 Å × 50 Å × 50 Å cubic box of ACN
molecules, applying two Cl− anions to neutralize the complex.
We employed the protocol of Desmond to equilibrate the
solvated system at constant NVT, applying a Berendsen
thermostat.62 This includes the following steps: (i) 100 ps
2058
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Figure 1. Diabatic excited-state potentials of [Fe(bmicp)2]2+ along the ν6 breathing-like vibrational mode dominant for the dynamics in (a) vacuum
and (b) acetonitrile simulated by nonequilibrium QM/CPCM. The dashed line represents the potential of the optically bright 1MLCT state to
which the electronic excitation occurs at the Franck−Condon (FC) geometry. (c) The excited-state vacuum and QM/CPCM-calculated potentials
of a selection of the electronic states. Here, arrows pointing down and up denote the solvent eﬀect on the corresponding potentials, stabilization
and destabilization, respectively. Nuclear displacements are given in dimensionless mass-frequency scaled normal coordinates. The average distance
between the Fe and the N of the pyridine ring (RFe−N) for the CPCM-calculated geometries is also shown.

Brownian dynamics (NVT) at T = 10 K with restraints on
solute-heavy atoms, (ii) 12 ps NVT at T = 10 K with restraints
on solute-heavy atoms, and (iii) 24 ps NVT at T = 300 K and
no restraints. This led to equilibrated 1GS and 3MLCT
trajectories. Subsequently, a 2 ns production run in the NVT
ensemble (T = 300 K), utilizing a Nosé−Hoover thermostat,63
was carried out. The atoms of the solute and the Cl− anions
(which were placed away from the complex) were restrained
during the production using a harmonic potential with a force
constant of 1000 kcal mol−1 Å−2. By this, we could avoid the
additional eﬀort of reparametrizing the solute, while, at the
same time, maintaining the accuracy of the simulated RDFs, as
shown in ref 60. The trajectory was recorded at each 50 fs of
the simulation, which was then used to calculate the
equilibrium 1GS and 3MLCT solute−solvent RDFs.
Solvent conﬁgurations extracted from these trajectories were
used for calculations, in which both the solute and solvent are
treated by TD-DFT (explicit-solvent QM). As TD-DFT
calculations on the full MD box are not feasible, we truncated
the molecular system to the solute plus the ﬁrst Fe−N(ACN)
and H(COOH)−N(ACN) coordination shell (see Figure
S27); this leads to the inclusion of 32 ACN molecules, on
average. Test computations show that the eﬀect of the

inclusion of further ACN molecules on the excitation energies
is negligible.
2.2.2. Out-of-Equilibrium MD Simulations. As in the
classical MD simulations, we utilize a rigid solute, that is, we
do not parametrize its bonding terms, but restrain all solute
atoms. We ﬁx the geometry of the solute to the one of the
ground state, keeping the above-described restraints. We note,
however, that the structural changes of the solute in the 1GS
and 3MLCT states are rather small because an MLCT state
corresponds to the occupation of an orbital delocalized on the
ligands, which does not lead to signiﬁcant structural
distortions. Here, we consider an out-of-equilibrium state, in
which the charge density of the solute has changed due to the
electronic excitation; this is represented by the application of
excited-state (3MLCT) partial charges (given in Table S17),
whereas the solvent conﬁgurations are still relaxed to the
ground-state charge density of the solute. Thus, we started 200
out-of-equilibrium simulations from uncorrelated geometries
extracted at each 10 ps of the 1GS trajectory with excited-state
partial charges. Each simulation was propagated for 5 ps. At
each 2 fs, trajectories were recorded and Fe−N(ACN) and
Fe−CH3(ACN) RDFs were plotted and averaged over the 200
simulations. Finally, the nFe−N(ACN) and nFe−CH3(ACN) cumu2059
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experimental MLCT absorption band located at 2.38 eV (520
nm).10,34 This solvent eﬀect is highlighted in Figure 1c, in
which the vacuum and QM/CPCM-calculated excited-state
potentials are shown in the same panel, but for clarity, only for
a selection of representative states of each character and
multiplicity. The above-observed stabilization of MLCT states
can be understood by basic electrostatics: the charge transfer
leads to an increased dipole moment in the excited state and
thus increased interaction with the dipoles of the polar solvent.
Interestingly, this MLCT stabilization by the solvent does not
occur for the parent complex, 2. We therefore attribute the
MLCT red shift, observed for 1, to the increased charge
transfer character of its MLCT states caused by the COOH
substitution. This is conﬁrmed by the signiﬁcantly larger
change in dipole moment between the ground state and the
lowest-lying 3MLCT obtained for 1 than for 2 (0.38 and 0.02
D, respectively).
In the following, we assess the inﬂuence of the solvent on
the photorelaxation of 1 by QD simulations utilizing vacuum
and QM/CPCM-derived spin-vibronic Hamiltonians. We
present the resulting excited-state population dynamics in
Figure 2. In vacuum, we observe an ultrafast deactivation of the
photoexcited 1MLCT state via internal conversion into the
1
MC with an exponential time constant of ∼150 fs (Figure 2a).
The reason for this very fast deactivation is that the
1
MLCT/1MC intersection occurs at the FC geometry, as is
clear from Figure 1a. The 1MLCT → 1MC IC is followed by
population transfer into 3MLCT and 3MC states via
intersystem crossing, occurring on a slower time scale,
characterized by an exponential ∼750 fs time constant. This
deactivation mechanism is inconsistent with the experimental
observations,10,34 as it involves the back transfer of the
photoexcited electron to the Fe on the sub-ps time scale.
Crucially, such short time scales would not allow electron
injection into a semiconductor with high yield (e.g., 92%, as
reported in ref 10) as the injection process was found to occur
in ∼3 ps. This discrepancy highlights the importance of
excited-state solvent eﬀects in 1. In Figure 2b, we present the
excited-state populations obtained from the QD simulation
using the nonequilibrium QM/CPCM-derived Hamiltonian.
This ﬁgure shows that in ACN, the sub-ps IC into the 1MC is
completely quenched and the simulated 1MLCT lifetime (>10
ps) is enhanced by 2 orders of magnitude, relative to the one
obtained in vacuum. This drastic change in the dynamics is
attributed to the dislocation of the 1MLCT/1MC intersection
from the FC point due to the red shift of MLCT states caused
by the interaction with the solvent. The inclusion of the
solvent at the QM/CPCM level leads to results in agreement
with the experiments;10,34 importantly, no signiﬁcant back
transfer to the metal is observed during the initial dynamics.
Interestingly, in contrast to the widely-adopted excited-state
dynamics of TMCs,1,65−68 the QM/CPCM-QD does not
exhibit any ultrafast (sub-ps) ISC between the 1MLCT and
3
MLCT states. This is because all lower-lying 3MLCT states
are energetically well-separated from the photoexcited 1MLCT
state at the FC geometry, as is clear from Figure 1b. The
absence of 1MLCT → 3 MLCT ISC has the important
consequence that our QD simulations exceptionally identify
the photoexcited 1MLCT as the long-lived excited state of 1.
As shown above, the excited-state nonequilibrium QM/
CPCM treatment of the solute leads to a signiﬁcant
improvement of the simulated dynamics. This is attributed

lative coordination numbers were calculated from the obtained
RDFs.

3. RESULTS AND DISCUSSION
Figure 1 depicts the excited-state singlet/triplet MLCT and
metal-centered (MC, originating from d → d transitions)
potential energy curves of 1 along the principal mode for the
dynamics, accounting for the most signiﬁcant structural
distortions (breathing-like normal mode ν6 in the SI).
Comparison of the potentials calculated in vacuum (Figure
1a; see also Table S2) with those of 222 (reported in Table
S15) reveals that the COOH groups stabilize the MLCT states
by 0.30−0.35 eV, in agreement with previous experimental and
computational results,10,34,64 whereas the MCs are slightly
destabilized by 0.03−0.10 eV. Figure 2b presents the

Figure 2. Diabatic relaxation kinetics of [Fe(bmicp)2]2+ following
photoexcitation into the optically bright 1MLCT state as obtained
from QD simulations performed in (a) vacuum and (b) acetonitrile
(nonequilibrium QM/CPCM). The excited-state lifetimes were
obtained by exponential ﬁts.

nonequilibrium QM/CPCM-calculated excited-state potentials. The results display a 0.15−0.19 eV red shift and a
0.04−0.07 eV blue shift for MLCT and MC states,
respectively, relative to the potentials calculated in vacuum,
shown in Figure 1a. In particular, the energy of the initially
excited (optically bright) 1MLCT state (black dashed line in
Figure 1) at the FC geometry drops from 2.81 eV (vacuum) to
2.62 eV (QM/CPCM), which means a signiﬁcant improvement of the agreement with respect to the maximum of the
2060
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from the Fe, making the metallic center more positive and
hence more prone to attract the negatively charged nitrogen
moiety of the solvent. We use the obtained equilibrium RDFs
as references for subsequent out-of-equilibrium MD simulations, aimed to probe the excited-state solvent dynamics.69,70
These simulations yield a ∼300 fs time scale for the abovereported rotation of ACN toward the Fe center, identiﬁed by
the increase of nFe−N(ACN) and nFe−N(ACN)/nFe−CH3(ACN) as a
function of time (Figures S23 and S24). Additionally, a
signiﬁcantly slower ∼2 ps kinetic component also occurs; this
is attributed to the diﬀusional dynamics of the cage of solvent
molecules around the rotated ones, characterized by largeamplitude oscillations in nFe−N(ACN), nFe−CH3(ACN), and their
ratio (Figures S23−S26). These results show that the solvent
relaxation occurs on a substantially faster time scale than the
simulated population dynamics in ACN, shown in Figure 2b. It
is, therefore, possible that the solvent relaxation can aﬀect the
population dynamics.
We address the eﬀect of solvent relaxation on the excitedstate energetics by explicit-solvent QM (TD-DFT) computations, carried out on 150 uncorrelated (separated by 10 ps in
the corresponding equilibrated trajectory) 1GS and 3MLCT
MD snapshots. Here, we have performed two sets of
calculations: one using the solute only (vac) and another
that also includes explicit-solvent molecules (sol), as obtained
from the MD simulations, leading to the ΔE = Esol − Evac
solvent shifts of excitation energies. In Figure 4, we depict the
histograms and Gaussian-ﬁtted normalized probability distribution functions (PDFs) of ΔE for the optically active
1
MLCT, as well as the lowest-lying 1MLCT, 3MLCT, and 3MC
states, as obtained from TD-DFT calculations using 1GS
(orange) and 3MLCT (blue) solvent conﬁgurations. We also
illustrate, for comparison, the corresponding ΔE values
calculated by QM/CPCM (ΔECPCM, vertical dashed lines in
Figure 4). As discussed previously, in nonequilibrium-PCM
solvation, the orientational charges of the solvent are relaxed to
the ground-state density of the solute; this is appropriate for
contrasting explicit-solvent QM calculations utilizing 1GS
solvent conﬁgurations (orange histograms in Figure 4).
However, this is no longer the case when excited-state solvent
conﬁgurations are used in explicit-solvent QM (blue histograms in Figure 4); therefore, for contrasting these
calculations, we employed equilibrium-PCM solvation within
the state-speciﬁc formalism,71 in which both orientational and
electronic solvent charges are relaxed to the excited-state solute
density. The results presented in Figure 4 show a remarkable
agreement between nonequilibrium ΔECPCM and the maximum
of the corresponding 1GS probability distributions; a similarly
high accuracy of PCM methods compared to explicit-solvent
QM calculations has been also recently reported for the ππ*
and nπ* transitions of small organic molecules.46 On the basis
of the presented explicit-solvent QM calculations, the solvent
relaxation has a rather diﬀerent eﬀect on the energetics of
diﬀerent excited states. As seen in Figure 4, the excited-state
distributions (blue) for the lowest-lying 1MLCT and 3MLCT
states (Figure 4b,c) are shifted by −0.15 eV, relative to the
corresponding ground-state (orange) distributions. On the
other hand, this shift is −0.06 eV for the optically active
1
MLCT and only −0.02 eV for the lowest-lying 3MC (for 1MC
states, this shift is even smaller). These results lead to the
important conclusion that the solvent reorganization can
modulate the excited-state energetics, which is a key factor for

to the fact that QM/CPCM correctly accounts for the
electrostatic stabilization of MLCT states. However, this
approach neglects the orientational (“slow”) response of the
solvent, which can modulate the excited-state energetics and
consequently can aﬀect the population dynamics. Nevertheless,
this modulation would only occur if the solvent reorientation is
fast enough in comparison with the population dynamics
(several ps, in the present case; see Figure 2b). To investigate
the time scales of the solvent dynamics, we perform classical
MD simulations in ACN. As a ﬁrst step, we carry out
equilibrium MD simulations in the 1GS and lowest-lying
3
MLCT state of 1. Note that the choice of this 3MLCT instead
of the photoexcited 1MLCT as the excited state is due to a
technical reason: it enables geometry optimization by
unrestricted DFT, whereas this was not possible for the
1
MLCT by TD-DFT. However, this does not introduce any
inconsistencies as diﬀerences in the relaxed structure and
excited-state density for these two states are negligible. This is
conﬁrmed by the comparison of the computed partial charges
and dipole moment for the two states.
In Figure 3, we characterize the equilibrium solvation
structure in the 1GS and 3MLCT states by the obtained

Figure 3. Equilibrium pairwise Fe−N(ACN) RDFs obtained from the
MD simulations utilizing ground (orange) and 3MLCT excited-state
(blue) solute structure and partial atomic charges. A bin size of 0.1 Å
was used for the radial sampling. The inset shows the nFe−N(ACN)/
nFe−CH3(ACN) ratio calculated from the corresponding 1GS and 3MLCT
RDFs.

pairwise Fe−N(ACN) RDFs and the resulting ratio of
nFe−N(ACN) and nFe−CH3(ACN) (inset). The 1GS−3MLCT changes
seen in the ﬁrst two peaks of the RDFs and the nFe−N(ACN)/
nFe−CH3(ACN) ratio clearly show evidence of reorganization of
the ﬁrst coordination shell in the excited state. ACN molecules
(two on average, as determined by nFe−N(ACN) corresponding to
the ﬁrst valley in the 3MLCT Fe−N(ACN) RDF) located
between the two bmicp ligands rotate such that their nitrogen
end is oriented toward the Fe center; this is reﬂected in the
increase of the nFe−N(ACN)/nFe−CH3(ACN) ratio in the excited
state. The solvent structural changes in the excited state are
dominated by reorganization of the ﬁrst coordination shell; the
change in the number of solvent molecules in the ﬁrst shell is
negligible. These results are in agreement with the fact that
electronic transitions to MLCT states remove electron density
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Figure 4. Calculated normalized probability distribution function (PDF) of the energy stabilization of the (a) optically active 1MLCT and the
lowest-lying (b) 1MLCT, (c) 3MLCT, and (d) 3MC states of [Fe(bmicp)2]2+ by the ACN solvent. The shown histograms were obtained from
explicit-solvent QM ΔE = Esol − Evac values, delivered by full explicit-solvent QM TD-DFT calculations performed on the solute only (vac) and the
system consisting of the solute and explicit-solvent molecules (sol). For the latter, solvent conﬁgurations were sampled by MD simulations using
rigid relaxed solute structures and partial charges corresponding to the ground- (orange) and lowest-lying 3MLCT state (blue). The solid lines
represent Gaussian ﬁts to the histograms. The vertical dashed lines show the corresponding nonequilibrium (noneq.) and equilibrium (eq.)
ΔECPCM values for comparison.

the dynamics. Moreover, the red shift caused by the solvent
relaxation is reproduced by the equilibrium QM/CPCM
calculations, even if deviations up to 0.06 eV, relative to the
explicit-solvent QM shifts, are observed.
Finally, we assess how the population dynamics is aﬀected
by the solvent relaxation. For this purpose, we have carried out
a series of QD simulations, in which the QM/CPCMcalculated potentials are shifted according to diﬀerent
excited-state solvent conﬁgurations. The shift is obtained by
the comparison of explicit-solvent QM-calculated ΔE values,
for the 150 snapshots of the excited-state MD trajectory, to the
nonequilibrium QM/CPCM-calculated solvent stabilization
(noneq. ΔECPCM in Figure 4) for states with diﬀerent
multiplicities and characters (optically active 1MLCT,
1
MLCT, 3MLCT, 1MC, and 3MC).
In Figure 5, we present the 1MLCT populations extracted
from the 150 QD simulations, each corresponding to a
particular excited-state solvent conﬁguration, as well as their
average, contrasted to those obtained from the QD simulations
using the gas-phase and nonequilibrium QM/CPCM Hamiltonians. These results show that diﬀerent excited-state solvent
environments can lead to very diﬀerent 1MLCT decays that
range from the nearly vacuum limit to negligible decay. This is

Figure 5. Eﬀect of the solvent relaxation on the overall simulated
1
MLCT population. The gray curves were obtained from the 150 QD
simulations, reﬂecting diﬀerent excited-state conﬁgurations. For
comparison, results obtained from simulations utilizing the gasphase and QM/CPCM Hamiltonians (heavy solid black lines), as well
as the average of the 150 population curves (heavy dotted black line),
are shown.
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attributed to the fact that the dynamics are highly sensitive to
the energy ﬂuctuations covered by the width of the excitedstate ΔE distributions (blue histograms and PDFs in Figure 4).
Comparison of the average of 150 1MLCT population curves
with the one obtained by the nonequilibrium CPCM
Hamiltonian shows only small deviations (Figure 5). This is
because the energy shift caused by the solvent relaxation is
small, relative to the spread in ΔE due to the solvent disorder.
Therefore, the solvent relaxation does not have a signiﬁcant
impact on the population dynamics of 1, and the most
important solvent eﬀects are accounted for by the nonequilibrium-CPCM Hamiltonian, as is clear from Figure 5.
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4. SUMMARY AND CONCLUSIONS
In this work, we have investigated the solvent-mediated
excited-state dynamics of [Fe(bmicp)2]2+ using TD-DFT
calculations, as well as classical and quantum dynamics
simulations. Strikingly, we found that the long-lived excited
state of the investigated molecule is not a 3MLCT, but the
photoexcited 1MLCT, which can explain the MLCT lifetime
doubling of [Fe(bmip)2]2+ upon COOH functionalization.
This is because no ultrafast 1MLCT → 3MLCT ISC can occur
as all lower-lying 3MLCTs are energetically isolated from the
optically active 1MLCT state. This observation raises the
possibility of electron injection from this 1MLCT when the
photoexcited molecule is attached to a semiconductor, such as
TiO2. Furthermore, the presented results demonstrate the
crucial role of the polar solvent to stabilize the MLCT states;
this is accurately described by a polarizable continuum model,
in the present case, CPCM. QD simulations using a
nonequilibrium QM/CPCM-derived Hamiltonian are found
to be a substantial improvement over those based on the
Hamiltonian of the isolated molecule; this is highlighted by the
fact that the former leads to a long-lived MLCT state (>10 ps)
and there is no signiﬁcant back transfer to the metal during the
ﬁrst few picoseconds, consistent with the experiments. Finally,
the solvent relaxation is found to occur on a signiﬁcantly faster
time scale (∼0.3−2 ps), relative to the population dynamics of
the solute. However, this solvent reorganization only slightly
modulates the excited-state potentials, leading to small changes
in the population dynamics.
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Tavernelli, I.; Chergui, M. Vibrational Coherence Transfer in the
Ultrafast Intersystem Crossing of a Diplatinum Complex in Solution.
Proc. Natl. Acad. Sci. U.S.A. 2018, 115, E6396−E6403.
(29) Kæjr, K. S.; Kunnus, K.; Harlang, T. C. B.; Van Driel, T. B.;
Ledbetter, K.; Hartsock, R. W.; Reinhard, M. E.; Koroidov, S.; Li, L.;
Laursen, M. G.; et al. Solvent Control of Charge Transfer Excited
State Relaxation Pathways in [Fe(2,2′-bipyridine)(CN)4]2−. Phys.
Chem. Chem. Phys. 2018, 20, 4238−4249.
(30) Persico, M.; Granucci, G.; Inglese, S.; Laino, T.; Toniolo, A.
Semiclassical Simulation of Photochemical Eeactions in Condensed
Phase. J. Mol Struct.: THEOCHEM 2003, 621, 119−126.
(31) Fingerhut, B. P.; Oesterling, S.; Haiser, K.; Heil, K.; Glas, A.;
Schreier, W. J.; Zinth, W.; Carell, T.; de Vivie-Riedle, R. ONIOM
Approach for Non-Adiabatic On-the-Fly Molecular Dynamics
Demonstrated for the Backbone Controlled Dewar Valence Isomerization. J. Chem. Phys. 2012, 136, No. 204307.
(32) Cerezo, J.; Liu, Y.; Lin, N.; Zhao, X.; Improta, R.; Santoro, F.
Mixed Quantum/Classical Method for Nonadiabatic Quantum
Dynamics in Explicit Solvent Models: The ππ*/nπ* Decay of
Thymine in Water as a Test Case. J. Chem. Theory Comput. 2018, 14,
820−832.
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(47) Nogueira, J. J.; González, L. Computational Photophysics in the
Presence of an Environment. Annu. Rev. Phys. Chem. 2018, 69, 473−
497.
(48) Cossi, M.; Barone, V. Time-Dependent Density Functional
Theory for Molecules in Liquid Solutions. J. Chem. Phys. 2001, 115,
4708−4717.
(49) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H. et al. Gaussian 09, revision D.01; Gaussian Inc.:
Wallingford, 2016.
(50) Wang, F.; Ziegler, T. A Simplified Relativistic Time-Dependent
Density-Functional Theory Formalism for the Calculations of
Excitation Energies Including Spin-Orbit Coupling Effect. J. Chem.
Phys. 2005, 123, No. 154102.
(51) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. Relativistic
Regular Two-Component Hamiltonians. J. Chem. Phys. 1993, 99,
4597−4610.
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Mostafa Abedi,† Mátyás Pápai,† Kurt V. Mikkelsen,‡ Niels E. Henriksen,† and Klaus B. Møller*,†
†

Department of Chemistry, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark
Department of Chemistry, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen, Denmark

‡

Downloaded via DTIC NATL TECH INFORMATION CTR on July 10, 2019 at 16:32:18 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S Supporting Information
*

ABSTRACT: The photoinduced ring-opening reaction is a key process in the functioning of
dihydroazulene/vinylheptafulvene (DHA/VHF) photoswitches. Over the years, the mechanism
of this reaction has been extensively debated. Herein, by means of nonadiabatic trajectory
dynamics simulations and quantum chemistry calculations, we present the ﬁrst detailed and
comprehensive investigation on the mechanism of the photoinduced ring-opening reaction of
DHA. The results show the crucial role of the excited-state ring planarization process for the bond
breaking. Our dynamics simulations show that the DHA ring opening is an ultrafast reaction that
does not follow exponential kinetics but exhibits ballistic dynamics. Upon photoexcitation, the
planarization occurs within 300−500 fs. This leads to the ring-opening reaction and concurrent
decay of the molecule to the ground state within 100 fs through an S1 → S0 internal conversion
process toward forming the VHF isomer. These results are consistent with previous ultrafast timeresolved experiments and lead to a thorough understanding of the DHA/VHF photoconversion.

T

including ring-opening reaction and formation of ground-state
VHF isomer happens in 0.6 ps for 1,2,3,8a,9pentahydrocyclopent[a]azulene-9,9-dicarbonitrile (cp-DHA;
R = cp in Scheme 1) in acetone. More recently, the ﬁrst gasphase measurement was carried out by Schalk et al.10 on the 2phenyl-1,8adihydroazulene-1,1-dicarbonitrile derivative (PhDHA; R = Ph in Scheme 1) using time-resolved photoelectron
spectroscopy. They reported a time constant of 320 ± 50 fs for
the ring-opening process. These experimental studies indicate
that the ring-opening reaction is strongly dependent on the
environment and substitution on the rings. To understand and
most importantly control this reaction, it is crucial to get
profound knowledge about its mechanism. However, complications and diﬃculties in the interpretation of ultrafast
experiments restrict our current understanding. Theoretical
approaches are powerful and complementary tools to extend
our knowledge in this regard. In this work, we present the ﬁrst
comprehensive and detailed theoretical investigation on the
photoinduced mechanism of the DHA ring-opening reaction.
We mention that recently, ring-opening reactions of organic
molecules, such as 1,3-cyclohexadiene, have received great
attention.16,17
Using the criteria for aromaticity, it can be realized that
DHA derivatives in the S0 state are not aromatic; however, scis-VHF isomers are. This is because in the S0 state DHA is not
planar conjugated and thus violates the Hückel rules. For a ring
to be planar conjugated, the hybridization of all carbon atoms
must be sp2. However, in the S0 state of DHA, the C1 and C10

he limited access to fossil fuels makes solar energy
conversion and storage one of the great goals and
challenges of this century. Among the many existing methods
for sunlight conversion like artiﬁcial photosynthesis1 and
photovoltaic devices,2 to name a few, the strategy for
conversion and storage of solar energy into the chemical
bonds of metastable photoisomers has attracted great
attention. Dihydroazulene (DHA) has been considered for a
long time a promising candidate for solar energy harvesting,
storage, and release.3−9 Upon light absorption, the DHA
molecule is excited from the electronic ground state (S0) to the
lowest-lying singlet excited state (S1), corresponding to a ππ*
transition. The excited molecule undergoes a photoinduced
high quantum yield ring-opening reaction, which leads to
formation of the metastable s-cis-vinylheptafulvene (VHF)
isomer through an S1/S0 conical intersection (CI).10−13 The scis-VHF isomer can either undergo a thermal ring-closure
reaction with a relatively large energy barrier (18−24 kcal/
mol14,15) to recapture the DHA or be transformed to the
metastable s-trans-VHF isomer with a energy barrier of 6 kcal/
mol15 via a thermal cis−trans isomerization process (Scheme
1).
The fast initial step of DHA/VHF photoconversion is the
ring-opening reaction. Over the years, this reaction has been
experimentally investigated for diﬀerent DHA derivatives. De
Waele et al.12 studied the ultrafast dynamics of 1,1-dicyano-2(4-cyanophenyl)-1,8a-dihydroazulene (CN-Ph-DHA; R = CNPh in Scheme 1) in methanol using transient absorption
spectroscopy and reported time constants of 1.2 and 13 ps for
the excited-state ring-opening and S1 → S0 internal conversion
processes, respectively. Employing the same spectroscopic
technique, Ern et al.11 observed that the whole process
© XXXX American Chemical Society
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Scheme 1. Schematic Representation of the Photoinduced DHA Ring-Opening Reaction and Thermal VHF cis−trans
Isomerizationa

a

The DFT-calculated C1−C10 bond lengths are 1.6, 3.3, and 4.4 Å for the DHA, s-cis-VHF, and s-trans-VHF isomers, respectively, at the M06/ccpVDZ level of theory.

Figure 1. Temporal evolution of the rC1−C10 bond length of the H-DHA obtained from analysis of the trajectories at the SA(4)-CASSCF(10,10)/
cc-pVDZ (left) and TD-M06/cc-pVDZ (right) levels of theory. The dashed parts of the trajectories show the dynamics in the S0 state. The dotted
horizontal lines represent the rC1−C10 bond length from the ground-state CASSCF and DFT optimizations of VHF. The thick black line in the right
panel represents ⟨rC1−C10(t)⟩, obtained by averaging the time-dependent bond length rC1−C10(t) over all ring-opening trajectories.

used approach for describing the S1/S0 CI.16,17,20,21 However,
in contrast to the multistate complete active space secondorder perturbation (MS-CASPT2) and time-dependent
density functional theory (TDDFT) methods, the vertical
excitation energy obtained from the CASSCF calculation is
much higher than the experimental value (Table S1). This is
the consequence of wrong excited-state ordering due to the
lack of dynamic electron correlation in the CASSCF method.
The CASSCF excited-state ordering at the Franck−Condon
(FC) geometry can be seen from Table S2, which shows that
the optically allowed state is S3 possessing the same character
as S1 at the TDDFT level. On the other hand, this may not be
true when the trajectories leave the FC region and explore
other parts of the PESs. For this reason, we carry out excitedstate TSH dynamics simulations at the SA(4)-CASSCF(10,10)/cc-pVDZ level by propagating 50 trajectories up to
1 ps. The photoexcitation is described as an instantaneous FC
transition where initial conditions are importance-sampled
from the Wigner distribution functions22 of the ground-state
normal modes of the H-DHA (see the Supporting Information
for the details). Figure 1, left panel, illustrates the time
evolution of the rC1−C10 bond length obtained from analysis of
the CASSCF propagated trajectories. Unexpectedly, only four
trajectories (8%) lead to the ring-opening reaction and internal
conversion to the S0 state. These results indeed show the
disability of the CASSCF method to quantitatively describe the
DHA ring-opening reaction yield and the necessity to include
dynamic electron correlation. For the four trajectories that do
exhibit ring opening, after photoexcitation, we see an
“induction time”23−26 of 300−500 fs, reﬂected by the C1−
C10 bond oscillation, before initiation of the bond stretching.
This is followed by an irreversible ring-opening reaction and

atoms are sp3 hybridized. By excitation of the molecule to the
S1 state, an electronic transition occurs from the π orbital of
the seven-membered ring to a π* orbital of the ﬁve-membered
ring (see Figure S3), which leads to formation of a planar
aromatic cycloheptatrienyl cation, increased π-conjugation, and
therefore stability of the molecule in the excited state. On the
basis of this, we will argue that the ring-opening process occurs
through several steps: (i) After excitation from the S0 state, the
nonplanar seven-membered ring begins the planarization. (ii)
This results in the cleavage of the C1−C10 bond and change
of hybridization of the C1 and C10 atoms from sp3 to sp2, as
well as formation of an open-shell diradical intermediate, which
has been recently observed experimentally.18 (iii) The ringopening reaction takes place and enhances the π-conjugation
system of the molecule to form the metastable VHF isomer.
Thus, the ring planarization is hypothesized to be an essential
prerequisite for the bond breaking and the ring-opening
reaction. To support our arguments, we perform excited-state
nonadiabatic trajectory surface hopping (TSH) dynamics
simulations, including all nuclear degrees of freedom, using
the SHARC 2.0 program package19 to explore the dynamical
aspects of this reaction and electronic structure calculations to
provide a static 2-dimensional (2D) S1 excited-state potential
energy surface (PES). To make the calculations practical, we
substitute the phenyl group in the parent molecule (Ph-DHA)
with a hydrogen atom to create our model system (H-DHA).
We justify the chosen model system by similar vertical
excitation energies for the H-DHA and Ph-DHA molecules
(with a deviation of around 10%) leading to the same excited
state (see Table S1).
We employ the multiconﬁgurational complete active space
self-consistent ﬁeld (CASSCF) method, which is the most3945
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formation of the H-VHF isomers via the S1 → S0 internal
conversion. By taking the point at which the C1−C10 distance
stops to oscillate and undergoes an irreversible elongation, we
deﬁne a bond length of rC1−C10 ≈ 2 Å for the start point of the
ring-opening reaction.
In order to describe the ring-opening reaction yield
quantitatively, an alternative choice for the CASSCF method
is MS-CASPT2. However, the lack of analytical nuclear
gradients in the available TSH codes and expensive computational cost hamper us from performing the dynamics at this
level, although we note that there are a few recent nonadiabatic
TSH dynamics studies that have applied MS-CASPT2 using a
local implementation of analytic energy gradients.27−29 Therefore, we make use of the (TD)DFT method as a practical
alternative to CASSCF. It is well-known that the TDDFT
method fails in the vicinity of the S1/S0 CI because of the
single-reference character of the ground-state wave function.20,30 A well-established strategy31−35 for such cases is to
analyze the trajectories until the energy gap between S0 and S1
reaches a predeﬁned threshold and consider this point as an
indication for the S1 → S0 internal conversion. Herein, on the
basis of the observations from the CASSCF ring-opening
trajectories, we apply a forced irreversible hop to the S0 state
when the energy gap reaches the threshold value and allow the
trajectories to continue their exploration into the ground state.
Note that the applied strategy of forced hops most likely makes
the results biased toward the formation of VHF isomers, and
thus, the obtained quantum yield for the ring-opening reaction
should be considered as an upper bound. We set 0.15 eV for
the threshold, guided by the CASSCF simulations and the fact
that at this energy gap there is a high probability for the S1 →
S0 internal conversion. We propagate 64 trajectories at the TDM06/cc-pVDZ level of theory and analyze the results (see the
Supporting Information for the computational details). As
shown in Figure 1, right panel, in 90% of the simulated
trajectories the irreversible ring-opening reaction occurs, while
two trajectories undergo ring-closure and in four trajectories,
ring opening does not occur and no dissociation is observed in
the S1 state. Figure S4 represents the temporal distribution of
the initiation of the ring opening at rC1−C10 ≈ 2 Å and
subsequent internal conversion, extracted from the TDDFT
dynamics simulations. These results show that after photoexcitation within 300−500 fs the C1−C10 bond stretching
initiates (see Movie S1b), which is in perfect agreement with
the time scale obtained from the four CASSCF ring-opening
trajectories. Thus, despite the wrong description of the
CASSCF method in the FC region, the validity of the ringopening trajectories may be justiﬁed by the facts that (1) the
predicted time scale for the initiation of the ring opening
obtained from the CASSCF results agrees very well with the
one extracted from the TDDFT simulations and with the
experiment and (2) the average hopping geometries in the S1/
S0 crossing seam region obtained from the TDDFT and
CASCF trajectories are similar (see Figure S7), excluding the
CASSCF trajectory with the very late hop to the S0 state at
around 750 fs (the blue trajectory in Figure 1). However, this
trajectory shows ring-opening dynamics like the others. As
seen from the fast expansion of rC1−C10 shown in Figure 1 and
Movie S1b, the ring opening is an ultrafast reaction, happening
in ∼25 fs. For the average trajectory shown as the thick black
line in Figure 1, the ring-opening process appears slower
because of the variation in the onset of the ring opening. Thus,
the ring opening exhibits “ballistic dynamics”23−26 that does

not follow exponential kinetics. These ballistic dynamics can be
also seen clearly from Figure 2 that shows S1 → S0 population
decay dynamics along the TDDFT trajectories for the ﬁrst
picosecond.

Figure 2. Time evolution of the average electronic state populations
along the TDDFT trajectories for the adiabatic S0 and S1 states. Note
that the role of the S2 state in the population decay dynamics is
negligible and not shown here.

We identify from the dynamics (see Movie S1a and the
normal-mode analysis of all trajectories as shown in Figures S5
and S6) that the ring planarization occurs prior to the ring
opening. To quantitatively characterize this process, we choose
the C4−C10−C9−C8 dihedral angle (φ) of the sevenmembered ring as a descriptor, because the φ angle values in
the equilibrium geometries of the H-DHA and s-cis-H-VHF are
∼65° and ∼0°, respectively. Figure 3 illustrates the changes in

Figure 3. Time evolution of the φ dihedral angle of the H-DHA
obtained from analysis of the trajectories at the TD-M06/cc-pVDZ
level of theory. The thick black line represents ⟨φ(t)⟩, obtained by
averaging the time-dependent dihedral angle φ(t) over all trajectories.
The dotted horizontal lines represent the φ dihedral angle from the
ground-state DFT optimizations.

the φ angle over time and clearly shows the ring planarization
process occurring prior to the ring-opening reaction. An
oscillation with a period of 200 fs (∼170 cm−1) is seen, which
can be ascribed to motion of the molecule facilitating the
planarization process. This is most clear from ⟨φ(t)⟩, the timedependent dihedral angle φ(t) averaged over all trajectories
shown as the thick black line in Figure 3. De Waele et al.12 also
identiﬁed experimentally four low-frequency (150−330 cm−1)
torsional normal vibrational modes for CN-Ph-DHA, which
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minimum energy path, which can be seen by the C1−C10
bond oscillation in Figure 1. This picture evidences an
undeniable role of the planarization process as a bottleneck
in the DHA ring-opening reaction. The results of static
TDDFT calculations complement and explain the TSH
dynamics simulations.
In Figure 5, we present the reaction path including the
structural alterations, taken from a representative trajectory

contribute to the planarization and support the ring opening.
We note that in addition to the above-discussed 200 fs
oscillations, we also observe faster large amplitude motions in
Figure 3 related to C−C vibrations; however, on average, these
fast oscillations cancel out.
After the ring-opening reaction is initiated, the molecule
decays very fast to the S0 state via the S1/S0 CI, while the C1−
C10 bond keeps stretching toward forming the H-VHF
isomers. The CASSCF and TDDFT simulations show that
the decay process to the S0 state occurs concurrently with the
ring opening. Analysis of the TDDFT trajectories indicates that
this process happens within 100 fs after initiation of the ringopening reaction (see Figures 2 and S4). These results show a
qualitative agreement between the CASSCF and TDDFT
simulations and their consistency with the excited-state
experimental observations by Schalk et al.10 and Ern et al.11
for Ph-DHA and cp-DHA derivatives, respectively. The
analyzed trajectories in the S0 state show a cis−trans VHF
interconversion on a subpicosecond time scale, as seen from
the rapid oscillations of the trajectories within 600−900 fs in
Figure 1, in very good agreement with the gas-phase
experiment.10 The reason that this process happens very fast
is because the molecule possesses kinetic energy after decay to
the S0, and the simulations as well as the gas-phase experiment
do not enable energy dissipation to the environment (groundstate cooling). We note that because all nuclear degrees of
freedom are included in the TSH dynamics, intramolecular
vibrational energy redistribution (IVR) can happen. At longer
times, this can in principle lead to intramolecular cooling of the
dynamics in the reaction coordinate.
Our TSH dynamics simulations indicate that the planarization is a crucial process for the ring-opening reaction. To
understand this, we calculated the S1 excited-state PES of the
H-DHA molecule (see the Supporting Information for the
computational details). Figure 4 shows the relaxed 2D excitedstate PES along the φ dihedral angle and rC1−C10 bond length.
As seen, because of the existence of high barrier regions (>0.7
eV at φ > 20°), the favorable pathway for the bond breaking is
accessible only through the ring planarization as shown by the
black solid line in Figure 4. We point out that in the dynamics,
the molecule possessing kinetic energy does not follow the

Figure 5. Schematic illustration of the proposed reaction path from
the FC region through the S1/S0 CI toward the cis−trans
isomerization process. The reaction coordinate is a combination of
the φ angle and rC1−C10 bond internal coordinates. The top structures
are taken from the dynamics, with top view for the ring planarization
and side view for the ring opening. The lines represent the underlying
minimum energy path. The bottom DHA and VHF structures are
obtained by DFT optimizations.

(top structures), from the photoexcitation toward the S1/S0 CI
and cis−trans isomerization. Starting from the FC geometry in
the S1 state, the φ dihedral angle changes from ∼65° to ∼0°,
making the structure planar and removing the barrier for the
ring-opening reaction. Thereafter, while the molecule keeps the
ring planar, the rC1−C10 bond continues to dissociate, and the S1
approaches the S0 state. The molecule undergoes internal
conversion to the S0 state, transforming into a mixture of VHF
isomers with cis−trans interconversion occurring on a
subpicosecond time scale.
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Abstract
In this work, we focus on macrocyclic structures comprised of two dihydroazulene
(DHA) units and one azobenzene (AZB) unit and the possibility for photoisomerizing
one unit selectively by tuning the excitation energies of each individual unit. An unfortunate overlap between absorption bands of DHA and AZB as well as trans- and
cis-AZB prevent us to have a full control on these macrocyclic structures and their absorption need to be separated. By means of time-dependent density-functional theory
(TD-DFT) calculations, we investigate the effects of ortho substitutions of the AZB
unit by fluorine and chlorine atoms on the absorption spectra of the DHA/AZB macrocycles. The calculations on the isolated AZB show that substitutions lead to distortion
of the rings, due to the repulsive interactions between halogen atoms, and to a systematic blue-shift of the ππ* bands between 25 nm to 50 nm. Moreover, separations
between 10 nm to 48 nm, depending on the substituent, are observed in the nπ* bands.
The results from the calculations on the substituted AZB-DHA-DHA macrocycle reveal
significant separations of the DHA/trans-AZB and trans-/cis-AZB absorption bands
by values of 46-73 nm and 15-52 nm, respectively, for different substitutions. We realize
that ortho substitutions with mixed fluorine-chlorine atoms can provide the best separations in both ππ* and nπ* bands of AZB-DHA-DHA photoisomers. The results of
this work offer a guideline for designing and synthesising new, efficient and controllable
materials applicable in devices for optical data storage and molecular electronics.

Introduction
Selective excitation of photoswitchable materials is of particular importance for controlling their photoexcitation properties. Macrocyclic structures built on the basis of several
chromophores provide a convenient way to control the accessibility of particular building units. Azobenzenes (AZBs) present one important class of photoswitches that can
reversibly be interconverted between cis and trans isomers under light irradiation. 1 1,1Dicyanodihydroazulenes (DHAs) are another class of compounds that upon photoexcitation
2

undergo an electrocyclic ring-opening reaction to form vinylheptafulvenes (VHFs) 2 that can
exist in s-cis or s-trans isomers based on conformers. 3 The VHF isomer is not photoactive, but will in time thermally return to the more stable DHA one. Some of us have
recently incorporated two DHA units and one AZB unit into a macrocyclic structure that
can potentially exist as six isomers (in addition to various stereoisomers due to the stereocenter at C8a of DHA) as shown in Figure 1: trans-AZB-DHA-DHA (3 stereoisomers),
cis-AZB-DHA-DHA (3 stereoisomers), trans-AZB-DHA-VHF (two stereoisomers), cis-AZBDHA-VHF (two stereoisomers), trans-AZB-VHF-VHF, and cis-AZB-VHF-VHF. 4 Photoisomerization of trans-AZB-DHA-DHA by irradiation at 365 nm leads to a simultaneous isomerization of trans-AZB to cis-AZB and of both DHAs into VHFs, ultimately forming cis-AZBVHF-VHF. This isomer could be converted into trans-AZB-VHF-VHF by irradiation at 410
nm. 4 These macrocycles can enable us to control accessibility to particular building units.
An unfortunate overlap of DHA and trans-AZB as well as trans- and cis-AZB absorption
bands leads to non-selective photoisomerization of trans-AZB-DHA-DHA. For a selective
trans-to-cis-AZB and DHA-to-VHF photoisomerization, their absorption bands need to be
separated. Such selective photoisomerizations could be of particular relevance for optical
data storage devices, where individual units can be accessed in a controlled manner. For the
case of AZBs, it has been shown that introducing halogen atoms such as fluorine and chlorine to ortho positions can effectively separate the n → π ∗ absorption bands in cis and trans
isomers. 5,6 For example, Bléger et al. using UV/Vis spectroscopy reported a 50 nm separation of the n → π ∗ band for tetra-ortho-fluoro-substituted AZB attached to -COOCH2 -CH3

electron withdrawing groups in para positions. Herein, we present a theoretical investigation
based on calculations of the absorption spectra of fluoro- and chloro-ortho-functionalized
AZBs, introduced into macrocyclic structures with the aim of separating the DHA and AZB
absorption bands. This can pave the way for the design of new and controllable molecules
that exhibit sequential photoisomerizations.

3

Computational Methods
The geometry optimizations, vertical excitation energy and oscillator strength calculations
were carried out using the GAUSSIAN 16 Rev A.03 suite of programs 7 at the densityfunctional theory (DFT) and time-dependent DFT (TDDFT) levels utilizing the rangeseparated CAM-B3LYP functional 8 in combination with the 6-31+G(d) basis set. The
CAM-B3LYP functional has been successfully used for the DHA/VHF photoswitches and
shown reliable performance. 9–11 We perform frequency calculations at the same level to
ensure that the optimized structures are at the minima on the PES and obtain Gibbs free
energies at 298 K. The vertical excitation energies were computed by TDDFT based on
the linear response (LR) formalism for ten singlet electronic states. Gaussian functions
with full width at half maximum (FWHM) of 0.2 eV was used to account for the thermal
broadening in the computed absorption spectra, guided by the experimental spectrum. It
is well-known that excited-state phenomena such as absorption, radiative and non-radiative
processes can be significantly affected by a solvent. 12–18 It has always been a challenge to find
an appropriate model to correctly and accurately characterize solvent effects by including
the key parameters like hydrogen bonding and a polarizable environment. The accuracy
of solvent models can be altered for various solvents and particularly, for affected solutes.
In order to find a best-performing model for our study, we benchmark different solvation
models. The details of calculations and results are discussed in S1 section of the Supporting
Information. The results of the assessment indicate a good performance of the QM/IEFPCM
model in prediction of the absorption spectra of the two trans-AZB-DHA-DHA and cis-AZBVHF-VHF macrocyclic isomers, compared to the experimental data. The reliability of PCM
in the description of solvent effects on the excited-state energetics has been previously shown
for different compounds. 12–14,16–20 For example, González and co-workers 14 evaluated several
explicit and implicit solvation models to describe the effects of hydrogen bonding and bulk
solvent on the electronic excited states of pyridine, tropone and tropothione molecules. They
showed a reliable performance of the PCM approach in the prediction of excitation energies
4

corresponding to ππ ∗ and nπ ∗ transitions, the latter transition dominated by strong hydrogen
bonding effects.

Results and Discussion
The relative Gibbs free energies of all six macrocycles in their electronic ground state were
computed in the QM/Gas and QM/IEFPCM models to compare their stability. According
to Table 1, trans-AZB-DHA-DHA and cis-AZB-VHF-VHF are the most and least stable
isomers, respectively. The order of stability of all the isomers is trans-AZB-DHA-DHA
> trans-AZB-DHA-VHF > trans-AZB-VHF-VHF > cis-AZB-DHA-DHA ≈ cis-AZB-DHA-

VHF > cis-AZB-VHF-VHF. It is also realized that the contribution of cis to trans AZB
isomerization in energy stabilization of the macrocycles is larger than the VHF-DHA conversion. The solvation free energy (∆Gsolv ) calculations in the QM/IEFPCM model show
that the macrocycles are stabilized in solution by around 100 kJ/mol. From these calculations, the cis-AZB-VHF-VHF and trans-AZB-DHA-DHA isomers exhibit the two extremes,

i.e., the largest and smallest sensitivity to the solvent, respectively, compared to the other
isomers.
Two important absorption bands for these isomeric macrocycles have been experimentally
determined: band I at 460-490 nm and band II at 315-330 nm. 4 These two bands are related
to the maximum of absorption (λmax ) of each individual macrocycle building units: transAZB-R1 (R1 refers to -COOCH2 -Ph electron withdrawing groups in the para positions), cisAZB-R1, DHA and s-trans-VHF. Table 2 reports the computed vertical excitation energies of
these units at λmax . The results show that the predicted λmax values for the units agree very
well with the experimental values in ACN. In Figure 2, we display the absorption spectra
of each units indicating the dominant contributions of the s-trans-VHF and trans-AZB-R1
units in bands I and II of the macrocycles, respectively. For further analysis, the nature
of electronic transitions corresponding to bands I and II of the trans-AZB-DHA-DHA and
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cis-AZB-VHF-VHF isomers were investigated by calculating the electron-hole pair natural
transition orbitals (NTOs) for the dominant excited states. We realize the main contributions
of π → π* transition to the bands, as seen in Figures S3 and S4, are localized only on the

s-trans-VHF unit in cis-AZB-VHF-VHF and on the trans-AZB-R1 and DHA units in transAZB-DHA-DHA.
In Figure 3, we collect the absorption spectra of all six macrocycle isomers. As we noted,
band I is dominated by s-trans-VHF unit and thus an identical spectra should be seen for
the macrocycle isomers that only undergo cis to trans-AZB-R1 isomerization. According
to Figure 3, a similar absorption spectra can be seen for trans- and cis-AZB-VHF-VHF,
trans- and cis-AZB-DHA-VHF, and trans- and cis-AZB-DHA-DHA isomers indicating a
good agreement between our calculated results and the experimental observations 4 . The
calculated absorption spectra can be used to identify the pathways of isomerization. It can
be found, for example, from direct relation between the absorption intensity of band I and the
formation of the VHF unit. Starting from trans- or cis-AZB-DHA-DHA with no DHA-VHF
conversion and the minimum intensity through the intermediate trans- or cis-AZB-DHAVHF one, we reach to trans- or cis-AZB-VHF-VHF with the full conversion of the DHAs to
VHFs and maximum intensity.
As seen in Figure 2, the overlap between the absorption bands (ππ ∗ ) of trans-AZB-R1
and DHA hampers us to selectively excite these two units in the macrocycles. Similarly,
the strong overlap between cis- and trans-AZB-R1 isomers in band I (nπ ∗ ) also needs to
be separated for the selective excitation of these two isomers. We investigate the influence
of ortho substitutions of the AZB-R1 units by halogen atoms, fluorine and chlorine, on the
absorption spectra of the macrocycles. For this purpose, we first systematically substitute the
hydrogen atoms in ortho positions of the isolated AZB-R1 isomers by fluorine and chlorine
atoms, reoptimize the structures, and compute the absorption spectra. Figure 4 presents the
computed spectra of different substitutions of cis- and trans-AZB-R1 isomers. The results
show a systematic blue-shift (from 25 nm to 50 nm) of λmax in the ππ ∗ bands of trans-AZB-R1
6

by going from the unsubstituted isomer to the one substituted by four chlorine atoms, while
such shift cannot be seen in the case of the cis-AZB-R1 isomer. This leads to a notable band
separation of DHA from trans-AZB-R1. The observed separation is interpreted as follows.
The ortho substitutions of trans-AZB-R1 by fluorine and chlorine atoms distort the planar
rings owing to the repulsive interactions between halogen atoms, in which the tetra-fluoro
and tetra-chloro isomers indicate the smallest and largest distortions, respectively, due to
the size of atomic radius. By analysis of the NTOs, shown in Figure 5, we realize that the
ring distortions delocalize the π orbitals and stabilize their energies leading to increase of
the ππ ∗ energy gap from 6.3 eV to 7.1 eV and 7.6 eV for the unsubstituted, tetra-fluoro
and tetra-chloro isomers, respectively, and thus the blue-shift of absorption bands. We
calculated the absorption spectrum and NTOs of the planar isomer substituted by four
chlorine atoms (without geometry optimization). The results show the same spectrum and
molecular orbitals as the planar unsubstituted one, confirming that the observed blue-shift
is indeed due to distortion of the rings.
The nπ ∗ bands (HOMO → LUMO transitions) of the trans-AZB-R1 isomer are also

affected by the ortho substitutions, as shown in the inset of Figure 4. The most apparent
effect of replacing hydrogen atoms with fluorine or chlorine ones can bee seen in the growth
of this band. This is a consequence of distortion of the planar rings by the substitutions
and reduction of point group symmetry of the molecule from C2 to C1 , which leads to an
increase in transition dipole moment and thus in transition probability (oscillator strength).
We note that for the parent AZB molecule (without any ortho and para substitutions), with
C2h symmetry, the oscillator strength of the nπ ∗ band is exactly zero. This is because the
related Ag → Bg transition is forbidden by the Laporte selection rules. Most importantly,
we observe separations of the nπ ∗ bands between 10 nm to 48 nm, providing a possibility to

excite selectively either cis or trans AZB-R1 isomer. To understand the nπ ∗ separation, we
analyze the corresponding orbital energies. We find that ortho-halogen substitutions of the
trans-AZB-R1 isomer do not change considerably the orbital energy of n and π ∗ leading to
7

only a small difference in λmax (between 465 nm and 474 nm; see the solid lines in the inset
of Figure 4). For the tetra-chloro trans- and cis-AZB-R1 isomers, the orbital energy of both
n and π ∗ are similar causing only 10 nm separation, while in the tetra-fluoro trans-AZB-R1
case, we observe a stabilization of the π ∗ -orbital by 0.3 eV with respect to the cis isomer
resulting in 48 nm separation. The larger separation in tetra-fluoro AZB may be ascribed
to more reduction of the electron density on the rings by fluorine atoms than chlorine, due
to the larger electronegativity, resulting in stabilization of the π ∗ -orbital. It should be noted
that, the calculated value of 48 nm for the cis/trans separation of functionalized AZBR1 with four fluorine atoms is in excellent agreement with the experimental value of 50 nm
reported by Bléger et al. 5 in ACN. Moreover, we study the influence of -COOCH2 -Ph electron
withdrawing groups in the para positions of the tetra-ortho-fluoro substituted trans-AZB-R1
isomer. We find that the para substitutions lead to 10 nm and 17 nm red shift of ππ ∗ and
nπ ∗ bands, respectively, consistent with the experimental values with -COOCH2 -CH3 groups
(∼8 nm for both bands) 5 . The observed red shifts are attributed to the reduction of the
electron density on the rings and N=N bond by -COOCH2 -Ph electron withdrawing groups
leading to lowering the π ∗ -orbital energies and thus decreasing ππ ∗ and nπ ∗ energy gaps.
The calculations on the isolated AZB-R1 isomer have shown a significant blue-shift in the
ππ ∗ band of the trans-AZB-R1 isomer by ortho-halogen substitutions suggesting a possibility
for a separation between the DHA and trans-AZB-R1 bands in the macrocycle. We study
the impact of ortho substitutions of the AZB-R1 units on the absorption spectrum of the
macrocycles. trans-AZB-DHA-DHA is the most stable isomer and the photoinduced excitation initiates from this isomer. Therefore, the substitution effects are mostly important
for this case. Figure 6 illustrates the absorption spectra of unsubstituted and fluoro- and
chloro-substituted of these two macrocycle isomers. Interestingly, substitutions by fluorine
and, particularly, chlorine or mixed fluorine-chlorine atoms lead to the full separation of
band II (ππ ∗ ), for individual DHA and trans-AZB-R1 bands. According to Table 3, the
DHA/trans-AZB-R1 band separation varies between 46 nm to 73 nm. Furthermore, we ob8

serve a considerable separation between 15 nm to 52 nm for band I (nπ ∗ ) related to cis- and
trans-AZB-R1 isomers (see Table 3). Our results show that among the substituted AZBDHA-DHA isomers, those with mixed fluorine-chlorine atoms, AZB(Cl2-F2)-DHA-DHA and
AZB(ClF-ClF)-DHA-DHA, exhibit noticeable separations in both ππ ∗ and nπ ∗ bands, which
allow the selective excitation of each units of the macrocycles. Finally, we survey the effects
of ortho-halogen substitutions on the relative Gibbs free energies for all six macrocycles. The
results show that the substitutions do not alter the order of energy stability compared to
the unsubstituted isomers.

Conclusion
In this work, we present a computational investigation on the newly synthesized macrocyclic
DHA/AZB photoisomers. Upon light radiation by 365 nm, the most stable trans-AZB-DHADHA isomer converts to cis-AZB-VHF-VHF. 4 The overlap between the absorption bands of
the DHA and trans-AZB-R1 units as well as of trans- and cis-AZB-R1 isomers prevent us to
control the photoexcitation behaviour of these macrocycles by a selective excitation of each
building units. By means of TD-DFT calculations, we study the effects of ortho-fluoro and
-chloro substitutions of the isolated AZB-R1 isomers on the absorption spectra. The results
show a systematic blue-shifting in the ππ ∗ bands from unsubstituted towards tetra-orthofluoro and tetra-ortho-chloro isomers. We find a direct relationship between the distortion
of the rings and the magnitude of absorption blue-shifting. The analysis of NTOs reveals
that the ring distortions, caused by the substitutions, delocalize the π orbitals and lead to
stabilization of their energies and therefore increasing the ππ ∗ energy gap. Furthermore,
we observe a considerable separation between 10 nm to 48 nm in the nπ ∗ band by the
substitutions. The effect of ortho functinalization of the AZB-R1 unit within the macrocycle
was then investigated. Our calculations indicate that ortho substitutions by mixed fluorine
and chlorine atoms make the absorption bands of the DHA/trans-AZB-R1 and trans-/cis-
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AZB-R1 units well-separated and allows fully selective excitation of each unit. The results
of this study provide valuable information for designing and synthesising new, efficient and
controllable materials, applicable in devices for optical data storage.
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Figure 1: Schematic illustration of molecular structures of trans-AZB-DHA-DHA (RS ; meso)
and cis-AZB-VHF-VHF isomers.
Table 1: Relative Gibbs free energies (in kJ/mol) with respect to trans-AZBDHA-DHA and solvation free energies (∆Gsolv ) (in kJ/mol) of the six macrocycles
calculated within QM/Gas and QM/IEFPCM models at the CAM-B3LYP/631+G(d) level of theory.
trans-AZB-DHA-DHA
cis-AZB-DHA-DHA
trans-AZB-DHA-VHF
cis-AZB-DHA-VHF
trans-AZB-VHF-VHF
cis-AZB-VHF-VHF

QM/Gas
0.0
55.0
19.6
61.5
34.9
78.6
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QM/IEFPCM
0.0
48.9
10.4
46.8
21.7
56.1

∆Gsolv
-93.6
-99.8
-102.8
-108.3
-106.8
-116.1

Table 2: Vertical excitation energies (in nm) of DHA, s-trans-VHF, trans-AZBR1 and cis-AZB-R1 units as well as trans-AZB-DHA-DHA and cis-AZB-VHFVHF at λmax using QM/IEFPCM model computed at the TD-CAM-B3LYP/631+G(d) level of theory. The values in square brackets are experimental molar
absorptivity ε in M−1 cm−1 taken from Ref. 4.
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Figure 2: The absorption spectra of the DHA, trans-AZB-R1, s-trans-VHF and cis-AZB-R1
units computed using the QM/IEFPCM solvent model at the TD-CAM-B3LYP/6-31+G(d)
level of theory. The spectra are broadened by Gaussian functions with FWHM=0.2 eV.
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Figure 3: The absorption spectra of the six macrocycles computed within QM/IEFPCM solvation model at the TD-CAM-B3LYP/6-31+G(d) level of theory. The spectra are broadened
by Gaussian functions with FWHM=0.2 eV.
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Figure 4: The absorption spectra of the unsubstituted and fluorine- and chlorine-substituted
AZB-R1 isomers computed by the QM/IEFPCM solvation model at the TD-CAM-B3LYP/631+G(d) level of theory. The solid and dashed lines represent the spectra for trans-AZB-R1
and cis-AZB-R1 isomers, respectively. The spectra are broadened by Gaussian functions
with FWHM=0.2 eV.
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Figure 5: Electron-hole pair natural transition orbitals (NTOs) of the dominant excited states
involved in band II (ππ ∗ ) of the (a) trans-AZB(H4), (b) trans-AZB(F4), (c) trans-AZB(Cl2F2), (d) trans-AZB(ClF-ClF) and (e) trans-AZB(Cl4) calculated by the QM/IEFPCM model
at the TD-CAM-B3LYP/6-31+G(d) level of theory. The ε values are the corresponding
orbital energies in eV. The λ values quantify the fraction of pair contribution to the excitation.
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Figure 6: The absorption spectra of the unsubstituted and ortho fluorine- and chlorinesubstituted AZB-DHA-DHA macrocyclic isomers computed by the QM/IEFPCM solvation model at the TD-CAM-B3LYP/6-31+G(d) level of theory. The solid and dashed
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Table 3: Vertical excitation energies (in nm) of the DHA, trans-AZB-R1 and
cis-AZB-R1 units at λmax as well as the DHA/trans-AZB-R1 and cis/trans-AZBR1 separations of band II (ππ ∗ ) of trans-AZB-DHA-DHA and band I (nπ ∗ ) of
cis-AZB-DHA-DHA isomers substituted by fluorine and chlorine atoms in the
ortho positions calculated using QM/IEFPCM solvation model at the TD-CAMB3LYP/6-31+G(d) level of theory.

trans-AZB(F4)-DHA-DHA
cis-AZB(F4)-DHA-DHA
trans-AZB(Cl4)-DHA-DHA
cis-AZB(Cl4)-DHA-DHA
trans-AZB(Cl2-F2)-DHA-DHA
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Assessment of Solavtion Models
Computational Methods

In this work, we employ the integral equation formalism of the polarizable-continuum model
(IEFPCM) S2 for including the solvent effects into the absorption spectra leading to the
QM/IEFPCM model, in which the solute and the solvent are, respectively, described at
the DFT level and by a dielectric continuum model. We use acetonitrile (ACN) as the solvent according to the corresponding experiment S1 . Furthermore, we use the QM/Gas model
for the gas-phase calculations, which is the primary reference to study the solvent effects.
Gaussian functions with a full width at half maximum (FWHM) of 0.2 eV was used in the
computed absorption spectra. To consider the effects of vibrational motion of the solute on
the calculating absorption spectra, we employ electrostatic embedding QM/MM@MD and
QM/IEFPCM@MD models using 100 uncorrelated thermally-sampled solute and solvent
configurations obtained from classical molecular dynamics (MD) simulations. From a computational point of view, it is not practical to compute vertical excitation energies of the macrocycles in the presence of hundreds of ACN molecules. Therefore, in the QM/IEFPCM@MD
model, we replace the explicit solvent molecules with an average representation of the solvent
described by IEFPCM and calculate the absorption spectra for different thermally-sampled
solute configurations. In the QM/MM@MD model, we carry out electrostatic embedding
QM/MM calculations using the 2-layer ONIOM (Our own N-layered Integrated molecular
Orbital and molecular Mechanics) method S3 implemented in the GAUSSIAN 16 program
for trans-AZB-DHA-DHA and cis-AZB-VHF-VHF isomers. By using the electrostatic embedding scheme, we incorporate the partial atomic charges of the ACN molecules obtained
from Mulliken population analysis, computed on the isolated ACN molecule, into the QM
Hamiltonian. The absorption spectrum of the macrocycle is calculated at the TD-CAMB3LYP/6-31+G(d) level of theory, while ACN molecules in the MM region are described
by the Universal force field (UFF) S4 . In this model, all ACN molecules in the simulations
S4

box (435 ACN molecules) were assigned to the MM region. Moreover, we challenge the
influence of solvent molecules inside the macrocyle on the absorption spectrum by introducing an additional QM/QMint /IEFPCM@MD models where the internal solvents as well as
the macrocycle are described at the TD-CAM-B3LYP/6-31+G(d) level of theory. For the
spectra obtained from QM/MM@MD, QM/IEFPCM@MD, and QM/QMint /IEFPCM@MD
models, we use a small full width at half maximum (FWHM) value of 0.05 eV, which is adequate for these models, since the thermal sampling accounts for the majority of the thermal
broadening (see Figure S2). S5
For the thermal sampling, we perform replica exchange molecular dynamics (REMD). S6
In contrast to the conventional MD methods, in the REMD all minima of the PES of system
are accessible by simulating multiple copies of the system at different range of temperatures.
This method provide an efficient way to overcome high barriers between minima of different
conformers at high temperatures in the considered macrocyclic structures with many nuclear
degrees of freedom. In this work, the REMD simulations were done by running 24 replicas
with the temperature range between 298 and 500 K using the Desmond software package S7
at constant-temperature and volume (NVT). During the dynamics, neighboring replicas exchange their coordinates and velocities according to a probability as given by the Metropolis
criterion S8 . The DFT-optimized geometry of each macrocycle was solvated in a cubic box of
acetonitrile (ACN) with 35 Å side lengths under periodic boundary conditions (PBCs). The
ACN molecules were described by a three-site model developed by Guàrdia et al. S9 and the
bonded parameters as well as the partial atomic charges and Lennard-Jones parameters of
the macrocycles were obtained from the OPLS 2005 S10 force field. To keep the macrocycle
at the center of the simulations box, we apply a weak harmonic restraining force of 5 kcal
mol−1 Å−2 to all atoms of the solute. The default protocol of Desmond was used for equilibrating the system employing the Berendsen thermostat S11 (see Ref. S12 for details). This is
followed by a 10 ns NVT production run in which we use the Nośe-Hoover thermostat S13,S14
to maintain the system temperature. From the trajectory at the 298 K, 100 uncorrelated
S5

snapshots, collected every 100 ps, were selected for calculations of the absorption spectrum.

S1.2

Results and Discussion

Figure S1 shows the absorption spectra of trans-AZB-DHA-DHA and cis-AZB-VHF-VHF
macrocycles in the gas phase (QM/Gas) and in ACN using different solvation models. In
addition, the calculated and experimental vertical excitation energies at λmax for bands I and
II are listed in Table S1. By comparison of the gas-phase absorption spectrum with those
obtained from the QM/IEFPCM model, it is observed that both bands are red shifted by the
values of 7 nm and 45 nm for the trans-AZB-DHA-DHA and cis-AZB-VHF-VHF isomers,
respectively. The reason that this red shift is larger for cis-AZB-VHF-VHF than transAZB-DHA-DHA can be attributed to the larger difference between ground- and excited-state
dipole moments (∆µge ) in solution phase. S15 The dipole moment calculations in QM/Gas
and QM/IEFPCM models reveal the ∆µge values of 1.78 D and 2.2 D, respectively, for the
electronic state involved in band I of cis-AZB-VHF-VHF showing a strong CT character.
For trans-AZB-DHA-DHA, in band II, the dipole moments of ground and excited states are
identical indicating small sensitivity of the energy of this excited state to the solvent.
In the case of trans-AZB-DHA-DHA, all solvation models including the gas phase calculations predict almost an identical energy at λmax of band II in a very good agreement
with the experimental value (see Table S1). This indeed indicates less sensitivity of this
isomer to the solvent, which can be understood from the smaller solvation free energy (see
Table 1) and the negligible change in ∆µge by going from gas to solution phases. However,
as can be seen in the inset of Figure S1a, the prediction of band I challenges our models. Focusing on the position of λmax and relative absorption intensity makes QM/IEFPCM
model a better performer than the other models in comparison to the experiment. In contrast to trans-AZB-DHA-DHA, the absorption spectrum of cis-AZB-VHF-VHF is largely
affected by the solvent due to the larger ∆µge value. According to Figure S1b and Table S1,
among the employed solvation models only QM/IEFPCM@MD, QM/QM/IEFPCM@MD
S6

and QM/IEFPCM reproduce λmax values of the two bands, very well compared to the experiment. On the other hand, the similarity between λmax calculated using QM/MM@MD
and QM/Gas models implies that the applied electronic embedding in the former model
is unable to take the excited-state solvent effects into account in such macrocycles. These
results indicate the decisive role of electrostatic polarization effects, modeled by IEFPCM,
in the prediction of absorption spectrum.
The effects of solvent inside the macrocycles on the absorption spectrum were studied
by comparing the results of QM/QMint /IEFPCM@MD and QM/IEFPCM@MD models. As
seen in Figure S1a, these two models predict similar λmax value for the trans-AZB-DHADHA case. For the case of cis-AZB-VHF-VHF isomer, which is more sensitive to the solvent,
we observe the a red shift of 8 nm in band I. The characters of states involved in these two
spectra were also analyzed by evaluation of the NTOs of two representative structures for
the two isomers using QM/QMint /IEFPCM@MD model. The calculations indicate that the
internal solvent molecules do not affect the state characters of the bands compared to the
results of QM/IEFPCM model as shown in Figures S5 and S6. These results demonstrate
that the internal solvent molecules have no significant effect on the electronic transitions
related to bands I and II of the two macrocyclic isomers.

S2

Conclusion

The absorption spectra for the two trans-AZB-DHA-DHA and cis-AZB-VHF-VHF isomers
were computed using QM/IEFPCM@MD, QM/MM@MD, and QM/QMint /IEFPCM@MD
solvation models and compered to the results obtained from QM/Gas and QM/IEFPCM
models, as well as the experimental ones. According to Figure S1 and Table S1, the following remarks can be pointed out: (i) there is no considerable improvement in the results of
QM/IEFPCM@MD over the calculated absorption spectra by QM/IEFPCM model on the
single optimized structure compared to the experiment, which indicates a good performance

S7

of PCM in prediction of the absorption spectrum. In addition, the spectra obtained from the
QM/IEFPCM@MD model, which are broadened by thermal sampling, show the adequacy of
the chosen FWHM value for the QM/IEFPCM model. (ii) By comparison of the calculated
absorption spectra within QM/QMint /IEFPCM@MD and QM/IEFPCM@MD models, no remarkable effects are observed from the internal solvent molecules on the absorption spectra.
(iii) The similarity between calculated spectra using QM/MM@MD and QM/Gas models
shows the inadequacy of the applied electrostatic embedding in the former model in considering the solvent effects and emphasizes the important role of electrostatic polarization
effects, modeled by IEFPCM. Therefore, we conclude that among the applied solvation models, QM/IEFPCM presents the best choice from both accuracy and computational efficiency
points of view, in predicting the absorption spectra of the considered macrocycles in this
work.
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Figure S1: The absorption spectra of (a) trans-AZB-DHA-DHA and (b) cis-AZB-VHFVHF computed using the considered solvation models as well as QM/Gas at the TD-CAMB3LYP/6-31+G(d) level of theory.
20

Intensity (arb. units)

18

trans-AZB-DHA-DHA

16

QM/IEFPCM@MD

14
12
10
8
6
4
2
0
200

250

300

350

400

450

500

550

600

650

700

Wavelength (nm)
Figure S2: The stick spectra for each electronic transition of trans-AZB-DHA-DHA (black)
computed for 100 snapshots taken from the thermal sampling using the QM/IEFPCM model
at the TD-CAM-B3LYP/6-31+G(d) level of theory and broadened using Gaussian functions
with FWHM=0.05 eV (green).
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Table S1: Vertical excitation energies (in nm) of trans-AZB-DHA-DHA and cisAZB-VHF-VHF at λmax in the considered solvent models computed at the TDCAM-B3LYP/6-31+G(d) level of theory. The character of the state involved in
bands are given in parentheses. The values in square brackets are experimental
molar absorptivity ε in M−1 cm−1 taken from Ref. S1.
Solvation Models
QM/Gas

band I
band II

QM/IEFPCM

band I
band II

QM/IEFPCM@MD
QM/MM@MD
QM/QMint /IEFPCM@MD
Experimental

band I
band II
band I
band II
band I
band II
band I
band II

trans-AZB-DHA-DHA
471
∗
(ππ on AZB & DHA)
323
∗
(ππ on AZB & DHA)
471
(ππ ∗ on AZB & DHA)
332
(ππ ∗ on AZB & DHA)
334
327
328
462 [620]
330 [46100]
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cis-AZB-VHF-VHF
416
∗
(ππ on VHF)
282
∗
(ππ on VHF)
460
(ππ ∗ on VHF)
303
(ππ ∗ on VHF)
455
314
421
330
451
314
492 [32300]
316 [27800]

Band II
λ = 0.96

Band II
λ = 0.44

Band II
λ = 0.55

Figure S3: Electron-hole pair natural transition orbitals (NTOs) of the dominant excited
states involved in band II of trans-AZB-DHA-DHA calculated using the QM/IEFPCM model
at the TD-CAM-B3LYP/6-31+G(d) level of theory. The λ values quantify the fraction of
pair contribution to the excitation.
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Band I
λ = 0.37

Band I
λ = 0.53

Figure S4: Electron-hole pair natural transition orbitals (NTOs) of the dominant excited
state involved in band I of cis-AZB-VHF-VHF calculated using the QM/IEFPCM model at
the TD-CAM-B3LYP/6-31+G(d) level of theory. The λ values quantify the fraction of pair
contribution to the excitation.
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Band II
λ = 0.71

Band II
λ = 0.20

Band II
λ = 0.72

Band II
λ = 0.25

Figure S5: Electron-hole pair natural transition orbitals (NTOs) of the dominant excited
states involved in band II of a representative structure including trans-AZB-DHA-DHA and
internal solvent molecules calculated by the QM/QMint /IEFPCM model at the TD-CAMB3LYP/6-31+G(d) level of theory. The λ values quantify the fraction of pair contribution
to the excitation.
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Band I
λ = 0.35

Band I
λ = 0.63

Figure S6: Electron-hole pair natural transition orbitals (NTOs) of the dominant excited
state involved in band I of a representative structure including cis-AZB-VHF-VHF and
internal solvent molecules calculated by the QM/QMint /IEFPCM model at the TD-CAMB3LYP/6-31+G(d) level of theory. The λ values quantify the fraction of pair contribution
to the excitation.
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