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Abstract  

The photoinduced ultrafast isomerizations of the retinal chromophore in visual 

rhodopsins are characterized by high speed (ultrafast sub picosecond timescale processes) 

and efficiency (high quantum yields). This is due to a conical intersection between the 

excited and ground electronic states that drives its radiationless decay via an efficient internal 

conversion. The retinal chromophore displays also a cationic structure and the charge transfer 

character of its lowest excited bright state makes it sensitive to the environment, namely to 

the presence of an external electric field. This is in turn able to tune its absorption energy in 

order to cover the whole visible range (thus enabling color vision, for instance). All these 

properties call for the retinal chromophore as an ideal candidate for the design of fast, 

efficient and spectrally tunable molecular machines that work via reversible and controlled 

photoīinduced reactions. The aim of this thesis is to investigate the mechanisms driving these 

reactions in different natural and artificial environments using high-level ab initio 

calculations and hybrid quantum mechanics / molecular mechanics methods. Eventually, the 

aim is to understand how these systems work and provide guidelines for the design of 

artificial photoactive retinal inspired systems that may mimic Nature. 

Firstly, we investigate the effect of an homogeneous electric field on the spectral 

tunability, photoisomerization efficiency and selectivity of the native all-trans retinal 

protonated Schiff base (RPSB) chromophore. We have explored the possibility to tune the 

absorption wavelength of RPSB over the entire visible range by varying the electric field 

strength from ī0.005 to +0.004 au. Moreover, we have proposed a tentative proportional 

correlation between the absorption energy modulated by the electric field and the 

corresponding ES lifetime. In addition to the isomerization rate control, it may become 

possible to selectively switch between different isomerization channels by adjusting the 

electric field to a specific value. Based on a large number of functionalized RPSB, hosting 

electron withdrawing and/or donating groups, and RPSB mimics, we have demonstrated that 

many of the characteristics/properties encountered for the native RPSB chromophore under 

the effect of an external homogeneous electric field are also observed for (and can be 

extended to) these systems. Furthermore, we explored the possibility to selectively switch 

on/off the isomerization by adjusting the electric field to a specific critical value via judicious 

substitutions/functionalizations of the chromophore. This would be a promising step toward 
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the design of bio-inspired photo-controlled molecular devices. The results are illustrated and 

discussed in chapters V and VI. 

The second part of this thesis deals with the modeling of the isomerization mechanism 

of human melanopsin and invertebrate and vertebrate rhodopsins, and the prediction of the 

photoisomerization rates and quantum yields by means of semiclassical non-adiabatic 

molecular dynamics at the hybrid quantum mechanics (CASSCF)/molecular mechanics 

(QM/MM) level. Our results show that the LandauīZener rule does not apply for visual 

pigments. Since the chromophoreôs dynamics is essentially multiīdimensional (C11īC12, 

C10īC11īC12īC13 and HC11īC12H), the fate of the reaction depends on the phases of the 

reaction driving modes and their match with the electronic structure of the system. These 

results are reported in chapters VII and VIII. 

In the last part of this thesis (chapter IX), we shed some light on the photoisomerization 

mechanism of the Siberian hamster ultraviolet (SHUV) visual pigment, a so far poorly 

investigated system. This pigment incorporates an unprotonated Schiff-base (USB) retinyl 

chromophore in the dark state, which becomes protonated after photoexcitation during the 

early stages of the photobleaching cycle. In such pigment, the photochemical relaxation 

processes is still unclear. We have investigated all the likely involved photoisomerization 

pathways, including singlet/triplet inter-system crossings as well as photoinduced proton 

transfers. The results suggest that the photoinduced proton transfer is a possible mechanism 

for the efficient photoisomerization and decay of the chromophore. 
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1 Introduction  
1.1 Photoprocesses 

Photoprocesses are usually categorized into physical or chemical [1]. In both types of 

processes the molecule or the system absorbs or emits ultraviolet (wavelength from 100 to 

400 nm), visible (400 ï 750 nm) or infrared (750 ï 2500 nm) radiation [2]. A classification 

for those processes as either photochemical or photophysical depends on the nature of the 

reaction occurring after the absorption or emission of light. For instance, a photochemical 

reaction is initiated by the absorption of energy, in the form of light, which leads to bond(s) 

breaking and/or forming in order to produce chemical species that differ from the original 

molecules: photoinduced fragmentation or polymerization reactions are typical examples of 

photochemical reactions. On the other hand, photophysical processes do not involve bond 

breaking or bond formation: the molecule absorbing light return back to their thermal 

equilibrium by simply emission of light, nonadiabatic decay and energy transfer phenomena, 

thereby dissipating the excess energy in the environment. Fluorescence and phosphorescence 

are examples of photophysical processes. It is worth to mention that the differentiation 

between both kinds of reactions might not be unambiguous. For instance, intramolecular 

photoinduced electron transfer reactions or photoisomerization reactions are examples of 

processes that might be classified as both photochemical and photophysical processes 

depending on whether one might define the photoproduct as a new chemical species or not.. 

Photoprocesses are common in biological systems such as proteins and they have a 

large impact in natural science. A well known example is the process of vision. Here, the cis 

to trans photoisomerization of the retinal protonated Schiff base chromophore, that is 

embedded in the visual protein, is the primary event in vision and a paradigm for fundamental 

studies of the molecular basis of vision [3-7]. The understanding of photoprocesses in nature 

as well as the description of photochemical properties of molecules in atomic scale requires 

accurate computational tools and physical models. Such theoretical tools should have the 

ability to describe both the ground and the photochemically relevant excited electronic states 

on the same footing and, desirably, with high accuracy. A key step in the description of 

photoinduced events lies in properly depicting radiationless non-adiabatic transitions which 

are coupled to atomic motions. Theoretical studies over the last decades, supported by 

experiments, have shown that internal conversion processes involve real crossing points 

between different electronic states, named conical intersections: this kind of transitions are 

ñthe rule rather than the exceptionò in photochemistry[3,8-10] and often determine the 

reaction rates and quantum yields. It is thus mandatory to select quantum mechanics (QM) 

methods [11] that are able to describe the electronic structure of these regions on the potential 

energy surface. Eventually, they should have the ability to describe the photoinduced the 

phenomena associated with population relaxation in the vicinity of such conical intersection 

which is the ultimate step necessary to model observable such as quantum yields and 

lifetimes, as well as transient spectroscopic signals.  



Chapter I: Introduction  

 

2 
 

Hybrid quantum mechanics/molecular mechanics (QM/MM) is a tool to model such 

processes in real/complex environments at the atomic level in real time. In this technique, the 

photoactive molecular region is studied at a suitable QM level [12-14], while all the rest of 

the system/environment surrounding that region is treated using classical molecular 

mechanics (MM) force field. This approach can be used to investigate large systems such as 

proteins. More details about QM/MM techniques, as well as the proper QM methods, will be 

presented later in this thesis. 

1.2 Retinal proteins  

Retinal proteins, also known as rhodopsins [15-17], achieve radiative into chemical 

energy transduction by an ultrafast internal conversion that involves the isomerization of the 

chromophore [18]. The speed and efficiency of this reaction is due to a conical intersection 

between the excited and ground electronic states that is responsible for both the lack of 

emission and the photochromism [3]. These properties are combined with the ability of 

rhodopsins to operate at different absorption wavelengths, a phenomenon known as spectral 

tuning[19,20]. Indeed, Nature has engineered the retinal chromophore such that it displays a 

cationic structure and a low lying bright transition with charge transfer character [21-24]. This 

property makes the system sensitive to the presence of an external electric field that may 

favour or hinder the intramolecular charge transfer process occurring upon absorption, thus 

resulting in energy gap modulation (see Figure  1-1). throughout the entire visible range. This 

wide operational spectral range observed in retinal proteins enables colour vision. In nature 

the energy gap modulation is achieved by via the non-uniform electric field of the opsin 

protein pocket embedding the retinal protonated Schiff base. The pronounced ligth-sensitivity 

of the retinal chromophore makes it an excellent candidate for the design of molecular 

machines capable of reversible photoīcontrolled reactions. Understanding the relation 

between chemical composition and photoinduced behavior in the retinal chromophore would 

allow to conceive devices with unprecedentedly high clock rates  working without consuming 

any chemical reagent.  

1.3 Aims of the Study  

The first aim of this thesis is to explore the possibility to mimic the mechanism that is 

operative in rhodopsin proteins where photon energy transduction and colour vision is 

triggered by ultrafast and highly efficient cis-trans photoisomerization of the retinal 

chromophore embedded in the opsin pocket[3,25]. Changes in the protein allow the 

chromophore to operate over the whole visible spectrum [19]. Our study aims to artificially 

achieve analogous spectral modulation by applying an external electric field, to tune the 

colours (i.e., the absorption spectra) of retinal-inspired photoactive molecular materials and, 

ultimately, to control their photophysics and photochemistry.  Indeed, the electric field can be 

used to induce even more radical modifications of the properties of retinal protonated Sciff-

base chromophore (RPSB). Sufficiently high fields could in principle tune its energy gap so 

that the conical intersection becomes inaccessible and, as a consequence, the ultrafast 

photoisomerization is suppressed, thereby turning RPSB from an ultrafast photoswitcher into 

an efficient nonīreactive light emitter (see Figure  1-1), In practice this could be facilitated 
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by designing synthetic RPSB analogs and pigments employing judicious substitutions which 

placed properly along the retinal polyene, will significantly affect (i.e., reduce) the light 

induced dipole of the chromophore Figure  1-2 shows some examples of the retinal variants 

designed according to these principles, and displaying increased/decreased light induced 

dipole, according to the specific substitution considered. Their photophysical properties are 

modeled within/without a tunable electric field with different computational approaches. 

Eventually, such work may set solid guidelines for the design of ultrafast spectrally tunable 

molecular devices, based on judiciously modified RPSB or RPSBīmimics, whose polar 

substituents and groups may be employed as electric field generators to control their 

spectroscopic and photochemical properties and allow operation over a wide spectral range. 

 
Figure  1-1. Visual rhodopsin (top). Mechanism of spectral tuning and conical intersection 

suppression in retinal. 

 
 Figure  1-2. Proposals of retinal variants with potential electrochromic behavior. 

The second aim of this thesis is the modeling of the isomerization mechanism of human 

melanopsin, invertebrate and vertebrate rhodopsins [26-28], and the prediction of the 
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photoisomerization rates and quantum yields by means of semiclassical non-adiabatic 

molecular dynamics at the quantum mechanics / molecular mechanics (QM/MM) level. The 

three visual pigments (bovine rhodopsin, Rh, squid rhodopsin, sqRh and human melanopsin, 

hMeRh) are absorbing at different wavelength (498, 476, and 462 nm) as a consequence of the 

different electric fields imposed by different environments around the same protonated retinal 

chromophore in their cavities [12,29-31] 

 A third aim of the thesis concerns the Siberian hamster ultraviolet (SHUV) visual 

pigment which incorporates an unprotonated Schiff-base (USB) retinyl chromophore in the 

dark state [32-35], which becomes protonated after photoexcitation during the early stages of 

the photobleaching cycle. In such pigment, the photochemical relaxation processes is poorly 

understood, and it is expected to show significant differences when compared to those of the 

protonated SB (PSB) chromophore in visual rhodopsin. The aim is to to elucidate the 

photophysical/photochemical properties of SHUV-USB as compared to those of rhodopsin. 

Furthermore, we shed light on the SHUV-USB photoisomerization mechanism by 

investigating the viability of singlet/triplet inter-system crossings as well as photoinduced 

proton transfer. Multiconfigurational wavefunction methods coupled to multireference 

perturbative corrections within a hybrid quantum mechanics/molecular mechanics scheme, 

coupled to semiclassical non-adiabatic molecular dynamics, are be employed for these studies. 

Comparisons of multireference and time-dependent density functional theory results are also 

presented. 

It is apparent that understanding how the photoisomerization step works and can be 

tuned in those pigments could be very useful in designing mutants that fits our needs, for 

example absorbing light of the required wavelength or reacting with the desired rate and 

Quantum Yields. To achieve this goal, it is fundamental to understand each detail of the 

reaction mechanisms and the relation between chemical composition and topology of the 

potential energy surfaces of the photo-active states. Only after the reaction is carefully 

analyzed one can infer what can be done to change its course. Eventually, the aim of this 

thesis is to investigate, through high-level ab-initio QM/MM computations, the reaction 

mechanism underlying the photoreactivity of those systems and learn how to guide them so 

that those systems and processes can be successfully used in the design of bio-inspired photo-

controlled molecular devices. 



Chapter I I:  Ab Initio QM, MM and Hybrid QM/MM Methods 

 

5 
 

2 Ab Initio Quantum Mechanics (QM), 

Molecular Mechanics (MM) and Hybrid 

QM/MM Methods  

2.1 Quantum Mechanics  

Quantum mechanics (QM) is the body of scientific laws for the correct description of the 

behavior of electrons and thus of chemistry [36]. The use of molecular wave functions Ɋ is 

the cornerstone of QM which provides an understanding of molecular structures, molecular 

energetics, and molecular dynamics. According to the QM, when the mathematical form of Ɋ 

is known precisely for a certain system, it is possible, to compute the average value of any 

experimental observable property [37] (such as the energy, dipole moment, nuclear geometry, 

electron spin, transition probabilities, etc.) of a given state of a system for an assumed set of 

initial conditions and interactions in terms of a soīcalled matrix element. 

╞╫▼▄►○╪╫■▄ ╟►▫▬▄►◄◐ ╟  ȾⱳȾ    Ȣ  

where ‡ is a mathematical operator containing the forces or interactions operating on ɰ to 

provide the property, P. If the property under investigation, P, is the energy, E, of the system, 

‡ is symbolized by Ὄ and is known as the "Hamiltonian" operator or energy operator. 

According to the laws of QM mechanics, a wave function ɰ produced by solving the well-

known Schrödinger wave equation [38]: 

╗ ╔   Ȣ  

mathematically, such equation is called an eigen equation. ɰ is then called the eigenfunction 

and E is an eigenvalue. The operator and eigenfunction could be a matrix and vector, 

respectively. 

The Hamiltonian operator Ὄ is, in general, 

╗
░

□░

▬╪►◄░╬■▄▼

░

ἹἱἹἲ

►░▒

▬╪►◄░╬■▄▼

░▒

  Ȣ  

░  
⸗

⸗●

⸗

⸗◐

⸗

⸗◑
  Ȣ  

where ɳ  is the Laplacian operator acting on particle Ὥ (electrons and nuclei). ά  and ή are 

the mass and charge of particle Ὥ, and ὶ is the distance between particles. The ýrst term and 

the second term of the Hamiltonian give the kinetic energy of the particle and the energy due 

to Coulombic attraction or repulsion of particles, respectively. This formulation is the time- 

independent, nonrelativistic Schrödinger equation [36]. Further terms may appear in the 

Hamiltonian when the system is subjected to relativity or interactions with electromagnetic 

radiation or external electric fields. In fact, accurate wave functions many-particle molecular 

systems are extremely difficult to express because of the correlated motions of particles. 

Therefore the most important challenge is to find an expression for the wave function of a 

given molecular system in which the particles are in continuous movement and consequently 
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they interact with each other. In order to simplify the problem somewhat, some 

approximations would be used. One of the important approximations is the soīcalled Born-

Oppenheimer approximation[39]; this assumption depends on the separation of the motion of 

both atomic nuclei and electrons in a given molecular system where the electrons move much 

faster than the nuclei. Mathematically, Born-Oppenheimer approximation allows the wave 

function of a molecule to be separated into its electronic Ɋ and nuclear Ɋ  (vibrational, 

rotational) components where it simplifies the Hamiltonian expression by keeping the 

internuclear potential energy term as a constant and by eliminating the correlation terms in 

the electrons-to-nucleus potential energies[40]:  

ἢἷἼἩἴ Ἥ ἶ  Ȣ  

So,  

ἒἭ  ἤἚ  ἏἭ Ἥ  Ȣ  

The last equation represents the electronic Schrödinger equation, where its eigenvalue is 

the electronic energy%. 6  is the nuclearïnuclear repulsion energy and it is a constant for a 

given set of fixed nuclear coordinates. In practice Eq. (2.6) is always solved without the 

inclusion of 6 in which case the eigenvalue is sometimes called the ópure electronic energyô, 
and one then adds 6 to this eigenvalue to obtain %. 

Once the wave function has been determined, any property of the molecular system can 

be determined using Eq. (2.1) under the effect of the corresponding operator for that property. 

For instance, the energy is the expectation value of the value of the Hamiltonian operator 

given by 

╔  ᶻ╗   Ȣ   

 Such value is always greater than or equal to the exact energy so it is called the 

variational energy[41-43]. It is possible to determine different observable properties, such as 

the dipole moment or electron density if the corresponding operator is used. Properties other 

than the energy are not variational because only the Hamiltonian is used to obtain the wave 

function in the widely used computational chemistry methods. The best way to judge the 

quality of a wave function (in comparison to one another) is the evaluation of the energy 

eigenvalues associated with each. Where the one gives the lowest energy will be the most 

accurate and presumably the best one to use for computing other properties by the application 

of other operators. In particular, a wave function may be constructed as a guess of a linear 

combination of exact wave functions (the familiar hydrogenic atomic orbitals, 1s, 2s, 2p, 3s, 

3p,3d, etc.,), so guess wave function ű constructed as a linear combination of atomic wave 

functions ◖ is given as: 

╬░ⱴ░

╝

░

  Ȣ  

where the set of ὔ functions • is called the óbasis setô and each has associated with it some 

coefficient ὧ. This construction is known as the linear combination of atomic orbitals 

(LCAO) approach[44,45]. 

One can evaluate the energy of the guess wave function [41-43]. 
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Ὁ
‰᷿ῷ‰Ὠὶ

‰᷿‰Ὠὶ
  

В ὧὧ •᷿ῷ•Ὠὶ

В ὧὧ •᷿•Ὠὶ
  

 

В ╬░╬▒░▒ ╗░▒
В ╬░╬▒╢░▒░▒

  Ȣ  

where the matrix elements Ὄ  and Ὓ are known as the óresonance integralô and the óoverlap 
integralô, respectively[40]. The overlap integral refers to the extent to which any two basis 

functions overlap in a phase-matched fashion in space. Orbitals which give rise to large 

overlap integrals will consequently give rise to large resonance integrals.  

The coefficients ὧ should be selected to the ones that minimize the energy for all possible 

linear combinations of the basis functions. Such condition is attained for a function (i.e., the 

energy) if its derivatives with respect to all of its free variables (i.e., the coefficients ὧ) are 

zero. Accordingly, that is 

Ἇ

Ἣἳ
  Ȣ  

where Ë refers to all orbital coefficients, applying this condition on Eq. (2.9) for all . 

variables, Ã gives rise to . equations which should be satisfied in order for Eq. (2.10) to hold 

true, so 

╬░╗▓░ ╔╢▓░  

╝

░

  Ȣ  

A non-trivial solution of the set of ὔ equations in ὔ unknowns is possible only if the 

determinant the unknown coefficients (i.e. Ὄ ὉὛ ) is equal to zero[40]. So, 

╗ ╔╢ ╗ ╔╢ ȣ ╗╝ ╔╢╝
╗ ╔╢ ╗ ╔╢ Ễ ╗╝ ╔╢╝

 ể ể Ệ ể 
╗╝ ╔╢╝ ╗╝ ╔╢╝ ȣ ╗╝╝ ╔╢╝╝

   Ȣ  

Solving this secular equation gives N roots corresponding eigenvalues Ὁ while by 

solving the set of linear Eqs. (2.11) will give rise to a different set of coefficients, ὧ, for 

each Ὁ. The coefficients then define an optimal wave function ɲ  within the given basis set, 

i.e., 

▒ɲ ╬░▒ⱴ░

╝

░

  Ȣ  

 In a one-electron system, the lowest energy molecular orbital would thus define the 

óground stateô of the system, and the higher energy orbitals would be óexcited statesô. One-

electron system can be extended to a multi-electron system assuming that the energy of a 
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many-electron system as the sum of the energies of the occupied one-electron orbitals. 

Furthermore, the orbitals themselves are invariant to the number of electrons in the ˊ system. 

Many attempts have been suggested to improve these models by taking a more sophisticated 

accounting of many-electron effects.  

By considering only the one-electron kinetic energy and nuclear attraction terms, the 

Hamiltonian operator in Schrödinger may be expressed as following; 

╗ ▐░

╝

░

  Ȣ  

where ὔ is the total number of electrons and Ὤ is the one-electron Hamiltonian given by 

▐░ ἱ

Ἠἳ
Ἲἱἳ

Ἑ

ἳ

  Ȣ  

where M is the total number of nuclei and the corresponding one-electron Schrödinger 

equation for the one-electron Hamiltonian Ὤ is given as; 

▐░ⱶ░  Ⱡ░ⱶ░  Ȣ  

The many-electron eigenfunctions for the Hamiltonian operator expressed by Eq. (2.14) 

can be constructed as products of one-electron eigenfunctions so; 

╗╟ ⱶⱶ ȣⱶ╝  Ȣ  

where Ɋ  is known as Hartree-product. By substitution Eqs. (2.14 & 2.17) in the electron 

Schrödinger equation, the eigenvalue of Ɋ  is given as: 

╗ ╗╟ ╗ⱶⱶ ȣⱶ╝  Ȣ  

╗ ╗╟ Ⱡ░

╝

░

╗╟  Ȣ  

Eq. (2.19) proves that the energy eigenvalue of the many-electron wave function is 

simply the sum of the one-electron energy eigenvalues. Therefore, the Hartree-product wave 

functions are constructed from the individual ‪ one-electron wave functions, which are 

actually not known, moreover, the electrons in HP assumption are not distinguishable and 

donôt interact together. Therefore, a linear combination of the HP is required that is 

mathematically described using the Slater determinant [46] formalism as in the HartreeïFock 

method.  

2.1.1 The Hartree -Fock SelfϺConsistent Field Method  

The HartreeïFock method is built on the assumption states that a single Slater 

determinant of N spin-orbitals may express the exact N-body wave function of the 

system[47,48]. Using the variational method, it is possible to derive a set of NīCoupled 

equations for the N spin orbitals. The HartreeïFock wave function and energy of the system 

is given by solving these equations as indicated in ref[40]. 
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SelfīConsistent field (SCF) method depends on an iteration process starting with a 

suitable initial-guess for the individual ‪ one-electron wave functions with selecting an 

approximate Ὤ operators by solving the one-electron Schrödinger equation which then gives 

a new set of ‪. Such process is looped until the results converge [48,49]. According to the 

Pauli Exclusion Principle, any molecular orbital cannot be occupied with two electrons 

having the same spin quantum number [50]. Let Ŭ be the spin quantum number, a multi-

electron wave function that satisfies Pauli exclusion principle can be expressed as a Slater 

determinant [46,51]. 

ἡἎ
ЍἚȦ

ⱶ ♪ ⱶ ♪ ȣ ⱶ╝ ♪

ⱶ ♪ ⱶ ♪ Ễ ⱶ╝ ♪
 ể                    ể                       Ệ                    ể 

ⱶ ╝♪╝ ⱶ ╝♪╝ ȣ ⱶ╝╝♪╝

   Ȣ  

Considering the Coulomb interaction of each electron with the static field of all the other 

electrons, the individual HF MOs are given as the eigenfunctions of a set of one-electron 

operators [40]. The one-electron Fock operator is defined for each electron Ὥ as 

█░ ἱ

Ἠἳ
Ἲἱἳ

ἶἽἫἴἭἱ

ἳ

ἤἱ
ἒἐἲ  Ȣ  

where the first term is related to the one-electron kinetic energy, the second term is the 

nuclear attraction contribution and ὠ  is the Hartree-Fock potential and donated as ςὐ 

 ὑ where J and K are the Coulomb and exchange operators. 

╕ ╔╢ ╕ ╔╢ ȣ ╕╝ ╔╢╝
╕ ╔╢ ╕ ╔╢ Ễ ╕╝ ╔╢╝

 ể ể Ệ ể 
╕╝ ╔╢╝ ╕╝ ╔╢╝ ȣ ╕╝╝ ╔╢╝╝

   Ȣ  

The Ὓ  elements are overlap integrals, similar to those previously given used in Eq. (2.9). 

The F elements depend on both the chosen basis set and the molecular orbitals. In order to 

determine the molecular orbitals, the method requires the availability of N basis functions and 

solving the secular Eq. (2.22) for E, the values of Ὂ and Ὓ  being computed explicitly 

[52,53]. Given the couple of basis functions Õ and ɜ, ὊÕɜ is computed as[40] 

Ὂ ‘
ρ

ς
ᶯ ’ ὤ ‘

ρ

ὶ
’ ὖ ‘’ȿ‗„

ρ

ς
‘‗ȿ‡„  Ȣ  

The notation ἂ‘ȿὫȿ’ἃ implies an expression for the soīcalled one-electron integral of a 

basis function •where g is some operator.  

ἂⱧȿ▌ȿⱨἃ ⱴⱨ ▌ⱴⱨ▀►  Ȣ  

The notation ‘’ȿ‗„ also implies a specific integration, in this case, 

ⱧⱨȿⱦⱭ Ⱨꜚ ⱳꜚ  
►
 ꜚⱦ Ɑꜚ ▀► ▀►   Ȣ  
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where ‰ , ‰ , ‰  and ‰  are electron probability densities. The term ╟ⱦⱭ in Eq. (2.23) 

accounts for the contributions of base functions to a molecular orbital. 

One of the defects of Hartree-Fock theory is due to the neglecting of the instantaneous 

interaction between the electrons, the soīcalled electron correlation. However, HF model is 

suitable for studying stable closed-shell molecules and other open-shell systems but it fails to 

give an accurate zeroth-order wave function in addressing systems in which the electron 

rearrangements is necessary[54]. Therefore, in those cases a more judicious treatment by 

including several electronic configurations in the wave function for better qualitative 

description. Many theories have been purposed to solve the problem of correlation energy. 

Some of them use the HF wave function as reference and then add a correction calculated 

using the variational principle such as configuration interaction (CI) or the perturbation 

theory such as Møller-Plesset (MP) as the natural extension of the Hartree-Fock method 

[11,55,56]. 

2.1.2 Configuration Intera ction  

Those methods play a central role in the studies of the electronic structure of molecules 

and chemical reaction mechanisms, especially in those concerned with electronic excited 

states.  

In the CI method, the multi-electron wave functions are obtained from a linear 

combination of Slater determinants where the orbital coefficients are the HF coefficients. For 

instance, one can rewrite Eq. (2.6) for the ground state wave function as: 

╘ ╬╛╘Ἐ 

╛

  Ȣ  

ū  are the determinants of the ground state and all possible permutation of electrons among 

the available orbitals, then the corresponding Schrödinger equation is: 

╬╛╘ộἕȿ╗ȿἘỚ

╛

╔ ╬╛╘ộἕȿἘỚ

╛

  Ȣ  

where ộūȿὌȿūỚ is a general element of the Hamiltonian matrix and ộūȿūỚ is the overlap 

matrix element between Slater Determinants. The basis set constituted by the Slater 

determinants is an orthonormal set ộūȿūỚ ŭ , then one can rewrite Eq. (2.27) in this 

way: 

╗╒╘ ╔╒╘  Ȣ  

where the eigenvector ὅ collects all the coefficients weight contribution of each Slater 

determinant. 

The full CI (FCI) refers the inclusion of all excitations in a given basis set. FCI 

calculations are too expensive and can only be performed for systems of a few atoms because 

the number of determinants increases rapidly with each order of excitation. However, since 

the method can in principle provide exact results, it is often used as a benchmark. In practice, 

approximations are required for the FCI method. For instance, the CIS method only includes 

singly excited determinants, while the CISD and CISDT methods include single and double 

excitations, and single, double, and triples excitations, respectively. In conclusion, the CIS 

method is quite fast, but not very accurate to describe electronic excitations since it can 

account only for single-excitation states. While the CISD is more accurate, but the 
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computational performance dramatically lowers down as the number of basis functions 

increases.  

2.1.3 Multiconfigurational SelfϺConsistent Field  

The multiconfigurational selfīConsistent-field (MCSCF) method[57,58] is a general 

approach for describing chemical systems in which a single electron configuration is no 

longer an adequate description of the electronic structure. MCSCF methods are related to 

the CI method because they also use a multi-determinantal ansatz to describe the many-

electron wave function. In other words, in the MCSCF method, one writes the wave function 

in CI form as a linear combination of Slater determinants, and the CI coefficients are 

determined variationally, as usual for CI wave functions. However, the orbitals are 

obtained to minimize the CI energy of the MCSCF wave function in contrasts to Hartree-

Fock theory where the selected orbitals serve in decreasing the energy of a single Slater 

determinant, as in, [59]. Using this approach it is possible to get accurate results with a 

limited number of determinants. The mathematical methods to solve the MCSCF 

equations are very complicate and many different ways have been developed in this 

aspect. One way is depending on the optimization of the CI coefficients can be done by 

solving Eq. (2.28) without any difference from the normal CI procedure. The troublesome 

part is the orbitals optimization. The approach is based on a unitary transformation of the 

MO coefficients that leads to NewtonīRaphson like equations. 

Let   be an orthonormal basis set of orbitals and U the unitary transformation matrix that, 

applied to the basis set gives the transformed orbitals. 

♠ǋ ẕ♠  Ȣ  

where ẕ can be constructed as: 

ẕ ▄═
▄═

ể
▄═▪

Ễ
Ệ
Ễ

▄═▪
ể
▄═▪▪

  Ȣ  

that is based on a matrix (A) that is skew-symmetric (ὃ ὃ in order to ensure that ẕ is 

unitary. Therefore A can be expressed as a linear combination of Ὁ  matrices the elements of 

which are equal to 1 only at the Ὥ ὸὬ row and Ὦ ὸὬ column, whereas the other elements 

are zero. This allows rewriting Eq. (2.28) as: 

ẕ ▄В ═░▒░▒ ╔░▒  Ȣ  

The wave functions have an analogous transformation as: 

ǋỚ ἭἋ Ớ  Ȣ  

with an energy Ὁǋ given by: 

╔ǋ ǋ╗ȿ ἂἭἋ ╗ȿἭἋ ἃ  Ȣ  

Such equation can be rewritten in the form of a Taylor expansion truncated to the second-

order derivative term as following. 

╔ǋ ╔ ═░▒
⸗╔

⸗═░▒
░▒

═░▒═▓■
⸗╔

⸗═░▒⸗═▓■
░▒▓■

  Ȣ  
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The same equation can, in turn, be expressed in matrix form, assuming that A is a column 

vector containing the parameters and defining F as a row vector containing the first order 

derivatives of the energies with respect to the skew-symmetric matrix elements, and defining 

G as the energy second order derivatives. According to such assumptions, Eq. (2.34) can be 

expressed as: 

╔ǋ ╔ ╕═ ═╣╖═  Ȣ  

The Ὁǋ energy can be minimized if π that is true if Ὂ  Ὃὃ  π. That is: 

═  ╖ ╕  Ȣ  

Since, according to equation 26, Ὗ  Ὡ  we can obtain Ὗ again as a Taylor expansion of 

the matrix exponential truncated to the second order term: 

═ ═ ═  Ȣ  

The results of such sum of matrices, in the case ὃ is skew-symmetric as this case, has the 

same form a rotation matrix has. This means that the orbitals optimization process is carried 

out by means of rotations which are iterated until convergence. Simulation softwares often 

implement the Complete Active Space SelfīConsistent Field, CASSCF [54] or the Restricted 

Active Space SelfīConsistent Field, RASSCF [60], both of them considering excitation as 

taking place only between a defined numbers of orbitals. According to such methods, the 

orbitals are subdivided into three groups: the core orbitals group, which is treated as a set of 

Hartree-Fock wave functions, the group of the occupied and empty active orbitals, where 

excitations are considered explicitly and eventually the virtual orbitals, treated as empty 

Hartree-Fock wave functions. These two methods display significant differences in the 

excitations that are introduced. In particular, in the CASSCF case, all the possible excitations 

are taken into account. On the contrary, in the RASSCF case, the excitations can be selected 

and the active space is further subdivided into three sections Section RAS1 contains occupied 

orbitals where only a defined number of the electrons can be excited. This is similar to a 

truncated CI. Section RAS2 contains both occupied and empty orbitals processed with 

CASSCF technique. Section RAS3 has the empty orbitals that can be occupied only by a 

defined number of electrons. The choice of the orbitals basis set for simulation has to be done 

taking into account the fact that the CPU usage dramatically increases with the number of the 

active orbitals introduced, so the use of the optimum basis set is not always viable. Therefore 

experience and intuition are an asset in the choice of a suitably limited set of active orbitals. 

In conclusion, CASSCF method is commonly used nowadays because it has many 

attractive features[61]: (i) applicable to both the ground and excited state in single 

framework; (ii ) sizeīConsistent; (iii ) well defined on the whole potential energy surface if a 

suitable active space is chosen. On the other hand, CASSCF does not give accurate values in 

terms of energies such as the excitation energy (the error within several kcal/mol) the reason 

behind because it lucks to the dynamic correlation. Therefore, methods which consider 

account both the non-dynamic and dynamic correlations are required for better quantitative 

description. The multireference Møller ï Plesset (MRMP) perturbation method [62,63], 

MCQDPT quasi-degenerate perturbation theory (QDPT) [64] with multiconfiguration 

selfīconsistent field reference functions (MC-QDPT) [65] and second order multireference 

perturbation theory (CASPT2) are perturbation methods of such a type. Using these 
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perturbation methods, it is possible to study the electronic structures of various systems since 

they are powerful tools for investigating excitation states and potential energy surfaces of 

chemical reactions. In the following sections, we introduce short summary about the CASPT2 

methods. 

2.1.4 Multiconfigurational Second Order Perturbation Method  

The CASPT2 method is a post MCSCF method which allows computing the correlation 

energy of the rest of the system after the active part of the system has been treated with 

MCSCF. CASPT2 method [66,67] is based on correcting the wave functions applying the 

perturbation theory. Practically, The CASSCF wave function is followed by CASPT2 

computations of the dynamic correlation energy of each state in order to get a more 

quantitative evaluation of the energies. Given a CASSCF wave function, the second order 

perturbation can be written on the basis of the Ὥ  ὸὬ perturbation Hamiltonians ὌὭ and the 

perturbation weight ɚ: 

╗  ╗   ⱦ╗░  Ȣ  

The energies can be expressed in a similar fashion: 

╔ ╗   

              ╔ ╗   Ȣ  

╔ ╗   

In Eq. (2.36) the orthogonality is implied between the π  ὸὬ order wave function and 

the perturbation. The Ὄπ term is the Ὂ Fock operator and since the CASSCF wave function 

is invariant with respect to rotations in the core, active and virtual orbitals, the Fock 

operator can be expressed as a superposition of diagonal subsets fi : 

╗ ╕ █╬╬ █╪╪ █○○ █╪╬ █○╬ █○╪  Ȣ  

 in which the subscript ὧ refers to core, ὥ refers to active and ὺ refers to virtual orbital 

spaces. The Hamiltonian of the perturbation is the difference between the whole Hamiltonian 

and Ὄ  so that the wave function must be corrected by a term    that is the linear 

combination of the remaining configurations •Õ in the CI space, i.e. except those of the active 

space. From a mathematical point of view: 

♥ ╒Ⱨ
Ⱨ

Ⱨꜚ  Ȣ  

where the ὅis the linear combination coefficients: 

╒Ⱨ
Ⱨ╗

╔Ⱨ ╔
  Ȣ  

From the CPU burden standpoint, the CASPT2 is very demanding. 
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2.2 A Brief Introduction to Molecular Mechanics 

The most rigorous limitation of ab initio methods is the limited size of the molecule that 

can be handled on even the supercomputers. However Semiempirical calculations can be 

implied for large organic molecules, but are also too expensive for most biomolecular 

systems such as proteins. If a molecule is so big that a semiempirical treatment cannot be 

used effectively, the only possible way to model its behavior avoiding quantum mechanics 

totally by using molecular mechanics. 

2.2.1 Basic Theory  

Molecular mechanics is a simple "ball-and spring" model for molecular structure. Atoms 

(balls) are connected by springs (bonds), which can be stretched or compressed with a certain 

energy cost[51,68]. The energy expression effective potential for systems is expressed by a 

simple an algebraic notation[69]:  

╔╜╜  ╔╫▫▪▀▼  ╔╪▪▌■▄▼  ╔▀░▐▄▀►╪■▼  ╔░□▬►▫▬▄►▼  ╔▪▫▪╫▫▪▀▄▀  Ȣ  

where each term is a summation extended to all atoms involved in the system. Eq. (2.40) can 

be written in details as[70]: 

╔╜╜ ╚╫ ╫

╫▫▪▀▼

╫ ╚Ᵽ Ᵽ

╪▪▌■▄▼

Ᵽ ╚● ἫἷἻ▪● ♯

▀░▐▄▀►╪■▼

╚ꜚ  ꜚ

░□▬►▫▬▄►▼

ꜚ

Ⱡ
╡□░▪░▒

►░▒

╡□░▪░▒

►░▒
 
▲░▲░
╓►░▒

▪▫▪╫▫▪▀▄▀

  Ȣ  

The first term describes the bond-stretching term where ὑ  is the force constant of a covalent 

bond, ὦ is the bondôs equilibrium length, and ὦ is the bondôs length; the second term 

describes bending of the angles between covalently bonded atoms where — and — are the 

bond angle and its equilibrium value, and ὑ is the bending force constant; the third term 

describes torsion about the bond between the second and third of four sequential, covalently 

bonded atoms where the number of local energy minima is determined by ὲ, and their 

corresponding internal dihedral angles ὼ are determined by the offset ‏. ὑ  is the associated 

force constant[71]. The fourth term, the improper dihedral, is used to keep atoms planar such 

as those which are sp2 hybridized, and it is denoted by ‰ where ὑ is the respective force 

constant. The last term describes the Coulombic and van der Waals interactions where ὶ is 

the interatomic distance between atoms Ὥ and Ὦ. The depth of the Lennard-Jones well 

describing the van der Waals interaction is given by ‐, and the location of its minimum is 

given by Ὑ . The electrostatic interaction is represented by chargesή, ή the interaction of 

which is modified by an effective dielectric constant Ὀ.  

The constants in this equation are determined empirically or from ab initio calculations 

that reproduce experimental data[72]. The fundamental assumption of the molecular 

mechanics method is the transferability of parameters. In other words, the energy penalty 

associated with a particular molecular motion such as the stretching of a carbonīCarbon 
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single bond will be the same from one molecule to the next. This gives a very simple 

calculation so MM methods are orders of magnitude cheaper from a computational point of 

view than quantum mechanical (QM) methods, and because of this, they have found a 

preferential position in a number of areas of computational chemistry such as molecular 

dynamics[6,12-14,30,73-79]. On the other hand electrons are not part of the MM description, 

and as a result, several chemical phenomena cannot be studied by this method. The 

accomplishment of MM technique is dependent on (i) the energy expression; (ii) the way by 

which the constant are parameterized; (iii) the method used to optimize constants from that 

data; and (iv) the userôs skill to use the technique in a way consistent with its strengths and 

weaknesses. 

2.3 Hybrid Quantum Mechanics/ Molecular Mechanics (QM/MM)  

However QM methods are able to compute many properties and model chemical 

reactions but they cannot be used to model large biomolecules (such as polypeptides, 

enzymes, nucleic acids, etc...). On the other hand molecular mechanics (MM) can model very 

large compounds quickly but they cannot model chemical reactions since the latter imply a 

change in the structure of the system. The hybrid QM/MM strategy originally introduced by 

Warshel and Levitt [80] opened the way to combine these two methods into one calculation 

which able to model a very large compound using molecular mechanics and the crucial 

portion of the molecule with quantum mechanics [14,73-75,77,81].  

The QM/MM methods have the power to account for problems in which the electronic-

structure calculations, including environmental effects, are essential or desirable. For instance 

it can be used for investigating structural and spectroscopic properties of complex 

biomolecular systems such as retinal proteins. Although there are a wide variety of QM/MM 

methods, the basic principle behind them is the same. Typically, the system under 

investigation is divided into two regions: a relatively small region of the system in which the 

chemical reactions occur is treated at a high level of theory (QM) and the remaining part is 

modeled with a low level of theory (MM force fields). Consequently, the hybrid QM/MM 

potential energy contains three types of interactions: (i) between atoms in the QM region, (ii) 

between atoms in the MM region, and (iii) between QM and MM atoms. Classes (i) and (ii) 

of interactions are relatively easily to describe at the QM and MM level, respectively. In the 

other hand the third kind of interaction between the two subsystems are more difficult to 

handle, and several approaches have been developed. These approaches can be categorized in 

schemes: subtractive and additive coupling schemes.  

The total QM/MM energy of a system Ὁ Ⱦ in subtractive scheme is calculated in the 

following steps. In the first step, the total energy of the system is computed at the MM level 

for both QM and MM atoms, Ὁ ὓὓ ὗὓ. Second, the QM energy of the isolated QM 

region is added, Ὁ ὗὓ. Finally, the MM energy of the QM subsystem is computed, 

Ὁ ὗὓ, and subtracted to correct for including the interactions within the QM subsystem 

twice: 

╔╠╜Ⱦ╜╜  ╔╜╜ ╜╜ ╠╜ ╔╠╜╠╜ ╔╜╜ ╠╜  Ȣ  

The subtractive scheme is mostly used by the ONIOM method [82,83]. The main 

advantage of the subtractive scheme is that its implementation is relatively simple because 

the communication between the quantum chemistry and molecular mechanics routines is not 

is required. On the other side, one of the drawbacks of this scheme is that a sufficiently 



Chapter I I:  Ab Initio QM, MM and Hybrid QM/MM Methods 

 

16 
 

flexible force field is required for the QM region to account for the effect of any chemical 

change, this force field is not always available. A further disadvantage is that the QM 

electron densities do not polarize by the MM environment and this would be particularly 

problematic for modeling biological charge transfer processes, since these are usually 

mediated by the protein environment[84].  

In additive schemes, the QM system is embedded within the larger MM system, and the 

energy for the whole system is a sum of MM energy terms, QM energy terms and QM/MM 

coupling terms[84]: 

╔╠╜Ⱦ╜╜ ╔╠╜╠╜  ╔╜╜ ╜╜ ╔╠╜ ╜╜ ╠╜ ╠╜  Ȣ  

In this scheme, no force field is required for the QM region where only the interactions 

within the MM region are described at the force field level, Ὁ ὓὓ . Further, the 

interactions between the two QM and MM subsystems are treated explicitly: Ὁ ὗὓ

ὗὓ. These interactions can be described at various degrees of sophistication such as 

mechanical and electrostatic embeddings [76,85].  

In the mechanical embedding scheme, the QM computations for the QM region is usually 

performed in the absence of the MM region, and the interactions between both regions are 

treated at the MM level. These interactions usually include both bonded (stretching, bending, 

and torsional) and non bonded (electrostatic and van der Waals) interactions. While in an 

electrostatic embedding scheme, the QM computation for the QM is carried out in the 

presence of the MM by including terms that describe the electrostatic interaction between the 

QM and MM as one electron operators that enter the QM Hamiltonian. The bonded and 

non bonded van der Waals interactions between the QM and MM atoms are treated at the 

MM level[76]. 

2.3.1 COBRAMM as QM/MM Partitioning Scheme  

COBRAMM software (Computational Bridge between Ab-initio and Molecular 

mechanic) has been developed at the Department of Chemistry at the University of Bologna 

to perform hybrid QM/MM calculations [77]. 

COBRAMM works as an interface combining several available codes which are working 

together thought exchanging data to deal with a specific problem. The most important feature 

of this approach is its ability to partition the system where QM/MM calculations are 

performed separately for the calculation of the energies and forces on one side and the 

projection of the new geometry on the other side this means that an independent QM and an 

MM calculation of the two regions are carried out to calculate the total QM/MM energy and 

the set of forces which finally give raise to a new geometry. During the last step the system is 

subdivided into two independent regions: the first one (Opt1) which is treated by a fast and 

rough algorithm such as Steepest Descents; the second is much smaller and it includes the 

QM part (Opt2/MD) where a sophisticated algorithm such as BFGS is used (Figure  2-2)[86]. 

There are two different cases, in the first the system is subdivided into two layers one known 

as high layer and is optimized at QM level with an accurate algorithms while the other is 

called low and it is handled by means of MM level using fast algorithm, such case appears if 

QM and Opt2/MD are identical. On the other hand, if the Opt2/MD is larger than QM, some 

other atoms are included together with the QM atoms, in the accurate geometry optimization 

or MD. Such approach shows a significant enhancement and it differs from the ONIOM-type 

methods [82,83] developed by Morokuma and co-workers where COMRAMM approach 

improves the simulation of the electrostatic interaction between the QM and MM regions 
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since the intermediate region is used to improve the reliability and efficiency in the 

optimization (or molecular dynamic) phase that allows the explicit treatment of large 

molecular motions around the reactive region without increasing the computational cost. In 

COBRAMM, the electrostatic influence of the surrounding MM region on the QM layer is 

taken into account by means of the electrostatic embedding approach[76,85]. 

 

Figure  2-1. Schematic representation of the hybrid QM/MM approach. 

 

Figure  2-2. Boundary region crossing a covalent bond 

There are several types of calculations implemented in COBRAMM depending on the 

combination among the three layers: High (H), Medium (M) and Low (L). For instance HML 

is a three layers level of calculation may be used to study the reaction mechanism of a 

photoisomerization processes in which the chromophore of is treated quantum mechanically 

(high layer), assigning the neighboring residues to the medium layer (MM) and leaving all 

the other residues of the protein in the low layer (Figure  2-4). Handling the boundary region 

between the QM and MM regions should be considered with a judicious manner to avoid 

unphysical results. There two different cases: the first is easy to handle where the QM layer is 

separated from the other layer through nonīCovalent bond; the second in which the parceling 

between QM and MM regions scours via a covalent bond. The atom link approach [76,87-89] 

and the modified orbital methods [78,79,90,91] are two strategies have been proposed to 

account for the boundary region. In COBRAMM, the atom link approach is implied to handle 

the boundary region. Such approach is important in such cases where at least one covalent 

bond crosses the QM/MM boundary. Such cutting leaves the valence of the frontier QM atom 

(Q1 in Figure  2-2) remains unfilled (known as model). In this approach one hydrogen atom 

is added to the QM region as link-atom to form a bridge between the QM and the MM 

regions (model-H), furthermore the added H-atom compensates the valence. The atom-link 

approach is widely used and it gives realistic results however, the addition of artificial atoms 

that are not present in the original system, may cause problems in the total QM/MM energy 

value and in geometry optimizations. To avoid the problems due to the presence of such 

foreign H atoms, the position of those atoms is settled to be dependant at each step only on 

the line connecting Q1 and M1 atoms. Thus, removing two degrees while the last degree of 
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freedom can be simply eliminated by fixing the Q1-H distance for example at a fixed distance 

of 1.09 Å corresponding to the standard value for a C(sp3)ïH.  

QM calculation is implied to compute all the energy components of the high layer (QM 

region) while the bonded and non-bonded interactions within the medium and low layers 

(MM region) are computed at the MM level. The important challenge is the calculation of the 

electrostatic interactions between the QM and the MM region which is treated at QM level 

using an Electrostatic Embedding scheme in which QM computation are performed on 

model-H surrounded by the atomic point charges of the MM layers (i.e., the emb charges). 

The atomic point charges of the MM regions given by either pod or emb are identical (as 

given from the MM force field) except at the boundary region (Figure  2-3). In the emb 

scheme, the atomic point charge on the M1 atom near the hydrogen atom link (see Figure 

 2-2) is set to zero and its charge is spread on the neighbouring MM atoms (M2) such 

distribution of M1 charge will preserve the total charge of the system and avoid the 

unrealistic hyperpolarization of the wave function at the Q1-H bond. 

 

Figure  2-3. The atom-link approach implies a change in the original charges (pod) of the 

MM region to be introduced in the QM calculation, according to the electrostatic embedding 

scheme. The procedure to obtain the new set of charges (emb) is described in the text. 

The total energy of the QM/MM system is given based according to the subtractive 

scheme as following [85]: 

╔◄▫◄╔╠╜
□▫▀▄■╗ ╔╜╜

►▄╪■╔
╠╜

▄■Ȣ□▫▀▄■╗Ⱦ▄□╫ ╔╜╜
▄■Ȣ□▫▀▄■Ⱦ▬▫▀ ╔╜╜

□▫▀▄■╗  Ȣ  

where the first term is the QM energy of the model-H in vacuum, and the third term describes 

the electrostatic interaction between the model-H and the emb subsystem. This allows the 

perturbation of the by the MM charges therefore the QM region is polarized by the MM 

environment. Both the first and third terms are computed are calculated together throught a 

single QM computation on model-H in the bath of emb charges. The other terms of this 

equation represent the MM energies where they can be rewritten as: 

Ὁ  Ὁ Ὁ
Ȣ Ⱦ Ὁ   ╔╜╜

▬▫▀
╔╜╜
○▀╦□▫▀▄■Ⱦ▬▫▀

╔╜╜
╫▫▪▀ȟ╫▫▪▀Ȣȟ◄▫►▼Ȣ□▫▀▄■Ⱦ▬▫▀  ςȢτψ 

where the first term involves only MM atoms, the second the third terms are cross 

contributions between the QM and MM atoms.  
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The atom-link scheme is a hydrogen link atom and the charges on M1 atoms are 

redistributed to its nearest-neighbors are two approximations are implied in this respect as 

previously described. 

COBRAMM uses its own way to interface among series of standard commercial 

packages for QM and MM calculations including MOLCAS[92], GAUSSIAN03/09[93], 

MOLPRO[94], and others for the QM part; Amber [95,96] and Tinker [97] for the MM part.  

The flowchart of the QM/MM interface implemented in COBRAMM is presented in 

Figure  1-1: in particular, points 2, 3, 4 and 5 do need external MM programs to calculate 

energies and forces, while point 6 uses a QM software to get the electrostatically embedded 

wave function and its energy and first derivatives. Point 7 merges all these results to give the 

total energy and gradient. Finally, in the ninth section, an external program for geometry 

optimization or molecular dynamics is used to generate the new geometry to restart the cycle. 

The calculation terminates when the convergence criteria are satisfied or when the time for a 

MD run is over. 

 

Figure  2-4.QM/MM implementation flowchart 
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3 Potential Energy Surfaces: Reaction Paths 

and Conical Intersections  

The potential energy surface (PES) is a fundamental concept in computational chemistry. 

A PES is a mathematical or graphical relationship between the energy of a molecular system 

and its geometry [98-101]. PES is important in visualizing and understanding the relationship 

between potential energy and molecular geometry, and in understanding how computational 

chemistry programs locate and characterize structures under investigation. The most 

important aim of computational chemistry is to locate the structures and the corresponding 

energy along the PES: such ñstructures of interestò are FranckīCondon geometry, stationary 

points, transition states, and conical intersections between two states.  

3.1 Stationary Points  

A stationary point on a PES is a point at which the surface is flat where it occupies the 

lowest-energy point in its region of the PES, and any small change in the geometry increases 

the energy (Figure  3-1a).  

The first and second derivatives of the energy with respect to the geometrical parameters 

can be used to construct a local quadratic approximation to the potential energy surface: 

╔● ╔● ▌ ● ●╣╗ ●  Ȣ  

where Ὣ is the gradient  at Ø, (  is the Hessian  at Ø and ɝØ Ø Ø. The 

gradient and the Hessian can be used to confirm the minima and transition states characters. 

Chemically, stationary points are minima or energy minima and they are corresponding to 

actual molecules with a finite lifetime, mathematically, at the stationary point, the first 

derivative of the potential energy with respect to each geometric parameter is zero i.e. 

⸗╔

⸗●
  Ȣ  

for all ὼ, where ὼ is a geometric parameter.  

 If the stationary point is the lowest-energy minimum on the whole PES it knows as 

global minimum, the relative minimum is a minimum compared only to nearby points on the 

surface. The lowest-energy pathway linking the two minima, the reaction coordinate or 

intrinsic reaction coordinate (IRC) is the path the molecule takes to pass from one minimum 

to another if it acquires enough energy to overcome the activation barrier, pass through a 

transition state (Figure  3-1b) [99]. The transition state linking the two minima displays a 

maximum along the direction of the IRC, but it is a minimum along all other directions. The 

BornïOppenheimer approximation states that the nuclei in the molecule are essentially 
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stationary compared to the electrons. This is one of the cornerstones of computational 

chemistry because it makes the concept of molecular shape (geometry) meaningful, makes 

possible the concept of a PES, and simplifies the application of the Schrödinger equation to 

molecules by focusing on the electronic energy then adds in the nuclear repulsion energy 

later. 

3.2 Geometry Optimizations  

Due to the large number of internal coordinates of the molecule (φὔ φ where N is the 

number of atoms) and the failure of the algorithms in locating minima and/or transition states 

(TS), the identification of stationary points on the PES, which have a chemical meaning, 

remains a bothersome task[102,103]. The stationary point of interest might be a minimum, a 

transition state, or a higher-order saddle point. 

Geometry optimization starts with an initial guess structure to find a stationary point (not 

necessarily the global minimum) on the PES. A special algorithm is usually required for 

transition state optimization, since it is more demanding than that required to find a 

minimum. Analytic first derivatives and (usually numerical) second derivatives are now used 

in optimization algorithms. Vibrational spectrum is usually carried out to investigate the type 

a stationary point (a minimum or a transition state). The algorithm for this depends on 

calculating an accurate Hessian (force constant matrix) and diagonalizing it to give a matrix 

with the ñdirection vectorsò of the normal modes, and a diagonal matrix with the force 

constants of these modes. Real minimum has not any imaginary frequency, while a transition 

state has one imaginary vibration, corresponding to motion along the reaction coordinate. 

Moreover, vibrational frequencies calculation aids one to predict an IR spectrum and 

provides the zero-point energy (ZPE). The ZPE is needed for accurate comparisons of the 

energies of isomeric species as well as a starting structure for further computational 

investigations. 

 

Figure  3-1. (a) Two dimensional minimum. (b) Two dimensional transition state. 

3.2.1 Constrained Optimizations  

Constrained geometry optimization is a general tool in finding transition states, exploring 

the energy as a function of specific internal coordinates, computing reactions paths (IRC), 

minimum energy paths (MEP), finding minimum energy cross point and searching for the 

conical intersections. For nonredundant coordinate systems and simple constraints, the 

coordinates under constrain can be easily deleted from the set of variables being optimized. 

different approaches have been developed to handle the constrain optimization such as 

Penalty functions, projection methods, and Lagrangian multipliers [104]. The penalty 

function method applies the constraints ὅὼ  π by adding an extra term, В‌ὅὼ , to 
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the energy in Eq. (3.1) and the energy is minimized as usual. Where ‌ should have a 

relatively large values so that the constraints are approximately attained at the minimum. The 

Lagrange multiplier method can solve optimization problems with equality constraints: 

╟▌ Ἔ╗╟ ● ╘ ╟   Ȣ  

╟ ╘ ╬░╬░
╣Ⱦȿ╬░ȿ

░

  Ȣ  

where the ὧ are a set of orthogonal constraint vectors and ‌  π. For redundant internal 

coordinates, the projector needs to remove the coordinate redundancies as well as the 

constraint directions[86]. 

3.3 Conical Intersection  

Investigating the reactivity of excited molecular systems requires searching the decay 

point to the ground state, a numerous of computational and experimental studies have 

confirmed that the soīcalled conical intersections (CI) of PESs, predicted by von Neumann 

and Wigner in 1929 [105], are the rule rather than the exception in polyatomic molecules. In 

other words, the low-lying intersections (i.e. real crossings) between the reactive excited state 

and the ground state occur with a previously unsuspected frequency. The conical 

intersections play a critical mechanistic role in organic photochemistry. The location and 

characterization of conical intersections are therefore essential to the understanding of a wide 

range of excited state phenomena governed by non-adiabatic events, such as 

photoisomerization. 

3.3.1 Conditions for the existence of conical intersections  

In order to determine the crossing conditions for polyatomic molecules [106] one can 

suppose that the solution of the electronic wave function Schrödinger equation is known for 

all for functions except for ‪and ‪  ones, those together with the found solutions, constitute 

a complete orthonormal set. The two missing solutions represent the two states (whose 

energy is Ὁand Ὁ) whose crossings is studied. Now is possible to express each of the two 

remaining electronic eigenfunctions as: 

╬ⱶ ╬ⱶ  Ȣ  

The eigenstates and energies ‐and ‐ in this basis are obtained by solving the secular 

problem: 

╗ ╔ ╗
╗ ╗ ╔

╬
╬   Ȣ  

where the matrix elements: Ὄ ‪ ȿὌ ȿ‪  and Ὄ Ὄ . Solving Eq. (3.6) donates 

╔Ⱦ

╗ ╗ ╗ ╗ ╗
  Ȣ  

At the CI, Ὁ Ὁ, this means that the two energy solutions of Eq (3.8) do coincide and 

this occurs only if 
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╗ ╗  Ǫ ╗ ╗   Ȣ  

For this condition to be satisfied, at least two independently variable nuclear coordinates 

are required. This explain why in diatomic molecule a real crossings can occur only between 

PES of two states if the states have a different (spatial or spin) symmetry, since there is only 

one variable nuclear coordinate (distance). This is not true the case of polyatomic systems 

[107] where two PES of a polyatomic molecule can in principle intersect even if their states 

have same symmetry and spin multiplicity. This means that for a polyatomic system two 

states (even with the same symmetry) will intersect along a ὔ ς dimension hyperline as the 

energy is plotted against the ὔ internal nuclear coordinates. In other words, there are ὔ ς 
degrees of freedom along which the two electronic states preserve the degeneracy, while a 

displacement along the remaining two modes does separate the states. The vectors defining 

these two modes are called Derivative Coupling and Gradient and they define the soīcalled 

branching space[108,109]. 

 If ὼ and ὼ are two independent coordinates satisfying Eq. (3.9) at their origin, then the 

secular equations can be written as: 

╦ ▐● ╔ ■●
■● ╦ ▐● ╔

╬
╬   Ȣ  

in another form 

╦ □ ▓● ╔ ■●
■● ╦ □ ▓● ╔

╬
╬   Ȣ  

where  

□ ▐ ▐ ȟ▓ ▐ ▐   Ȣ  

Then the eigenvalues are given as: 

╔ ╦ □● ▓●■●  Ȣ  

Eq. (3.13) is an equation of a double cone with vertex at the origin; this is the reason for 

calling such crossing points as conical intersections. Indeed, plotting the energies of the two 

intersecting states against the two internal coordinates ὼ and ὼ gives a double cone shape 

(Figure  3-2). 

The physical meaning of the two conditions ( (  Ǫ ( ( π may be 

understood if we consider for ‪and ‪as the diabatic components of the adiabatic electronic 

eigenfunction, so the crossing condition (real or avoided) is fulfilled when the two diabatic 

components for ‪and ‪cross each other, and this occurs when ( ( , i.e. the energy 

of the two diabatic potentials is the same. 

At the crossing of the diabatic functions (( ( , the energies of the two real states is 

given by: 

╔ ἒ ἒ ȟ╔ ἒ ἒ   Ȣ  
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This means that an energy difference exists between the two states is: 

ЎⱠ ╔ ╔ ἒ   Ȣ  

Apparently, if the exchange term Ὄ πȟ the two state energies are the same therefore 

the crossing takes place. On the other hand, if Ὄ π, the crossing will be avoided and the 

potential surfaces of the two real states will ñdivergeò, being one of the two energies slower 

and the other higher than the diabatic energyH11. Moreover, the value of the exchange term 

Ὄ  determines how deep the avoided crossing minimum is (small values will generate deep 

minima, big values shallow minima).  

 

Figure  3-2. Double cone representation of a symmetric conical intersection within two-

dimensional, which lifts the energetic degeneracy between the ground state (blue) and the 

excited state (red).  

3.3.2 On ÔÈÅ Ȱ0ÈÙÓÉÃÁÌ #ÈÅÍÉÓÔÒÙȱ ÏÆ #ÏÎÉÃÁÌ )ÎÔÅÒÓÅÃÔÉÏÎÓ 

In a thermal reaction, the TS forms a bottleneck that separates the reactant (R) and 

product energy wells along the reaction (P), Figure  3-3a. An accessible CI (Figure  3-3b) also 

forms a bottleneck that connects the excited state PES of the reaction path to the ground state 

one. The big difference between CIs and TSs is that, while the TS must leads to a single 

product via a single reaction path, an intersection is a ñspikeò on the ground state energy 

surface that connects the excited state reactant to the ground state via a branching reaction 

path that decay into several ground state relaxation channels giving two or more products (P 

and P').  

Mathematically, the double cone shape of the two intersecting potential energy surfaces 

can only be visualized by plotting the energies against as a function of the gradient difference 

vector ὼ and the gradient of the interstate coupling vector ὼ: 

●
⸗╔ ╔

⸗▲
  Ȣ  

● ộ╒
⸗╗

⸗▲
╒Ớ  Ȣ  

ὅ and ὅ are the configuration interaction (CI) and Ὄ is the CI Hamiltonian. The vector ὼis 

parallel to the non-adiabatic coupling vector: 
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▌Ἱ ộ ȿ
⸗

⸗▲
Ớ  Ȣ  

These geometric co-ordinates form the so called ñbranching spaceò. Where the 

degeneracy is preserved by moving from the apex of the cone along any of the remaining n-2 

internal co-ordinates while moving away from the apex of the cone, the degeneracy is not 

available. The transition from the excited state to the ground state at the CI demonstrates a 

critical challenge because the non-adiabatic transition is rigorously quantum mechanicaly 

without a well-defined classical analogue. At a crude level of theory the probability of a 

surface hop is given as[110]: 

╟ ▄
Ⱬ
Ⱪ  Ȣ  

where the Massey parameter ‒ is: 

ⱡ
╔▲

ᴐȿ▲ȿ▌▲
  Ȣ  

In words this means that an efficient radiationless transition is more likely to occur if the 

energy gap ɝὉή is small as well as the product of the velocity vector and the non-adiabatic 

coupling Ὣή is large. 

 

Figure  3-3. Schematic behavior of a thermal reaction. (b) Schematic behavior of a 

photochemical reaction. 

3.3.3 Conical Intersection Optimization  

Practically, the CI usually exists along a valley on the excited state PES. As the system 

moves down from the FranckīCondon (FC) region, it arrives to the excited state minimum 

M*, this minimum may be connected to the CI trough a TS (Figure  3-3b). In some situations 

such TS connecting M* to the intersection point or where an excited state intermediate on the 

upper energy surface does not exist. In such situations, mechanistic information must be 

obtained by locating the lowest lying intersection point along the ὔ ς intersection space of 

the molecule. 

Different approaches have been developed to optimize structures where two electronic 

states become degenerate. Such approaches are based on Lagrange-Newton methods [111-

113] or projection methods [113-116]. The algorithms belonging Lagrange-Newton methods 

are generally very efficient since they are depending on the variations of the classical 

Lagrange multipliers method [117,118]. However these methods require higher 



Chapter II I:  Potential Energy Surfaces: Reactions paths and Conical Intersections 

 

26 
 

computational cost, furthermore they are difficult to be efficiently implemented and 

improved. One of the main challenge is related to the Lagrange Hessian, which is not positive 

definite, i.e., for each constraint a negative eigenvalue arises. Therefore efficient methods 

such as the Broyden- Fletcher-Goldfarb-Shanno (BFGS) scheme cannot be employed, and the 

overall algorithm may be affected in terms of efficiency and convergence rate [118-121]. In 

contrast, the projection methods establish the energy degeneracy by means of a displacement 

within the branching space, while optimizing simultaneously the energy of the excited state 

within the intersection space[122]. Bearpark et al. have developed an algorithm based on 

projection matrices, uses a gradient composed of two distinct parts [123]. One part represents 

the normalized gradient difference vector is responsible for minimizing the energy difference 

between the two crossing states. The other part of the gradient optimizes the excited-state 

energy within the intersection space. Therefore a critical point on the intersection hyperline 

can be located.  

3.4 Locating Reaction  Paths 

The photochemical paths leading to the final photoproducts are computed in two steps. In 

the first step the MEP describing the excited state relaxation from the FC region is calculated. 

This MEP is unambiguously determined by using a methodology[124] to locate the Initial 

Relaxation Direction (IRD) from the starting point (i.e. the FC). Briefly, an IRD corresponds 

to a local steepest descent direction, in mass-weighted Cartesian coordinates, from a given 

starting point. The IRD is calculated by locating the energy minimum on a hyperspherical 

(i.e. n-1 dimensional) cross-section of the n dimensional PES centered on the starting point. 

We call this n-l dimensional optimized structure "Hyperminimum". The radius of this 

hypersphere is usually chosen to be small (typically ca. 0.5-l.5 au. in mass-weighted 

Cartesian) in order to locate the steepest direction in the vicinity of the starting point (i.e. the 

hypersphere centre). The IRD is then defined as the vector joining the starting point to the 

Hyperminimum. Once the IRD has been determined, the MEP is computed as the steepest 

descent line in mass-weighted Cartesians (that is, the IRC) using the IRD vector to define the 

initial direction to follow. After the first point has been optimized by following the IRD 

direction, the IRC algorithm follows the forces acting along the reaction coordinate and 

optimizing the consecutive points at a distance which is proportional to the forces and to a 

chosen step size. 

As stated above, by following downhill the MEP key structure like minima, CI and 

bifurcation points can be located. In the second step, the MEP describing the S0 relaxation 

process from the Sl/S0 CI determined in the first step is calculated with the same methodology 

and the paths leading to the various photoproducts are determined. In order to locate all the 

possible decay channels starting from a CI, all the chemicallyīReasonable ways of 

reīCoupling the electrons and realistic molecular motions have to be systematically explored. 

Only when a decay channel cannot be found (or it starts at great distance from the CI), that 

reaction process can be ruled out. 

 

 



Chapter IV: Nonadiabatic Molecular Dynamics with Semiclassical Trajectories 

 

27 
 

4 Nonadiabati c Molecular Dynamics with 
Semiclassical Trajectories  

4.1 Introduction  

The molecular potential energy surface (PES) is a fundamental concept for the 

theoretical understanding of chemical reactivity [98-100]. PESs are described within the 

soīcalled Born-Oppenheimer approximation, which adiabatically separates the electronic and 

nuclear dynamics as a consequence of the large difference in mass for both nuclei and 

electrons [39]. Within the Born-Oppenheimer approximation, the time-independent electronic 

Schrödinger equation is usually solved for a given nuclear configuration, the gradient of the 

corresponding eigenvalues providing the quantum mechanical forces acting on the nuclei 

[125]. This approximation is usually suitable for the description of the molecular systems in 

their electronic ground state while it breaks down for a wide range of excited-state 

phenomena, particularly those where two or more electronic states are strongly coupled 

[126]. Well-known examples of this behavior would include processes like radiationless 

decay [127], energy and charge transfer [128], and photochemical reactions, their proper 

description requiring the inclusion of more accurate nonadiabatic molecular dynamics 

schemes to correctly describe phenomena beyond the Born-Oppenheimer approximation [39]. 

Ab initio nonadiabatic molecular dynamics schemes based on the mixed quantum/classical 

propagation of an ensemble of classical trajectories are the most prominent computational 

approaches that reproduce macroscopic observables such as quantum yields or fluorescence 

intensities. These approaches are usually implemented numerically with different electronic 

structure methods such as time-dependent version (TDDFT) [129-131]and Complete Active 

Space SelfīConsistent Field (CASSCF) [132].  

Tullyôs fewest switches trajectory surface hopping (TSH) [133,134] is probably the 

most widely used scheme for mixed nonadiabatic quantum/classical dynamics [135]. TSH 

does not require explicit propagation of the nuclear wave functions; instead, the nuclear wave 

packets are represented by a swarm of independent classical trajectories that follow different 

states along their PESs, while the hopping probability among the different surfaces depends 

on the nonadiabatic couplings and Tullyôs coefficients. Many other schemes have been 

adapted to handle the nonadiabatic dynamics of the nuclear degrees of freedom, such as 

linearized nonadiabatic dynamics (LAND-map) [136], correlated electron-ion dynamics 

[137], quantum/classical Liouville approaches [138,139], semiclassical approaches, extended 

surface hopping and hydrodynamic nonadiabatic dynamics methods [140] or direct quantum 

dynamics methods based on the Multiconfiguration Time-Dependent Hartree ansatz 

(MCTDH)[141]. Recently, the vMCG method has been developed depending on the full 

variational solution to the time-dependent electronic Schrödinger equation (TDSE) based on 

a time-dependent Gaussian wavepackets GWP basis [142]. This method is directly applicable 

to all types of problems related to both tunneling and non-adiabatic systems, with only a few 

GWPs capturing the major physics of these processes. Furthermore, this method is under 

development to be a general tool in developing quantum dynamics, especially in treatment 

large molecular systems. 
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4.2 Mixed QuantumϺClassical Dynamics  

For a molecular system treated with mixed quantumīClassical dynamics[134], where 

the electronic and nuclear degrees of freedom are separated, the nuclei are treated classically; 

the electrons evolve according to the time-dependent electronic Schrödinger equation (TDSE) 

that is given by: 

░ᴐ
⸗

⸗◄Ἥἴ
►ȟ╡ȟ◄ ╗▄■►ȟ╡ Ἥἴ►ȟ╡ȟ◄  Ȣ  

where Ɋ ὶȟὙȟὸ is the total wave function of the system, and ὶ and Ὑ refer to the 

coordinates of the electrons and the nuclei, respectively. 

 The time-dependent electronic Hamiltonian may be split to different contributions as 

follows[143] 

╗▄■►ȟ╡ ╣▄■ ╥▄▄ ╥▄▪╡ ╥▪▪╡ ╥▄●◄◄  Ȣ  

where Ὕ  represents the kinetic energy of the electrons, ὠ , ὠ Ὑ and ὠ Ὑ are the 

columbic attraction and repulsions, and ὠ ὸ is a time-dependent external potential. 

By adding the operator of nuclear kinetic energy Ὕ to Ὄ ὶȟὙ , the total Hamiltonian 

of any molecular system denote by  

╗►ȟ╡ ╣▪ ╣▄■ ╥▄▄ ╥▄▪╡ ╥▪▪╡ ╥▄●◄◄  Ȣ  

An exact expression for the total wave function ɊὶȟὙȟὸ is given by expanding to the 

complete basis set of electronic eigenfunctions Ὄ ὶȟὙ  [144-146];  

►ȟ╡ȟ◄ ἱἠȟἼ ἱἺȠἠ

░

  Ȣ  

The expansion ñcoefficientsò, ɱ 2ȠÔ are functions of time and the nuclear coordinates, 

R. Replacing Eq. (4.4) into the Eq. (4.1), multiplying by ūᶻÒȠ2 and then integrating over ὶ 

gives rise to the amplitude equation motion, ɋ 2ȟÔ[146]: 

░ᴐ
⸗

⸗◄ἲ
ἠȟἼ

ᴐ

Ἑ
Ἇἲ
Ἥἴἠ

♬

ἲἠȟἼ ἐἲἱἠ ἱἠȟἼ

░

  Ȣ  

& 2 represents the elements of the nonadiabatic coupling matrix between two different 

electronic states ὭȢὩȢὭ  Ὦ. 

The BO approximation is given from Eq. (4.4) by neglecting all off-diagonal terms of 

& 2. Therefore each PES can be represented by a molecular wave function described as:  

►ȟ╡ȟ◄ ἲἠȟἼ ἲἺȠἠ  Ȣ  

The adiabatic BO approximation is calculated by neglecting the diagonal terms of 

& 2Ȣ The polar representation of ɱ 2ȟÔ is given by 
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ἲἠȟἼ ἋἲἠȟἼἭὀἸ
ἱ

ᴐ
ἡἲἠȟἼ  Ȣ  

where both the amplitude, ! 2ȟÔ, and the phase, 32ȟÔ, are real. By inserting Eq. (4.7) into 

Eq. (4.5) one can get the soīcalled Hamilton-Jacobi equation of motion[146]: 

⸗ἡἲἠȟἼ

⸗◄
 ╜♬ ♬ἡἲἠȟἼ ╔▒

▄■╡  Ȣ  

where 32ȟÔ represents the classical Hamiltonôs principal function. From Eq. (4.8), we can 

obtain the Newtonian equation of motion for the nuclei: 

╕▒◄  ╜♬ ╡▒
♬
◄ ἲ╔▒

▄■╡◄  Ȣ   

As the nuclei evolve on a given PES, the electrons adiabatically follow the nuclei along 

their classical trajectories. Thus, in the BO molecular dynamic method depends on an 

iteration process starts by solving TDSE to obtain the potential and the forces acting on the 

nuclei; these are then used to calculate the new nuclei coordinates at time step Ὠὸ using Eq. 

(4.9), and the process is looped for certain time[146]. 

4.3 Surface Hopping Approach  

As any trajectory evolves on a single adiabatic PES at each instance in time, the 

population probability of each state is non-zero according to Eq. (4.5). The force is then given 

by the gradient of a single surface 

╕θ Ἇθἲ  Ȣ  

At any time, the classical wavepacket is allowed to instantly switch from the surface it 

is evolving on to another surface, an event called a surface hop. The decision of hoping is 

taken stochastically by calculating the population on each state ὥ   ὧᶻὧ according to Eq. 

(4.5). There are several approaches to determine whether a hop should occur. The simplest 

way is to allow surface hop when the population of a certain state exceeds a certain threshold 

[147]. Another approach depends on the Landau-Zener transition probabilities[148,149]. 

Probably the most popular approach is the "fewest switches" developed by Tully [133,134], 

that will be discussed next.  

4.3.1 4ÕÌÌÙȭÓ 4ÒÁÊÅÃÔÏÒÙ 3ÕÒÆÁÃÅ (ÏÐÐÉÎÇ 

Tullyôs fewest switches surface hopping (FSSH) algorithm is one of the most popular 

approaches for nonadiabatic Surface Hopping [133,134]. The widespread popularity of FSSH 

is due to its extreme simplicity and computational efficiency[150]. In this approach, the 

nuclei are treated classically while quantum mechanical effects are accounted for the 

nonadiabatic transfer of ñamplitudeò between electronic states[146]. This is achieved by 

allowing the trajectories to hop from one surface to another according to nonadiabatic 

couplings the values of the state amplitudes, ὅᶿ ὸ which is given from the description of 

the molecular wave function [134] 

♥ᶿ ►ȟ╡ȟ◄ ╒░
ᶿ ◄

ᶿ

░

♠░
ᶿ ►Ƞ╡  Ȣ  
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Inserting the last equation into the TDSE, for a given trajectory θȟ one gets a set of 

coupled equations of motion for the complex nuclear state amplitudes, ὅᶿ ὸ: 

░ᴐ╒░
ᶿ ◄ ╒░

ᶿ ◄

ᶿ

░

 ╔░
▄■╡ᶿ ♯░▒ ░ᴐ ▀▒░

♬

╝▪

♬

╡ᶿ  Ͻ ╡♬
ᶿ   Ȣ  

where Ὠ Ὑ are the first-order nonadiabatic coupling given by 

▀▒░
♬
╡ ▀► ♠▒

ᶻ►Ƞ╡♩♬♠░►Ƞ╡  Ȣ  

The probability for any classical trajectory θ evolving adiabatically in a given 

electronic state, Ὦ to hop to another state Ὥ during the time interval ὸȠ ὸ  Ὠὸ is given by 

solving Eqs. (4.12) [146]: 

▌▒░
ᶿ ◄ȟ◄ ▀◄ ▀Ⱳ

╒░
ᶿ Ⱳ╒▒

ᶿᶻⱲ ░▒
ᶿᶻⱲ

╒▒
ᶿ Ⱳ╒▒

ᶿᶻⱲ

◄▀◄

◄

  Ȣ  

where 

░▒
ᶿ Ⱳ ▀░▒

♬

╝▪

♬

╡ᶿ  Ͻ ╡♬
ᶿ  Ȣ  

 A surface hop from Ὦ to Ὥ occurs when a randomly generated number, – ‭πȟρ attains: 

  ▌▒▓
ᶿ

▓░

 Ɫ  ▌▒▓
ᶿ

▓░

  Ȣ  

In other words, at any time step the change of population of a particular state Ὦ is 

expressed as[151]: 

Ў╪▒▒ ▬▒O ░╪▒▒
░

▬░O▒╪░░
░

  Ȣ   

where ὴᴼ  is the transition probability from state Ὦ to state Ὥ. According to Eq. (4.17) at every 

time step there is a non-zero probability for population transfer from Ὦ to Ὥ and backwards. 

Tullyôs ansatz looks for the fewest number of switches to set up the final population in all 

states at the end of the time step, for this reason, this approach is referred to as the ñfewest 

switches algorithmò. This can be attained by allowing the population transfer in only one 

direction[151]. For a two-state case the transition probability is given by the expression  

▬▒O ░
Ў╪▒▒

╪▒▒
  Ȣ  

By implying a short time step t, the change of the population Ўὥ can be approximated 

using a first order Taylor expansion 
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Ў╪▒▒
⸗╪▒▒

⸗◄
Ў◄  Ȣ  

and using Eq. (4.18) the fewest switches expression for transition probability is given as[151] 

▬▒O ░
╪▒▒╕ᴆ░▒Ͻⱳᴆ

╪▒▒◄
  Ȣ  

This approach can be used to for more than two electronic states where the hop can occur at 

any time step if  two conditions are fulfilled. First, if the transition probability from state to 

another is higher in magnitude than a randomly chosen threshold between the (0,1), and 

second, if the total energy of the system is conserved. The latter is attained by readjusting the 

velocity of the system to compensate the instant change in the potential energy. Such velocity 

adjustment can be performed in different ways; a common way is to perform it along the non-

adiabatic vector Ὂᴆ [152], alternative way is achieved by the adjustment along the energy 

difference gradient or along the velocity vector [151]. A hop to a higher PES is not allowed if 

the velocity reduction is higher than the component of the velocity in direction of Ὂᴆ [153], 

although Eq. (4.5) suggests an electronic transition. These classically forbidden electronic 

transitions are the result of the deficiency of the classical description of a quantum 

mechanical property as the non-adiabaticity. The quality of the surface hopping approach is 

reflected in its ability to reproduce the averaged occupation ὥ ὸ of state Ὦ at time ὸ [151] 

(quantum mechanical quantity) 

╪▒▒◄
Вȿ╝▒◄ȿ▒

╝◄▫◄
  Ȣ  

by the fraction of trajectories ὔ ὸevolving on state j (classical quantity) 

█▒◄
╝▒◄

╝◄▫◄
  Ȣ  

4.4 Equation of Motion: Integration  

The molecular dynamics (MD) trajectories are usually performed using the Velocity Verlet 

algorithm [154] according to the classical Newtonôs equations which are solved numerically. 

At time ὸ the algorithm requires coordinates, velocities and forces as input in each time step 

of a classical dynamics simulation. In the first step of the algorithm the coordinates for the 

new time step ὸ Ὠὸ are determined: 

►ᴆ◄ ◄  ►ᴆ◄  ○ᴆ◄ ◄  ╕ᴆ◄ ◄  Ȣ  

where ὶᴆ are the coordinates, ὺᴆὸ the velocities and Ὂᴆὸ the force determined at time 

(t) from QM/MM calculation. The integration step ɝὸ is the time step of the MD simulation. 

Also, the half step velocities are computed: 

○ᴆ◄ ◕◄  ○ᴆ◄ ◕◄ ╕ᴆ◄  Ȣ  
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In the second step these velocities are used together with the new forces Ὂᴆὸ Ὠὸ to 

complete the integration and obtain the velocities for the next step using: 

○ᴆ◄ ◄  ○ᴆ◄ ◄  ╕ᴆ◄ ◄  Ȣ   

The velocity is needed for calculating the transition probability ὴᴼ  (Eq. (4.19)) and for 

monitoring the conservation of total energy during surface switching. The Velocity Verlet 

algorithm has accuracy of the order of ɝὸ for positions and velocities[151].  

The Velocity Verlet algorithm depends on iteration process based on Eqs. (4.23) and 

(4.25). In this process, for a given position r at time t, a first new position ὶὸ ɝὸ is 

calculated using Eq. (4.23), then at ὶὸ ɝὸ the new force is obtained using Eq. (4.10). It is 

then used to calculate the velocity at ὶὸ ȹὸ through Eq. (4.25).  

4.5 Sampling of Initial Conditions  

One of the most important steps in mixed quantum/classical dynamics is the definition 

of the initial conditions for the swarm of trajectories. It is important to generate a swarm of 

trajectories that correctly account for the distribution of the GS wavepacket in phase space. 

Two common approaches exist in the literature have been proposed to generate the initial 

conditions: the first one depends on the zero-point level of the molecular system (known as 

the quantum or Q sampling) while in the second the molecular systems is considered in 

thermal equilibrium with the environment (known as thermal or T sampling)[155]. 

According to quantum sampling, Wignerôs quasi-probability distribution [156] provides 

the probability distribution for a quantum mechanical wave function in phase space and 

encodes all expectation values. Phase space distribution is given by the Wigner distribution 

function[151] 

╟◌ ▲ᴆȟ▬ᴆ Ⱬᴐ Ⱶᶻ▲ᴆ
▼ᴆ
Ⱶ ▲ᴆ

▼ᴆ
▄●▬

░

ᴐ
▼ᴆ▬ᴆ▀▼ᴆȢ Ȣ  

This representation gives a correct expression for the probability of a quantum 

mechanical wave function in phase space. Assuming a quadratic approximation for the GS 

potential the GS wave function …ήᴆ can be spanned in the basis of eigenfunctions …ήᴆ  of 

the σὔ  φ one-dimensional harmonic oscillators along the normal modes ήρȢȢȢήσὔ
φ with reduced masses ‘ and harmonic frequencies ‫ 

Ⱶ▲ᴆ░
♪

Ⱬ
ἭὀἸ♪▲ᴆ░

░

ᴐ
▬ᴆ░▲ᴆ░  

░

ᴐ
♬ ◌░◄▐ ♪

Ⱨ░ⱷ░
ᴐ
  Ȣ  

Inserting the expression (Eq. 4.27) in the Wigner distribution (Eq. 4.26) and evaluating 

the integral gives 

╟◌ ▲ᴆȟ▬ᴆ Ⱬᴐ ἭὀἸ 
Ⱨ░ⱷ░
ᴐ
▲ᴆ░ ἭὀἸⱧ░ⱷ░ᴐ

▬ᴆ░   Ȣ  
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Eq. (4.28) gives the distribution of a quantum mechanical wavepacket in phase space. It 

can be utilized to sample the phase space and to reproduce the quantum dynamical 

distribution for quasiclassical trajectory runs. 

An independent distribution sampling in coordinate space is performed for each mode. 

As GS vibrational wave functions are used, the maximal imposed displacement along a 

normal mode corresponds to a conversion of the zero-point energy Ὁ  into potential 

energy. Subsequently, the conjugated momentum is evaluated for each displacement and a 

stochastic algorithm decides on the sign of the momentum. Thereby, it is assured, that each 

trajectory has a total energy of Ὁ  such energy corresponding to the zero-point energy of 

the system and it is given by 

╔╩╟╔ ⱷ░
░

  Ȣ  

This procedure assures that the distribution of the quantum mechanical wave function is 

reproduced, assuming a sufficiently large number of initial conditions are generated. A large 

set of initial conditions is required to reproduce the quantum mechanical distribution in the 

GS. On the other hand the stochastic nature of the surface hopping routine makes a single 

trajectory physically meaningless and only a statistical average over all trajectories can be 

interpreted[151]. 

It is worse to mention that both Q and T samplings are not equivalent. While in the Q 

sampling each vibrational degree of freedom Ὥ has energyᴊ
ᴐ

, in the T sampling each 

degree has ᴊ ὯὝ. Such difference affects on the vibrational amplitude and consequently 

may be reflected as a difference on the simulation results based on one or other approach. 

The ratio between the amplitudes in the thermal and quantum samplings is given by[155] 

╠╪╣

╠╪╠
▓╣

ᴐⱷ░
  Ȣ  

ὗ  is the amplitude of a harmonic oscillator with energy ᴊ and it is given by ὗ

ςᴊȾ‘‫ . 

Klaffki et. al. [157] have studied the difference between Q and T samplings on the 

excited-state dynamics simulations for a protonated Schiff base (PSB3). They assigned the 

use of T sampling as the preferred methodology because the Q sampling would provide 

ñartificially high kinetic energiesò and lower numerical stability so the use Q sampling 

showed a trend toward faster reactions; however the differences were really statistically non-

significant. On the other hand Barbatti et al [155] favored the quantum sampling method to 

sample initial conditions for dynamics and spectrum furthermore they do not consider the 

high kinetic energies of the Q sampling as an artificial, but correspond to the kinetic energies 

expected for a quantum system. They concluded by studying the photodynamics and 

spectrum of Pyrrole that qualitatively, both T and Q samplings lead to similar results in the 

dynamics however quantitatively, dynamics is faster by few tens of femtoseconds in case of 

Q Sampling which performs better in terms of time constants and distribution of reaction 

pathways compared to the experimental results.  
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5 Photoelectrochromism in the retinal 
protonated Schiff base chromophore: 

photoisomerization speed and selectivity 
under a homogeneous electric field at 

diffe rent operational regimes  

The spectral tunability, photoisomerization efficiency and selectivity, of the native all-

trans retinal protonated Shiffībase (RPSB) chromophore driven by a homogeneous electric 

field is systematically investigated. By analyzing the absorption wavelength dependence, 

charge distribution, and PES profiles along selected torsional angles, as well as the electronic 

structure, energetics, and topography of the CI seam in the presence of strong positive and 

negative electric fields, we recognize the existence of qualitatively/fundamentally different 

photophysics and photochemistry with respect to the unperturbed (i.e., absence of an electric 

field) chromophore. We rationalize the findings within the scope of molecular orbital theory 

and deliver a unified picture of the photophysics of the RPSB chromophore over a wide, even 

beyond the usually observed, spectral regime, ranging from the near-infrared to the ultraviolet 

absorption energies. This work has a 3-fold impact: a) it accounts for, and extends, previous 

theoretical studies on the subject; b) it delivers a rationale for the ES lifetimes observed in 

retinal proteins, both archeal and visual rhodopsins, as well as in solvent; and c) the 

transferability of the discovered trends on RPSB mimics is demonstrated.  

5.1 Introduction  

Vertebrate vision is enabled by a family of retilidene proteins called opsins, found in the 

rods and cones of the retina which all contain the conjugated polyene chromophore retinal, 

covalently linked to the opsin backbone through a Schiff base linkage (that is 

protonated/unprotonated for visible/UV light absorbing pigments). Absorption of visible 

light, triggering population of the bright lowest excited state (ES) S1, induces an ultrafast 

photoisomerization of the RPSB, the first step in a complex signal transduction 

cascade[158,159] (often referred to as the primary visual event), that is driven by a barrierless 

path leading to a twisted conical intersection (CI) between the S1 and S0[3,8,9]. The rigid 

sca olds of the cone opsins (photopsins) and the polar protein-pocket residues and water 

molecules nearby the chromophore (including the primary counterion) create an electric ýeld 

which, among other factors (e.g., structural e ects involving dierent conformations of the 

retinal chromophore), tunes its maximum absorption wavelength throughout the whole 

visible spectrum (425ī560 nm), thus enabling colour vision. The very same e ects account 

also for the remarkably wide operational spectral range of archeal rhodopsins[4,160] (ɚmax 

from 480 to 590 nm), and have been recently exploited, very notably, to design artiýcial 

rhodopsin mimics further enlarging the natural absorption ability of retinal proteins (ɚmax 

from 425 to 644 nm)[161]. 
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The spectral tunability of the cationic retinal chromophore driven by the electric ýeld 

owes to the intramolecular charge transfer (ICT) nature of its bright lowest ES, which triggers 

a pronounced change in the dipole moment upon excitation, eventually resulting in a big 

solvatochromic e ects, as evidenced by the soīcalled opsin-shift (i.e., the large change in 

absorption energy recorded on going from solvent to the protein). This ICT makes the 

photoactive ES highly sensitive to the charge distribution within the active site of the protein, 

eventually a ecting not only the absorption wavelength but also the isomerization dynamics 

in terms of speed (ES lifetime), selectivity, and quantum yields[161-164]. 

A number of theoretical studies have addressed the sensitivity of the native RPSB and 

RPSB models to static electric fields created by counterions in specific positions nearby the 

chromophore, either in gas-phase[22,165-167], in solution[14,166,167] or in the 

protein[21,168-170]. In a series of papers, Garavelli and co-workers explored the effect of the 

position of a chloride and carboxylate anions on the minimum energy paths describing the 

photoisomerization of shorter RPSB models in vacuo, thereby reporting the following trends:  

¶ if the counterion is placed closer to the C-tail of the RPSB the absorption 

maximum shifts to the red and the S0īS1 energy gap at the twisted ES minimum 

grows with the proximity of the rotating double bond to the N-head;  

¶ if the counterion is placed closer to the N-head of the RPSB the absorption 

maximum shifts to the blue and the S0īS1 energy gap at the twisted ES 

minimum grows with the proximity of the rotating double bond to the C-tail.  

¶ On the other hand, a recent computational study by Olivucci and co-workers 

suggests that the retinal chromophore inside three different visual proteins 

(rhodopsin, squidrhodopsin, melanopsin) photoisomerizes with a rate that is 

correlated to the size of the S0īS1 energy gap at the FranckīCondon (FC) point, 

being higher the more blue-shifted the absorption[12], with a subī100 fs 

photoisomerizion time scale predicted for the more blue absorbing melanopsin 

pigment.  

Other theoretical papers as well as numerous experimental works focus on scrutinizing 

the correlation between solventôs polarity and isomerization speed and selectivity. The 

commonly accepted view is that the ES lifetimes are 1ī2 orders of magnitude longer in 

solution[171,172] than inside the protein pocket[5,173]. However, timeīResolved 

fluorescence studies in solvents of different polarity and viscosity could not establish a clear 

correlation between the absorption energy, the ES lifetimes, and the solvent 

properties[172,174-176]. Some researchers attribute therefore the isomerization slowdown in 

solution to purely steric effects[177]. others favor the view of a dynamic electrostatic barrier 

emerging as the solvent molecules need time to rearrange[14,171] and yet others suspect new 

pathways, e.g. the system exploring nonreactive regions of the ES potential energy surface 

(PES) which become reachable as a consequence of the external electric field (ionic/covalent 

mixing)[22,165] and/or of the less unconstrained environment and higher conformational 

freedom. On the other hand, and very notably, recent ultraresolved transient spectroscopic 
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data on substituted (methylated) RPSB chromophores in solution have revealed a subps 

decay, matching the one observed in the retinal proteins[178-180]. 

In the present study we systematically analyze the photophysics and photoisomerization 

ability of the all-trans RPSB chromophore in a homogeneous electric field as function of its 

strength and direction. Specifically, we examine in detail the operational regimes in strong 

fields: a) destabilizing the charge transfer (CT) state and inducing wave function mixing with 

the second ES of covalent nature and b) stabilizing the CT state and inducing an avoided 

crossing with the covalent ground-state. By referencing to the isomerization mechanism in 

the unperturbed gas-phase, we derive clear trends regarding the response of electronic states 

of essentially different nature (ionic and covalent) to geometrical deformations (bond 

relaxation and torsion) in the presence of the field, regarding the torsional bond selectivity, as 

well as regarding the relative positions of the reaction path and the CI seam, the latter having 

a direct implication for the ultrafast isomerization rates in retinal proteins. We rationalize the 

topography of the CI seam in the scope of the extended two-electron two-orbital theory, 

which explains the geometrical and electronic structure of CIs found in conjugated polyenes 

following the WoodwardīHoffmann (WH) rules[181,182]. This systematic analysis allows 

generalizing the behavior of retinal chromophores over a wide, even beyond the usually 

observed, spectral regime, from NIR to NUV, leading to a threefold impact. It provides a 

global unified view of electric field effects and an accurate model that accounts for previous 

theoretical studies on the subject, resolving pending contradictions and uncertainties. Within 

this unified picture we document a surprising correlation between the ES lifetimes recorded 

for some retinal proteins and their mutants (both archeal and visual rhodopsins) and the 

absorption wavelengths, reflecting proteinīspecific fields generated by the charge 

distribution inside the catalytic pocket. Furthermore, by studying the ES PES of two 

functionalized derivatives we demonstrate the transferability of the discovered trends on 

RPSB mimics. Eventually, this work sets solid guidelines for the design of ultrafast spectrally 

tunable molecular devices, based on judiciously modified RPSB or RPSBīmimics, whose 

polar substituents and groups may be employed as electric field generators to control their 

spectroscopic and photochemical properties and allow operation over a wide spectral range. 

 

Figure  5-1. Retinal protonated Schiff base in an electric field. 

5.2 Computational Details  

All computations reported here were performed in vacuo with the 6-31G* basis 

set[183]. The ground-state geometry in the absence and in the presence of an electric field 
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was obtained via a singleīRoot unconstrained optimization using the complete active space 

selfīConsistent field (CASSCF) level of theory[54]. Basis set dependence of the ground-state 

(GS) and ES properties was tested against the generally contracted atomic natural orbital 

(ANO) basis set[184] and is reported in the Supporting Information (SI). In all computations 

the active space consisted of the complete ˊ-system consisting of 12 electrons distributed 

among 12 orbitals (Figure  5-2) A finite dipole electric field was applied along the long axis 

of the molecule parallel to the conjugated double bond chain (i.e., along the z-axis, Figure 

 5-1), and the dependence of the absorption energies and transition dipole moments (TDMs) 

on the sign and strength of the field varying from ī0.005 to +0.004 au (i.e., from ī25 to +20 

MV/cm) were systematically studied. Computations in the presence of an electric field of the 

same strength along the other two axes did not result in a notable effect on the 

aforementioned observables and therefore are not further discussed. 

 
Figure  5-2. The complete active space molecular orbitals for the ground state optimized 

geometry of the RPSB chromophore calculated at CASSCF(12,12)/6-31G* level of theory in 

absence of the electric field. 
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Vertical excitation energies were computed applying the second order perturbation 

correction (CASPT2) in the single-state (SS)[66] and multistate (MS)[67] flavors, thereby 

using as a reference CASSCF wave functions averaged over three and four roots. An 

imaginary level-shift of 0.2 au was used to decrease the influence of weakly interacting 

intruder states in the CASPT2 calculations[185]. The ionization potential electron affinity 

parameter was set to 0.0 au[186], in accordance with previous studies of retinal in gas-phase 

and its protein environment[24,187-189]. TDMs were calculated at the CASSCF level and 

were used to compute oscillator strengths, which were corrected using the CASPT2 transition 

energies. 

The ES profile of the first ˊˊ* state (with pronounced CT character) from the FC point 

to the CI in the presence of electric field strengths of ī0.003 au and +0.003 au was recorded 

through relaxed scans along selected torsional coordinates with an increment of 10 degrees. 

The choice of torsional coordinate was done according to the bond lengths in the relaxed 

conjugated system, thereby choosing bonds with more pronounced singleībond character. 

The relaxed scans were carried out at the SAīCASSCF(12,12)/6-31G* level thereby 

averaging over two or three roots. The vertical transitions at the optimized points along the 

relaxed scan were corrected at the CASPT2 level. The ES profile of retinal in the absence of 

an electric field was also computed as a reference. 

All calculations were carried out using Molcas 7.9[190], while the CI geometries were 

obtained with Molpro 2010[94] using the gradient projection method introduced by Bearpark 

et al.[123]. 

5.3 Results and Discussion  

5.3.1 Effect of a Homogeneous Electric Field on the Absorption Energy  

 With electric fields applied parallel to the z-axis of the retinal chromophore the ground-

state equilibrium geometries display following general features (6-31G* basis set):  

¶ the planarity of the conjugated system is preserved in the presence of an external 

electric field;  

¶ for electric field strengths in the range from ī0.005 to +0.004 au all structures 

show the regular singleīdouble bond alternation expected for the ground-state 

of a protonated Schiffôs base, thereby localizing the positive charge in the 

proximity of the iminium moiety; the bond alternation is slightly perturbed in 

the presence of the electric field, with all bonds exhibiting an elongation 

reaching up to 0.06 Å towards positive electric fields;  

¶ the ɓ-ionone torsional angle with respect to the conjugated system increases by 

ca. 8° (i.e., from 60° to 68°) from negative to positive electric field.  

The ANO-L (atomic natural orbital Widmark) basis set gives similar results with two 

distinctive differences:  

¶ the ɓ-ionone torsional angle exhibits a larger variation (i.e., from 50° to 75°);  

¶ for strong negative electric fields (larger than ī0.045 au) we observe bond 
inversion in the GS.  
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A comparison of the relevant geometrical parameters is provided in Figure  5-3. 

 

Figure  5-3. The geometry parameters of the ground state of the RPSB chromophore in 

electric field calculated at CASSCF(12,12) using 6-31G* (solid lines) and ANO-L (dashed 

lines) levels of theory. 

Opposite to the relatively weak structural dependence on the electric field strength, 

retinal demonstrates a pronounced photoelectrochromism as demonstrated in Figure  5-4 

displaying the absorption wavelength (Figure  5-4a), charge distribution (Figure  5-4b), and 

TDM magnitude (Figure  5-4c) variation for the first three transitions at the relaxed ground-

state geometries as a function of the electric field strength. The reported results were obtained 

at the SSīCASPT2//SA-3īCASSCF(12,12)/6-31G* level. An assessment of the effects of the 

basis set and the number of states averaged upon confirms the general trend (provided in 

Figure  5-5). 

The apparent sensitivity to the electric field is a consequence of the different electronic 

nature of the ground-state and the bright first ES (essentially a HOMO (H)ŸLUMO (L) 

transition, labeled with red squares in Figure  5-4), the former being a covalent state 

characterized by a concentration of the positive charge on the iminium moiety (from +0.9e to 

+0.5e, Figure  5-4b), the latter exhibiting a partial CT character, with +0.2 to +0.3e migrating 

to the ionone moiety. A positive electric field (for definition see Figure  5-1) works against 

the CT, thereby leading the overall destabilization of the first ES (i.e., a blue-shift of the 

absorption energy). In contrast, a negative electric field promotes the CT, and as a 

consequence the absorption energy of the first excited state exhibits a red-shift.  

In the absence of an electric field the second (ñdarkò) ES is dominated by a double 

HŸL excitation (labeled with green triangles in Figure  5-4). This configuration shows a 

negligible response to the electric field in accordance with its pronounced covalent nature, 

revealed through the charge distribution in the second ES (Figure  5-4b). The different 

sensitivity of the CT and the covalent configurations leads to near degeneracy and eventually 

order inversion for positive electric fields (Figure  5-4a) above 0.002 au. In agreement with 

the increasing state mixing for field strengths between 0.000 au and +0.002 au the oscillator 

strength of the ñdarkò state increases at the expenses of the ñbrightò state (Figure  5-4c). 

Above +0.002 au the lowest charge on the iminium-group (Figure  5-4b) and the largest TDM 
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(Figure  5-4c) are observed for the second ES. Negative electric fields, on the other hand, 

stabilize higher lying CT configurations. A distinct CT configuration (HŸL+1, labeled with 

violet circles in Figure  5-4) with charge deposition of more than +0.5e crosses the covalent 

configuration at electric field strengths around ī0.001 au to become the second ES. 

 

Figure  5-4. Dependence of a) the absorption energy; b) total Mulliken charge on the iminium 

moiety containing atoms C12 through C15 and the nitrogen (defined in the inset); c) TDM 

magnitude; on the electric field strength in the range ī0.005 to +0.004 au. The dominant 

electronic configuration for each ES wave function is labeled through a coloured shape; in 

case of configuration mixing the second dominant configuration defines the inner colour of 

the shape. The strength of the external electric field is compared to the strength of an electric 

field created through a pair of point charges (shown in magenta for ī0.005 au and +0.004 au 

field strengths), placed in 3 Å distance to both ends of retinal chromophore, reminiscent for 

the situation in the reactive pocket of opsins. 
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Figure  5-5. Dependence of a) the absorption energy; b) total Mulliken charge on the iminium 

moiety containing atoms C12 through C15 and the nitrogen (defined in the inset); c) TDM 

magnitude; on the electric field strength in the range ī0.005 to +0.004 au. The calculation 

based on CASSCF(12,12)/ANO-L level of theory. The dominant electronic configuration for 

each ES wave function is labeled through a coloured shape; in case of configuration mixing 

the second dominant configuration defines the inner colour of the shape.  

By varying the electric field strength from ī0.005 au to +0.004 au one is able to 

manipulate the absorption wavelength of retinal over the entire visible range, i.e., 800ī400 

nm. In all fairness we note that the fields required for achieving a noticeable change of the 

molecular properties are approximately an order of magnitude larger than the technically 

available today (~1 MV/cm). Nevertheless, such electric fields are common in proteins as 

demonstrated by experimentally recorded electrostatic potential maps documenting electric 

field fluctuations in the range +25 MV/cm to ī25 MV/cm (i.e., 0.005 au)[191,192]. In fact, 

photopsins, a lightīsensitive family of proteins responsible for colour vision in vertebrates, 

utilize proteinīspecific and environmentīinduced electric fields of comparable strength in 
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their reactive sites allowing them to shift the absorption maximum of retinal between 560 and 

425 nm. In order to correlate the required field strengths to the ones present in the binding 

pocket of the proteins we placed a pair of point charges in 3 Å distance to both ends of retinal 

chromophore and computed the vertical transitions, recognizing that this highly simplified 

approach cannot quantitatively reproduce the nonuniform electric field in the protein pocket. 

The absorption energies and TDMs obtained for charges +0.5/ī0.5e (labeled in magenta in 

Figure  5-4) resemble closely the one obtained for an electric field of ī0.005 au and of +0.004 

au; however the heterogeneous electric field imposed by such charges is changed 

dramatically from 0.016 au to 0.0028 au by moving from the N atom to the central of C11īC12 

bond, respectively. 

5.3.2 Effect of a Homogeneous Electric Field on the Ultrafast ES Dynamics  

The pronounced photoelectrochromism of the retinal chromophore raises the question 

how its isomerization profile is affected in the presence of an electric field. To address this 

issue we computed the ES profile for field strengths of ī0.003 au and +0.003 au by means of 

relaxed scans in the CT state along the rotation around three bonds (C9īC10, C11īC12 and 

C13īC14) from the conjugated ˊ-system initiated out of the ES relaxed (planar) geometries. 

Figure  5-6 summarizes the results. The profiles in the absence of an electric field are also 

reported as a reference and shall be used in the following to give a brief overview of the 

photoreactivity of retinal. 

 
Figure  5-6. Profiles of RPSB along three torsion angles (around bonds C9īC10, C11īC12 and 

C13īC14) obtained from relaxed scans (relaxing the CT ES) in the presence of an electric field 

with strength ī0.003 au (left column) and +.0.003 au (right column). The profiles in the 

absence of an electric field are provided as a reference (middle column). The colour 

background denotes the character of the first ES along the optimized path being either 

covalent (red), CT (green), or mixed. 
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5.3.2.1 ES Profiles in the Absence of an Electric Field I ndicate Fast De-Excitation 

with Little Selectivity  

The initial ES relaxation is associated with doubleīsingle bond inversion in the 

conjugated system; as a consequence the bonds C9īC10 (1.471 Å), C11īC12 (1.465 Å) and 

C13īC14 (1.450 Å) adopt a pronounced single bond character (values in brackets, see also 

Figure  5-7). Remarkably, the bond relaxation leads to an energy stabilization of ~20 kcal/mol 

for both the ionic (S1) and covalent state (S2). Along the torsional coordinate around the 

single bonds the CT state characterizes through flat potentials with small barriers (with 

torsion around C11īC12 exhibiting the lowest barrier of 0.3 kcal/mol), while the covalent 

ground and second ESs increase substantially in energy, thereby showing similar slopes. A CI 

with the ground-state is encountered for all three scans early along the torsional coordinate, 

with a slight shift of the crossing point from 60° (torsion around C9īC10) to 50° (torsion 

around C13īC14). The occurrence of a CI at small torsional angles is accompanied by a 

hydrogenīoutīofīplane (HOOP) deformation of the hydrogens attached to the rotating bond.  

Although the torsion around C11īC12 appears to be slightly preferred, all scanned 

deformations allow for an ultrafast relaxation of the population back to the ground-state. In 

concordance, molecular dynamics simulations in gas-phase by Martinez and co-workers (30 

trajectories) on a truncated allīcis retinal mimic with five double bonds report that only half 

of the molecules decay via isomerization of the central double bond (corresponding to 

C11īC12), furthermore confirming the low selectivity of the process through the participation 

of the C9īC10 and C13īC14 channels[14]. 

 

Figure  5-7. The bond lengths of optimized CT geometries of the RPSB for -0.003, 0.000 and 

+0.003 au versus the GS ones for 0.000 au. 



Chapter V: Photoelectrochromism in the retinal protonated Schiff base chromophore 

 

44 
 

5.3.2.2 Effects of Positive Electric Field  

As elaborated in the previous section positive electric fields destabilize the CT state, so 

that for field strengths near +0.002 au (see Figure  5-4) it heavily mixes with the covalent ES 

making their discrimination ambiguous at the CASSCF level in the FC region. The S1/S2 state 

mixing is reflected in their dipole moments (Figure  5-8) which are nearly identical. 

Multistate (MS)īCASPT2 computations uncouple both states permitting to assign the CT 

character to the second ES[10], conclusion supported also by the charge distribution reported 

in Figure  5-8. For ionic states the ůīˊ correlation (i.e., the response of the ů-electron density 

to relocation of partial positive and negative charges in the ˊ-electron density upon 

excitation) is significant. Due to the lack of this dynamic correlation effect at the CASSCF 

level when only ˊ-orbitals are used to construct the active space geometry optimization (both 

using stateīaveraging of two and three states) relaxing the second root ends up in a planar 

minimum with covalent character and bond length equilibration (see Figure  5-7). 

Furthermore, this situation has been documented previously in studies on the counterion 

effects in RPSB chromophore models[22,165] and as a consequence it has been argued that 

the isomerization along S1 acquires substantial barriers as activation energy is necessary to 

exit the covalent nonreactive trap into the ionic funnel to the CI region. However, we find 

that a computation averaging over the lowest three states, thereby relaxing the third root finds 

a minimum, energetically somewhat above the second root, characterized through a collapse 

of the wave function to a pronounced CT, accompanied by an increase of the magnitude of 

the TDM (and, consecutively a decrease for S1). Subsequent SSīCASPT2 (Figure  5-6, right 

panel) and MSīCASPT2 (Figure  5-9) calculations demonstrate that this CT configuration is 

more stable than the covalent configuration upon bond length relaxation. Furthermore, while 

the covalent minimum (obtained by relaxing the second root) is ca. 0.5 eV more stable than 

the ionic one at the CASSCF level, we observe the opposite ordering at the SSīCASPT2 

level with the ionic minimum being ca. 0.5 eV more stable. The present findings suggest that 

the collapse of the S1 wave function to a covalent configuration observed in energy 

minimization on S1 at the CASSCF level might be to a large degree an artifact of the 

tendency of CASSCF toward favoring covalent configurations, at least up to field strengths of 

0.003 au. Furthermore, our computations indicate strongly that torsion around any double 

bond would instantaneously lead to unmixing as the ionic state is stabilized, while the energy 

of the covalent state would increase (see also Figure  5-17a). Similar observations were made 

recently by Dokukina et al. on the photoisomerization of the RPSB chromophore in the C1C2 

channelrhodopsin which absorbs at 478 nm[193]. Although being the third excited state at the 

CASSCF level the CT state becomes the lowest ES after adding dynamic correlation via 

CASPT2. The work by Gozem et al. regarding the shape of the GS PES around the CI of a 

minimal rhodopsin chromophore model, thereby concluding that the dynamic correlation 

effects favor the CT region, provides a further example in this direction[194]. The immediate 

unmixing of the ionic and covalent states also agrees with the finding of Martinez and co-

workers from QM/MM molecular dynamics simulations of RPSB in methanol that only a 

small portion of the population (< 5%) is transferred in the covalent state when the dynamics 

is initiated in the ionic state[14]. 
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In contrast to the behavior in the absence of an electric field, the CT state exhibits a 

profile which becomes progressively steeper with the torsion shifting from bond C9īC10 to 

bond C13īC14 (5ī10 to 20 kcal/mol). Correspondingly, barriers for torsion around C11īC12 or 

C13īC14 are practically nonexistent. CIs with the ground-state are found along all three 

torsional coordinates. In agreement with the progressive steepness of the CT potential, the CI 

is reached only at 90° for torsion around C9īC10, while it appears already at 40° for torsion 

around C13īC14. This trend corroborates the findings in refs[165] and[22] that a CI between 

the GS and the CT state is reached easier when the rotating bond is closer to the counterion. 

In conclusion, one may expect that in the native environment of the protein positive electric 

fields below a threshold (ca. +0.003 au) increase the steepness of the barrierless path to the 

CIs, thus allowing for a faster decay to the crossing region and, presumably, a decreased ES 

lifetime. Of course, this conclusion, drawn within the limited framework of a relaxed scan 

under farīfromīrealistic conditions (gas-phase, homogeneous electric field), demands 

verification through molecular dynamics studies in a realistic (protein) environment, which 

are outside the scope of the present work. For instance, it is well known that, even if the GS 

decay is always mediated through a 90° twisted CI, the isomerization mechanism inside the 

protein is a two-bond torsion (bicycle-pedal)[13] opposite to the one-bond torsion mechanism 

in gas-phase presented in Figure  5-6. Nevertheless, the relaxed scans demonstrate that any 

torsion around a bond with a pronounced singleībond character in the excited state would 

instantaneously lead to unmixing, thereby stabilizing the ionic state and destabilizing the 

covalent one. We expect that a combination of one-bond torsions, as it is essentially the 

bicycle-pedal, will not affect the universality of this observation, thus supporting the tentative 

transferability of the drawn conclusions to the protein environment. 

 

Figure  5-8. Mulliken charges (left column, N-head and C-tail refer to the charges for the 

right and left moieties from the central of rotating bond, respectively) and permanent dipole 

moments (right column) of RPSB chromophore for the relaxed scans around C9īC10, C11īC12 

and C13īC14 in the presence of electric field with strength +0.003 au, calculated at 

SA3īCASSCF(12/12)/6-31G* level of theory. 
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The regions with covalent nature could also affect the isomerization dynamics under 

operational regimes of very strong positive electric fields. First of all, Figure  5-4c shows that 

the covalent state becomes accessible through borrowing oscillator strength from the CT state 

upon wave function mixing in the FC region. Second, provided the ionic configuration is 

strongly destabilized through the environment (see also Figure  5-16a), as can be extrapolated 

for electric fields above +0.003 au (such as the ones created by a counterion nearby the 

RPSB), the mixed ES S1 could indeed collapse into a pure covalent configuration upon 

relaxation along the bond stretching coordinate, so that dynamics initiated in S1 may indeed 

get trapped in a covalent well, in agreement with the outcome of the studies executed in the 

presence of a counterion close to the N-head of the RPSB in gas-phase[22,165]. We could 

reproduce the predicted behavior by attaching the positively charged trimethylaminoīresidue 

to the ionone ring of RPSB (Figure  5-10). This group strongly destabilizes the CT state 

causing a strong mixing with the second ES of covalent character and as a consequence both 

S1 and S2 exhibit large permanent and TDMs in the FC region. The equilibrated (i.e., 

covalent) and inverted (i.e., ionic) bond length minima found upon energy minimization are 

nearly isoenergetic upon addition of dynamic correlation (see Figure  5-7). In this same 

context, Olivucci and co-workers also reported the coexistence of two similar minima on S1 

for a rhodopsin mimic[195]. In fact, it seems that in the case of deprotonation of the RPSB 

the covalent configuration would become the only stable minimum on S1, as reported recently 

by Rivalta and co-workers for the ultraviolet visual pigment of the Siberian hamster[187]. In 

conclusion, it appears that positive electric fields above a threshold (ca. +0.003 au) open 

additional channels which slow down the photoisomerization by trapping the ES population 

and producing a barrier along the path to the twisted CIs that would increase the ES lifetime. 

 
Figure  5-9. MS-3īCASPT2(12,12)/6-31G* on top of a SA-3īCASSCF computed adiabatic 

profiles of RPSB along three torsion angles (around bonds C9īC10, C11īC12 and C13īC14) 

obtained from relaxed scans (relaxing the CT excited state) in the presence of electric field 

with strength -0.003 au (left column) and +0.003 au (right column). The profiles in the 

absence of electric field a provided as a reference (middle column). 
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Figure  5-10. Structure of the RPSB chromophore functionalized with a . group at the 

ionone ring, which shows a blue-shifted linear absorption spectrum. 

 

Figure  5-11. SA3īCASSCF(12,12)/6-31G* (top) and SSīCASPT2 (middle) and MS-

3īCASPT2 on the top of CASSCF (bottom) adiabatic profiles of the blue shifted RPSB 

(Figure  5-10) along three torsion angles (around bonds C9īC10, C11īC12 and C13īC14) 

obtained from relaxed scans (relaxing the CT excited state) in the absence of electric field. 
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Figure  5-12. Mulliken charges (left column, N-head and C-tail refer to the charges for the 

right and left moieties from the central of rotating bond, respectively) and permanent dipole 

moments (right column) of the blue shifted RPSB (Figure  5-10) along C9īC10, C11īC12 and 

C13īC14 for the absence of electric field, calculated at SA3īCASSCF(12,12)/6-31G* level of 

theory. 

5.3.2.3 Effects of Negative Electric Fields  

Negative electric fields stabilize the CT state, though bond relaxation does not invoke 

singleīdouble bond inversion as encountered for a zero electric field but rather leads to bond 

length equilibration (see Figure  5-7). Reference [165] documents identical behavior for a 

RPSB model with a counterion close to its C-tail, thereby reporting substantial barriers along 

the torsional coordinates C9īC10, C11īC12, and C13īC14. However, the absence of clear single 

bonds raises the question which is the preferable torsional angle. For the sake of comparison 

in Figure  5-6 we present the profiles obtained by scanning around the same bonds C9īC10, 

C11īC12, and C13īC14 as for zero and positive electric fields, while the profiles for rotating 

around bonds C8īC9, C10īC11, and C12īC13 are given in Figure  5-13. Significant barriers are 

evident for all torsional angles. Interestingly, for bonds C9īC10, C11īC12, and C13īC14 the 

barrier height and the S0īS1 energy gap at 90Á torsion increase C11īC12with the proximity of 

the rotating bond to the iminium moiety, while for bonds C8īC9, C10īC11, and C12īC13 we 

observe the opposite trend. In the cases where a CI is not encountered along the relaxation 

path the CI seam is found to lie aside from the relaxed profile (implying a sloped CI 

topography), thereby requiring additional geometrical deformations. Overall, decay via 

torsion around bond C10īC11 seems most probable, though slowed down compared to zero 

and positive electric fields.  
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5.3.3 Correlation between Excited  State Lifetime and Absorption 

Wavelength  

The hitherto calculations demonstrate that the electric field direction and strength have 

a significant effect on the ES profiles and relative positions of isomerization paths and CI 

seam. On the basis of the observed trends we can tentatively postulate that the 

photoisomerization of the RPSB chromophores can be modulated, among many other factors 

(see discussion below), through the external field from a speedīup for positive fields below 

0.003 au to a complete inhibition of the ultrafast decay for negative fields. Rather counter 

intuitively, strong energetic stabilization of the ionic state does not lead to an earlier crossing 

with the GS, a constellation believed to increase the speed of the cisītrans isomerization. In 

contrast, destabilization originates in a steeper slope and possibly a faster decay unless the 

applied electric field is too strong, which may eventually result again in slowing down the 

photoisomerization and increasing the ES lifetime, by producing a covalent trap on the S1 

state. As stated earlier the conclusions have to be considered within the limited framework of 

relaxed scans under ideal conditions. Exemplarily, stronger fields would be required to 

achieve such effects in a realistic environment to overcome its shielding effect. 

In the following we document a tentative qualitative correlation between the 

experimental lifetimes recorded for series of native and mutated proteins containing the 

RPSB chromophore and the maximum of the lowest electronic transition based on an 

extensive literature survey. We are aware that a comparison between a homogeneous electric 

field in vacuo and a heterogeneous field inside the catalytic center of a protein poses a great 

simplification, even if they are found to be of comparable strengths (i.e., +25 MV/cm to ī25 

MV/cm)[191,192]. Indeed, many factors exist, among them being also the electric field that 

is responsible for the detected lifetimes: cavity induced chromophore pretwisting, hydrogen-

bonding network, temperature, pH, etc. The proposed correlation does not contradict the 

possible involvement of other factors from the listed above, and, in fact, an example will be 

presented where the correlation fails to fully rationalize the ES lifetimes. In the following, we 

briefly summarize some of these findings. We note that we compare only mutants of the same 

protein under the same external conditions in order to minimize the effect of factors like 

temperature and pH; however, we cannot exclude modifications of the catalytic cavity due to 

mutation, which may alter the hydrogenībonding network or the embedding of the RPSB 

chromophore. Furthermore, in the case of multiexponential decays we always consider the 

decay component with the largest contribution to the ES absorption and stimulated emission 

decay as the ES decay rate (other rates come from GS cooling and product formation) 

chromospheres. 

¶ mutations in bacteriorhodopsin (wt-bR, ɚmax = 568 nm) can tune its absorption 

maximum over a wide spectral range spreading from 608 to 543 nm: the most red-

shifted mutant D85N, in which negatively charged residue Asp (D85) is replaced by a 

neutral amino acid Asn (N), displays 4-fold longer ES lifetime (2 ps) than that in wt-

bR (0.45 ps); a slightly red-shifted mutant such as Y185F (ɚmax = 578 nm), where the 

non-hydrogen bonding residue Phe (F) replaces the H-bonding Tyr (Y185), shows a 

slight deceleration (0.55 ps)[162,196]; 55 blue- shifted Trp (W) mutants W182F (ɚmax 

= 557 nm) and W86F (ɚmax = 443 nm) show a decreasing order in the ES lifetimes 

compared to the wild type[197].  

¶ the D100N mutant of rhodopsin in oxyrrhis exhibits a signiýcantly red-shifted 

absorption maximum (ɚmax = 562 nm) compared to the wild type (ɚmax = 520 nm) at 

the same pH, the red-shift being accompanied by a slower isomerization rate[198]. 
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¶ the D97N mutant of green proteorhodopsin GPR exhibits a signiýcantly red-shifted 

absorption maximum (ɚmax = 550 nm) compared to the wild type (ɚmax = 531 nm) and 

again a slower ES decay rate has been documented for the mutant[199,200].  

¶ most of the channelrhodopsin-2 (ChR2, ɚmax = 474 nm) mutants, C128T (ɚmax = 480 

nm), E123D (ɚmax = 486 nm) and. E123T (ɚmax = 490 nm), absorb slightly red-shifted 

compared to the wild type. TimeīResolved pumpīprobe spectra demonstrate that the 

ES in the wild type decays mono- exponentially with a rate of 0.4 ps. In all mutants 

on the other hand the ES decay is described by two lifetimes (i.e., biexponential 

decay), a subps (varying from 0.2 to 0.7 ps), and a few ps (varying from 1.8 to 4.8 ps) 

with ESA and SE contributing to both lifetimes. Consequently, it can be argued too 

that the wild type shows the shortest ES lifetime, in concordance with its absorption 

wavelength[201]. We draw the readerôs attention to E123T and E123D which show 

di erent exited state lifetimes despite absorbing at nearly the same wavelength. This 

ýnding indicates that other factors besides the absorption energy are important for 

determining the lifetime of the ES such as structural deformations and hydrogen-

network rearrangement in the binding pocket induced by the mutations.  

¶ Notably, our predictions are a match also with a recent computational study by 

Olivucci and co-workers. By means of mixed quantumīClassical simulations, they 

showed that the retinal chromophore inside three different visual proteins (rhodopsin, 

squidrhodopsin, melanopsin) photoisomerizes with a rate that is higher than the more 

blue-shifted absorption (498, 476, and 462 nm, leading to 90, 60, and 40 fs ES 

lifetimes, respectively)[12]. 

The behavior predicted with very strong positive (>+0.003 au) electric fields, and 

discussed in the section before, can be expected in solution. Polar solvents, like 

methanol[14,166,177,202] or dichloromethane[166], shield the counterion and, in turn, do 

strongly stabilize (destabilize) the covalent states (CT state), as their molecular dipoles, 

which are in equilibrium with the electronic density of the covalent GS, are oriented 

favorably (unfavorably) with respect to the GS (CT ES) density. The same effect on covalent 

and CT states is also expected in nonpolar solvents where tight bound ion pairs between the 

cationic RPSB chromophore and its negative counterion exist[172,175]. Remarkably, this 

would explain why no correlation between the polarity of the solvent and the ES lifetime is 

found in timeīResolved fluorescence measurements. As stated by Chergui and co-workers 

ñThe various decay channels show little or no dependence with respect to the viscosity or 

dielectric constant of the solvents.ò[174] and further ñThere is no clear trend of the 

fluorescence decay times with solvent properties.ò[175]. In general, longer lifetimes are 

observed in solution (in the order of few picoseconds compared to 100 fs in 

rhodopsin[5,173]) independent of the solvent polarity. These longer lifetimes have been 

controversially disputed over the years[172,174-176,203] and are here believed to be caused 

by trapping the population in a covalent well on the S1 surface due to the dramatic 

stabilization/destabilization of the covalent/CT states operated by the solvent polarization 

and/or the counterion that produce a local very strong positive field (>+0.003 au). On the 

other hand, subtle changes in the electronic structure of the retinal chromophore, such as the 

ones caused by substitutions along the chain, may restore the stability of the inverted (i.e., 

ionic) photoactive bond length minimum on S1, thus speeding up the decay and 

photoisomerization reaction as recently observed in substituted RPSBs[178-180]. Studies in 

explicit solvent to validate this scenario are currently in progress. 
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Figure  5-13. Profiles of RPSB along three torsion angles (around bonds C8īC9, C10īC11 and 

C12īC13) obtained from relaxed scans (relaxing the CT ES) in the presence of an electric field 

with strength ī0.003 au. 

5.3.4 Rationalization of the Results: The Extended Two -electron Two -

Orbital Model  

In the following, we will elucidate the observations outlined in the previous section in 

the scope of the two-electron two-orbital theory originally introduced by Michl and Bonacic-

Koutecky to explain the geometrical and electronic structure of one-bondīflip CIs found in 

strongly polar conjugated polyenes[204], and which was later generalized to predict the 

topography and energetics of the CI seam in both polar and nonpolar polyenes whose initial 

ES dynamics follow the WoodwardīHoffmann rules[181,182]. According to the ñextendedò 

two-electron two-orbital theory which treats interactions of two ñactiveò electrons in two 

noninteracting (i.e., not sharing common atomic centers) ñactiveò orbitals, two conditions 

must be fulfilled in order to reach a CI out of the FC point, the resonance condition 

▐═║    Ȣ  
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and the heterosymmetry condition 

╙══ ɀ ╙═║  Ⱡ║  Ⱡ═  Ȣ  

The individual terms in Eqs. (5.1) and (5.2) are the one-electron resonance integral Ὤ , 

the Coulomb repulsion integrals ὐ Ⱦὐ  and the one-electron energies ‐Ⱦ  of the two 

nonīinteracting orbitals A and B, subject to Coulombic repulsion and exchange interaction 

with the remaining electrons in the system. Distinct motions that cancel the resonance term, 

and hence fulfill the resonance condition, can be identified by the WoodwardīHoffmann 

(WH) rules depending on the number of ˊ-electrons involved. For two ˊ-electrons, the 

motion is a 90° torsion around a double bond (one-bond-flip), for τὭ “  and for τὭ
ς “ ὩὰὩὧὸὶέὲί a disrotatory and conrotatory ring closure/opening rotations, respectively. 

Thus, one can view ethylene, 1,3-butadiene (cyclobutene), and 1,3,5-hexatriene 

(2,4īCycloxediene) as the basic units which allow for dynamics driven by the (WH) rules. 

Fulfillment of the resonance condition in the basic unit leads to a homosymmetric biradical 

with energetically degenerate active orbitals (Figure  5-14). The GS is a (singlet) biradical 

(denoted as ȿὃɆὄɆ  in Figure  5-14), while the first ES is a linear combination of closed 

shell configurations ȿὃ ȟȿὄ , referred to as a zwitterionic, i.e., ȿὃ ȿὄ Ȣ The 

energy difference of the two states is given by the difference in the Coulmbic terms ὐ
ὐ , thus, the higher energy of the zwitterionic state arises from the stronger repulsion of both 

active electrons occupying the confined space of the same localized orbital. To reach 

degeneracy the heterosymmetry condition of Eq. (5.2) can be fulfilled by adjusting the one-

electron energies ‐Ⱦ . This can be realized by asymmetric geometrical deformations, 

orthogonal to the WH deformation and/or by electronic effects induced through asymmetric 

functionalization.  

 

Figure  5-14. Two-electron / two-orbital model, introduced via a correlation diagram for the 

ˊ
2
, ˊˊ

*
, and ˊ

*2
 configurations for the torsional deformation along a double bond. In the 

region around 90° a noninteracting (not sharing common atomic centers) orbital basis (A,B) 

provides a more comprehensive description of the emerging covalent ȿὃɆὄɆ  and 

zwitterionic ȿὃ ȟȿὄ  configurations. Absent or symmetric functionalization at both 

sides of the twisted double bond implies equivalence of the noninteracting orbitals A and B, a 

constellation known as a homosy-mmetric biradical. 
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Figure  5-15. aīC) Asymmetric geometrical or electronic (functionalization / substitution) 

deformation alters the electron affinity on both sides of the twisted double bond; depending 

on the strength of the deformation the systems can be categorized as weak (a), critical (b), 

and strong (c) heterosymmetric biradicaloids. An external electric field can alter the nature of 

the biradicaloid. Frontier orbitals and electronic structure of the GS and first ES resulting 

from occupying these orbitals at the geometry twisted by 90° around the C11īC12 (d-f) and 

C12īC13 (g-h) bonds of a minimal RPSB model consisting of two double bonds under the 

influence of a uniform external electric field. 
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Figure  5-16. a)īC) Sketches of the potential energy surfaces of the ground (red), first 

(green), and second (blue) adiabatic ESs in the subspace of stretching and torsion for 

different electric field strengths; d)-f) sketches of the potential energy surfaces of the ground, 

first, and second ESs representing the relative position of the reactive coordinate (yellow) and 

the CI seam (magenta) for different electric field strengths. Dashed lines follow the diabatic 

character (covalent or ionic). 

In the particular case of protonated Schiffôs bases the basic unit is ethylene, and torsion 

around any double bond fulfills the resonance condition. Exchange of a carbon atom at one 

side of the rotating bond with the isoelectronic positively charged nitrogen introduces an 

asymmetric deformation of the electronic structure of the biradical, turning it into a 

heterosymmetric biradicaloid (‐ Ȧ  ‐, Figure  5-15). The induced energetic splitting of the 
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one-electron orbitals suffices to overcome the excessive electron repulsion in the zwitterionic 

configuration ȿὃ , thus, allowing to reach a CI without an additional geometrical 

deformation (critically heterosymmetric biradicaloid, Figure  5-15). Figure  5-15 6e depicting 

this situation for a minimal RPSB model consisting of two double bonds rationalizes the 

photochemistry of retinal in the absence of an electric field (Figure  5-6, middle column). 

Torsion around any double bond would stabilize the ionic state and will lead to a CI with the 

covalent GS as shown schematically in Figure  5-16b. The early encounters of crossings 

evident in the ES profiles in the absence of an electric field (i.e., before reaching twisting of 

90°) do not contradict the above statements. In fact, the hydrogen-out-of-plane (HOOP) 

deformation (Figure  5-17b) ensures that the resonance conditions are fulfilled also for 

smaller twisting angles by keeping the resonance term Ὤ  close to zero. As the degree of 

HOOP deformation must increase with decreasing torsional angle to ensure the fulfillment of 

the resonance condition the CI seam becomes energetically less favorable (i.e., sloped) below 

50° and shifts away from the minimum energy profile as demonstrated schematically in 

Figure  5-16e. 

The position of the torsional angle within the conjugated system has a quantifiable, albeit 

minor effect on the energetic profile of the CT state. Torsion along a bond closer to the 

iminium-group allows delocalizing the positive charge in the ES state over a more extended 

conjugated region, effectively contributing to the stabilization of the CT state. As a 

consequence the GS/ES crossing shifts to slightly smaller torsional angles (from 60° to 50°, 

Figure  5-6, middle column). 

5.3.5 An External Electric Field Affects the Topography of the CI Seam.  

Already Michl and Bonancic-Koutecky demonstrated that an external electric field, 

simulated through point charges in the vicinity of the twisted double bond of ethylene has an 

effect identical to asymmetrically distorting the active orbitals and is capable of lifting the 

degeneracy of the one-electron orbital energies ‐Ⱦ : the orbitals closer to the positive change 

(i.e., the anode) are stabilized, while the orbitals closer to the negative charge (i.e., the 

cathode) are destabilized (Figure  5-15d). The effect is comparable to the one exerted by the 

internal field created via asymmetric functionalization through pushīpull groups, which have 

been shown to introduce a CI along the electrocyclic isomerization (WH) coordinate of 

cyclohexadiene-based molecular switches[182,205], while the parent compound exhibits the 

CI aside from the WH coordinate. 

Following the above consideration a positive electric field (according to the definition 

in Figure  5-1) applied to the protonated Schiffôs base reduces the energy gap between the 

frontier orbitals A and B, thereby turning the critically heterosymmetric biradicaloid into a 

weakly heterosymmetric one (Figure  5-15a). The fulfillment of the heterosymmetry 

condition requires more pronounced geometrical deformations as compared to the zero field 

reference. In gas-phase this is achieved by elongation of the C15īN bond from 1.32 Å to 1.38 

Å, accompanied by the pyramidalization of the iminium-group (Figure  5-17C) which 

effectively stabilizes the CT state through shielding the lone pair of the nitrogen. A study on a 
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solvated RPSB model with five double bonds in methanol showed that the same effect can be 

achieved by deploying solvent molecules close to the Cīterminus[202]. The stabilization of 

the ES (through the additional geometrical deformations or solvent effects) in the CI region 

opposite to its blue-shift in the FC region introduces a steeper slope on the bright state, 

thereby completely suppressing any barriers (Figure  5-6 lower right window, see also Figure 

 5-16a). However, torsion around double bonds closer to the ɓ-ionone ring (e.g., around the 

C9īC10 bond, Figure  5-6 upper right window) are expected to destabilize the CT so much as 

to shift the CI seam completely aside from the minimum energy path, thereby altering its 

slope as shown schematically in Figure  5-16d. The impeded access to the CI seam and the 

time required to either redistribute vibrational energy into the iminimum modes or to 

rearrange the first solvent shell could potentially increase the lifetimes in strongly polar 

solvents independent of the predicted steeper slope, thus offering a further explanation for the 

longer ES lifetimes observed in solution beside the already discussed population trapping in 

nonreactive channels. 

 

Figure  5-17. CIs of RPSB for torsional angle 90° for negative (left) and positive (right) 

electric field of strength 0.003 au, as well as the CI for 50° torsion in the absence of electric 

field (middle). The bonds around which the torsion occurs, as well as the additional 

deformations, necessary to reach the CI are highlighted. 

A Negative electric field increases the energy gap between the frontier orbitals A and B, 

thereby creating an inversion of the energetic order of the biradical ȿὃɆὄɆ  and the 

zwitterionic ȿὃ  configurations along the torsional deformation (Figure  5-15f). This 

situation is known as a strong heterosymmetric biradicaloid (Figure  5-15c). The observed 

configuration inversion in the absence of a CI along the path suggests the participation of an 

avoided crossing as schematically shown in Figure  5-16c. This hypothesis is verified by 

inspecting the charge distribution and permanent dipole moment along the reaction 

coordinate (Figure  5-18 and Figure  5-19). While for zero and positive electric fields the ES 

characterize by primarily (in the CI exclusively) localizing the positive charge closer to the ɓ-

ionone moiety (Figure  5-20), we encounter the opposite situation for negative electric fields. 

For field strength beyond 0.001 au the covalent configuration becomes dominant already at 

the relaxed planar ES geometry and as a consequence does not exhibit the expected bond 

inversion. Eventually, for field strengths around ī0.003 au all bonds become equilibrated. 

The avoided crossing along the torsional coordinate introduces a finite S0/S1 gap along the 

entire reaction coordinate (Figure  5-16c), which must be overcome in gas-phase through 

additional geometrical deformations. Our computations demonstrate that again the iminium-

group is mainly involved through shortening of the C15īN bond length from 1.32 to 1.26, 

aiming to destabilize the CT configuration, now dominating the ground-state (Figure  5-17a). 

The cooperative effect of a negative electric field and torsion closer to the iminium-group 



Chapter V: Photoelectrochromism in the retinal protonated Schiff base chromophore 

 

57 
 

(e.g., around the C13īC14 bond, Figure  5-6 lower left window) shifts the CI seam completely 

aside from the minimum energy path hardly reachable even for 90° torsion (Figure  5-16f). 

As shown earlier (Figure  5-13) the bond length equilibration at the ES minimum in the 

case of strong negative fields opens new deactivation channels involving torsion around 

bonds C8īC9, C10īC11 and C12īC13 (with single bond character in the GS). Figure  5-15f,h 

correlates the two sets of isomerization coordinates. While for zero and weak electric fields 

the isomerization along a single bond preserves a large HOMOīLUMO gap even for a 90Á 

twisting angle (Figure  5-15f), for strong negative field the covalent closed shell 

configuration becomes destabilized and degenerates with a biradical CT configuration 

(Figure  5-15h), contrary to the situation discussed above, where the CT state was described 

through a closed shell configuration (Figure  5-15e). For sufficiently large negative electric 

fields the isomerization along C8īC9, C10īC11, and C12īC13 will become more favorable 

(compare barriers in Figure  5-13 and Figure  5-6, left column). Departing from the electronic 

structure in the vicinity of CI we trace back to the FC point where both ñactiveò orbitals A 

and B couple, thus creating bonding and antibonding delocalized orbitals HOMO and LUMO 

provided they are energetically close in energy which is fulfilled for stronger negative fields. 

We recognize that the HOMO and LUMO have a different nodal structure than in the absence 

of an electric field. The GS is characterized by a partial positive charge at the C-tail, 

resembling the shift of the electron density toward the anode. Upon excitation a full CT to the 

Nītail occurs, coded in the strong increase of the dipole moment. However, and most 

noticeably, due to the different nodal structure of the frontier orbitals participating in the 

transition the relaxation of the CT configuration is not accompanied by bondīorder inversion, 

thus favoring isomerization around C8īC9, C10īC11, and C12īC13. 

 
Figure  5-18. Mulliken charges (left column, N-head and C-tail refer to the charges for the 

right and left moieties from the central of rotating bond, respectively) and permanent dipole 

moments (right column) of RPSB chromophore for the relaxed scans around C9īC10, C11īC12 

and C13īC14 in the presence of electric field with strength -0.003 au, calculated at 

SA3īCASSCF(12/12)/6-31G* level of theory. 
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Figure  5-19. Mulliken charges (left column, N-head and C-tail refer to the charges for the 

right and left moieties from the central of rotating bond, respectively) and permanent dipole 

moments (right column) of RPSB chromophore for the relaxed scans around C8īC9, C10īC11 

and C12īC13 in the presence of electric field with strength -0.003 au, calculated at 

SA3īCASSCF(12/12)/6-31G* level of theory. 

 

Figure  5-20. Mulliken charges (left column, N-head and C-tail refer to the charges for the 

right and left moieties from the central of rotating bond, respectively) and permanent dipole 

moments (right column) of RPSB chromophore for the relaxed scans around C9īC10, C11īC12 

and C13īC14 in the absence of electric field, calculated at SA3īCASSCF(12/12)/6-31G* level 

of theory. 
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5.3.6  Electric Field Impeded Ultrafast Isomeriz ation.  

Unlike the mechanism of CT destabilization in polar solvents and in certain protein 

environments, which has been studied extensively in the literature, the mechanism of 

configuration inversion upon CT stabilization has not been documented thoroughly. From a 

practical point of view one could ask what is the optimal electric field which would cause 

bond equilibration in the ES and, hence, would introduce a substantial barrier along any 

torsional coordinate, thereby inhibiting or at least severely slowing down the ES deactivation. 

If such a window can be found, RPSB mimics, where the electric field effect would be 

achieved through suitable functionalization bare the potential to be utilized as 

photoswitchable fluorescent dyes. 

To answer this question we performed a fine scan of the electric field strength between 

ī0.0015 au and ī0.0040 au in steps of 0.0001 au, thereby relaxing the planar geometry in the 

ES. The result is documented in Figure  5-21. Due to the coexistence of two electronic 

configurations (a CT accompanied by singleīdouble bond inversion and a CT which 

preserves the bond order, both strongly mixing with the corresponding covalent 

configuration) for strong negative electric fields we observe two stable bond configurations in 

the window between ī0.0018 and ī0.0033 au (solid and dashed lines). Below ī0.0022 au, the 

CT configuration accompanied by singleīdouble bond inversion (solid line) is more stable, 

while above ī0.0022 au, the CT configuration preserving the bond order (dashed line) 

becomes more stable. The energetic differences are rather small (<1 kcal/mol) suggesting a 

flat potential connecting both geometries and confirmed by linear interpolation for three 

electric field strengths (ī0.0018, ī0.0025 and ī0.0032, see Figure  5-21b and Figure  5-22); 

therefore, at room temperature both structures will be populated. A clear trend of bond 

inversion is observed for both sets when varying the electric field strength: C9īC10, C11īC12, 

and C13īC14 having a more pronounced single bond character for weak electric fields, while 

adopting a double bond character for strong fields. Correspondingly, bonds C8īC9, C10īC11, 

and C12īC13 behave the other way around. What is attracting the attention is the window 

between ī0.0026 and ī0.0028 au in which all bond lengths are comparably short. In fact, 

there is no bond longer than 1.42 Å, compared to 1.47 Å for a zero electric field. The 

presented example of constrained scans for ī0.003 au (Figure  5-6, left column) lies very 

close to this window (with a maximal bond length of 1.43 Å), which explains the lower but 

nonīnegligible barriers for rotations around bonds C8īC9, C10īC11, and C12īC13 (Figure 

 5-13).  

We could speculate that the encountered behavior in a strong negative electric field 

accounts for the lack of retinal proteins absorbing into the red above 590 nm[206-209], as this 

is exactly the absorption energy window caused by an electric field of ī0.0025 to ī0.0030 au 

which leads to bond length equilibration in the ES. This situation would be incompatible with 

the requirement of ultrafast decay and photoisomerization necessary to facilitate light 

transduction. In any case it would be interesting to study the dynamic behavior of retinal 

under these conditions. 
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Figure  5-21. (A) Bond lengths at the equilibrated ES geometry of the parent molecule for 

different strengths of the electric field (between ī0.0018 au and ī0.0033 au). (B) 

SSīCASPT2 S1 energy profiles obtained through linear interpolation between both minima 

coexisting in the electric field range ī0.0018 au : ī0.0032 au at the SA-2īCASSCF level. 

Profiles for three electric field strengths, ī0.0018, ī0.0025 and ī0.0032 au, are shown. (C) 

Bond length alternation (",!В Äȟȟ ȟ В Äȟ ȟ ȟ , d is the bond 

length) of both minima at different strengths of the electric field shown in part A. 

 

Figure  5-22. CASSCF and MSīCASPT2 S1 energy profiles of the RPSB chromophore 

obtained through linear interpolation between both minima co-existing in the electric field 

range -0.0018 au : -0.0032 au at SA-2īCASSCF level. Profile for three electric field 

strengths, -0.0018, -0.0025 and -0.0032 au, are shown. 
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5.3.7 In ternal Fields Created by Polar Functional Groups: Transferability 

and Generalization of the Model.  

The heterosymmetry condition (Eq. 5.2) has a great importance for generalizing the 

described trends to functionalized RPSB chromophores. It states that the effect of an external 

electric field, namely to vary the gap between the ñactiveò orbitals, can be achieved also 

through selective functionalization with electron donating / withdrawing groups which induce 

an intramolecular electric field. It is therefore justified to ask to what extent the trends 

derived for the parent RPSB compound are transferable to functionalized systems. We 

demonstrated earlier that introducing a pair of 0.5e charges with opposite signs in the 

immediate vicinity of the retinal chromophore (see Figure  5-4) has a comparable effect on 

the FC transition energies as applying an electric field of 0.004 au. Furthermore, we 

discussed that attaching a positively charged trimethylamino group to the C-terminus side of 

the RPSB destabilizes the CT state, thus opening a new population trapping channel 

involving the covalent ES. In the following paragraph we demonstrate that the photophysics 

of push/pull-functionalized RPSB derivatives can be also forecast based on what we have 

learned from the parent compound. For this purpose we functionalized the RPSB 

asymmetrically with a ů-electron withdrawing trifluoromethyl-group (CF3ī) closer to the 

ionone ring and a ˊ-electron rich methoxy-group (MeOī) closer to the iminium-group (see 

Figure  5-23 right) and vice versa (see Figure  5-23 left) and computed the profiles of the 

three lowest states along the torsion around the central double bond involving C11 and C12. 

Thereby the MeO-group was confined in a five-membered ring to the conjugated double 

bond chain in order to prevent twisting and utilize the mesomeric effect of the oxygen lone 

pair. The electron withdrawing and donating groups can be regarded as having partial 

positive and negative charges, respectively, thus a nonuniform intramolecular electric field is 

generated upon functionalization. 

The positive intramolecular electric field, created via attaching the CF3-group to C9 and 

enclosing the MeO-fragment in the ring comprising C11, C12, and C13, induces the expected 

blue-shift of the absorption energy of the CT state. Wave function analysis shows that the S2 

state, placed at 2.89 eV (428 nm) above the ground-state in the FC point, has a more 

pronounced CT character than the S1 state of covalent nature at 2.50 eV (496 nm), however 

the state mixing is encoded in the nearly equal magnitude of the dipole moments (14.2 D vs 

12.2 D, see Figure  5-24). The absorption energy of the CT state puts the functionalized 

species on a level with positive electric field strengths of ca. +0.0025 au. However, it should 

be noted that the covalent state is significantly more red-shifted than in the parent compound 

at comparable field strengths. As in the parent compound, exposed to an electric field of 

strength +0.003 au (Figure  5-6, right column), upon ES relaxation the wave function of the 

S2 state collapses to a pure CT configuration, which equilibrates at a much lower energy at 

CASPT2 level than the relaxed covalent configuration (see Figure  5-23 right). Consequently, 

already upon 10Á torsion full singleīdouble bond inversion takes place. Thus, once more, we 

demonstrate that ionicīcovalent mixing is confined to a very limited coordinate space and 

either bond relaxation or torsion lead to instantaneous collapsing of the S1 wave function into 

a pure CT. Further similarity with the parent compound is the impeded accessibility of the CI 

seam which is reached only at angles close to 90° due to the additional deformations 

necessary to stabilize the CT state. As in the parent compound the CT stabilization in gas-

phase is achieved through utilizing iminium modes (pyramidalization and CīN bond 

elongation, see Figure  5-17). It attracts our attention that the ES does not exhibit the 

characteristic steep profile observed for the parent molecule in positive electric fields (Figure 

 5-6, right column). We believe that in order to shed light into this discrepancy one needs to 
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scrutinize the ES potential energy surfaces of a broad selection of functionalized RPSB, a 

work currently in progress. 

 

Figure  5-23. Profiles of red-shifted (left) and blue-shifted (right) RPSB derivatives 

along the torsion angle C11īC12 obtained from relaxed scans (relaxing the CT ES) in the 

absence of an electric field. The colour background denotes the character of the first ES along 

the optimized path being either covalent (red), CT (green) or mixed. 

 
Figure  5-24. SA3īCASSCF(12,12/6-31G* (top), MS-3īCASPT2(12,12/6-31G* on the 

top of CASSCF calculations (middle) and CASSCF permanent dipole moments (down) 

profiles of the blue-shifted RPSB (Figure  5-23, right) (right column) and red-shifted RPSB 

(Figure  5-23, left) (left column) along the torsion around C11īC12 bond calculated from 

relaxed scans (relaxing the CT excited state) in the absence of electric field at 

CASSCF(12,12)/6-31G* level of theory. 
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The negative intramolecular electric field, created via attaching the CF3-group to C13 

and enclosing the MeO-frament in the ring comprising C5, C6, and C7, induces the expected 

red-shift of the absorption energy of the CT state down to 1.70 eV (730 nm) which 

reproduces the effect of electric field strengths of ī0.003 au. Torsion around the central 

double bond, which, as in the parent compound exposed to a ī0.003 au electric field, does not 

show the characteristic bond inversion, leads to a progressive energy increase of both S0 and 

S1 and does not encounter a CI (see Figure  5-23 left). Inspection of the permanent dipole 

moments, however, clearly points at an avoided crossing around 120°. 

In conclusion, the effect of an inhomogeneous electric field generated via 

functionalization can be very well reproduced by studying the effect of an externally applied 

homogeneous electric field whose strength can be estimated in relation to its effect on the 

absorption energy at the FC point. 

5.4 Conclusions 

In the present contribution we report the results of a systematic computational study on 

the dependence of the absorption energies and photoisomerization ability of the RPSB 

chromophore on the strength and direction of a uniform external electric field. A systematic 

linear shift of the absorption energy throughout the whole visible spectrum as a function of 

the field strength is observed. Specifically, fields between ī25 MV/cm and +20 MV/cm shift 

the absorption energy from 800 to 400 nm. While external fields of such a strength are 

technologically not accessible, yet, comparable fields can be locally achieved by nearby 

charges and polar groups (such as the ones found in the retinal binding pocket of opsins) as 

well as charged/polar functional groups introduced in the vicinity of the RPSB chromophore.  

The photoisomerization paths revealed clear trends in the topography of the ES energy 

profiles that can be related to the interplay of the ionic and covalent configurations and their 

response to the geometrical deformations (bond relaxation and torsion) in the conjugated 

system. The strong ionic/covalent wave function mixing observed at the edges of the two 

(positive and negative) operational regimes, i.e., mixing between S1/S2 for positive and 

between S0/S1 for negative electric fields, rapidly collapses upon bond relaxation and torsion 

as covalent (ionic) configurations are destabilized (stabilized). Consequently, in the case of 

positive electric fields, S1 adopts a pure CT configuration, which eventually relaxes 

barrierlessly to a CI with the ground-state, while in the case of negative electric fields S1 

becomes covalent (and S0 ionic) and this introduces a barrier along the decay profile, 

eventually turning the chromophore from a nonfluorescent ultrafast photoisomerizing device 

into a fluorescent dye. This behavior could explain why there are no retinal proteins 

absorbing in the far red above 590 nm. At the same time we could resolve the formation of 

another CT electronic configuration in the presence of strong positive fields characterized 

through a different nodal structure of the frontier orbitals participating in the CT excitation 

which largely preserves the GS bondīorder, thus opening new isomerization channels. The 

existence of two distinct CT configurations may open the possibility for designing molecular 

devices that can be reversibly switched between a nonfluorescent ultrafast photochromism 

(i.e., photoisomerization) and a fluorescent state by applying electric fields already 

achievable by nowadays technology.  

Interestingly, a simple correlation between the absorption energy decrease (increase) 

and the corresponding increase (decrease) of the ES lifetime that is tentatively based on our 
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calculations is supported by timeīResolved data recorded for native and mutated retinal 

proteins. Eventually, we expect that blue-shifting the absorption energy of the RPSB 

chromophore would speedīup its photoisomerization, unless very strong positive fields, as 

the ones present in solution, are used. If this is the case, our simple model suggests that 

isomerization would slowīdown due to a) the observed shift of the CI seam away from the 

minimum energy path and b) the state inversion (i.e., first ES adopts covalent character) and 

potential trapping of the ES population in a covalent excited minimum. Notably, this 

correlates with the general decrease in photoisomerization and decay rates observed in 

solution. 

Not only the isomerization rate but also its selectivity seems to be largely affected by 

the electric field, thereby making it possible to conceive controlling schemes involving 

switching between isomerization channels. Positive fields favor torsion around bonds closer 

to the iminium-group, while negative fields favor torsion around bonds closer to the ionone 

rings. More complex controlling schemes are imaginable when considering that for negative 

electric fields beyond ī20 MV/cm new isomerization channels become accessible. 

We also explored the possibility of utilizing a homogeneous electric field for 

understanding the effects of functionalization with electron withdrawing and donating 

groups, which can be seen as generators of local electric fields. We demonstrated that many 

of the characteristics encountered in the reference system exposed to an external field can be 

recovered also in the two functionalized retinal PBS chromophores investigated here, one 

absorbing in the red-side and the other in the blue-side of the spectral window explored.  

Further research on the field would involve as a first step a study of a large variety of 

functionalized RPSB chromophores in order to scrutinize the correlation between 

homogeneous external fields and local fields created through functional groups. As a second 

step, molecular dynamics on the parent and selected systems in the presence of ñquasi-

homogeneousò external fields (as generated by a capacitor) in a realistic environment treated 

at the QM/MM level can be envisioned. Those studies may become the cornerstone toward 

defining the prerequisites for designing ultrafast spectrally tunable molecular devices, whose 

functional groups work as electric field generators to tailor specific properties. 
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6 Functionalized  Retinal Chromophore with 

Tailored Spectral and Photochemica l 

Properties: Towards Bio -inspired 

Designer Molecules  

6.1 Introduction  

In the previous section it was demonstrated how a homogeneous electric field can be 

utilized to tune the absorption wavelength of the retinal protonated Schiff-base (RPSB) 

chromophore throughout the entire visible range and to steer the isomerization. In the 

following section we argue that a similar effect can be anticipated by introducing electron 

withdrawing and/or donating functional groups along the backbone of the RPSB 

chromophore as generators of non-uniform strong electric fields. It will be demonstrated how 

this intervention affects directly the electronic and, as a consequence, the geometrical 

structure of the chromophore which translates into variations of the absorption and emission 

features. Moreover, quantifying the effects and understanding how each functional group 

modulates the potential energy surfaces will allow to utilize them as tools for fine-tuning and, 

thus, controlling isomerization rate, efficiency and selectivity of the photo-process [210,211] 

without the necessity to apply external fields in the 25 MV/cm range, anyway out of technical 

reach nowadays. 

It is well documented that the reaction mechanism of PRSB is characterized by a 

barrierless photoisomerization path on the spectroscopic state S1 (that has a CT character, i.e. 

a positive charge transfer occurs from the N-head to the C-tail of the chromophore) and the 

system is ballistically driven into a conical intersection (CI) between S1 and S0 that has the 

form of a twisted intramolecular CT (TICT) state. From a static point of view, two reaction 

coordinates are involved in this mechanism. The first describes the relaxation out of the FC 

region to the S1 minimum and involves a bond order inversions. The second coordinate is 

dominated by twisting around one of the double bonds which leads to the CI.  Using the 

example of RPSB chromophore R30 (see Figure  6-2, called parent compound thereafter) in 

the previous section we discussed how electric fields affect absorption, emission and the 

topology of the potential energy surface and established a direct connection to the 

environment-induced electrostatic effects inside the reactive pockets of RPSB embedding 

proteins and in solution. The main results are summarized below: 

¶ Positive electric fields (for definition of see Figure  5-1) available for example in the 

cavities of blue-opsins or in polar solvents destabilize the bright CT state in the FC 

region with respect to the covalent ground and S2 states (blue-shift of the absorption). 

For weak fields a steeper S1 PES towards the CI region is observed with an avoided 

crossing formation along the torsional coordinate with increasing electric field 

strength, implying that torsion alone is insufficient to stabilize the CT to reach a CI 

with the GS. The system needs to redistribute the kinetic energy into other vibrational 
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modes in order to reach a sloped CI away from the minimum energy path. For 

stronger fields population trapping in the FC region may be expected due to the 

preferable stabilization of the covalent S2 state. This can effectively lead to an 

inversion of the order of the excited states, resulting into a covalent S1 minimum that 

would be connected to the twisted CI region via a finite barrier. Thus, the 

isomerization along S1 would require activation energy. 

¶ Negative electric fields stabilize the bright CT state in the FC region with respect to 

the covalent ground and S2 states (red-shift of the absorption), thereby inducing an 

adiabatic ionic/covalent character inversion along the S1 potential energy surface 

towards the CI. For medium-strength fields this transition may happen already in the 

FC region thus introducing a finite barrier on S1 state Strong fields induce the 

ionic/covalent inversion already at the GS equilibrium, thus preventing bond 

inversion in the first place. 

In the above mentioned principle study we made first efforts towards replicating the 

above mentioned electric field effects  by functionalizing the parent compound with: (i) push-

pull groups; (ii) electronegative groups which act along the sigma-backbone; (iii) charged 

groups. In the following proofīofīconcept study we present a thorough, systematic, in-depth 

study covering a large variety of functionalized RPSB chromophores to explore their 

photophysical and photochemical properties and thus, understanding their abilities and 

limitations of functional groups to mimic eclectic fields. 

6.2 Computational Details  

See the computational details described in chapter 5. All computations have been 

performed in gas-phase. The only difference is the active space that can comprise up to 14 

electrons in 14 ˊ-orbitals if the system contains more than 6 ˊ-bonds. Moreover, a state 

average CASSCF over 4 roots was used for single point calculations.  A variety of functional 

groups were used to modify the RPSB chemosphere Figure  6-2.  

6.3 Results and Discussion  

6.3.1 Influence of Functional Groups on the Absorption Energy  

 The parent compound R30 displays an absorption energy of ca. 2.36 eV associated with 

the bright H Ÿ L transition. The absorption is modulated between 1.58 eV (382 nm) and 3.24 

eV (786 nm) under the effect of electric fields in the range +0.004 au to -0.005 au Figure  6-1 

shows that  a gradual modulation of the absorption can be instead achieved by functionalizing 

the parent compound with one or more chemical groups (compounds 1 through 44, see 

Figure  6-2 for their chemical composition). The shift in absorption energy depends on two 

factors: the electronic nature of the functional groups and their positions in RPSB system, i.e. 

a group may promote or retard the positive charge transfer from N-head to C-tail depending 

on it electronic nature and position, eventually resulting in a red- or blue-shift of the 

absorption energy, respectively. Clearly, functional groups that cause blue shifts would 

destabilize the ionic S1 state and stabilize the covalent (S0 and S2) states. As the CT 

absorption blue shifts, the covalent states red-shifts, consequently the ionic and covalent 

become close to each other and do mix in the FC region. On the other hand, red-shifted 
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functional groups stabilize the ionic S1 state toward the covalent S0 state, again inducing state 

mixing in the FC region. 

 Here we summarize the effect of individual groups: 

i- Inductive effects (CF3 vs. CH3): replacing the methyl group by a CF3 group at 

positions closer to the N-tail such as C13 (R18) and at positions closer to the C-tail such 

as C9 (R34) causes a red- and blue-shift of ca. 0.3 eV with respect to the parent 

compound R30, respectively. Consequently, interchanging the positions of CH3 and 

CF3 modulates the absorption energy by entire 0.6 eV, this can be realized by 

comparing the absorption energies of both R18 (2.05 eV) and R34 (2.64 eV). Generally, 

a similar shift was also observed by replacing the CH3 in R5, R20, R22 and R23 with 

CF3, thus, giving R1, R6, R10 and R9 systems. CF3 is an electron-withdrawing group 

with a pronounced inductive effect while the CH3 group has a weaker electron 

releasing inductive effect. For instance, CF3 in R18 stabilizes the CT transition since 

C13 is expected to host more positive charge (as evident from the different resonant 

Kekule contributions to the S0 and S1, see Figure  6-3) in the ground state than in the 

excited state. In R34, the situation is completely reversed, where in the excited state the 

positive charge that migrates from N-head to the C-terminal is located at C9 in one of 

the main resonant contributions to S1 so that an electron withdrawing group placed 

there blue-shifts the CT transition. It is worth mentioning that the exchange of a CH3 

for CF3 in the pair R22/R26 shows a smaller (compared with the same exchange 

between R30 and R34) blue-shift of ca. 0.1 eV, this is a consequence of the different 

conjugated systems.  

 

ii - Mesomeric effects (e.g. O- and N- containing groups constrained in non-aromatic 

rings in order to prevent rotation and to orient their lone pair to the conjugated plane): 

introducing such mesomeric group close to N-head side (C14) results in a blue shift of 

0.25 for R37 (OīContaining) and 0.4 eV for R38 (NīContaining). On the other hand, 

putting these groups at the other side (C7) decreases the energy gap by 0.35 eV (R3 

and R4). A similar red shift (ca. 0.37) is observed by modified R19 though a MeO at 

R7. The observed blue and red shifts are attributed to the positive mesomeric effect of 

those groups which overcomes their negative inductive effect (Figure  6-3). Moreover, 

the relative effect of the position of those groups may be estimated by comparing the 

interchange of CH3/MeO or CH3/MeN in R3/R13 and R4/R15, respectively, where upon 

this interchange the energy gap is modified by 0.3 eV. On the other hand, the use 

unconstrained mesomeric groups, i.e. exchanging of the methyl at C9 with NH2, OH 

or OCH3 displays negligible effect on the absorption energies as shown in R14, R16 

and R17 compared to the bare R18. 

 

iii - Shielding of the charge: (OX or NHX with X being either H or CH3). As the 

computations are performed in gas-phase and those groups are not constrained in a 

ring, it was found that, when placed close to the N-head (i.e. at C14), they prefer to 

orient their lone pair towards the nearby imine upon GS structure optimization in 

order to effectively shield the positive charge in protonated Schiff-base. Such effect is 
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will observed for compounds R39īR41 and R43 with a particularly strong CT 

destabilizing effect of 0.60-0.65 eV. 

iv- Variation  of the length of the conjugated system: Comparison between R30 and R23 

shows that the absorption energy is red-shifted by ca. 0.2 eV by increasing the length 

of the conjugated ˊ-system by an additional double bond in the ß-ionone ring. Most 

remarkably the ground state structures of the ß-ionone containing RPSB compounds 

show highly twisted dihedral angle C5īC6īC7īC8 (around 60°-70), thus resulting in a 

substantial deconjugation of the ß-ionone ring from the conjugated system.  The effect 

of this deconjugation is demonstrated by removing the ß-ionone ring yielding a fully 

planer structure (R28) with small red shift (0.1eV).  On the other hand, the effect of the 

cyclic constrains in R7 and R19 was revealed by studying the absorption of the R19 

analogous R25 where a blue shift of ca. 0.15 eV is observed. 

 

Figure  6-1. Dependence of the absorption energy on the electronic natures and positions of 

the functional groups along the backbone of the RPSB. The vertical green line shows the shift 

in absorption energy by applying electric field of +0.004 and -0.005 au. 

v- Charged groups such as (īCH2)xN
+
(CH3)3: As expected, introducing the charged 

groups is the most intuitive and straightforward way to shift the absorption energy in 

both directions, which most closely reproduces the effects of a homogeneous external 

field. A positively charged group like -N
+
(CH3)3 in the C-terminal (as in R36, R42 and 

R44) retards the CT from N-head to the C-terminal and a blue shift is observed, while 

the same groups in the N-head side will enhance the CT causing a red shift (as in R12).   
 

vi- Aromatic heteroatomic five- and six-membered rings: generally replacing the ß-

ionone ring with a heterocyclic ring decreases the absorption energy due to increasing 

number of ˊ-bonds and restoring the complete planarity along the whole conjugated 

system. The estimated replacement effect ß-ionone ring by one of electron rich 

aromatic rings furan (R6 vs. R18 or R20 vs. R30), pyrrole (R1 vs. R18 or R5 vs. R30) and 

1,4-dirhydropyridine (R2 vs. R30) rings are ca. 0.3 eV, 0.6 eV and 0.6 eV. Thereby 

NīContaining rings have a more pronounced effect in agreement their strong 

mesomeric effect compared to OīContaining ones. Such effect is not pronounced for 
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R29 functionalized with electron-poor aromatic ring (pyridine) where the red shift 

associated with the increase of the conjugated system is eliminated by the electron 

withdrawing hetero ring retards the CT to C-terminus. On the other hand a small red 

shift (0.15 eV) is observed through replacement the ß-ionone ring with a benzene ring 

(R22 and R10). 

In conclusion, it seems possible to reach strong red- or blue-shifts (i.e. above 0.3 eV) by 

employing different scenarios: (i) through charged groups (ii) a combination of two or more 

additive functional group effects and (iii) electron rich heterocyclic rings such as pyridine. 

 
Figure  6-2. Functionalized retinal protonated Schiff bases (R1Ÿ44). The numeration is shown 

in R30, the same descending order, starts at protonated SB which takes the number (16), will 

be used for the other systems.  
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Figure  6-3. The most important mesomeric structures in ground and excited state of RPSBs. 

6.3.2 Influence of Functional Groups on Excited State Potential Energy 

Surface 
In the previous section we have demonstrated that through modification of the PRSB 

backbone with certain functional groups, it becomes possible to fine-tune the absorption 

energy over the whole visible range in a similar way to what can be achieved by applying a 

homogenous external electric field. In this section we go one step further and investigate the 

effect of the functionalization on the excited state profile.  As established on the parent 

compound [3] external electric fields have opposite effects on the CT S1 state and the pair of 

covalent states S0 and S2. Thus, at certain field strengths, i.e.  medium-strength positive (ca. 

0.003 au) and negative (ca. -0.003 au) which cause a blue- and a red-shift of the CT, 

respectively, we observe ionic/covalent state-mixing in the bright excited state. The mixed 

WF nature of the ES is reflected in the bond order in the conjugated chain of the relaxed S1 as 

elucidated in the seminal study on the parent compound [3]. In this spirit we used the 

sensitivity of bond lengths to the electronic nature of the ES to categorize the functionalized 

systems in 5 different groups.   As quantitative criteria we utilize the bond length alternation 

(BLA) at the relaxed ES geometry and correlate it to the absorption energy:  

I- Normal BLA region: a wide variety of functionalized systems (R17īR35) with 

absorption energies within 2.00-2.70 eV, i.e. +/- 0.3 eV from the parent compound 

absorbing at 2.36 eV. This group exhibits a clear CT character in the ES (ca. 60% 

weight in the WF) and a fairly large gap to either S0 or S2. Consequently, ES 

relaxation reaches a minimum characterized with the classical inverted single-double 

bond order established for the R30. The same behavior was shown for the parent 

compound under the effect of the electric field of -0.0025 ï 0.0020 au. These systems 

are expected to have an ES profile similar to that of the bare RPSB. 

 

II - Blue-shifted intermediate BLA region: systems belonging to the spectral region of 
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2.70-2.90 eV (R35, R36 and R37) characterize with an S1 WF which shows partial 

ionic/covalent mixing (still prevalently ionic, though) causing a less pronounced bond 

length alternation. This is equivalent to the effect observed for the parent compound 

in intermediate field strengths of 0.0020 ï 0.0025 au. Such effect can be achieved 

through modification with a positive charge at in the ß-ionone ring (R36), combination 

of CF3 (C9) with the mosomeric effect of OCH3 at C14 (R37), and also a combined 

mesomeric effect at C12 and C14 through furan ring (R35). We note that the effect of 

WF mixing is observed at the CASSCF level. Knowing that nonīCorrelated methods 

favor covalent states we expect that the intermediate region is accessed at higher 

absorption energies, i.e. the normal BLA region extends beyond 2.70 eV. 

 

III - Blue-shifted BLA equilibrium region: systems functionalized with a CF3 group close 

to the ß-ionone ring and twisted MeO/NH2 in the N-terminus (R38īR44) display 

absorption energy above 2.90 eV which corresponds to an electric field  > 0.0025 eV. 

In those systems, the CT actually becomes the second ES at CASSCF level. CASPT2 

energetics at the relaxed S1 and S2 geometries, being predominantly covalent and 

ionic, respectively, show that they are iso-energetic. 

 

IV-  Red-shifted intermediate BLA region: the excited state relaxed geometries of 

compounds R13, R14 and R16, functionalized by a CF3 group at N-head in addition to 

MeO or NH2 at the C-tail, show intermediate BLA values. Their absorption energy of 

these compounds falls in the range 1.90-2.00 eV corresponds to an electric field of -

0.0030 to -0.0025 au. Considering dynamic correlation effects, not present at 

CASSCF level, which decrease the S0/S1 gap, we can anticipate the WF ionic/covalent 

WF mixing to set in at higher energy, i.e. already in the yellow/orange part of the 

visible spectrum. 

 

V- Red-shifted BLA equilibrium region: systems R2, R3, R4, R7, R12 and R15 absorbing 

below 1.90 eV display full equilibration upon S1 relaxation where an inversion of the 

ionic/covalent character of the ES is detected. This effect consistent with the effect 

reported for R30 by applying negative electric fields stronger than -0.0030 au. 

As show from Figure  6-4, the majority of the systems can be classified based on their 

BLA and their absorption energies. However, in the course of the study we encountered also 

outliers to the expected behavior (R1, R5, R6, R10, R15 and R38). Compounds R1, R5, R6 and 

R10 are found to exhibit high values for the BLA (> 0.02) although their absorption energies 

would put them in group V with BLA around 0.01. R15 and R38, on the other side, show 

more equilibrated bond lengths then expected according to their absorption energies. This 

odd behavior may be attributed to different factors.  It should be noted that the majority of 

outliers R1, R5, R15 and R38 contain a nitrogen introducing further stable resonance 

configurations to the ones given in Figure  6-4. Consecutively, geometry optimization in the 

GS and ES of the red-shifted compounds encountered more than a single local minimum with 

very different bond order.  A clear explanation for this deviation still an open question which 
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requires further investigations to scrutinize the ES potential energy surfaces and/or 

employing other approaches such as MSīCASPT2  flavor.  

 

Figure  6-4. Correlation between the absorption energy and BLA of the relaxed geometries. 

Where ὄὒὃВ Ὠ ρȢτρȾψ, with Ὠ  the bond length between carbon atoms 

I and i+1 from the conjugated chain labeling acording to Figure  6-2 R30, C5īC6 and C6īC7 

are excluded for better comparison with systems without ß-ionone ring. 

6.3.3 Toward Applications  

Our study on the application of electric field to the parent RPSB R30 reveals that bond 

length equilibration in the relaxed S1 state is achieved in gas-phase for values of the field 

strength between -0.0024 au  and -0.0031 au  with an optimal value at -0.0027 au  for which 

the BLA is 0.016. Such an electric field red-shifts the absorption energy of the parent 

compound to 1.95 eV with respect to the field-free case (2.36 eV). As can be seen in Figure 

 6-4 using functional groups instead of electric fields categorizes transition energies in the 

range 1.90-2.00 eV in the red-shifted intermediate region IV with similar BLA values around 

0.02-0.03 of the relaxed ES geometries. This region is particularly intriguing as it lies 

between the normal BLA and the equilibrated BLA regions. Thus, by applying external 

electric fields in the order of few MV/cm to compounds belonging to this window we 

anticipate to be able to shift their absorption energy in the neighboring BLA region, where 

based on the gathered knowledge regarding the potential energy profiles of the parent 

compound for different electric field strengths we expect to observe a markedly different 

behavior. In particular we expect to see a barrierless surface connecting the FC and the CI 

regions when the system's absorption energy is blue-shifted in the inverted BLA region, while 



Chapter VI : Functionalized Retinal Chromophore with Tailored Spectral and photochemical é 

 

73 
 

we expect to see a sloped path towards an energetically higher lying CI when the system's 

absorption energy is red-shifted in the equilibrated BLA region. Hence, within the 

approximations of the current theoretical set up functionalized RPSB from the red-shifted 

intermediate BLA region bare the potential for selective switch on/off of their ultra-fast 

isomerization behavior.  

In order to test the idea we selected R19 (Figure  6-5), a planar all-trans RPSB with 

seven double bonds constrained in two ring formations. Although, its absorption energy is 

located rather at the border between inverted and intermediate BLA (~2.05 eV) with a rather 

large BLA of 0.035 R19 is particularly tempting for control purposes as it offers a single free 

double bond (C9=C10) for photoisomerization. Figure  6-6 shows a relaxed scan around the 

central double bond in the absence of an external electric field. Evidently, a steep ES profile 

is encountered to drive the system towards a 90° twisted CI. This is in agreement with the 

bond inversion of the central bond found to be 1.47 Å in the relaxed S1 geometry and also in 

agreement with the place of R19 in group I. Astonishingly, application of a homogeneous 

external field of just -0.001 au which red-shifts the absorption energy by ca. 0.1 eV to 1.92 

eV lowers dramatically the BLA to 0.17. Notably, the central double bond becomes 1.40 Å at 

the relaxed S1 geometry which is now found to be a local minimum connected with a barrier 

of 3.3 kcal/mol to the CI region (Figure  6-6).  

Table  6-1. Bond lend lengths for S0 and S1 states of R9 and R7 in electric field of 0.000, -

0.001 and + 0.001 au strengths. 

System 

 

R19 

 

R7 

  EF 

 

0.000 

 

0.001 

 

0.001 

 

0.000 

 

+0.001 

Coordinate 

 

S0 S1 

 

S0 S1 

 

S0 S1 

 

S0 S1 

 

S0 S1 

C5īC6 

 

1.349 1.372 

 

1.340 1.370 

 

1.346 1.391 

 

1.351 1.387 

 

1.347 1.390 

C6īC7 

 

1.452 1.415 

 

1.451 1.410 

 

1.450 1.399 

 

1.453 1.402 

 

1.453 1.399 

C7īC8 

 

1.352 1.392 

 

1.345 1.391 

 

1.346 1.398 

 

1.351 1.404 

 

1.353 1.428 

C8īC9 

 

1.471 1.417 

 

1.465 1.416 

 

1.466 1.414 

 

1.468 1.411 

 

1.469 1.393 

C9īC10 

 

1.353 1.405 

 

1.350 1.404 

 

1.350 1.403 

 

1.353 1.411 

 

1.354 1.447 

C10īC11 

 

1.466 1.427 

 

1.455 1.426 

 

1.459 1.427 

 

1.465 1.422 

 

1.461 1.392 

C11īC12   1.352 1.408   1.352 1.413 

 

1.352 1.407 

 

1.353 1.411   1.354 1.445 

C12īC13 

 

1.442 1.395 

 

1.429 1.387 

 

1.434 1.391 

 

1.442 1.394 

 

1.436 1.374 

C13īC14 

 

1.360 1.424 

 

1.368 1.431 

 

1.366 1.424 

 

1.361 1.420 

 

1.365 1.435 

C14īC15 

 

1.443 1.392 

 

1.422 1.371 

 

1.428 1.376 

 

1.442 1.395 

 

1.430 1.377 

C15-N16 

 

1.294 1.346 

 

1.300 1.340 

 

1.297 1.336 

 

1.294 1.341 

 

1.294 1.334 

C3īC4 

 

1.342 1.351 

 

1.333 1.348 

 

1.334 1.340 

 

1.340 1.345 

 

1.342 1.351 

C4īC5 

 

1.477 1.452 

 

1.477 1.445 

 

1.475 1.460 

 

1.477 1.462 

 

1.475 1.462 

BLA  

 

0.051 0.012 

 

0.045 0.017 

 

0.047 0.014 

 

0.050 0.008 

 

0.046 0.027 
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Figure  6-5. Molecular structures of R7 and R19. 

 

 
Figure  6-6. CASSPT2/SA2īCASSCF/(12,12/6-31G* profile along relaxed scans (relaxing 

the CT excited state) around C9īC10 torsion bond of R19 calculated in the absence (top) and in 

presence of EF of -0.001 au (bottom). 

Although the above example is a neat proof of concept the functionality of R19 can be 

further improvement. In particular we want to make use of the possibility to apply an 

available electric field in both directions, thus doubling its energy modulation range. 

However, we recognize that applying a positive electric field to R19 is of no avail as already 

in the absence of a field there is no ES barrier to surmount. A finite barrier along S1 in the 

absence of electric field is desired which can be then overcome by applying a positive field. 

Above we demonstrated that negative electric fields (Figure  6-6 bottom) introduce such a 

barrier by placing R19 deeper in the red-shifted intermediate region (i.e. reducing notably its 

BLA).  Relying on the equivalence between electric field and functionalization we have 

modified system R19 with a MeO group close to the C-tail to enforce a small red-shift (Figure 

 6-5)). Since only positions C5 and C14 are directly available, position C5 was selected for this 










































































































































































