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Abstract

The photoinduced ultrafast isomerizations of the retinal chromophore in visual
rhodopsins are chartgerized 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 abtarte 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 molecul@achines that work vieeversible and controlled
photoilTinduced reactions. The aim of this the
reactions in different natural and artificial environments using -lggél ab initio
calculations and hybrid quantum mechanics / mdégamechanics 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 elefigid on the spectral
tunability, photoisomerization efficiency and selectivity of the nativetrafis retinal
protonated Schiff base (RPSB) chromophore. We have explored the possibility to tune the
absorption wavelength of RPSB over the entire visiblege by varying the electric field
strength from 1T0.005 to +0.004 au. Mor eover
correlation between the absorption energy modulated by the electric field and the
corresponding ES lifetime. In addition to the isoixesion 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 donatingogips, 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. tharmore, 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




the cesign of bieinspired photecontrolled 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 veatebrhodopsins, and the prediction of the
photoisomerization rates and quantum vyields by means of semiclassicaldiabatic
molecular dynamics at the hybrid quantum mechanics (CASSCF)/molecular mechanics
( QM/ MM) l evel. Qur r e s urert rgle deds mov apphhfartvisual h e L ¢
pi gment s. Since the chromophoreds dynamics
cl0iC111C121C13 and HC111C12H), the fate of
reaction driving modes and their match with thectonic structure of the system. These

results are reported in chapters VIl and VIII.

In the last part of this thesis (chapter 1X), we shed some light on the photoisomerization
mechanism of the Siberian hamster ultraviolet (SHUV) visual pigment, a spoéaty
investigated system. This pigment incorporates an unprotonated-Basef(USB) retinyl
chromophore in the dark state, which becomes protonated after photoexcitation during the
early stages of the photobleaching cycle. In such pigment, the pbotmeth relaxation
processes is still unclear. We have investigated all the likely involved photoisomerization
pathways, including singlet/triplet intsystem crossings as well as photoinduced proton
transfers. The results suggest that the photoinduceédrpt@nsfer is a possible mechanism

for the efficient photoisomerization and decay of the chromophore.
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Chapter I: Introduction

1 Introduction

1.1 Photoprocesses

Photoprocesses are usually categorized into physical or chddjickd both types of
processes the molecule or the system absorbs or emits ultraviolet (wavelength from 100 to
400 nm), visible (400 750 nm) or infrared (750 2500 nm) radiatiori2]. A classification
for those processes as either photochemical or photophysical depemlds 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 wieal 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 tegule 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 photbgsical 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 tlhiamight 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 impacin 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 &mntdam
studies of the molecular basis of visi@i7]. The understanding of photoprocesses in nature
as well as the description of photochemical properties of meledu 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, witlgthiaccuracy. A key step in the description of
photoinduced events lies in properly depicting radiationlessad@batic transitions which
are coupled to atomic motions. Theoretical studies over the last decades, supported by
experiments, have shown thattérnal conversion processes involve real crossing points
between different electronic states, named conical intersections: this kind of transitions are
Athe rule rather t han t[38el0 and oftep deteonme thei n  p h
reaction rates and quantum yields. It is thus mandatory to select quantum mechanics (QM)
methodq11] 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 populatielaxation 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
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Hybrid quantum mechanics/molecular mechanics (QM/MM) is &tmaonodel 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 [g\&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/MMdeniques, as well as the proper QM methods, will be
presented later in this thesis.

1.2 Retinal proteins

Retinal proteins, also known as rhodops|ithis-17], achieveradiative into chemical
energy transduction by an ultrafast internal conversion that involves the isomerization of the
chromophorg18]. The speed and efficienayf 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 photochromisf8]. These properties are combined with the ability of
rhodopsins to operate at different absorption wavelengths, a phenomenon known as spectral
tuning19,20]. Indeed, Nature has engineered the retinal chromophore such that it displays a
cationic structure and a low lying bright transition with charge transfer chafatt24]. 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
realting in energy gap modulatigiseeFigure 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-uroform electric field of the opsin
protein pocket embeddjthe retinal protonated Schiff base. The pronounced-$igtisitivity
of the retinal chromophore makes it an excellent candidate for the design of molecular
machines capabl e of reversible photolTcontr
between chernal 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 to explore the @ssibility to mimic the mechanism that is
operative in rhodopsin proteins where photon energy transduction and colour vision is
triggered by ultrafast and highly efficient ¢rens photoisomerization of the retinal
chromophore embedded in the opsin pd&eb]. Changes in the protein allow the
chromophore to operate over the whole visible specfdfh Our study aims to artificially
achieve analogous spectral modulation by applying an external electric field, to tune the
colours (i.e., the alesption spectra) of retinahspired 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 propertiestioél protonate Sciff-
base chromophordRPSB. 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 afasitpdnotoswitcher into
an efficient n o n(seekgare 1-1), \nepradtide this toule ba ifatilitated

2
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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 chromophokégure 1-2 shows some examples of the retinal variants
designed according to these prples, 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 wrk may set solid guidelines for the design of ultrafast spectrally tunable

mol ecul ar devices, based on judiciously moc
substituents and groups may be employed as electric field generators to control their
spectroscoi and photochemical properties and allow operation over a wide spectral range.
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The second aim of this thesssthe modeling of the isomerization mechanism of human
melanopsin, invertebrate and vertebrate rhocapfR6-28], and the prediction of the
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photoisomerization rates and quantum yields by means of semiclassicadiabatic
molecular dynamics at the quantum mecharicolecular 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 imposkeby different environments around the same protonated retinal
chromophore in their cavitigd2,29-31]

A third aim of the thesizoncerns the Siberian hamster ultraviolet (SHUV) visual
pigment which incorporates an unprotonated Sdiafe (USB) retinyl chromophore in the
dark statg32-35], 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 differentesn wompared to those of the
protonated SB (PSB) chromophore in visual rhodopsin. The aim is to to elucidate the
photophysical/photochemical properties of SHU®8B as compared to those of rhodopsin.
Furthermore, we shed light on the SHWSB photoisomerizéon mechanism by
investigating the viability of singlet/triplet intexsystem crossings as well as photoinduced
proton transfer. Multiconfigurational wavefunction methods coupled to multireference
perturbative corrections within a hybrid quantum mechamickcular mechanics scheme,
coupled to semiclassical n@diabatic molecular dynamics, are be employed for these studies.
Comparisons of multireference and thtbependent density functional theory results are also
presented.

It is apparent that understandi 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 achwe 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 phatftive states. Only after the reaction is carefully
analyzed onean infer what can be done to change its course. Eventually, the aim of this
thesis is to investigate, through hitgvel abinitio QM/MM computations, the reaction
mechanism underlying the photoreactivity of those systems and learn how to guide them so
tha those systems and processes can be successfully used in the designspiitgid phote
controlled molecular devices.




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

2 Ab Initio Quantum Mechanics (QM),
Molecular Mechanics (MM) and Hybrid
QM/MM Methods

2.1 Quantum Mechanics

Quantum mechanics (QM) the body of scientific laws for the corredescription of the
behavior of electrons and thus of chemig§B8¢]. The use of molecular wave functiols i s
the cornerstoneof QM which provides an understanding of molecular strusturmlecular
energeticsand mol ecul ar dynamics. According to th
is known precisely for a certain system, it is possible, to computavéirage value of any
experimental observable propef8#] (such as the energy, dipole moment, nuclear geometry,
electronspin, transition probabilities, etc.) of a given state of a system for an assumed set of
initial conditions and interactions in terms of @ Tlled anatrix element

F4 vgrokte gmh <« 7 8

wheref is a mathematical operator containing the forces or interactions operatuggoon
provide the propertyR. If the property under investigatioR, is the energy, E, of the system,

¥ is symbolized byO and is known as the "Hamiltonian" operator or energy operator.
According to the laws of QM mechanics, a wave functipproduced by deing the welt
known Schrédinger wave equatif8]:

L

mathematically, such equation is called an eigen equatjas then called the eigenfunction
and E is an eigenvalue. The operator and eigenfunction coul@ leatrix and vector,
respectively.

The Hamiltonian operatd®is, in general,

g L i AL
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wheren s the Laplacian operator acting on parti€kelectrons ad nuclei).d andn are

the mass and charge of partifandi i s t he di stance between par
the second term of the Hamiltonian give the kinetic energy of the particle and the energy due

to Coulombic attractiomr repulsion of particles, respectively. This formulation is the time
independent, nonrelativistic Schrodinger equatj8f]. Further terms may apaein the
Hamiltonian when the system is subjected to relativity or interactions with electromagnetic
radiation or external electric fields. In fact, accurate wave functions -meaigle molecular

systems are extremely difficult to express because otdneslated motions of particles.
Therefore the most importashallenge 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 otherln order to simplify the problem somewhatsome
approximations would be used. One of the important approximations $s ¢he ¢ 8ér+ e d
Oppenheimer approximatif80]; this assumption depends on the separation of the motion of
both atomic nuclei and electrons in a given molecular system wherkethi®es move much
faster than the nuclei. Mathematically, Babppenheimer approximation allows theve
function of a molecule to beeparatednto its electronicq and nuclearq (vibrational,
rotational) components where it simplifies the Haomian expression by keeping the
internuclear potential energy term as a constant and by eliminating the correlation terms in
the electrondo-nucleus potential energid9):

AT 1Hi H 7 8
So,
En fBe Py 8

The lastequation represents the electroBichrodingerequation, where its eigenvalue is
the electronienergyb. 6 is the nucledmuclear repulsion energy and it is a constant for a
given set of fixed nuclear coordinates. In practice B®)(is always slved without the
inclusionof6 i n whi ch case the eigenvalue is somet.
and one then adds to this eigenvalue to obtad .

Once the wave function has been determined, any property of the molecular cystem
be determined using ER.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

F 9 8

Such value is always greater than or equal to the exact energy so it is called the
variational energy1-43]. It is possible to dermine different observable properties, such as
the dipole moment or electron density if the corresponding operator is used. Properties other
thanthe energy are not variationécause only the Hamiltonian is used to obtain the wave
function in the widef used computational chemistry methods. The best way to judge the
guality of a wave function (in comparison to one anothethésevaluation of the energy
eigenvalues associated with each. Where the one gives the lowest energy will be the most
accurate amh 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 orbital2s12p, 3s,
3p, 3d, etc., ), so guess wave function G con
functions < is given as:

A

wherethes;eoft'jfunctions- i s called the 6basis setd6 and ¢
coefficient w. This construction is known as tHmear combination of atomic orbitals
(LCAO)approach44,45].

One can evaluate the energy of the guess wave furjdtlef].
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where the matrix element®® and”Yy ar e known as the o&édresonance
i nt egr al 0[40. The oyerdap integualeréfers the extent to which any two basis
functions overlap in a phagseatched fashion in space. Orbitals whiclegrise to large

overlap integrals will consequently give rise to large resonance integrals.

The coefficientso should be selected to the ones that minimize the energy for all possible
linear combinations of thkeasis functions. Such conditias attained for a function (i.e., the
energy) if its derivatives with respect to all of its free variables (i.e.cdkéficientsw) are
zero. Accordingly, that is

A 8

g

where Erejers to all orbital coefficientsapplying this condition on Eq2Q) for all .
variablesA gives rise ta equations which should be satisfied in order for 24.Q) to hold

true, so
d

T e 8

A nonttrivial solution of theset of0 equations i) unknownsis possibleonly if the
determinant thenknowncoefficients (e."O 'O ) is equal to zer@(]. So

2 ® 7 Fl
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Solving this secular equation gives N roots corresponding eigenv@uedile by
solving the set of linear Eqé2.11) will give rise to a different set of coefficients,, for
eachO. The coefficients then define an optimal wdarection” within the given basis set,
ie.,

14
14 [l 3

[Th CC

In a oneelectron system, the lowest energy molecular orbital would thus difene
6gr osuthadt e of the system, and the higher ene
electron system can be extended to a raldéictron system assuming that the energy of a

7
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manyelectron system as the sum of the energies of the occupiedlemtr®n orbitals.
Furthermore, the orbitals themselves are invariant to the numbex ofelr ons i n t he
Many attempts have been suggested to improve these models by taking a more sophisticated
accounting of manlectron effects.

By considering only the orelectron kinetic energy and nuclear attraction terrhs, t
Hamiltonian operatr in Schrodinger may be expressed as following;
]

where( is the total number of electrons aiis the oneelectron Hamiltonian given by
£ y
I - ~ 8

where M is the total number of nuclei and the correspondingelmotron Schrodinger
equation for the onelectron HamiltoniariQ is given as;

I;:jl- = EFa 8

The manyelectron eigenfunctions for the Hamiltonian operator expressed by HEq) (
can be costructed as products of ceéectron eigenfunctions so;

oy F + 8ray 8

where is known as Hartreproduct.By substituion Egs. .14 & 2.17) in the electron
Schrédinger equationhe eigenvalue dif is given as

A 4F THF 8ra 8
Jl

Tk £ . 8

Eq. 2.19) proves that the energy eigenvalue of the medegtron wave function is
simply the sum of the orelectron energy eigenvalues. Therefore, the Hagreduct wave
functions are constructed from the individyial one-electron wave functions, which are
actually not knownmoreover the electrons in HP assumption are not distinguishable and
donodt i nt e mherefore, at lioagre dobénation of the HP is raced that is
mathematically described using the Slater determipghtformalismas in the Hartréd-ock
method.

2.1.1 The Hartree -Fock SelfMConsistent Field Method

The HartreeFock methodis built on the assumption statdbat a single Slater
determinant of N sphorbitals may express the exadi-body wave function of the
systenj47,48]. Using the variational methodf is possible toderive a set of NCoupled
equations for the N spin orbitalShe Hartred Fock wave function and energy of the system
is given by solving these equaticasindicated in rédQ].
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Selfi Consistent field (SCF) method depends on an iteration processgstaith a
suitableinitial-guess for the individugl oneelectron vave functions with selecting an
approximate€Q operators by solving the omdectron Schrédinger equation which then gives
a new set df . Such process is looped until thesults converg@4849]. According to the
Pauli Exclusion Principleany molecular orbital cannot be occupied with twecebns
having the same spin quantum numpgg|. Let U be the spin quant
electron wave function that satisfies Pauli exclusion principle can be expressed as a Slater
determinanf46,51].

F ) F >
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Considering the Coulomb interaction of each electron with the static field of all the other
electrons, he individual HF MOs are given as theigenfunctios of a set of onelectron
operatorg40]. The oneelectron Fock operator is defined for each elecitas

T 7L °HE, H

B - ik fif €1 8
. b

where the first terms related to the onrelectronkinetic energy, the secongrm is the
nuclear attraction contribution ama is the HartreéFock potentialand donated asv
0 where J and K are the Coulomb and exchange operators.
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The"Y elements are overlap integrals, similar to those previously given used R.Eq. (
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 availabihtypasis functions and
solving the secular Eq2@2) for E, the values oiO and Y being computed explicitly
[52,53]. Given the couple of basis funatic O '@ is domputed 440]
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The notationd & Gimplies an expression for the o T ¢ @neklectdon integral of a
basis function where g is some operator.

The notation® 's_ ,, also implies a specific integration, in this case

Hig d "H Tw Sy Ta W, ®, =3
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where %o, %0, %0 and %o are electron probability densities. The telﬂcp ain Eq. (2.23)
accounts for the contributions of base functions to a molectléal.

One of the defects of Hartré®ck theory isdue to the neglecting of the instantaneous
interaction between the electrons, he@ 1 ¢ &lectrom dorrelationHowever HF modelis
suitablefor studyingstableclosedshell molecules andtheropenshell systemsutit fails to
give an accurate zerotirder wave functionin addressingsystems in which the electron
rearrangements is necesgéd}. Therefore,in those cases morejudicious treatment by
including several electronic configurations ithe wave function for better qualitative
description Many theories have been purposed to solve the problem of corretatogy.
Some of them use the HF wave function as reference and then add a correction calculated
using the variational principle such as configuration interaction (Cl) or the perturbation
theory such as MglldPlesset (MP) as the natural extension of trettideFock method
[11,55,56].

2.1.2 Configuration Intera ction

Those methods play a central role in the studieth@électronic structure of molecules
and chemical reaction mechanisms, especially in those concerned with electronic excited
states.

In the ClI method, the mutlectron wave functions are obtaihdrom a linear
combination of Slatedeterminants where the orbidefficients are the HF coefficients. For
instancepne can rewrite Eq. (2.6) fthhe ground state wave functias

L %lﬁl LE 8

4

0 are the determinants of the ground state @ahgossible permutation of electrons among
the available orbitalghen thecorrespndingSchrddingeequation is:

BOime O F w030 8

J J

where@i sCxi Ois ageneralelement of the Hailtonian matrix andii g1 Ois the overlap
matrix element between Slater Determinants. The bssisconstituted by the Slater

determinants is an orthonormal &t si O U , thenone can rewrite Eq(2.27) in this
way:

T F- FFe 8

where the eigenvectod collects all the coefficients weight contribution of each Slater
determinant.

The full CI (FCI) refers the inclusion of all excitatms in a given basis seECI
calculations ar¢éoo expensiveand can only beerformedfor systemsf a few atomdecause
the number of determinants increases rapidly with each order of excitdt@rever, since
the method can in principle provide exagsults, it is often used apenchmark. In practice,
approximations are required ftre FCIlmethod For instance, the CIS method only includes
singly excited determinants, while the CISD and CISDT metlmdude single and double
excitations, and singledouble, and iples excitations, respectivelyn conclusion, the CIS
method is quite fast, but not very accurate to describe electronic excitations since it can
account only for singkexcitation states. While the CISD is more accurate, but the

10
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computabnal performance dramatically lowers down as the number of basis functions
increases.

2.1.3 Multiconfigurational SelfMConsistent Field

The multiconfigurational selfi Consistet-field (MCSCF) metbd[57,58] is a general
approa&h for describingchemical systems irwhich a single electron configuration is no
longer an adequate description @he electronicstructure MCSCF methods are related to
the Cl method because they also use a rlelerminantal ansatz tdescribe the many
electronwave function In other words, inhe MCSCF mettod, onewrites the wave function
in Cl form asa linear combination of Slater determinats, and the CI coefficients are
determinedvariaionally, as usual for ClI wave functios. However, the orbitals ae
obtainedto minimize the CI energyof the MCSCF wave functionin contrasts tdHartree
Fock theoly where the selected orbitals serve in decreasingetieegy of a single Slater
determinat, asin, [59]. Using this approach it is possible to get accurate results with a
limited number of determinants. The mathematical methods to solve the MCSCF
equationsare very comptiate and many different ways habeen developed in this
aspect. One way is depending on the optimization ofCtheoefficients can be done by
solving Eq. 2.28) without any difference from the normal CI procedure. The troublesome
part is he orbitals optimization. The approach is based on a unitary transformation of the
MO coefficients that leads to NewtioRaphson 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.

aN za 8

wherez can be constructedas:

.
.’ .’
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that isbased on a maxr (A) that is skewsymmetric § 0 in order to ensure that is
unitary. Therefore A can be expressed as a linear combination wfatrices the elements of

which are equal to 1 only at ti@ ¢Qrow and’Q GQcolumn, whereas the othelements
are zero. This allows rewritingqg. (2.28 as:

The wave functions have an analogous transformation as:
N B O 8
with an energyd\given by:
|TNj Nj—ﬂ ) aH 7 sSH a 8
Such equation can be rewritten in the form of a Taylor expansion truncated to the second
order derivative term as following.

11
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The same equation can turn, be expressed in matrix form, assuming that A is a column
vector containing the parameters and defining F as a row vector ¢ogtée first order
derivatives of the energies with respect to the skgntmetric matrix elements, and defining
G as the energy second order derivatives. According to such assumptior&s3&qcgn be
expressed as:

i J
FooF 3= == 8
The'Q¥energy can be minimized4#—  mtthatis true ifO  "08 Tt That is:

= 1 3 8

Since, according to equation 28, 'Q we can obtaifYagain as a Taylor expansion of
the matrix exponential truncated to the second order term:

p— p— —_—— 8

The results of such sum of matrices, in the cageskewsymmetric as this case, has the
same form a rotation matrix has. This means that the orbitals optimization process is carried
out by means ofatations which are iterated until convergence. Simulation softwares often
implement the Complete Active Spaselfi Consistentrield, CASSCH54] or the Restricted
Active SpaceSelfi ConsistentField, RASSCHG60], both of them considering excitation as
taking place onlybetween a defined numbers of orbitals. According to such mettials
orbitals are subdivided into three groups: the core orbitals group, which is treated as a set of
HartreeFock wave functions, the group of the occupied and empty active orbitals, where
excitations are considered explicitly and eventually the virtual orbitals, treated as empty
HartreeFock wave functions. These two methods display significant differences in the
excitations that are introduced. In particularthe CASSCF casell the posible excitations
are taken into account. On the contrary, in the RASSCEF, ttesexcitations can be selected
and the active space is further subdivided into three sections Section RAS1 contains occupied
orbitals where only a defined number tbk electrans can be excited. This is similar to a
truncated CIl. 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 ofdhatals 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 tnition are an asset in the choice afuditablylimited set of active orbitals.

In conclusion CASSCF method is commonly usesbwadaysbecause it has many
attractive featurd61l]: (i) applicable toboth the groundand excited state irsingle
framework; (i) siza Consistent; i{i) well defined on the whole potential energy surface if a
suitableactive space ishosenOn the other handCASSCFdoes not give accurate values in
terms of energiesuch aghe excitation energythe errorwithin several kcal/mglthereason
behind because it lucks to the dynamic correlatibnerefore,method which consider
account both the nedynamic and dynamic correlations are requifedbetterquantitative
description. The multireference Mglleii Plesset (MRMP) perturbation meth¢82,63],
MCQDPT quasdegenerate perturbatiorhetory (QDPT) [64] with multiconfiguration
sel f 1 c deldrefardanee riunctions (MQDPT) [65] and second order multireference
perturbation theory (CASPT2) are perturbation methods of such a type. Using these

12
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perturbation methods, it is possible to study the electronic structures of various systems since
they are powerful tools for investigating etation 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 allawmspeting the correlation
energy of the rest of the system after the active part of the system has been treated with
MCSCF. CASPT2 methofb6,67] is based on correcting the wave functions applying the
perturbation theory. Practically, The CASSQ@Fve functionis followed by CASPT2
computations of the dynamic correlation energy of each state in order ta geire
guantitative evaluation of the energies. Given a CASSCF wave function, the second order
perturbation can be written on the basis ofthe 6Qperturbation Hamiltonian¥¢and the
perturbation weighé- :

107 fa. 8
The energies can be expressed in a similar fashion:

F 2l
IF 2l 8
F 2l

In Eq. @.36) the orthogonality is implied between the GQorder wave function and
the perturbation. Th&r term is the OFock operator ahsince the CASSCRvave function
is invariant with regect torotations in the core, active and virtual orbitals, the Fock
operator canbe expressedasa syperposition of diagonal subssffi :

7 7 B+ B+ BB B BB
in which the subscriporefers to coregrefers to active and refers tovirtual orbital
spaces. The Hamiltonian of the perturbation is the difference between the whole Hamiltonian
and 'O so that the wave function must be corrected by a termthat is the linear
combination of the remaining configurationgin the Cl space, i.e. except those of the active
space. From a mathematical point of view:

A4 I:H. H 8
HI
where the) is the linear combination coefficients:
_H g
M
From the CPU burden standpgitite 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 handledroeven the supeomputers. 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 effetively, 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 "batd spring" model for molecular structure. Atoms
(balls) are connected by springs (bonaehich can be stretched or compressed with a certain
energy co$61,68]. The energy expression effective potential for systems is expressed by a
simple an algebraic notatifg9]:

P ey e | mg V™ [ g™ s oY s g ¥ o = o - W OO

where each term is a summation extenaedlltatoms involved in the system. K8.40) can
be written in details §30]:
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The first term describes the besttetching term where s the force constamif a covalent
bond, @i s the bondds eqauniidi bheumohedgthengni;
describes bending of the angles between covalently bonded atoms-whede— are the
bond angle and its equilibrium value, addis the beding 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 determinéd &yd their
corresponding internal dihedral angtesire determined by the off§et 0 is the associated
force constal]. The burth term the improper dihedrals used to keep atoms planar such
as those which are sp2 hybridized, and ilenoted byéowherev is the respective force
constant. The last term stribes the Coulombic andhw der Waals interactions where is
the interatomic distance between atoifmnd’Q The depth of the Lennatibnes well
describing the van der Waals interaction is given pgnd the location of its minimum is
givenby'Y . The electrostatic interaction is represented by chgrggsthe interaction of

which is modified by an effective dielectric constent

The constants in this equatiame determined empirically ordm ab initio calculdons
that reproduce experimental dfi2]. The fundamental assumption of the molecular
mechanics method is the transferability of parameters. In other wibkelenergy penalty
associated wit a particular molecular motiosuch asthe stretchingof a carbonCarbon
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single bondwill 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 duank &
preferential position in a number of areas of computational chensatily asmolecular
dynamic$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 hyethsd. The
accomplishment of MM technique is dependent on (i) the energy expression; (ii) thsy way
which the constant angarameterizé; (iii) the method used to optimize cstants from that

data; and (ivk h e u s e rusethe teckniquelin atwagonsistent 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 polgpeptide
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 dhigindoduced by
Warshel and Levitf80] 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 mecharjit473-75,77,81].

The QM/MM methods have the wer to account for problems in which the electrenic
structure calculations, including environmental effects, are essential or desirable. For instance
it can be used for investigating structural and spectroscopic properties of complex
biomolecular systemaush 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 eactions 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 (i&gio
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 submgstge 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 syste@  in subtractive schemie 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 atomsQ 0 0 0 0 . Second, the QM energy of the isolated QM
region is addedO 0 0 . Finally, the MM energy of the QM subsystem is computed,
'O 0 0, and subtracted to correct for including the interactions within the QM subsystem
twice:

L
o |
The subtractive scheme is mostly used by the ONIOM mefB@®83]. The main
advantage of the subtractive scheme is that its implementation is relainglie because
the communication between the quantum chemistry and molecular mechanics routines is not
is required.On the oher side, one of the drawbacks of this scheme is thaiffeciently

[l 470 2 [l 2 44 ||fJJ U 2 |'fJJ 8
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flexible force field is required for the QM regido account for the effect of any chemical
change this force fieldis not always available. A further disadvantage is that the QM
electon 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 environmgs4].

In additive schemeshe QM system is engdded 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 termg34:

L L L
R R S I (S L

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 lev@l, 0 0 . Further, the
interactions between the two QM and MM subsystems are treated expiixitly: 0 0
0 0 . These interactions can be described at various degrees of sopbistmach as
mechanical and electrostatic embeddif®85].

In themechanical embedding schernttee QM computations fahe QM region is usuall
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 ti¢ns. IWhietinran st at i
electrostatic embedding schentbe 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 el ect rQMmHamltpneam. dhedondednd h a t er
non bonded van der Waals interactions betwe
MM level[76].

2.3.1 COBRAMM as QM/MM Partitioning Scheme

COBRAMM software (Computational Bridge between -iiio and Molecular
mechanic) has been developed at the Department of Chemtigtrg University of Bologna
to perform hybrid QM/MM calculationfg7].

COBRAMM works as an interface combining several available codes which are working
together thought exchanging data to deal with a specific probleenmblst 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 mézat 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 regg the first one (Optl) 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 iqkisgole 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 QBWvel 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 inalled together with the QM atoms, in the accurate geometry optimization
or MD. Such approach shows a significant enhancement and it differs from the Gig@M
methods[82,83] developed by Morokuma and -wmrkers 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 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 inflence of the surrounding MM region on the QM layer is
taken into account by means of the electrostatic embedding appi@8&h

@ Environment :

* solvent (explicit)
* enzyme environment

reacting region:
* chromophore
* solute
* enzyme active site + substrate

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

boundary -
Figure 2-2. Boundary region crossing a covalent bond

There are several types oélculations 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 process& 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 layggure 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 througini Covalent bond; the second in which the parceling
between QM and MM regions scours via a covalent bond. The atom link apprés89]
and the modified orbital method38,79,90,91] 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 sucls eesere at least one covalent
bond crosses the QM/MM boundary. Such cutting leaves the valétioe frontier QM atom
(Q1 in Figure 2-2) remains unfilled (known as model). In this approach one hydrogen atom
is addled to the QM region as lirktom to form a bridge between the QM and the MM
regions (modeH), furthermore the added-&tom compensates the valence. The aiokn
approach is widely used and it gives realistic results however, the addition of artiboms a
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 dependsuhastep 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-QHistance for example at a fixed distance
of 1.09 A corresponding to the standard value for &)1

QM calculation is implied to compute all the energy components of the high layer (QM
region) while the bonded and nbonded interactions within the medium and low layers
(MM region) are computed at the MM level. The important challenge is thelatdn 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
modelH surrounded by the atomic point charges of the MM layers {he.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 regibrgyre 2-3). In the emb
scheme, the atomic point charge on the M1 atom near the hydrogen atom lifkg(see

2-2) is set to zero and its charge is spread on the neighbouring MM atoms (M2) such
distribution of M1 chage will preserve the total charge of the system and avoid the
unrealistic hyperpolarization of the wave function at theHdond.

= [ )

imodel-H| | emb |

Figure 2-3. The atomlink approach implies a change in the original char@md) 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 accordintheé subtractive
scheme as followinfB5]:
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where the first term is the QM energy of the meldeh vacuum, and the third term describes

the electrostatic interaction between the mddlednd the emb subsystem. This allows the
perturbation of ta 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 in the bath of emb charges. The other terms of this
equation repesent the MM energies where they can be rewritten as:
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where the first term involves only MM atoms, the second the third terms are cross
contributions between the QM and MM atoms.

18



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

The atormlink scheme is a hydrogen link atom and the charges on M1 atoms are
redistributed to itnearesineighbors are two approximations are implied in this respect
previously described

COBRAMM uses its own way to interface among series of standard commercial
packages for QM and MM calculations including MOLJAY, GAUSSIANO03/0993],
MOLPRQ94], and others for the QM part; Amb&5,96] and Tinkel{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 deed 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. rfally, 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 runis over.
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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 rghemist
A PES is a mathematical or graphical relationship between the energy of a molecular system
and its geometr{98-101]. PES is important in visualizing andderstanding 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 loctte structures and the corresponding
energy along the PES: Fu am c k9 gaonedypstationary o f
points, transition states, and conical intersections between two states.

3.1 Stationary Points

A stationary point on a PES is a pbat which the surface is flat where it occupies the
lowestenergy point in its region of the PES, and any small change in the geometry increases
the energyKigure 3-1a).

The first and second derivatives of tigergy with respect to the geometrical parameters
can be used to construct a local quadratic approximation to the potential energy surface:

Fe e I o — .%|ﬂ e 8
where"Qis the gradient— at@, ( is the Hessian— at@ and3d @ @. The

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

Chemically, sationary 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.

z

=

8

for all @ wherewis a geometric parameter.

If the stationary point is the loweshergy minimum on the whole PES it knows as
global minimum, the relftive minimum is a minimum compared only to nearby points on the
surface. The lowestnergy 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 ifit acquires enough energy to overcome the activation barrier, pass through a
transition stateKigure 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
Borni Oppenheimer approximation states that the nuclei in the molecule are essentially
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stationary compatke 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 Schrédinger equation to
molecuks 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 moleglle (¢ where N is the
number of atoms) and the failure of the algorithms intlngaminima and/or transition states
(TS), the identification of stationary points on the PES, which have a chemical meaning,
remains a bothersome t§$R2103. The stationary point of interest might be a minimum, a
transition state, or a higherder sddle 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 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 transitistate). The algorithm for this depends on
calculating an accurate Hessian (force constant matrix) and diagonalizing it to give a matrix
with the Adirection vectorso of the nor mal
constants of these modes. Reshimum 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 zerpoint 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 miimum. (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 bempedpti
different approaches have been developed to handle the constrain optimization such as
Penalty functions, projection methods, and Lagrangian multipli#€=]]. The penalty

function method applies the constraidtsw by adding an extratermB| 0 ® ,to
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the energy in EQ.3(1) and the energy is minimized as usual. Whereshould 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:

H & Fe E 8

bt e

where thew are a set of orthogonal constraint togs and 1. For redundant internal
coordinates, the projector needs to remove the coordinate redundancies as well as the
constraint directior{86].

3.3 Conical Intersection

Investigatingthe reactivity of excited molecular systems requires searching the decay
point to the ground stat a numerous oftomputational and experimih studies have
confirmed that thes o T ¢ &dnitaéintersections (¢lof PESs, predicted by von Neumann
and Wigner in 1929109, are the ule rather than the exception in polyatomic molecules. In
other words, lie lowlying intersections (i.e. real crossings) between the reactive excited state
and the ground state occur with a previously unsuspected frequency. The conical
intersections play &ritical 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-ada@batic events, such as
photoisomeriation.

3.3.1 Conditions for the existence of conical intersections

In order to determine the crossing conditions for polyatomic mole¢t@d one can
suppose that the solution of the electronic evlwnction Schrodinger equation is known for
all for functions except fgr and] ones, those together with the found solutions, constitute
a complete orthonormal set. The two missing solutions represent the two states (whose
energy iSO and'O) whose crossings is studied. Now is possible to express each of the two
remaining electronic eigenfunctions as:

YO T

The eigenstatesnd energies and- in this basis are obtained by solving thecular

problem:

TRCEERNE S

Tl Tl rar
where tle matrix elementsO [ sOsg andO 'O . SolvingEq. (3.6) donates

Fr 8

At theCl, O O, this means that the two energy solutions of £8§)(do coincide and
this occurs only if
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T 1 @1 3 08

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 gpmhetry, 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 interskmiggald ¢ dimension hyperline as the
energy is plotted against tlie internal nuclear coordinates. In other words, theredareq
degrees of freedom along which the two electronic states preserve the degeneracy, while a
displacement along the remaining two resdloes separate the states. The vectors defining
these two modes are called Derivative Coupling and Gradient and they defsmiethec a |l | e d
branching spa¢&08109.

If @ andw are two independent coordinates satisfying B@)(at their origin, then the
secular equations can be written as:

in another form

where

Then the eigenvalues are given as:

F 7 Oe

Eq. 3.13) is an equation of a double cone with vertex at the orilgis;jis the reason for
calling such crossing points as conical intersections. Indeed, plotting the energies of the two
intersecting states against the two internal coordinatesdw gives a double cone shape
(Figure 3-2).

The physical meaning of the two conditiolis ( Qf ( T may be
understood if we consider for andl as the diabatic components of the adiabatic electronic
eigenfunction, so the crossing condition (real woided) 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 functios (  ( , the enerigs of the two real states is
given by:
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This means that an energy difference exists between the two states is
Y& F I £ 8

Apparently, if the exchange terf®@  mhthe two state energies are the same therefore
the crossing takes place. On the otherdhd@iO 1, the crossing will be avoided and the
potenti al surfaces of the two real states wi
and the other higher than the diabatic energyH11. Moreover, the value of the exchange term
‘O determires how deep the avoided crossing minimum is (suadlleswill generate deep
minima, big values shallow minima).

Figure 3-2. Double cone representation of a symmetric conical intersection within two
dimersional, which lifts the energetic degeneracy between the ground(istia¢¢ and the
excited state (red).

332 OnOEA OOEUOEAAI #EAI EOOOUG 1T &£ #1 1 EAAI

In a thermal reaction, the TS forms a bottleneck that separates the reactant (R) and
product enggy wells along the reaction (Figure 3-3a. An accessibl€l (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 betwe&ls and TSs is that, while the TS musiads to a single
product via a single reaction path, an inte
surface that connects the excited state reactant to the ground state via a branching reaction
path that decay into several ground state relaxatianmels giving two iomore 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® and the gradient of the interstate coupling veator

° 2T Ir 8
z A
NS
0 O
° OF S, F 8

0 andO are the configuration interaction (Cl) ai@is the Cl Hamiltonian. The vectos is
parallel to the noradiabatic couplingector:
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These geometric eor di nat es form the SO0 call ed b
degeneracy is preserved by moving friira apex of the cone along any of the remaink®y n
internal ceordinates while moving away from the apex of the cone, the degeneracy is not
available. The transition from the excited state to the ground state @t tteanonstrates a
critical challenge because the ragiabatic transition is rigorouslyugntum mechanicaly
without a welldefined classical analogue. At a crude level of theory the probability of a
surface hop is given L] :

O
0 8

where the Massey parameteis:

i - 4
osay a

8

In words this means that an efficient radiationless transition is more likely to occur if the
energy gapO 1 is small as well as the product of the velocity vector and thead@batic
coupling™Qn s large.

\ @ ®

TS

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

3.3.3 Conical Intersection Optimization

Practically, theCl usually exists along a {lay on the excited state PES. As the system
moves down from the Franc&€ondon (FC) region, it arrives to the excited state minimum
M*, this minimum may be connected to tGétrough a TS Eigure 3-3b). In some suations
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 albregit ¢ intersection space of
the molecule.

Different approaches have been developed to optimize structures where two electronic
states become degenerate. Such approaches are based on Ligraioge method$111-
113 or projection methodgl13-116. The algorithms belonging Lagrarfeewton methods
are generally very effient since they are depending on the variations of the classical
Lagrange multipliers method[117,118. However these methods require higher
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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 negativgeavalue arises. Therefore efficient methods
such as the BroydeifrletcherGoldfarlbShanno (BFGS) scheme cannot be employed, and the
overall algorithm may be affected in terms of efficiency and convergencgldsg421]. 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 spaf¥227. Bearpark et al. have developed an algorithm based on
projection matrices, uses a gradient composed of two distinct{pafs One part represents

the normalized gradient difference vector is responsibslenfoimizing the energy difference
between the two crossing states. The other part of the gradient optimizes the-satited
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 methodfil@dy to locate the Initial
Relaxation Direction (IRD) from the starting point (i.e. the FC). Briefly|RID corresponds
to a local steepest descent direction, in nvesightedCartesiancoordinates, from a given
starting point. The IRD is calculated by locating the energy minimum on a hyperspherical
(i.,e. i1 dimensional) crossection of the n dimensionBRES centered on the starting point.

We call this Al dimensional optimized structure "Hyperminimum”. The radius of this
hypersphere is usually chosen to be small (typically cal.®.au. in massveighted
Cartesiaiin order to locate the steepest direatin 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 masseightal Catesians (that is, the IRQ@ising 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, Cl and
bifurcation points can be located. In the second step, the MEP desdhibirisy relaxation
process from the &, Cl 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, thk chemicallyReasonable ways of
rel Coupling 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.
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4 Nonadiabati ¢ Molecular Dynamics with
Semiclassical Trajectories

4.1 Introduction

The molecular potential energy surface (PES) is a fundamental concept for the
theoretical understanding of chemical reactii®8-100. PESs are described within the
s o 1 ¢ 8drd-Opprknheimer approximation, which adiabatically separates the electronic and
nuclear dynamics as a consequence of the large difference in mass for both nuclei and
electrond39]. Within the BornOppenheimer approximation, the tisimelependent electronic
Schrédinger equatiois 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 usuallguitablefor the description of the molecular systems in
their electronic ground state while it breaks down for a wide range of estétsl
phenomena, particularly those where two or more electronic states are strongjgdcou
[126]. Well-known examples of this behavior would include processes like radiationless
decay[127], energy and charge transfgi2g, and photochemical reactions, their proper
description requiring the inclusion of more accurate nonadiabatic molecular dynamics
schemes to correctly describe phenomena beyond the@mpanheimeapproximatior{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
approacheshat reproduce macroscopic observables such as quantum vyields or fluorescence
intensities. These approaches are usually implemented numerically with different electronic
structure methods such as tiakependent version (TDDFT)L29-131Jand Complete Active
Space SeifConsistent Field (CASSCH132.

Tul l yés f ewe stdry ssface hopping $TSH)LB3434els probably the
most widely usedscheme fomrmixed nonadiabatic quantum/classical dynanjik3y. TSH
does not require explicit propagation of the nucleave functioss; insteadthe nuclear wave
packets are represented by a swarm of independent classical trajebttrfeiow different
states along their PESs, while the hopping probability among the different surfaces depends
on the nonadiabati c ¢ ouManymthes scllemats havel beény 6 s
adapted to handle the nonadiabatic dynamics of the anudegrees of freedom, such as
linearized nonadiabatic dynamics (LANDap) [136], correlated electreion dynamics
[137], quantum/classical Liouville approacHd88139, semiclassical approaches, extended
surface hopping and hydrodynamic nonadiabatic dynamics mefthédsor direct quantum
dynamics methods based on the Multiconfiguration Tidependent Hartree ansatz
(MCTDH)[14]]. Recently, the vMCG method has been developed depending on the full
variational solution to théme-dependent electronic Schrodimguation TDSE) based on
a timedependent Gaussian wavepackets GWP pad43. This method is directly applicable
to all types of problems related to both tunneling and-adiabatic systems, with only a few
GWPs capturing the major physics of these processes. Furthetimerenethod is under
development to be a general tool in developing quantum dynaesipscially in teatment
large molecular systems.
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4.2 Mixed Quantum MJassical Dynamics

For a molecular system treated with mixed quamtGlassical dynamid434], where
the electronic and nuclear degrees of freedom are se@atie nuclei are treated classically;
the electrons evolve according to the tidependent electronic Schrodinger equation (TDSE)
that is given by:

o gwoffia g Rifie 8

where  1hYd is the totalwave functionof the system, and and Y refer to the
coordinates othe electrons and the nuclei, respectively.

The timedependent electronic Hamiltoniamay be spit to different contributionsas
follows[143
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where"Y represents the kinetic energy of the electrabs, @ Y andw 'Y are the
columbic attraction and repulsions, ad 0 is a timedependent external potential.

By adding the operator of nuclear kinetic enefgyto 'O iRY , the total Hamiltonian
of any nolecular system denote by

il '&I JI| J||-' Tam -ﬂ_I'=| - =| Tme ¢ 8

An exact expression for the totahve functon d i ivtd is given byexpanding to the
complete basis set of electronic eigenfuncti@hsi hY [144-144;

PFF' h< i T]F” i II’]] 8

The expansi om 2iraedundtidngadfineerandhednuclear coordinates,
R. Replacing Eq.44) intothe Eq. 4.1), multiplying bya” O and then integrating ovér
gives rise to the amplitude equation motiqn,20[146:
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& 2 represents the elements tietnonadiabatic coupling matrix between two different
electronic states&BQ Q.

The BO approximation is given from Edt.4) by nalecting all offdiagonal term®f
& 2 . Therefore each PES can be represented by a moleauarfunctiondesribed as:

Hhe AAl ;I 8

The adiabatic BO approximatign is calculated by neglecting the diagonal terms of
& 2 8The polar representati ofm 2H0 is given by
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where both the amplitude, 2H0, and the phas8, 20, are real. By insrting Eq. 4.7) into
Eq. @5) one can getthe o 1 ¢ &lanliltendlacobi equation of motiph4q:

=y ARl o
where3 2li0r epresents the classical Had@),wetcannds pr

obtain the Newtomin equation of motion for the nuclei:

As the nucleievolve on a givePES the electrons adiabatitalfollow the nuclei along
their classical trajectoriesThus, in the BO molecular dynamic method depends on an
iteration process starts by solving TDSEotatain the potential and the forces acting on the
nuclei; these are then useddalculate the newuclei coordinates atime stepQ aising Eq.
(4.9), and the processlisopedfor certaintime[146].

4.3 Surface Hopping Approach

As any trajectory evolves on a singldiabatic PES at each instance in time, the
population probability of each state is Aoero according t&q. (4.5). The force is then given
by the gradient of a single surface

Je qu 8

At any time, the classical wavepacket is allowed to instantly switch from the surface it
is evolving on to another surface, an event called fasithop. The decision of hoping is
taken stochastically by calculating the population on each étate ¢ according toEq.
(4.5). There are several approaches to determine whether a hop should occur. The simplest
way is to allow sulace hop when the population of a certain state exceeds a certain threshold
[147]. Another approactdependson the Landawener transition probabiliti¢$48149.
Probably the most populapproachs the "fewest switcheseveloped byTully [133134],
that will be discussed next.

431 401 1 U8B0 40AEAAOI OU 300FAAA (1 PPET C
Tullyds fewest switches surface hopping (

approaches for nonadiabatic Surface Hoppit88,134]. The widespread popularity of FSSH

is due toits extreme simplicity and computational efficiefityd. In this approach the

nuclei are treated classicallyhile quantum mechanical effects are accounted tier

nonadiabatic transfer o f A[a46.pThis is aahievedbyb et we e

allowing the trajectoriesto hop from one surface t@another according tmonadiabatic

couplings the values dhe state amplitudes), 0 which is given from thelescription of
the moleculawave function134]

v’ »hfhe Fows R 8

29



Chapter IV: Nonadiabatic Molecular Dynamics with Semiclassical Trajectories

Insertingthe last quation into theTDSE, for a given trajector§ hone gets a set of
coupled equations ohotion for the complex nuclear state amplitud'B%, 0:

] Q=|_: 8

whereQ Y are the firstorder nonadiabatic coupling given by

Wi e 0y 8

The probability for any classical trajectoy evolving adiabatically in a given
electronic state’o hop to another stat@luring the time intervaldNo  Qois given by
solving Eqgs. (4.12)149:

<= N

<
M\\r
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where

In other words, at any time step the change of population of a particularGgate
expressed §851]:

wherer) o is the transition probability from stal@o stat¢QAccording to F. (4.17) at every

time step there is a nerero probability for population transfer froifto “Cand backwards.
Tullydéds ansatz |l ooks for the fewest number
states at the end of the time stepf or t hi s r eason, this approa
switches Thiscao beattaihedby allowing thepopulation transfer in only one
directiorf15]]. For a twestate case the transition probability is given by the expression

7+

By implying a short time step the change of the populatidfty can be approximated
usinga first order Taylor expansion
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This approaclttan be used to fonore than two electronic statediere the hogan occur at

any time stepf two conditions are fulfilledFirst, if the transition probabilityrom stateto
anotheris higher in magnitude than a randomly chosen threshold between the aigl)
secondjf the total energy of the systasiconserved. The latter is attained by readijgsthe
velocity of the system to compensate the instant change in theipbemergy. Such velocity
adjustment can be performed in different ways; a common way is to perform it along-the non
adiabatic vectof® [152), alternative way is achieved by tlagljustment along the energy
difference gradient or along the velocity vedtbs1]. A hop to a higher PES is not allowed if

the velocity reduction is higheéhan the component of the velocity in direction®f[153,
although H. (45) 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 nadiabaticity. The quality of the surface Ipapg approach is
reflected in its ability to reproduce the averaged occupabom of state’Cat time o6 [151]
(quantum mechanical quantity)

B¢l <5

by the fraction of trajectories 0 evolving on state j (classical qudp)

dl
B 8

4.4 Equation of Motion: Integration

The molecular dynamics (MD) trajectories are usually performed using the Velocity Verlet
algorithm[154according to the <classical Newt onods
At time 0 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 stepd 'Q 0are determined:

P4 4 P4 D4 4« -FPa« <« 8

where are the coordinates) 0 the velocities an@®0 the force determined at time
(t) from QM/MM calculation. The itegration step-0is the time step of the MD simulation.
Al so, the half step velocities are comput ed:

® 4 -9 4 D4 —9 4P« 8
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Chapter IV: Nonadiabatic Molecular Dynamics with Semiclassical Trajectories

In the seond step these velocities are used together with the new f@0esQ o to
complete the integration and obtain the velocities for the next step using:

P4 4« ®4- 4« —Pa4 4 8

Thevelocity isneededor calculating the transition probabilityo (Eg. (4.19)) and for
monitoring the conservation of total energy during surface switching. The Velocity Verlet
algorithmhas accracyof the order o8B0 for positions and velociti¢$51].

The Velocity Verlet algorithmdepends on iteration process based on Egs. (4.23) and
(4.25). In this procesdpr a givenposition r at time ,ta first new positioni 6 30 is
calculatedusing Eq. (4.23)thenati 0 30 thenew force isobtainedusing K. (4.10). It is
then used to calculate the velocity ab og» throughEg. (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 conditims 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 zaomt 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 samplib§)

According to quantum samplingyi g n e r épsobahilityaistiibution 156 provides
the probability distthution for a quantum mechanicalave functionin phase space and
encodes all expectation values. Phase space distribution is given by the Wigner distribution
functio15]]

g y y
b A 2 ' a —F a — .._'0-'-'-'1“.-:8 8

This representation gives a correct expression for the probability of a quantum
mechanicalwave functionin phase space. Assuming a quadratic approximation for the GS
potential theGS wave function...i can be spanned in the basis of eigenfunctiomp of
the o0 ¢@ onedimensional harmonic oscillators along the normal mage33)o0
@ with reduced masseés and harmonic frequencies

Inserting the expressiqikq. 4.27) in the Wigner digibution (Eq. 4.26)and evaluating
the integral gives

b aha  Zo
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Eq. (4.28) gives the distribution of a quantum mechanical wavepacket in phase space. It
can be utlized to sample the phase space and to reproduce the quantum dynamical
distribution for quasiclassical trajectory runs.

An independent distributiosampling in coordinate space is performed for each mode.
As GS vibrationalwave functios are used, the maximal imposed displacement along a

normal mode corresponds to a conversion of the-geiat energyO — 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 & such energy corresponding to the zpomnt energy of
the system and it is given by

Bpr - © 8

This procedure assures that the distribution of the quantum mechaaieafunctions
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 hoppiigermakes a single
trajectory physically meaningless and only a statistical average over all trajectories can be
interprete¢il51].

It is worse to mention that both Q and T samplings are not equivalent. While in the Q

sampling each vibrational degree of freedéhmas energy 2 _inthe T sampling each

degree has "Q"YSuch 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 therthal and quantum samplings is givefilsg

Sag TN
FF oo °

F

0 is the amplitude of a harmonic oscillator with enemyand it is given byl
CIT

Klaffki et. al. [157] have studied the difference between Q and T samplings on the
excitedstate dynamics simulations for a protonated Schiff base (PSB3). They assigned the
use of T sampling as the preferred methodolbggause the Q sampling would provide
Aartificially high kinetic energieso and
showed a trend toward faster reactions; however the differences were really statistically non
significant. On the other hand Battat al [155 favored the quanm 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 concludgdstudying 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 inres of time constants and distribution of reaction
pathways compared to the experimental results.
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Chapter V:Photoelectrochromism in the retinal protonated Schiff base chromophore

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 protonate8 h i f f (RBS8)sckromophore 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
structue, energetics, and topography of the Cl 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., @l$amcelectric
field) chromophore. We rationalize the findings within the scope of molecular orbital theory
and deliver a unified picture of the photophysics ofRfRSBchromophore over a wide, even
beyond the usually observed, spectral regime, rarfging the neainfrared to the ultraviolet
absorption energies. This work has-8Rl 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 raheal and visual rhodopsins, as well as in solvent; and c) the
transferability of the discovered trendsRRSBmimics is demonstrated.

5.1 Introduction

Vertebrate vision is enabled by a family of retilidene proteins called opsins, found in the
rods and coreof 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)ir8luces an ultrafast
photoisomerization of theRPSB the first step in a complex signal transduction
cascadgl58159 (often referred to as the primary visual event), that is driven by a barrierless
path leading to a twisted conical intersection (Cl) between then® $[3,8,9]. The rigid
sca olds of the cone o0psi n-pockétpdsiduesoapdswaters ) an
mol ecul es nearby the chromophore (including
whi c h, among other factor s ernerd cogformationstofthbect ur a
retinal chromophore), tunes its maximum absorption wavelength throughout the whole
visible spectrum (4200urs68i am) , Theusgereymwabhma:
also for the remarkably wide operational spectral ramfgarcheal rhodopsifé,160 ( &
from 480 to 590 nm), and have been recently exploited, very notably, to designi y ci al
rhodopsin mimics further enl arging thxe natu
from 425 to 644 nnj161].
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The spectral tunability of the cationic r
owes to the intramolecular charge transfer (ICT) nature of its bright lowest ES, which triggers
a pronounced change in the dipole moment upon excitation, eventualliingesn a big
solvatochromice e,@$ evidenced by the o T ¢ apsinshitt (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 distributionimvitie active site of the protein,
eventually a ecting not only the absorption
in terms of speed (ES lifetime), selectivity, and quantum \igGis164].

A number of theoretical studies have addressed the sensitivity of the RR8#®and
RPSBmodels to static electric fields created by counterions in specific positions nearby the
chromophore, either in gghas¢22,165167, in solutiorf14,166167 or in the
proteif21,168170. In a series of papers, Garavelli andveorkers explored the effect of the
position of a chloride and carboxylate anions on the minimum energy paths describing the
photoisomerization of short&PSBmodels invacuo, thereby reporting the following trends:

1 if the counterion is placed closer to thetdll of the RPSB the absorption
maximum shifts to the red and thgl S; energy gap at the twisted ES minimum
grows with the proximity of the rotating double bondhe N-head;

1 if the counterion is placed closer to thehBad of theRPSBthe absorption

maximum shifts to the blue and thei S, energy gap at the twisted ES
minimum grows with the proximity of the rotating double bond to tkeailC

1 On the other handa recent computational study by Olivucci andwarkers
suggests that the retinal chromophore inside three different visual proteins
(rhodopsin, squidrhodopsin, melanopsin) photoisomerizes with a rate that is
correlated to the size of theis; energygamt t he Francki Condon
being higher the more blshifted the absorpti¢gh2], wi t h a subT 100C
photoisomerizion time scale predicted for the more blogorbing melanopsin
pigment.

Other theoretical papers as well as numerous experimental works focus on scrutinizing
the correlation between solventos pol arity
commonly accepted view is that the ES lifetimes ar11 2 or der s of magni
solutior[171,172 than inside the protein pock&fl73. However, timeéResolved
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
propertiefl72174176. Some resarchers attribute therefore the isomerization slowdown in
solution to purely steric effedts/7]. others favor the view of a dynamic electrostatioriea
emerging as the solvent molecules need time to reaftbehyjél] and yet others suspect new
pathways, e.gthe 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)[22,169 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 substited (methylatedRPSB chromophores in solution have revealed a subps
decay, matching the one observed in the retinal pr¢ieiB<.80.

In the present studyewsystematically analyze the photophysics and photoisomerization
ability of the alltransRPSBchromophore 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 growsthte. By referencing to the isomerizatim@chanism in
the unperturbed ggshase, 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, regagtti@ torsional bond selectivity, as
well as regarding the relative positions of the reaction path and the Cl seam, the latter having
a direct implication for the ultrafast isomerization rates in retinal proteins. We rationalize the
topography of the Cl sen in the scope of the extended telectron tweorbital theory,
which explains the geometrical and electronic structure of Cls found in conjugated polyenes
foll owing the Woodwall&l,188.0Thif systematic analysig allowsi | e s
generalizing the behavior of retinal chromophores over a wide, even beyond the usually
observed, spectral regime, from NIR MV, 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 pcture 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 wavel engt hs, reflecting protein
distribution inside the catalytic pocket. Furthermore, by studying the ES PES of two
functionalized derivatives we demonstrate the transferability of the discovered trends on
RPSBmimics. Eventually, this work sets solid guidelines for the design of ultrafasttaibe
tunable molecular devices, based on judiciously modiR&EB or RPSB mimics, whose
polar substituents and groups may be employed as electric field generators to control their
spectroscopic and photochemical properties and allow operation ovee apéctral range.

Y

X

Figure 5-1. Retinalprotonated Schiff base in an electric field.

5.2 Computational Details

All computations reported here were performed in vacuo with #34G basis
sef183. The groundstate geometry in the absence and in the presence of an electric field
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wasobtained via a singidRoot unconstrained optimization using the complete active space

selfi Consistent field (CASSCF) level of thedby]. Basis set dependence of the grostate

(GS) and ES properties was tested against the generally contracted atomic natural orbital
(ANO) basis s¢.84 and is reported in the Supporting Information (Sl). In all comiparns

the active space c oesgsteinsdnsastng af fl2 etettrens distribupetl e t e
among 12 orbitalsHigure 5-2) A finite dipole electric field was applied along the long axis

of the molecule pardl to the conjugated double bond chain (i.e., along thgig Figure

5-1), and the dependence of the absorption energies and transition dipole moments (TDMS)
on the sign and stren@t®hO0>ftd h€0.f0®4 daw a(iy. e
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 tablaoeffect on the
aforementioned observables and thereéweenot further discussed.

HOMO LUMO

HOMO-1 LUMO+1

~»

-

HOMO-2 LUMO+2

-

-

HOMO-3 LUMO+3

HOMO-4 LUMO+4

HOMO-5 LUMO+S

Figure 5-2. The complete active space molecular orbitals for the ground state optimized
geometry of thd&RPSBchromophore calculated at CASSCF(12,13165* level of theory in
alsence of the electric field.
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Vertical excitation energies were computed applying the second order perturbation
correction (CASPT2) in the singltate (S9H66] and multistate (M3p7] flavors, thereby
using as a refence CASSCF wave functions averaged over three and four roots. An
imaginary levelshift of 0.2 au was used to decrease the influence of weakly interacting
intruder states in the CASPT2 calculatidr®5. The ionization pa@ntial electron affinity
parameter was set to 0.0[286], in accordance with previous studies of retinal in-pfaase
and its protein environmgi24,187-189. TDMs were calculated at the CASSCF level and
were used to compute oscillator strengths, which were corrected using the CASPT2 transition
energies.

The ES pr of i |sete (with ptotoencetl CTr character) from the FC point
to the CI in the presence of electric field
through relaxed scans along selected torsional coordinates with an increment of 10 degrees.
The choice of drsional coordinate was done according to the bond lengths in the relaxed
conjugated system, thereby choosing bonds w
The relaxed scans were carried out at thel GRSSCF(12,12)/681G* level thereby
averaging overto 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 ouwising Molcas 7.90, while the Cl geometriewere
obtained with Molpro 201®4] 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 theaxis of the retinal chromophore the ground
state equilibrium geometries display following general featur& (& basis set):

1 the planarity of the congated system is preserved in the presence of an external

electric field,;

T for electric field strengths in the ra
show the regular singleildoubl e-stteond al
of a protonated Schilfs base, thereby | ocalizing

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 A towards positive elexfields;

1 t h dondme 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
distindive differences:

1 t h eondme torsional angle exhibits a larger variation (i.e., from 50° to 75°);
T for strong negative electric fields (I
inversion in the GS.
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A comparison of the relevant geometrical parametersoiaged inFigure 5-3.

Figure 5-3. The geometry parameters of the ground state ofRIAEB chromophore in
electric fieldcalculated at CASSCF(12,12) usingB8G* (solid lines) and ANGL (dashed
lines) levels of theory.

Opposite to the relatively weak structural dependence on the electric field strength,
retinal demonstrates a pronounced photoelectrochromism as demonstr&tiggiren 5-4
displaying the absorption wavelengthigure 5-4a), charge distributionFgure 5-4b), and
TDM magnitude Figure 5-4c) variation for the first three transitions at the relaxed greund
state geometries as a function of the electric field strength. The reported results were obtained
at the SBCASPT2//SA3I CASSCF(12,12)/631G* level. An assessment of the effects of the
basis seand 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 groundtate ad t he bri ght first ES (essenti
transition, labeled with red squares higure 5-4), the former being a covalent state
characterized by a concentration of the positive charge on the immaiety (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 $égure 5-1) works against
the CT, thereby leading the overall destabilization of the first ES (i.e., ashiiteof the
absorption energy). In contrast, a negative electric field promotes the CT, and as a
consequence the absorption enesfithe first excited state exhibits a rekift.

I n the absence of an electric field the
HYL excitation (1 ab e |Figue 5#)i This cogfiguzaionshows a ang |l e
negligible response to the electric field in accordance with its pronounced covalent nature,
revealed through the charge distribution in the second F§ure 5-4b). The different
sensitivity of the CT @ad the covalent configurations leads to near degeneracy and eventually
order inversion for positive electric fieldsigure 5-4a) above 0.002 au. In agreement with
the increasing state mixing for field strengttedvireen 0.000 au and +0.002 au the oscillator
strength of the fAdar ko state i nc¢igueadbsle.s at t
Above +0.002 au the lowest charge on the imingnoup 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 configuratn ( HY L + 1, | abel
violet circles inFigure 5-4) with charge deposition of more than +0.5e crosses the covalent
configuration at electric field strengths ar
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Figure 5-4. Dependencef a) the absorption energy; b) total Mulliken charge on the iminium

moiety containing atoms ;g through Gs and the nitrogen (defined in the inset); c) TDM
magnitude; on the electric fieldetn gt h i n the range T1T0.005 to
electronic configuration for each ES wave function is labeled througdioaired shape; in

case of configuration mixing the second dominant configuration defines thecwioer of

the shape. The stretiigof the external electric field is compared to the strength of an electric
field created through a pair of point char ge
field strengths), placed in 3 A distance to both ends of retinal chromophore, rentirisce

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 containingatoms G through Gs and the nitrogendgfined in the inset); ¢) TDM
magni tude; on the electric field strength i
based on CASSCF(12,12)/ANDlevel of theory. The dominant electronic configuration for

each ES wave function is labeled througbobured shape; in case of configuration mixing

the second dominant configuration defines the ico&urof the shape.

By varying the electric field strength f
manipulate the absorption wavelength of retinal overthent i re vi si bl e r anc
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). Nevesless, such electric fields are common in proteins as
demonstrated by experimentally recorded electrostatic potential maps documenting electric
field fluctuations in the r0D0b@a@YlI9IAZ5INnELY,/ cm t C
photopsins, a | ightTsensi t colowvisioraimvetteprates,f pr of
utilize proteionnsepretciiifndcu caendd ednrewcitrri ¢ fi el ds
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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 he proteins we placed a pair of point charges in 3 A 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 inrabsrppocket.

The absorption energies and TDMs obtained

f

Figure54) resemble cl osely the one obtained for

au; however theheterogeneous 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 cen@ial ¢,
bond, respectively.

5.3.2 Effect of a Homogeneous Electric Field on the Ultrafast ES Dynamics

The pronoaced photoelectrochromism of the retinal chromophore raises the question
how its isomerization profile is affected in the presence of an electric field. To address this
i ssue we computed the ES profile forsdfield
relaxed scans in the CT state along the rotation around three bosd3(CC;11 Ci2 and
CisiCiy) fr om t he-systemmnnjitiatey aut efdhe ES relaxed (planar) geometries.
Figure 5-6 summarizes the seilts. 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.

EF -0.003 au 0.000 au +0.003 au
100 6.3 kcalfmoll 100 0.8 keal/mol 100 4.3 keal/mol
. \_._—/—- D \—f = » \—o—-—*/_.—
3 g =
E® Eo E o0 \_____._____\_‘__‘
;:h.ol \—7 xl j— P ’_/-
2 2 20 2
0 === —_— 0 —————————
FC 180 170 160 150140 130120 110 100 90 FC 180 170 160 150 140 130 120 110 100 90 FC 180 170 160 150 140 130120 110 100 90
RC (C9=C10/Degree) RC (C9=C10/Degree) RC (C9=C10/Degree)

®
=3

AE kcal/mol
[T
= = =
AE keal/mol
= 8 & 2
AE kcal/mol
s 2 &

100 12.1 keal/mol 100 0.3 keal/mol 100 0.3 keal/mol
% w 80
60 \_f 60

hy |

FC 180 170 160 150 140 130120 110 100 90 FC 180 170 160 150 140 130 120 110 100 90 FC 180 170 160 150 140 130120 110 100 90
RC (C11=C12/Degree) RC (C11=C12/Degree) RC (C11=C12/Degree)

100 23.8 kcal/mol 100 2.4 keal/mol 100 0.8 keal/mol
"g 80 E 80 \_._-—/h‘_‘
E‘ ” \—/ 3%

)
=

Ei
- £ 60
E 3 3
= 40 : 40 EE
» _f <20 2
0 +—r 0 ——m—rrrr 0 4
FC 180 170 160 150 140 130 120 110 100 90/ FC 180 170 160 150 140 130120 110 100 %0 FC 180 170 160 150 140 130120 110 100 90
RC (C13=C14/Degree) RC (C13=C14/Degree) RC (C13=C14/Degree)

Figure 5-6. Profilesof RPSBalong three torsion angles (around bondsGzo, Ci1i Ci2 and

C.131 C14) Obtained from relaxed scans (relaxing the CT ES) in the presence of an electric field
with strength 1T0.003 au (Il eft col umn) and
abence of an electric field are provided as a reference (middle column).cdlber
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 | ndicate Fast De-Exditation
with Little Selectivity

The

i ni ti al ES rel axati on i s associ

conjugated system; as a consequence the bogid3;¢X(1.471 A), Gi Ci» (1.465 A) and
Ci1dl C14 (1.450 A) 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 (§ and covalent state {5 Along the torsional coordinate around the
single bonds the CT state arlacterizes through flat potentials with small barriers (with
torsion around @1 Cy, 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 ClI

with the goundstate is encountered for all three scans early along the torsional coordinate,

with a slight shift of the crossing point from 60° (torsion arourtCzy) to 50° (torsion
around Gal C14). The occurrence of a Cl at small torsional angles is accompéayie

hydrogeniouttiofiplane

(HOOP) deformati on

Although the torsion around ;@ C;, appears to be slightly preferred, all scanned
deformations allow for an ultrafast relaxation of the population back to thengstate. In
concordance, molecular dynamics simulations ingese by Martinez and aworkers (30

trajectories)

on a truncated alliTcis reti

of the molecules decay via isomerization of the centmlbte bond (corresponding to
Cu11 C1p), furthermore confirming the low selectivity of the process through the participation
of the GI Cypand Gal Ci4 channelgl4].

Bond length (A)

—=8—S1_(-0.003au) —€—S0_(0.000 au) —=—S1_(0.000 au) —W—S2_(+0.003 au)

Figure 5-7. The bondengths of optimized CT geometries of tRESBfor -0.003, 0.000 and
+0.003 au versus the GS ones for 0.000 au.
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Chapter V:Photoelectrochromism in the retinal protonated Schiff base chromophore

5.3.2.2 Effects of Positive Electric Field

As elaborated in the previous section positive electric figéddabilize the CT state, so
that for field strengths near +0.002 au (Begure 5-4) it heavily mixes with the covalent ES
making their discrimination ambiguous at the CASSCF level in the FC region.,/Betae
mixing is reflected in their dipole moment&idure 5-8) which are nearly identical.
Mul ti state (MS)TCASPT2 computations uncoupl .
character to the second 8], conclusion supportedsd by the charge distribution reported
in Figure 5-8. For ionic states the 0T -electrordensilyat i on
t o rel ocati on of parti al p o-electtom desity @pand nege
excitation) is significant. Due to the lack of this dynamic correlation effect at the CASSCF
| evel whoebitals are used to’construct the active space geometry optimization (both
using stateilaveraging of sdcondrochends upihaplanarst at
minimum with covalent character and bond length equilibration (Begire 5-7).
Furthermore, this situation has been documented previously in studies on the counterion
effects InRPSB chromophore moddl82,165 and as a consequence it has been argued that
the isomerization along;&cqures 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 minmum, 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 fgr Subsequent S&E€ASPT2 fFigure 5-6, right
panel) and MBCASPT2 Eigure 5-9) calculations demonstrate that this CT configuration is
morestablethan the covalent configuration upon bond length relaxationh&umnore, while
the covalent minimum (obtained by relaxing the second root) is ca. 0.5 eVstabtethan
the ionic one at the CASSCF level, we observe the opposite ordering atTtBASST2
level with the ionic minimum being ca. 0.5 eV matable The gesent findings suggest that
the collapse of the ;Swave function to a covalent configuration observed in energy
minimization on $ at the CASSCF level might be to a large degree an artifact of the
tendency of CASSCF toward favoring covalent configuratiahteast 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 incregsee alsd-igure 5-17a). Similar observations were made
recently by Dokukina et al. on the photoisomerization oRR&Bchromophore in the C1C2
channelrhodopsin which absorbs at 47§ 1818]. Although being the third excited state at the
CASSCEF 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 tlee Cl o
minimal rhodopsin chromophore model, thereby concluding that the dynamic correlation
effects favor the CT region, provides a further example in this dir¢t8éh 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 RPSBin methanol that only a
small portion of the population (< 5%) is transferred in theatowt state when the dynamics
is initiated in the ionic staf&4].
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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 bgrcho
bondCisiCis( 5110 t o 20 k ndagly, bamidrs)far tor€lan mroussiflCo or

C.3l C14 are practically nonexistent. Cls with the grotstdte are found along all three
torsional coordinates. In agreement with the progressive steepness of the CT potential, the ClI
is reached only at 900f torsion aroundCgyl C,0, While it appears already at 40° for torsion
aroundCigl Cya. This trend corroborates the findings in [&85 and22] 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 gdrtitein positive electric

fields below a threshold (ca. +0.003 au) increase the steepness of the barrierless path to the

Cls, thus allowing for a faster decay to the crossing region and, presumably, a decreased ES
lifetime. Of course, this conclusion, @ within the limited framework of a relaxed scan
under far1fr omir e ahases hamogeneoasn aeicttici field),s denfaigda s
verification through molecular dynamics studies in a realistic (protein) environment, which
are outside the scope of theesent 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 twebond torsion (bicyclgedal]13] opposite to the onbond torsion mechanism

in gasphase presented iFigure 5-6. Nevertheless, the relaxed scans demonstrate rigat a

torsion around a bond
instantaneously lead to unmixing, thereby stabilizing the ionic state and destabilizing the

covalent one. We expect that a combination of-looved torsions, as itsiessentially the
bicycle-pedal, will not affect the universality of this observation, thus supporting the tentative

\W

Ith a pronounced

transferability of the drawn conclusions to the protein environment.
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Figure 5-8. Mulliken charges (left column, Hdead and Gail refer to the charges for the

S

right and left moieties from the central of rotating bond, respectively) and permanent dipole
moments (right column) dRPSBchromophore for the relaxed scans arougidCgo, Cii1 Ci2

and Cy3l Cyi4 in the presence of electric field with strength +0.003 au, calculated at

SA3I CASSCF(12/12)/631G* 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 #iedields. First of allFigure 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 omfiguration is
strongly destabilized through the environment (seefalgore 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 initiatedniaySndeed

get trapped in a covalent well, in agreement with the outcome of the studies exechbted in
presence of a counterion close to thdéad of theRPSBin gasphas¢22,165. We could
reproduce theprdi ct ed
to the ionone ring oRPSB (Figure 5-10). This group strongly destabilizes the CT state
causing a strong mixing with the second ES ofatent character and as a consequence both
S; and S 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 oynémic correlation (se€&igure 5-7). In this same
context, Olivucci and cavorkers also reported the coexistence of two similar minima on S1
for a rhodopsin mimid95. In fact, it seems that in the case of deprotonation oRIPEB

the covalent configuration would become the athbleminimum on $, as reported recently

by Rivalta and cavorkers for tke ultraviolet visual pigment of the Siberian ham{di@7]. In

behavior

by

attaching

t he

pos

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 twi€tisdthat would increase the ES lifetime.
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Figure 5-9. MS-3i CASPT2(12,12)/631G* on top of a SA3I CASSCF computed adiabatic
profiles of RPSBalong three torsion angles (around bodsCio, Ciil Ci2 and Gal Cyy)
obtained from relaxed scans (relaxing the CT excited statdeipresence 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. Strwcture of theRPSBchromophore functionalized with a

ionone ring, which shows a bhshifted linear absorption spectrum.
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Figure 5-11. SA3I CASSCF(12,12)/81G* (top) and SBCASPT2 (middle) and MS
31 CASPT2 on the top of CASSCF (bottom) adiabatic profiles of the blue sH¥R8B
(Figure 5-10) along three torsion angles (around bor@g Cio, Ci1i Ci2 and Gal Cig)
obtained from relaxed sca(relaxing the CT excited state) in the absence of electric field.
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Figure 5-12. Mulliken charges (left column, Hdead and Qail refer to the charges for the

right and left moieties from the central of nitg bond, respectively) and permanent dipole
moments (right column) of the blue shiftRtPSB(Figure 5-10) alongCql Cy0, Cy111 Ci12 and
C.31 Cy14 for the absence of electric field, calculated at BBRSSCF(12,12)/631G* 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

singleitdoubl e

bond inversi

on as encountered

length equilibrabn (seeFigure 5-7). Referencd165 documents identical behavior for a
RPSBmodel with a counterion close to itstéil, thereby reporting substantial barriers along

the torsional coordinateSsl Cyo, Ci111 Ci2, and Gal C14. 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 @grcls,

Cu111 Ci12, andCyal Cy4 as for zero and positive electric fields, while the profiles for rotating
around bond€gi Cy, Ciof Cq1, andCiyal Cyz are given inFigure 5-13. Significant barriers are
evident for all torsional angles. Interestingly, for bom@s Cio, Cy11 C12, and Cyal Cy4 the

barrier heigh

t and the

S 01 Gl Cyrwith the pyoximity af p

at

the rotating bond to the iminium moiety, while for bor@g Cy, Ciol C11, andCyol Ci3 we

observe the opposite trend. In the cases where a Cl is not encountered along the relaxation
path the Cl seam is found to lie aside from the relaxedil@r@mplying a sloped CI
topography), thereby requiring additional geometrical deformations. Overall, decay via
torsion around bon€,q C;; seems most probable, though slowed down compared to zero

and positive electric fields.

48

9



Chapter V:Photoelectrochromism in the retinal protonated Schiff base chromophore

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 obss trends we can tentatively postulate that the
photoisomerization of thRPSBchromophores can be modulated, among many other factors
(see discussion bel ow), through the external
0.003 au to a complete inhibition of the ultrafast decay for negative fields. Rather counter
intuitively, srong energetic stabilization of the ionic state does not lead to an earlier crossing
with the GS, a constellation believed to i ni
contrast, destabilization originates in a steeper slope and possibleladasay 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 hsidered 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 qtative 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 cosggabetween 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 MVlem 1 2 5
MV/cm)[191,197. Indeed, many factors exist, among them being also the eléetddahat
is respansible 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 exaithfde
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 twwnmee the effect of factors like
temperature and pH; however, we cannot exclude modifications of the catalytic cavity due to
mut ati on, which may alter the hydr oRP8BENT bond
chromophore. Furthermore, in the case of ragfionential 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.

1 mutations in bacteriorfmpsin (wt-b R , max ® 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), displaysf@ld longer ES lifetime (2 ps) than that in-wt
bR (0.45 ps); aslightlyres hi f t ed mut an th=s5é@8cnim), veherethel 8 5 F |
nonthydrogen bonding residue Phe (F) replaces tH®hting Tyr (Y185), shows a
slight deceleration (0.55 §462196];55blues hi ft ed Tr p ( Whax Mut an
= 557 nm) @ud43\WiB)6slkow & decreasing order in the ES itifes
compared to the wild typ&97].

T the DI1I0OON mutant of rhodopsin ishftedoxyrr h
absorptionpmaie@Rumm)acompar egg=20nmjate wi |
the same pHthe redshift being accompanied by a slower isomerizatior{ 19.
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T the D97N mutant of green proteorshfiedd opsi n
absorptioorma x i muyRFE (5850 nNnm) compar @f=58laim)tande wi |
again a slower ES decay rate has been documented for the[dR8200] .

1 most of the channelrhodopsh ( Chy\BR2, 4 4 nm) Mu t.2=80s , C12
nm), E La=#B 6( aa m) a nyg= 49Enm», 8bForb(slghtly reghifted
compared to the wild type. Time s ol ve d p u nipa demonstiate that thee ¢
ES in the wild type decays monexponentially 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 psirfgainpm 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
wavelength20l]. We dr aw t he readerds attention to
di erent exited state | ifetimes despite
ynding indicates that other factors besides the absorption energy are important for
determining the lifetimeof the ES such as structural deformations and hydrogen
network rearrangement in the binding pocket induced by the mutations.

1 Notably, our predictions are a match also with a recent computational study by
Olivucci and ceworkers. By means of mixed quantu@iassical 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, leadm®0, 60, and 40 fs ES
lifetimes, respectively)l2].

The behavior predicted with very strong positive (>+0.003 au) electric fields, and
discussed in the sectiobefore, can be expected in solution. Polar solvents, like
methandl14,166,177,202 or dichloromethard6€], shield the conterion 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 (C3)HEensity. 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 ¢%i&2175. Remarkably, this
would explain why no correlation between the polarity of the solvent and the ES lifetime is
found in timé Resolved fluorescence measurements.sfated by Chergui and -@eorkers
AThe various decay channels show I|little or
dieectric constan[i74 anhdt har tslbodrvefiTheoe I S no
fluorescence degatimes with solvent properti@$l75. In general, longer lifetimes are
observed in solution (in the order of few picoseconds compared to 100 fs in
rhodopsif5,173) independent of the solvent polarity. These longer lifetimes have been
controversially disputed over the yddrs2174176203 and are here believed to be caused
by trapping the population in a covalent well on the S1 surface due to the dramatic
stabilization/destabilizatioof 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 cased by substitutions along the chain, may restore the stability of the inverted (i.e.,
ionic) photoactive bond length minimum on;, Sthus speeding up the decay and
photoisomerization reaction as recently observed in substiRRSHE{17818(. Studies in
explicit solvent to validate this scenario are currently in progress.
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Figure 5-13. Profiles ofRPSBalong three torsion angles (around bor@g Co, Ciol C1; and

Ci1a Cy3) obtained from relaxed scans (relaxing the CT ES) in the presence of an electric field

with strength T0.003 au.

5.3.4 Rationalization of the Results: The Extended Two -electron Two -

Orbital Model

In the Pllowing, we will elucidate the observations outlined in the previous section in
the scope of the twelectron tweorbital theory originally introduced by Michl and Bonacic

Koutecky to explain the geometrical and electronic structure obooen d 1 f loundinC1 s

strongly polar conjugated polyef264], and which was later generalized to predict the

topography and energetics of the Cl seam in both polar and nonpolar polyenes whose initial
foll ow ntriegl8WeZdoAlovaa rdd iHod ftma@a nt h e

ES dynamics

two-electron tweorbital theory which treats interactions of tfioa ct i v e 0
ng (i .e., not shar.i

noni nteract.

ng

f

~

N

el ectror

common

must be fulfilled in order to reach a CI out of the FC point, the resonance condition

L 8
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and the heterosymmetry condition

1L 1L
=X =] % &= 8

The individual terms ifEqs (5.1) and(5.2) are the onelectron resonance integi@ |,
the Coulomb repulsion integrais 70 and the onelectron energies y of the two

noniinteracting orbitals A and B, subject t
with the emaining electrons in the system. Distinct motions that cancel the resonance term,
and hence ful fill the resonance conditi on,

( WH) rul es dependi reg eenr 6 he ©n o wddetwmrsdife For
mation is a 90° torsion around a double bond (boadflip), for T@ and for 1TQ
¢ “ Q& Qo oa dismtatory and conrotatory ring closure/opening rotations, respectively.
Thus, one can view ethylene, hB8tadiene (cyclobutene), and 1;B&atriene
(2,4 Cycloxediene) 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 orbitdfsg(re 5-14). The GS is a (singlet) biradical
(denoted agd ZO6 £ in Figure 5-14), while the first ES is a linear combination of closed
shell configurations® , referredto as a zwitterionic, i.e L 8The
energy difference of the two states is given by the difference in the Coulmbiciterms
0 , 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 conditiorEqf (5.2) can be fulfilled by adjusting the one
electron energies y . This can be realized by asymmetric geometrical defoomst
orthogonal to the WH deformation and/or by electronic effects induced through asymmetric
functionalization.

homosymmetric biradicaloid

Torsion

Figure 5-14. Two-electron / tweorbital model, introduced via a correlation diagram fa th
2"’ a'A donfigurations 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 covaie®o £ and
zwitterionic 9 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 homesymetric biradical.
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Figure 5-15. a C) 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 defoation 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;th€,&(d-f) and

Cyof Ci3 (g-h) bonds of a minimaRPSB model consisting of two double bonds under the
influence of a uniform external electric field.
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torsion

reactijve Coordinate
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Figure 5-16. a) C) Sketches of the potential energy suefamf the ground (red), first
(green), and second (blue) adiabatic ESs in the subspace of stretching and torsion for
different electric field strengths; ) sketches of the potential energy surfaces of the ground,
first, and second ESs representing #lative position of the reactive coordinate (yellow) and
the Cl seam (magenta) for different electric field strengths. Dashed lines follow the diabatic
character (covalent or ionic).

I n the particular case of pr glene anatosion Sc hi |
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 thiradical, turning it into a
heterosymmetric biradicaloid (A - , Figure 5-15). The induced energetic splitting of the
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oneelectron orbitals suffices to overcome the excessive electron repulsion in the zwitterionic
configuration®® , thus, allowing torech a CI without an additional geometrical
deformation (critically heterosymmetric biradicalokgure 5-15). Figure 5-15 6e depicting

this situation for a minimaRPSB model consisting of two double bonds rationalizes the
photochemistry of retinal in the absence of an electric fiElgufe 5-6, middle column).
Torsion around any double bond would stabilize the ionic state dhigéad to a Cl with the
covalent GS as shown schematicallyFigure 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 hydtoggeni-plane (HOOP)
deformation Figure 5-17b) ensures that the resonance conditions are fulfilled also for
smaller twisting angles by keeping theaeance termiQ close to zero. As the degree of
HOOP deformation must increase with decreasing torsional angle to ensure the fulfillment of
the resonance condition the ClI seam becomes energetically less favorable (i.e., sloped) below
50° and shifts aay 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 profild 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 ciiagsshifts 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 Cl Seam.

Already Michl and Bonanci&outecky demonstrated that an external electric field,
simulated through point charges in the vicinity of the twisted double bond of ethHydesnan
effect identical to asymmetrically distorting the active orbitals and is capable of lifting the
degeneracy of the oredectron orbital energiesy : the orbitals closer to the positive change
(i.e., the anode) are stabilized, while the talsi closer to the negative charge (i.e., the
cathode) are destabilizeBigure 5-15d). The effect is comparable to the one exerted by the
internal field created via as ygromstwhichhhavd unct i
been shown to introduce a CI along the electrocyclic isomerization (WH) coordinate of
cyclohexadiendvased molecular switcHd82205, while the parent compound exhibits the
Cl aside from the WH coordinate.

Following the above consideration a positive electric field (according to the definition
in Figure51) applied to the protonated Schiffods |
frontier orbitals A and B, thereby turning the critically heterosymmetric biradicaloid into a
weakly heterosymmetric oneFifgure 5-15a). The fulfillment of the heterosymmetry
condition requires more pronounced geometrical deformations as compared to the zero field
reference. In gaphase this is achieved by elongation of thg & bond from 1.32 A to 1.38
A, accompanied by the pymidalization of the iminiuagroup 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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solvatedRPSBmodel with five double bonds in methanol stealithat the same effect can be
achieved by deploying sol ve[B0]. Theostaldlizatidroé s c | o0 ¢
the ES (through the additional geometrical deformations or solvent effects) in the CI region
opposite to its blushift in the FC region introduces a steeper slope on the bright state,
thereby completely suppressing any barri€igyre 5-6 lower right window, see aldéigure

5-16a ) . However, torsion ar oionong ring ¢cigbdroendbthe nd s
Col C10 bond,Figure 5-6 upper right window) are expected to destabilize the CT so much as

to shift the ClI seam completely aside from the minimum energy path, thereby altering its
slope as shown schematically kigure 5-16d. The impeded access to the Cl 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 predittsteeper 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. Cls of RPSBfor 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 thersion 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 balaghcdZ0 £ and the
zwitterionic 0 configurations along the torsional deformatioRiglire 5-15f). This
situation is known as a strong heterosymmetric biradicaléigute 5-15c). The observed
configuration inversion in the absence of a Cl along the path suggests the participation of an
avoided crossing as schematically shownFigure 5-16c. This hypothesis is verified by
inspecting the charge distribution and permanent dipole moment along the reaction
coordinate Figure 5-18 andFigure 5-19). While for zero and positive electric fields the ES
characterize by primarily (in the CI exclusi
ionone moiety Figure 5-20), we encounter the opposite situation for negative electric fields.

For field strength dyond 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
i nversion. Eventually, for field strengths
The avoded crossing along the torsional coordinate introduces a finite SO/S1 gap along the
entire reaction coordinatd-igure 5-16c¢), which must be overcome in gpkase through
additional geometrical deformations. Oumngputations demonstrate that again the iminium
group is mainly involved through shortening of thgi® bond length from 1.32 to 1.26,

aiming to destabilize the CT configuration, now dominating the gretsue Figure 5-17a).

The cooperative effect of a negative electric field and torsion closer to the iragnaup
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(e.g., around th€;31 Cy14 bond,Figure 5-6 lower left window) shifts the Cl seam completely
aside from theninimum energy path hardly reachable even for 90° torstaufe 5-16f).

As shown earlierRigure 5-13) the bond length equilibration at the ES minimum in the
case of sbng negative fields opens new deactivation channels involving torsion around
bonds GI Co, Ciol C1; and Cyia Cy3 (With single bond character in the GEjgure 5-15f,h
correlates the two sets of isomerization cowates. While for zero and weak electric fields
the I somerization along a single bond prese
twisting angle Figure 5-15f), for strong negative field the covalent closed khel
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 configurai (Figure 5-15e). For sufficiently large negative electric
fields the isomerization alon@si Co, Ciol C11, and Ci20 Cy3 Will become more favorable
(compare barriers iRigure 5-13 andFigure 5-6, left column). Departing from the electronic
structure in the vicinity of ClI we trace ba
and B couple, thus creating bonding and antibondeigcalized 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 alacterized by a partial positive charge at théaiC
resemblinghe shift of the electron density toward the anode. Upon excitation a full CT to the
NT tail occur s, coded in the strong increas:
noticeably, due to the different nodal structure of the frontier orbitals partigpitithe
transition the relaxation of the CT configur
thus favoring isomerization aroui@di Co, Ciof Cy1, andCial Cis.
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Figure 5-18. Mulliken charges (left damn, N-head and Qail refer to the charges for the
right and left moieties from the central of rotating bond, respectively) and permanent dipole
moments (right column) dRPSBchromophore for the relaxed scans aroQgidC,o, Ci11 Ci2

and Gal Cyi4 in the pesence of electric field with strengt®.003 au, calculated at
SA3I CASSCF(12/12)/631G* level of theory.
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Figure 5-19. Mulliken charges (left column, dead and Qail refer to the charges for the
right ard left moieties from the central of rotating bond, respectively) and permanent dipole
moments (right column) dRPSBchromophore for the relaxed scans aro@giCy, Cigl Ci1

and CiJ Ci3 in the presence of electric field with strengt®.003 au, calculatedta
SA3 CASSCF(12/12)/631G* level of theory
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Figure 5-20. Mulliken charges (left column, {dead and Qail refer to the charges for the
right and left moieties from the central of rotating bond, respeygjiad permanent dipole
moments (right column) dRPSBchromophore for the relaxed scans aro@gidC,o, C111 Ci2
and Gal Cy4in the absence of electric field, calculated at BBRSSCF(12/12)/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 thoroEgity 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 slp@wown the ES deactivation.

If such a window can be found®RPSB mimics, where the electric field effect would be
achieved throughsuitable functionalization bare the potential to be utilized as
photoswitchable fluorescent dyes.

To answer this question weerformed a fine scan of the electric field strength between
i10.0015 au and 1T0.0040 au in steps of 0.0001
ES. The result is documented kigure 5-21. Due to the codstence of two electronic
configurations (a CT accompanied by single
preserves the bond order, both strongly mixing with the corresponding covalent
configuration) for strong negative electric fields we observestalde bond configurations in
the window between 1T0.0018 and 1T0.0033 au (s
CT configuration accompanied by si nsggbleT doubl
while above 10.0022 aurvingtthe dondCdrderc(dashédiliged r at i
becomes morstable 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 s25 eamgd hs OFigWdlsX2®h ardBigue 52P); 0 0
therefore, at room temperature both structures will be populated. A clear trend of bond
inversion is observed for bo#ets when varying the electric field strendgfigi C10, Cia1 Cio,
and Cy31 C14 having a more pronounced single bond character for weak electric fields, while
adopting a double bond character for strong fields. Correspondingly, Bgn@s, C,oi Ci3,
and G2 Cy3 behave the other way around. What is attracting the attention is the window
bet ween 10.0026 and 1T0.0028 au in which al/|l
there is no bond longer than 1.42 A, compared to 1.47 A for a zero electric field. The
presented example of c 0 n sHigura 5-6) lefdcolemn)aliessveryf or 1 C
close to this window (with a maximal bond length of 1.43 A), which explains the lower but
noninegligibl e basound boad<Csi Cof Qior Cy1, randtCal Cis @-iguse
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 &89/anj206-209, as this
i s exactly the absorption energy window caus
which leads to bond length equilibrationthe 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
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Figure 5-22. CASSCF and MBCASPT2 S energy profiles ofthe RPSB chromophore
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strengths;0.0018,-0.0025 and0.0032 au, are shown.
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5.3.7 Internal Fields Created by Polar Functional Groups: Transferability
and Generalization of the Model.

The heterosymmetry conditiofieq. 5.2 has a great importance for generalizing the
described trends to functionaliz&dPSBchromophores. It states that tHéeet of an external
electric field, namely to vary the gap betyv
through selective functionalization with electron donating / withdrawing groups which induce
an intramolecular electric field. It is thereforesijified to ask to what extent the trends
derived for the parenRPSB 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 chromople (seeFigure 5-4) has a comparable effect on
the FC transition energies as applying an electric field 8f004 au. Furthermore, we
discussed that attaching a positively charged trimethylamino group totérenDus side of
the RPSB destabilizes the CT state, thupeming a new population trapping channel
involving the covalent ES. In the following paragraph we demonstrate that the photophysics
of push/pultfunctionalizedRPSB derivatives can be also forecast based on what we have
learned from the parent compound. rFthis purpose we functionalized thBPSB
asymmet r i c adlettrpn withiditawing &ifluaromethygroup (Cki) closer to the
i onone r telegronaichdnettoxg'r oup ( Me Oi ) c | egowrseet o0 t he
Figure 5-23 right) and vice versa (sd-igure 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 Me&@roup was confined in a fivmembered ring to the ppugated 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 nonunihdramolecular electric field is
generated upon functionalization.

The positive intramolecular electric field, created via attaching theg@fip to G and
enclosing the Me@ragment in the ring comprising:€ Ci2, and Gs, 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 gretate in the FC point, has a more
pronounced CT character than the S1 state of covalent nature at 2.50 eV (496 nwgy howe
the state mixing is encoded in the nearly equal magnitude of the dipole moments (14.2 D vs
12.2 D, seeFigure 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 moreshgited than in the parent cgmund
at comparable field strengths. As in the parent compound, exposed to an electric field of
strength +0.003 aurF{gure 5-6, right column), upon ES relaxation the wave function of the
S2 state collapses to arpuCT configuration, which equilibrates at a much lower energy at
CASPT2 level than the relaxed covalent configuration Esgere 5-23right). Consequently,
already upon 10A t or si oiontakes pldce. Bhusnomde endrel weu b | e
demonstrate that i onicicoval ent mi xing is ¢
either bond relaxation or torsion lead to instantaneous collapsing of W8 function into
a pure CT. Further similarity witthe 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 achievedhriough utilizing iminium modes (pyramidalization an@T N b ond
elongation, sed-igure 5-17). It attracts our attention that the ES does not exhibit the
characteristic steep profile observed for the parent molecule in positive electricFigla® (

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 functiorRREH a
work currently in progress.
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Figure 5-23. Profiles of reeshifted (left) and blushifted (right) RPSB derivatives
along the torsion angl€,;i C;, obtained from relaxed scans (relaxing the CT ES) in the
absence of an electric field. Thelourbackgound denotes the character of the first ES along
the optimized path being either covalent (red), CT (green) or mixed.
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Figure 5-24. SA3 CASSCF(12,12/631G* (top), MS3i CASPT2(12,12/631G* on the
top of CASEF calculations (middle) and CASSCF permanent dipole moments (down)
profiles of the blueshifted RPSB (Figure 5-23, right) (right column) and redhifted RPSB
(Figure 5-23, left) (left column) along the torsion arour;i C;» bond calculated from
relaxed scans (relaxing the CT excited state) in the absence of electric field at
CASSCF(12,12)/81G* level of theory.
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The negative intramolecular electric field, created viachaing the Ckgroup to Gz
and enclosing the Me@ament in the ring comprisingsCCs, and G, induces the expected
redshift of the absorption energy of the CT state down to 1.70 eV (730 nm) which
reproduces the effect @03 awe Marson aroucd thie icemttad st r
doubl e bond, which, as in the parent compoun
show the characteristic bond inversion, leads to a progressive energy increase of both SO and
S1 and does not encounter a GigEigure 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 rapthe results of a systematic computational study on
the dependence of the absorption energies and photoisomerization ability BP8®
chromophore on the strength and direction of a uniform external electric field. A systematic
linear shift of the abgption energy throughout the whole visible spectrum as a function of
the field strength is observed. Specifically
the absorption energy from 800 to 400 nm. While external fields of such a strength are
technologcally 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 odREP@Bchramophore.

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 relaxationcasidrt) 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 betwefy fr positive and
between S, for negative electric fields, rapidlyollapses upon bond relaxation and torsion
as covalent (ionic) configurations are destabilized (stabilized). Consequently, in the case of
positive electric fields, Sadopts a pure CT configuration, which eventually relaxes
barrierlessly to a Cl with the gundstate, while in the case of negative electric fields S1
becomes covalent (andy $onic) and this introduces a barrier along the decay profile,
eventually turning the chromophore from a nonfluorescent ultrafast photoisomerizing device
into a fluorescendye. 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 | argely preserves the GS bondiorder,
existence of two distinct CT configurations may open the possibility foguiegi 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 caltation 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 timResolved data recorded for native and mutated retinal
proteins. Eventually, we expect that blshfting the absorption energy of tHRPSB
chromophore would speediup its photoisomer.
the ones present in soloti, are used. If this is the case, our simple model suggests that

i somerization would slowidown due to a) the
minimum energy path and b) the state inversion (i.e., first ES adopts covalent character) and
potentid 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 largelyedfieg
the electric field, thereby making it possible to conceive controlling schemes involving
switching between isomerization channels. Positive fields favor torsion arondd blmser
to the iminiumgroup while negative fields favor torsion around dercloser to the ionone
rings. More complex controlling schemes are imaginable when considering that for negative
electric fields beyond 120 MV/cm new isomer.i

We also explored the possibility of utilizing a homogeneoustride 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 systemsezkpo an external field can be
recovered also in the two functionalized retinal PBS chromophores investigated here, one
absorbing in the redide and the other in the bks&le of the spectral window explored.

Further research on the field would involae 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 parenand sel ected systems in
homogeneouso external fields (as generated
at the QM/MM level can be envisioned. Those studies may become the cornerstone toward
defining the prerequisitder 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 |
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 -Belsié (RPSB)
chromophore thnaghout 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 asemerators of nocmniform 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 an@dremissi
features. Moreover, quantifying the effects and understanding how each functional group
modulates the potential energy surfaces will allow to utilize them as tools faufimg and,
thus, controlling isomerization rate, efficiency and selectivitthef photeprocesq210,211]
without the necessity to apply external fields in the 25 MV/cm range, anyway out of technical
reach nowadays.

It is well documentedhat thereaction mechanism of PRSB is characterized by a
barrierless photoisomerization path on the spectroscopic stétefhas a CT character, i.e.
a positive charge transfer occurs from thénédd to the Gail of the chromophoreand the
system is ballistically drivemto a conical intersection (Cl) between &d $ that has the
form of a twisted intramolecular CT (TICT) state. From a static point of view, two reaction
coordinates are involved in this meclsmn. The first describes the relaxation out of the FC
region to the $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 chromophoRy, (seeFigure 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 &t do@nection to the
environmerdinduced electrostatic effects inside the reactive pockets of RPSB embedding
proteins and in solution. The main results are summarized below:

1 Positive electric fields (for definition of séegure 5-1) available for example in the
cavities of blueopsins or in polar solvents destabilize the bright CT state in the FC
region with respect to the covalent ground apdt§tes (blueshift of the absorption).

For weak fields a steepef BES towards th€l 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 redistribuéekinetic 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 State. This can fiectively lead to an
inversion of the order of the excited states, resulting into a covalent S1 minimum that
would be connected to the twisted CIl region via a finite barrier. Thus, the
isomerization along S1 would require activation energy.

1 Negative electc fields stabilize the bright CT state in the FC region with respect to
the covalent ground and, States (regshift of the absorption), thereby inducing an
adiabatic ionic/covalent character inversion along thep@&@ential energy surface
towards the ClFor mediurpsstrength fields this transition may happen already in the
FC region thus introducing a finite barrier on Sate Strong fields induce the
ionic/covalent inversion already at the GS equilibrium, thus preventing bond
inversion in the first plae

In the above mentioned principle study we made first efforts towards replicating the
above mentioned electric field effects by functionalizing the parent compound with: {) push
pull groups; (ii) electronegative groups which act along the sigmeibor; (iii) charged
groups. In the following proobfi concept study we present a thorough, systematidepth
study covering a large variety of functionalized RPSB chromophores to explore their
photophysical and photochemical properties and thus, unddrgjatiteir 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 gaphase. The only difference is the active space thatcomprise up to 14
el ectronosr biin al4 if t he sy s-bonde. Moreavdr, aistats mor
average CASSCF over 4 roots was used for single point calculations. A variety of functional

groups were used to modify the RPSB chemosphigee 6-2.
6.3 Results and Discussion

6.3.1 Influence of Functional Groups on the Absorption Energy

The parent compoundsRdisplays an absorption energy of ca. 2.36 eV associated with
the bright H Y L iohis@oddatet hetveen 1.58 e\e(382 bny and .24
eV (786 nm) under the effect of electric fields in the range +0a0@d -0.005au Figure 6-1
shows that a gradual modulation of the absorption can be instei@sed 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 kectronic nature of the functional groups and their positions in RPSB system, i.e.
agroup may promote or retard the positive charge transfer frdmead to Gail depending
on it electronic nature and position, eventually resulting in a oedblueshift of the
absorption energy, respectively. Clearly, functional groups that cause blue shifts would
destabilize the ionic ;Sstate and stabilize the covalenty (81d $) states. As the CT
absorption blue shifts, the covalent states-dleifts, consequently ¢hionic and covalent
become close to each other and do mix in the FC region. On the other hasMiftezt
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functional groups stabilize the ionig Sate toward the covaleng State, again inducing state
mixing in the FC region.
Here we summarize thefeét of individual groups:

i- Inductive effects (CFK vs. CHg): replacing the methyl group by a €group at
positions closer to thekil such as & (R1s) and at positions closer to thet&ll such
as G (Rss) causes a redand blueshift of ca. 0.3 eV withrespectto the parent
compound R30, respectively. Consequently, interchanging the positionsscdrdH
CF: modulates the absorption energy by entire 0.6 eV, this can be realized by
comparing the absorption energies of both(R05 eV) and & (2.64 eV).Generally,
a similar shift was also observed by replacing the @®HRs, Ry, Rx2 and R3 with
CFs, thus, giving R, Rs, Rip and R systems. Ckis an electrorwithdrawing group
with a pronounced inductive effect while the £Hroup has a weaker electron
releasing inductive effect. For instance,;Q@f Ryg stabilizes the CT transition since
Ci3 is expected to host more positive charge (as evident from the different resonant
Kekule contributions to thep®nd S, seeFigure 6-3) in the ground state than in the
excited state. In R the situation is completely reversed, where in the excited state the
positive charge that migrates fromhg¢ad to the @erminal is located at43n one of
the main resonant contributions te & that an electron withdrawing group placed
there blueshifts the CT transition. It is worth mentioning that the exchange ofa CH
for CR; in the pair BJ/R2 shows a smaller (compared with the same exchange
between R and Ry) blueshift of ca. 0.1 eVthis is a consequence of the different
conjugated systems.

ii- Mesomeric effects (e.g. G and N containing groups constrained in Raromatic
rings in order to prevent rotation and to orient their lone pair to the conjugatedt plane
introducing such mesomergroup close to Mead side (&) results in a blue shift of
0.25 for Ry (Of Containing) and 0.4 eV for & (N1 Containing). On the other hand,
putting thesegroups at the other side {(decreases the energy gap by 0.35 ey (R
and R,). A similar red shif (ca. 0.37) is observed by modifiedgRhough a MeO at
R;. The observed blue and red shifts are attributed to the posiésemeric effect of
those groups which overcomes their negative inductive €fepire 6-3). Moreover,
the relative effect of the position of those groups may be estimated by comparing the
interchange of CEIMeO or CH/MeN in Rs/Ri3 and R/R;s, respectively, where upon
this interchange the energy gap is modified by 0.3 eV. On the othey thendse
unconstrainesgmesomeric groups, i.e. exchanging of the methylgawith NH2, OH
or OCH; displays negligible effect on the absorption energies as shown in R14, R16
and R;compared to the bareR

iii - Shielding of the charge: (OX or NHX with X beirg either H or CH). As the
computationsare performedin gasphase and those groups are not constrained in a
ring, it was found that, when placed close to thbddd (i.e. at &), they prefer to
orient their lone pair towards the nearby imine upon G&ctstre optimization in
order to effectively shielthe positivecharge in protonated Schiffase. Such effect is
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will observed for compound$Rsd Rs; and Rz with a particularly strong CT
destabilizing effect 00.60-0.65 eV.

Variation of the length of the conjugated systemComparison betweensRand R3
shows that the absorption energy is-skdted by ca. 0.2 eV by increasing the length
of thec 0 nj u gsgstem by ah additional double bond in theifone ring.Most
remarkably the ground state structures of#henonecontainingRPSB compounds
show highly twisted dihedral angleiCCgi C7i Cg (around 60°70), thus resulting in a
substantial demnjugation of thdd-ionone ringfrom the conjugated system. The effect
of this deconjugation is demonstrated by removing ti@nB8ne ring yielding a fully
planer structure (R) with small red shift (0.1eV). On the othemldathe effect of the
cyclic constrains inR; andR;9 was revealed by studying the absorption of Rhe
analogous R where a blue shift of ca. 0.15 eV is observed.
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Functionalized RPSBs (R)

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 ief +0.004 and0.005 au.

V-

Vi-

Charged groups such asi(CH2)N"(CHa3)s: 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 ofrogeneous external
field. A positively charged group likdN*(CHs)sz in the Gterminal (as in B, R4z and

Ra44) retards the CT from Mead to the @erminal and a blue shift is observed, while
the same groups in theiead side will enhance the CT causaniged shift (as in B).

Aromatic heteroatomic five- and sixmembered rings generally replacing the-3
ionone ring with a hetergclic ring decreases the absorption energy due to increasing
n u mb e rbondsfand’restoring the complete planarity along the whole conjugated
system. The estimated replacement effeddr®ne ring by oneof electron rich
aromatic ringduran (R vs. Rig or Ry VS. Ryg), pyrrole (R vs. Rgor Rs vs. Ryo) and
1,4-dirhydropyridine (R vs. Ry) rings are ca. 0.3 eV, 0.6 eV and 0.6 dVereby

NT Containing rings have a more pronounced effect in agreement their strong
mesomeric effect compared ta Containing mes.Such effect is nopronouncedor
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Rog functionalized with kEctronpoor aromatic ring (pyridine) wheréhe red shift
associated with the increase of the conjugated systestimgatedby the electron
withdrawing hetero ring retards the CT tet€@mirus. On the other hand a smiah
shift (0.15 eV)is observed through replacement th@ffone ring with a benzene ring
(R2z2 and Ry).
In conclusion, it seems possible to reach strong oedlueshifts (i.e. above 0.3 eV) by
employingdifferent scenariag(i) through charged groups (ii) a combination of two or more
additive functional group effects and (iii) electron rich heterocyclic rings such as pyridine.

X,=NH, X,=CH;  X;=CF;
Rs X;=NH, X,=CHj, X;=CHj,
Rg X;=0, X,=CH;, X;=CF;
Ry X;=0, X,=CH, X;=CH;

O Cr;3

59 =

R, X~0clt;
Ry X=
CH, CH;

x\\\\\\/

R;, X=CH=CH-NH,
Rys X=H

X;=CH,CH,N"(CHy);
X;=CHy
X;=CH,
fo—(CHJ]J‘ X;=CH,

Xy
Ry \, -H,

X;=N(CHy),,
Ry,  X,=CF,, X,=CH,
Ry X =C'(CHj3);, X,=CH,

12 14
R30= parent compound

Figure 6-2. Functionalized retinal protonated!sff bases (R v 4)4 The numeration is shown
in Rgp, 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 meseeric 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, Bcomes possible to fiiene 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 functionaliation on the excited state profile. As established on the parent
compound [3] external electric fields have opposite effects on the, Gat® and the pair of
covalent statespoand $. Thus, at certaifield strengths, i.e. mediwstrength positive (ca
0.003 au) and negative (ca:0.003 au) which cause a blueand a reekhift of the CT,
respectively, we observe ionic/covalent stali@ing in the bright excited state. The mixed
WEF nature of the ES is reflected in the bond order in the conjugated ¢hhaerelaxed Sas
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 groupsAs quantitative crigria we utilize the bond length alternation
(BLA) at the relaxed ESepmetry and correlate it to tldsorption energy:

- Normal BLA region: a wide variety of functionalized systems (RR35) with
absorption energies within 24070 eV, i.e. +/ 0.3 eV from the parent compound
absorbing at 2.36 eV. This group exhibits a clear CT character in the EGOfca
weight in the WF) and a fairly large gap to eithey 8 S. ConsequentlyES
relaxation reaches a minimum characterized with the classical inverted-douike
bond order established for theggRThe same behavior was shown for the parent
compound under the effect of the electric field@D025i 0.0020 au. These systems
are expeted to have an ES profile similar to that of the bare RPSB.

- Blue-shifted intermediate BLA region: systems belonging to the spectral region of
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2.702.90 eV (Rs, Rss and Ry) characterize with an;SNF which shows partial
ionic/covalent mixing (still prevantly 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 0.00200.0025 au. Such effect can be achieved
through modification with a posite charge at in the-idnone ring (Rs), combination

of CF3; (Cg) with the mosomeric effect of OGHat G4 (Rs7), and also a combined
mesomeric effect at g and G4 through furan ring (R). We note that the effect of

WF mixing is observed at the CASSCédé Knowing that nonCorrelated 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.

lll-  Blue-shifted BLA equilibrium region: systems functionalizeth a CF group close
to the Rionone ring and twisted MeO/NHn the Nterminus (Rsl Rs4) display
absorption energy above 2.90 eMich corresponds to an electric field > 0.0025 eV.
In those systems, the CT actually becomes the second ES at CASSICEASRT?2
energetics at the relaxed 8nd $ geometries, being predominantly covalent and
ionic, respectively, show that they are-&mergetic.

V- Redshifted intermediate BLA region: the excited state relaxed geometries of
compounds B, Ri4 and R, functionalized by a Cigroup at Nhead in addition to
MeO or NH at the Ctail, show intermediate BLA values. Their absorption energy of
these compoundslfs in the range 1.92.00 eV corresponds to an electric field-of
0.0030 to-0.0025 au. Considering dgmic correlation effects, not present at
CASSCEF level, which decrease th#Sp 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- Redshifted BLA equilibriumregion: systems R Rz, R4, Ry, Ri2 and Rs absorbing
below 1.90 eV display full equilibration upon &laxation where an inversion of the
ionic/covalent character of the ES is detected. This effect consistent with the effect
reported for By by applyingnegative electric fields stronger th&h0030 au.

As show fromFigure 6-4, the majority of the systems can be classified based on their
BLA and their absorption energies. However, in the course of the studgasantered also
outliers to the expected behavior;(Rs, Rs, Rio, Ris and Rzg). Compounds R Rs, Rs 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 &R88, 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 R, Rs, Ris and Rsg contain a nitogen introducing further stable resonance
configurations to the ones given kigure 6-4. Consecutively, geometry optimization in the
GS and ES of the reshifted compounds encountered more than a single locahomm 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 KBA&SPT2 flavor.
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Figure 6-4. Correlation between the absorption energy and BLA of the relaxed geometries.
Where6 0 0 B Q p& Py, with 'Q the bond length between carbon atoms

| and i+1 from the conjugated chain labeling acordingrigure 6-2 R30, Csi Cs and Gi C;
are excluded for better comparison with systeritsout (3ionone ring

6.3.3 Toward Applications

Our study on the application of elgctfield to the parent RPSBsRreveals that bond
length equilibration in the relaxed, State is achieved in gahase for values of the field
strength betweer0.0024au and-0.0031au with an optimal value a0.0027au for which
the BLA is 0.016. Such an electric field redshifts the absorption energy of the parent
compound to 1.95 eV with respect to the filge case (2.36 eV). As can be seekigure
6-4 using functional groups instead of electric fields categorizes transition energies in the
range 1.9€2.00 eV in the redhifted intermediate region IV with similar BLA values around
0.020.03 of the relaxed ES geometries. This region is particulathguing as it lies
between the normal BLA and the equilibrated BLA regions. Thus, by applying external
electric fields in the order ofew MV/cm to compounds belonging to this window we
anticipate to be able to shift their absorption energy in the beigig 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 barriegestace connecting the FC and the CI
regions when the system's absorption energy isdiiifeed in the inverted BLA region, while
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we expetto see a sloped path towards an energetically higher §inghen the system's
absorption energy is rezhifted in the equilibrated BLA region. Hence, within the
approximations of the current theoretical set up functionalized RPSB from thsdifesdi
intermediate BLA region bare the potentfal selective switch on/ofbf their ultrafast
isomerization behavior.

In order to test the idea we selected BFigure 6-5), a planar altrans RPSB with
seven double bonds constrained in two ring formations. Although, its absorption energy is
located rather at the border betweeremed and intermediate BLA (~2.05 eV) with a rather
large BLA of 0.035 Ry is particularly tempting for control purposes as it offers a single free
double bond (6=C,) for photoisomerizationFigure 6-6 shows a elaxed 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 tolb47 A in the relaxed;Sjeometry and also in
agreement with the place ofifRin group I. Astonishingly, application of a homogeneous
external field of just0.001 au which reghifts the absorption energy by ca. 0.1 eV to 1.92
eV lowers dramatically thBLA to 0.17. Notably, the central double bond becomes 1.40 A at
the relaxed §geometry which is now found to be a local minimum connected with a barrier
of 3.3 kcal/mol to the CI regiorF{gure 6-6).

Table 6-1. Bond lend lengths forgSand S states of Rand R in electric field of 0.000;
0.001 and + 0.001 au strengith

System R19 R7
EF 0.000 0.001 0.001 0.000 +0.001

Coordinate So S So S S S S S S S
Csi G 1.349 1.372 1.340 1.370 1.346 1.391 1.351 1.387 1.3471.390
Cel G 1.452 1.415 1.451 1.410 1.450 1.399 1.453 1.402 1.4531.399
Ci G 1.352 1.392 1.345 1.391 1.346 1.398 1.351 1.404 1.3531.428
Cal G 1.471 1.417 1465 1.416 1466 1.414 1468 1.411 1.4691.393
Cq Go 1.353 1.405 1.350 1.404 1.350 1.403 1.353 1.411 1.3541.447
Cid &1 1.466 1.427 1.455 1.426  1.459 1.427 1.465 1.422 1.4611.392
Cul G 1.352 1.408 1.352 1.413 1.352 1.407 1.353 1.411 1.3541.445
Cid Gs 1.442 1.395 1.429 1.387 1.434 1.391 1.442 1.394 1.4361.374
Cid Gu 1.360 1.424 1.368 1.431 1.366 1.424 1.361 1.420 1.3651.435
Cua Gs 1.443 1.392 1.422 1.371 1.428 1.376 1.442 1.395 1.4301.377
C15-Nig 1.294 1.346 1.300 1.340 1.297 1.336 1.294 1.341 1.2941.334
Ci G 1.342 1.351 1.333 1.348 1.334 1.340 1.340 1.345 1.3421.351
Cid G 1.477 1.452 1477 1.445 1475 1.460 1.477 1.462 1.4751.462
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 Rand Ro.

Figure 6-6. CASSPT2/SARCASSCF/(12,12/681G* profile along relaxed scans (relaxing
the CT exciéd state) arounddCCsg torsion bond of k% calculated in the absence (top) and in
presence of EF 60.001 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 realise of the possibility to apply an
available electric field in both directisnthus doubling its energy modulation range.
However, we recognize that applying a positive electric field;tgodRof no avail as already
in the absence of a field there is BES barrier to surmount. A finite barrier alongi® the
absence of electric field is desired which can be then overcome by applying a positive field.
Above we demonstrated that negative electric fi¢klgure 6-6 botton) introduce such a
barrier by placing R deeper in the redhifted intermediate region (i.e. reducing notably its
BLA). Relying on the equivalence between electric field and functionalization we have
modified system R with a MeO group clost the Gtail to enforce a small reshift (Figure
6-5)). Since only positions £and G4 are directly available, positions@vas selected for this
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