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Abstract

Electric fields have gained a prominent role in modern chemistry. From the first
spectroscopic investigations, through catalysis, to their role in solar cells, the
application of electric fields at the interface with chemistry is the most diverse. The
variety of applications of electric fields necessitates, when viewed from a theoretical
standpoint, a set of methodologies for both modeling and simulation. This doctoral
thesis reports three investigations exploring phenomena induced by electric fields,
each one described with a distinct level of theory.

The thesis commences with the application of time-dependent perturbation
theory to a transflection spectroscopy setup, a widely adopted approach for analyzing
real samples, aiming to interpret the artifacts in the absorption spectra.

Subsequently, the thesis introduces a novel model for electrostatic catalysis.
Electrostatic catalysis does not employ light, as traditional photocatalysis, but a
static electric field. The model determines the amplitude and direction of the field
for the optimal catalysis of a chemical reaction.

In its final investigation, the thesis employs a quantum model of the electric
field to describe the formation of hybrid light-matter states and their catalytic
effects on molecular isomerizations.
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Chapter

Introduction

The word "field” was introduced in physics by Michael Faraday in 1849 [1]. Initially
introduced as mathematical tools, fields have since evolved to be regarded as funda-
mental constituents of the universe, as particles are. This conceptual transformation
has not only had a profound impact on physics but has also extended its influence
into other scientific disciplines, notably in the field of chemistry.

In chemistry, the electromagnetic field plays a prominent role. Two paradigmatic
examples are: firstly, the interaction between the electromagnetic field and the
human eye is fundamental for the process of vision [2]. Here, vision emerges as
a consequence of the interplay between matter and a classical oscillating electric
field. Secondly, the electric field is responsible for a large part of the catalytic
effects observed in enzymes [3]. In this case, enzyme catalysis is the outcome of the
interaction between matter and a classical static electric field.

The surge of quantum field theory improved drastically the comprehension of
the electromagnetic field, giving a strong theoretical justification to the existence
of photons and leading to advances in all areas of physics. In chemistry, quantum
field theory is crucial to understand spontaneous emission [4] and the theoretical
description of photons led to new experimental techniques based on the control of a
few (or a single) photons, such as ultrafast spectroscopies [5] and quantum imaging
techniques [6].

This overview, while far from exhaustive, serves as an example of the rich
applicability of electric fields in chemistry. The interplay between electric fields
and matter in various experimental setups is often non-trivial, posing challenges
in result interpretation. In this context, computational methods emerge as tools
to reach a deeper comprehension of chemical processes under the effect of electric
fields.

The purpose of this thesis is to computationally study chemical phenomena
modified by the presence of electric fields. The investigation reported here is
multiscale: it adopts different levels of approximation regarding the description
of matter, field and their interaction. To structure this study, three phenomena
have been selected, and for each, a distinct level of theoretical approximation has
been employed, progressing from coarser to more refined models. Each of these
phenomena corresponds to a dedicated chapter within the thesis.

In Chapter 2, the focus is on spectroscopy, which represents a traditional
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8 CHAPTER 1. INTRODUCTION

application of electric fields in chemistry. In this context, matter interacts with
a classical oscillating electric field, specifically in transflection spectroscopy. This
widely used technique involves placing a sample on a reflective plate, where light
interacts twice with the sample—before and after reflection. This setup leads to
deviations from the usual absorption experiments, primarily due to the formation
of an electric field standing wave within the sample [7]. Theoretical modeling serves
as a useful tool in interpreting these experiments. In this approach, matter is
considered as a collection of simple two-level systems, and the field is viewed as
a sinusoidal wave. The interaction between the field and matter is treated within
the framework of time-dependent perturbation theory, applied to both linear and
non-linear absorption phenomena.

Chapter 3 advances to a more accurate description of matter while retaining
a classical description of the electric field. The chapter focuses on electrostatic
catalysis, that is the usage of a static electric field to catalyze a chemical reaction.
This application of electric fields gained popularity in the last two decades and
several theoretical and experimental investigations have been published [8]. In this
context, one of the central problems is how to determine the direction and strength
of the electric field able to catalyze the reaction. In this thesis, a model is presented
and applied in order to find the smallest electric field able to remove the reaction
barrier. The method considers explicitly the molecular structure, describing the
molecule through the common quantum mechanical electronic structure methods,
while the field is simply classical and static.

Chapter 4 is the last step in the scale of the approximations, describing both the
molecules and the electric field at the quantum mechanical level. The focus shifts
to the formation of hybrid light-matter states, called polaritons. The generation
of polaritons, mostly formed inside micro and nanocavities, can ease or hinder a
chemical reaction, or even modify its mechanism. Generally, these phenomena are
grouped in the research field called polaritonic chemistry [9]. Theoretical modeling
of hybrid light-matter states requires a description of matter and light on the same
footing, therefore it is necessary to consider the quanta of the electric field, that
is the photons. This leads to a new class of electronic structure methods, able to
solve an Hamiltonian that takes into account the molecule, the photons and their
interaction. These new methods are briefly described and then applied to simple
polyenic isomerizations.
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Chapter

Transflection Spectroscopy

This first chapter approaches light-matter interaction from a simple semiclassical
point of view. Matter is treated as a set of energy levels and the electromagnetic
field is classical. Such a simple model has been employed to study a variety of field
effects, for instance the Stark and Zeeman effects [1].

Of special importance is the study of the interaction of matter with an oscillating
field, which opens the gates to the field of spectroscopy. A simple two-level system
interacting with an oscillating electric field has been used as a model to predict
and interpret experiments such as the stimulated absorption or the two-photon
spectroscopy, or to derive laws as the Fermi golden rule.

Even though more accurate models are now available, based on a quantum
description of the electromagnetic field, a simplified approach still gives valuable
insights, especially when a fully quantum approach is hardly applicable. One of
these is the description of real spectroscopic techniques, where it is considerably
easier to describe the process in classical terms.

This chapter analyzes from a theoretical point of view one of these techniques:
transflection spectroscopy. Transflection spectroscopy is widely used in the analysis
of real samples and a deep theoretical understanding is useful in interpreting the
spectra and in predicting the absorption patterns.

In fact recently, there has been a growing interest in the use of non-destructive
spectroscopic techniques to study samples of diverse origins in the conditions in
which they were found or applied. This approach is becoming a necessity for far-
afield areas that range from biology to medicine to cultural heritage [2-8]. Among
the most popular techniques are UV-vis, infrared and Raman spectroscopy, which
can also be used microscopically [9-18].

One historically popular approach to the spectroscopy of real samples is to
perform measurements in reflection-absorption, also called transflection [19-21].
In this setup, the sample is placed on top of a reflective plate. Light passes
through the sample, is reflected, passes again through the sample, and reaches the
detector. The optical path is doubled and the absorbance increases. According
to the Beer-Lambert law, the absorbance should increase linearly with the length
of the optical path. However, several experiments have disproven this hypothesis
[22-27]. Previous investigations have identified deviations from the Beer-Lambert
law, attributing these anomalies to the influence of an electric field standing wave

11



12 CHAPTER 2. TRANSFLECTION SPECTROSCOPY

(EFSW) in the optical absorption process. Classical optical theories suggest the
generation of standing waves through the interference of incident and reflected waves
upon the reflection of a traveling wave. Contrary to these classical expectations, it
has been demonstrated that EFSW phenomena manifest for arbitrary substrates
with layers of moderate thickness, even in transmission setups[28-30]. Beyond
the EFSW contribution, non-linearity in absorption is also linked to scattering
phenomena, such as Mie scattering. Importantly, these two sources of aberrations
are not interconnected. Here, Mie scattering is not considered and the focus is
solely on the EFSW. Excellent references regarding the aberrations due to Mie
scattering can be found in refs.[31-36].

Previous studies have addressed deviations from linearity in absorption using
classical wave optics-based methodologies, which have provided excellent results in
absorbance calculations [29]. However, a quantum mechanical approach offers a
molecular-level comprehension of the EFSW effects. This approach evaluates the
effect of the standing wave on the absorption on a single chemical entity, which
holds potential significance in the analysis of systems where a molecule serves as a
diagnostic indicator for chemical processes, such as in the study of disease-modified
biological tissues [5, 26]. Specifically, alterations in vibrational patterns or shifts in
electronic transitions induced by standing waves may compromise the diagnostic
efficacy of the probe molecule [26].

The aim of this chapter is a treatment of transflection spectroscopy based on time-
dependent perturbation theory, with application to both electronic and vibrational
spectroscopy. This approach allows to disentangle the effects of standing waves
and traveling waves on individual molecules at both linear and non-linear levels.
Furthermore, the proposed methodology is well-suited for materials characterized
by planar layers, where the regularity of layers diminishes Mie scattering, allowing
for its neglect as a first-order approximation [24, 37, 38|.

Given that experimental studies predominantly operate within the linear inten-
sity regime, the initial effort lies on linear transitions induced by the simultaneous
presence of standing and traveling waves. Nevertheless, the study extends to
the non-linear regime, recognizing that the combined influence of standing and
propagating waves can enhance the effective field experienced by the molecule.

Section 2.1 presents a concise treatment of time-dependent perturbation theory,
collecting all the results needed for the application to transflection spectroscopy.
The mathematical framework outlined is then applied to linear and non-linear
transitions in section 2.2.

2.1 Brief Review of Time-Dependent Perturbation Theory

This introduction to time-dependent perturbation theory is mainly taken
from[39], the exposition may be somewhat different from the modern textbook
material but elegantly and concisely leads to the important results.

Assume that a system can be described through the time independent H,
Hamiltoninan. On the system acts a perturbation, which lasts for a certain amount
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of time 7. The operator associated with the perturbation is therefore

WE)ifo<t<
V(t) = .()1 — =7 (2.1)
Oift<Qort>r

it follows that the time dependent Hamiltonian is
H=Hy+V(t) (2.2)

and the associated Schrodinger equation is solved by non stationary states. In many
cases the V(t) describes the interaction of the system with the environment or with
an external body, here will later characterize an external electric field.

A solution of the time-dependent Schrédinger equation can be written as

U = ; Cnn exp{—iEn%} (2.3)

where ¢, and FE,, are the eigenfunctions and eigenvalues of the H, operator. Now
the task it to determine the ¢, coefficients.

It is reasonable to assume that for t < 0 (perturbation off) the system is in a
stationary state with Ej energy. Therefore the eigenfunction for ¢ < 0 is

ot
Winitial = 1 exp{ —1Elﬁ} (2.4)
After the perturbation (¢ > 7) the system will be in a final state which depends on
the perturbation operator, the perturbation time and the initial state.

ot
\I[final = zf:cfl¢f exp{—zEf?_L} (25)

the ¢y notation has been adopted to underline the dependency of the final state
coefficients on the initial state.

From the principles of quantum mechanics the probability that the system is in
one of the 1y eigenstates is given by the square of the modulus of the coefficient
[40]. The quantity

Myi(7) = |ep(r)[? (2.6)

is equal to the transition probability from the initial state [ to the final state f,
during a time 7.

To compute the cy; coefficients it sufficient to put eq. (2.3) in the time-dependent
Schrodinger equation, multiply both the terms by v and integrate over the entire
configuration space. The resulting system of equations is

e (t) = 3 sl W) i) et (1) 27)

l

where
E; — E

. (2.8)

Wy =
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For simplicity it is convenient to consider only the set of perturbation operators
W such as (1f| W (t) [1) = 0. This is equivalent to saying that the shifts of the
energy levels due to the perturbation are neglected, in the context of computing
the transitions probabilities it is a widely adopted approximation.

Another reasonable approximation is to consider that, at ¢ = 0, the system is in
the state v, or in the state 1y, which can be translated to

st =0) = 3y (2.9)

Assuming that the perturbation is weak and short, the c; variation after a time 7 is
small, therefore eq. (2.7) can be solved with the successive approximations method.

The first order approximation of the ¢ coefficient can be constructed substituting
eq. (2.9) into eq. (2.7), which leads to (for a single fixed )

d 5 .
iR () = (0] W (2) ) e (2.10)

, which can be solved recurring to the initial conditions defined in eq. (2.9)

| L .
ﬁw=aﬂwmwwWWWﬁ' (2.11)

The approximation of ¢; including the second order terms is found by substituting
eq. (2.11) into the right term of eq. (2.7).

d T iw

Zhacﬂ (t) = (| W(t) [¢r) e il 4

1 T / iw e ert! T / iwer t! /

g > (W W) [ibyr) e1s Wff! W (#') |y) et dt (2.12)
) 0

which leads to

1t T4 iw it 741
ﬁw:ﬁ/WNWMWWWﬁ+

Z ¢f| W |’¢]f/> waf/t <¢f/‘ W(t”) ‘wl> eiwf/lt”dt//dtl
( ) FI(f'#D) / /0
(2.13)

Repeating the same substitution into eq. (2.7) it is possible to compute the
coefficients with an arbitrary order of approximation, leading to an infinite (or
Dyson) series. For the majority of chemical applications and the cases covered
in this chapter a second order approximation is sufficient and, therefore, higher
approximations will not be discussed.

This brief review of time-dependent perturbation theory paves the ground to
spectroscopic applications, in which the central quantity is the transition probability.
It is worth writing explicitly a general expression for the transition probability from
an initial state ¢; to a final state 1y computed at the first order of approximation

2

: / T (| W (1) [hy) et (2.14)
0

2
Mp(r) = | (0)| = =
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2.2 Results and Discussion

Following a concise overview of time-dependent perturbation theory, this section
delves into the theoretical modeling of transflection spectroscopy.

In transflection spectroscopy a travelling wave hits the sample, is reflected,
interferes forming a standing wave and is eventually detected.

The starting point is the semiclassical definition of electric fields associated with
both propagating and standing waves. The 1D electric field associated with the
propagating wave (EFPW) is given by

Eprop = Acos(kx — wt) (2.15)
while the corresponding standing wave is
Estana = 2A cos(kz) cos(wt) (2.16)

where A is the amplitude, k is the spatial angular frequency, x is the distance from
the reflecting plate, w is the frequency of the wave and ¢t is time. For simplicity,
the index of refraction is set to one. The approach can be trivially extended to
a 3-dimensional problem. The choice of considering the standing wave uniform
through the whole medium concurs with recent finding that the standing wave
does propagate through the whole medium and its effects are not limited to the
neighborhoods of the reflective surface[29, 30]. Furthermore, two waves propagating
in the same direction and perpendicular to the reflecting substrate are examined,
which avoids the suppression of the component of the electric field parallel to the
surface. Nevertheless the model can take into account the suppression due to the
metal surface modulating the amplitude of the travelling or standing wave.

Figure 2.1 represents the electric field as a function of the distance, z, from the
reflecting plate, after an arbitrary time of ~ 70 fs. Notably, the plot is configured to
showcase a node of the stationary wave at x = 0. Beyond trivial changes in intensity,
the distinguishing feature among the curves is the position of the minima. The first
minima for the standing and traveling waves can be analytically determined, while
for their combination, the position can be found numerically.

2.2.1 Linear Transitions

Considering the semiclassical interaction between light and matter, the Hamiltonian
is given by A )
H=Hp,+ pFE (2.17)

where H, is the molecular Hamiltonian, £ is the dipole moment operator and
E is here the sum of the electric fields of the EFPW and EFSW. The associated
Schrodinger equation can be solved using first-order time-dependent perturbation
theory (section 2.1). For a weak perturbation applied for a short time, the evolution
from an initial state, ¥y, to a final state, U, is described by

t . (e —en)t! 2
PIF(t) = |CIF(t)‘2 = / —EVFI€ : Fﬁ . dt, (218)
0

h
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Figure 2.1: Electric fields of the travelling wave (orange line), standing wave (green

line), and sum of the two (blue line). The parameters were w = 20000 cm™?,

k=000126A"" t=70fs, A=1Vm .

where € and ep are the energies of the initial and the final state. The rotating
wave approximation allows to simplify the Vi = [ o VpiEWidr integral, that is £
is taken as constant in the infinitesimal dx range. Equation (2.18) becomes

2

t .
Pp(t) = |ew(t)]* = / _%E(t,)”FlewFIt/dt/ (2.19)
0
where wpr = =5 and pipp = [, ViAW de to yield
A 1— i(wpr—w)t ikx
p— ZFI { € (cos(k;x) + 62 )
WRL — W
t (2.20)

1 — i(wprtw)t —ikx
TR (cos(kx) 4 © )]
wrr + W 2

where A is the field amplitude as in eqgs. (2.15) and (2.16).

It is essential to note that these equations are applicable in 1D. If the molecular
dipole moment is perpendicular to the field, the model predicts no absorption and
no modifications due to the EFSW. However, in real samples, absorption can still
occur due to scattering, such as Mie scattering, which changes the direction of the
propagating wave.

Figure 2.2 presents the calculated maximal transition probability as a function
of x and its associated integrated transition probability. Such maximal probability
is reached when w = wgr. The orange line represents the result for the Electric
Field Propagating Wave (EFPW), showing minimal dependence of the maximum
intensity on the position, while its integrated intensity follows a Beer-Lambert-like
behavior, as shown in fig. 2.2b. In contrast, the integrated probability of the
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standing wave oscillates periodically within the sample, going through a minimum
where there is no absorption. The locations of these minima inside the material
are governed by the value of k. Consequently, the Beer-Lambert law is not strictly
satisfied. The model predicts that absorbance (related to the transition probability)
oscillates as the sample location is modified, resembling experimental observations
when the sample is moved towards and away from the mirror [24].

Interestingly, the black dotted line in fig. 2.2a shows that the contributions of
EFSW and EFPW are additive: the total transition probability is the sum of the
EFPW plus twice the EFSW. This result can be justified on a trigonometric basis,
implying that if the standing wave contribution were experimentally obtained, the
propagating wave term would also become accessible. Up to 50 nm, the effect of
the EFSW is to introduce a small perturbation of the usual Beer-Lambert law.
Moreover, in fig. 2.2b there is a region where the orange line is above the green line.
In this region, the contribution to the absorbance due to EFPW is greater than the
contribution to the absorbance due to the EFSW.

The curve associated to the integrated absorption probability of the standing
wave can be fitted by

1 .
4 [ sin(2kl)
2
kx)der = = — ——— 2.21
/0 sin®(kx)dx 5 ik (2.21)
which is consistent with the result obtained experimentally in [22]. The curve

associated to the linear combination of the two electric fields can be fitted by

l ikx —ikx in(2kl l
/0 <62 + cos(kx)) (6 5 + cos(kx)) dr = % + % (2.22)

These equations can be used to identify the dominant contributions to experimental
results of transflection experiments.

As an illustration, two cases are examined. In a study by Bassan et al. [20]
cytosine IR spectra were measured as a function of sample thickness. The general
trend was that as the film thickness increased, more IR radiation was absorbed but
not in the expected linear fashion across the spectrum. From the experimental data,
the authors calculated the ratio of the absorbance values at 3300 cm ™! and 1655
cm~! for the N-H stretch and Amide I bands. In the context of the present model,
an explanation can be put forward. The CO bonds whose stretching is responsible
for amide band I are oriented differently from the NH bonds. The standing wave
affects them differently. The model suggests that the Amide band I that increases
its intensity with the thickness of the layer is interacting more with the EFSW than
the NH stretch. The apparatus proposed below could be employed to experimentally
validate this hypothesis. In the investigation by Staniszewska-Slezak et al.[5], IR
spectra recorded in transflection mode exhibited a significant shift in the amide I
band (up to 1667 cm™") in comparison to the one recorded in transmission (1658
cm™!) as a function of the thickness of the material. Again, a hypothesis similar
to the previous one can be proposed on the basis of the present model. In the
material layers, the CO bonds of the Amide I band have diverse orientations. With
transflection, the appearance of EFSW results in higher absorbance for CO bonds
aligned along the field, leading to shifts in the most intense bands. Thus, the
formation of EFSW, along with the model, could offer structural insights.
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Figure 2.2: (a) Non normalized maximal transition probability in the linear regime
as a function of the position in the absorbing sample. (b) Integral of the curves of
(a) calculated as a function of the width of the sample. Travelling wave (orange
line), standing wave (green line), and the combinations of the two (blue line). The
black dotted line is the difference between the blue curve and the sum of the orange
and green curves. Parameters are w = 20000 cm™!, k = 0.00126 A_l, t =70 fs,
App/h=1cm™?
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Figure 2.3: As fig. 2.2 for different ratios of the wave vectors of EFPW| k, and
EFSW £’. Blue: k' = k, orange: k' = k/2, green: k' = k/3, red: k' = k/6, purple:
k' = k/10, brown: k' = k/1000, pink: only EFPW. k& = 0.00126 AT

In a more complicated set up, the wave vectors of EFPW, k, and EFSW £’ can
differ. Figure 2.3 and fig. 2.4 show a variety of cases where k and k' are multiples of
one another. The non-Beer-Lambert behavior is conserved. As a rule, the integrated
transition probability is largest when the two values coincide. However, there is
also a small region where the integrated transition probability is greater. It occurs
for k' = k/2. Numerically, this is found in the region between 2400 A and 3200 A .
These values are multiples of the reciprocal of k and &’ which are 800 A and 1600 A
and it is tempting to ascribe the augmented intensity to constructive interference of
the two waves that are brought about by the ”absorbing system”. As the difference
between the two values of k increases, the linear behaviour appears as an asymptotic
limit.

2.2.2 Non-Linear Transitions

In general, the presence of an electric field can induce a variation in the dipole
moment of the system, leading to various spectroscopic effects. Notable ones are two-
photon absorption and Raman absorption/emission. These non-linear phenomena
arise at large field intensities. The presence of both a propagating and standing
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wave wave increases the intensity, therefore non-linear phenomena may arise. Here,
the discussion of the non-linear regime is qualitative and not specific to Raman or
two-photon processes, following the approach presented in ref. [41].

To start, the induced dipole moment, p;,q, is directly proportional to the electric
field, and depends on the polarizability «, which in 3D is a 3x3 matrix.

Mind = aF (223)

For simplicity, the discussion is restrained to the 1D case along the x-axis. The
Hamiltonian becomes

H = Hypo + Gy B2 (2.24)
so that first order time dependent perturbation theory, in the rotating wave approx-
imation, yields

A2 1 — eilwri—2w)t , o~ 2ika
CcrF = z AL 621kx 41
Pl em e : 2.25
1 — eilwrr+2w)t . e2ikz (2.25)
+ 6—22k1‘ + 4 1
wrr + 2w 4

where gy is the expectation value of the polarizability in the W /W, basis and the
remaining symbols follow the notation introduced in the previous section.

The same result is obtained if one considers a second order expansion with a
set of virtual states [42], M, to give

2

2 1 t v ; ’o 7N R
PI(E%) — }0(2)‘ — ‘_ﬁ Z/O dt//o elwrmt’ iwnrt ,UFM,UMIE(t/)E(t”)dt” (2.26)
M

and treats the dipole moment integrals as constant.

In analogy with fig. 2.2, fig. 2.5 presents the simulation of the maximal transition
probabilities and their integration for EFPW and EFSW. The maximal transition
probability and its integral are numerically much smaller than in the case of the
linear perturbation.

In fig. 2.5a the non-linear transition probability is displayed as a function of the
position in the absorbing system. Maxima are reached for wp; = 2w and wg; = —2w.
In the case of the linear transitions, the form of the curve due to the combination
of two fields is a linear combination of the individual contributions. This is not
the case for the non-linear transitions. The black dotted line shows the difference
between the blue curve obtained in the presence of the two fields and the sum of
the individual EFPW and EFSW orange and green curves. Such difference does
not coincide with any of the simpler processes.

The curve associated to the linear combination of the two electric fields presents
a flat region and can be fitted by

l ] e—?ikx ] 62ik’x
/ <621kx + 1 T 1) (6211633 T 7 + 1) —
0 (2.27)

33kl + 20sin(2kl) + 2 sin(4kl)
B 16k
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2.3 Towards Standing Wave Experiments

Despite the conceptual simplicity and their usefulness for the investigation of
real samples, experiments with well-defined standing waves-without a reflecting
mirror-could be non-trivial. On the other hand, the linear combination of electric
fields used here may make it easier. To this end, fig. 2.6 sketches an experimental
apparatus that generates a standing wave from a travelling wave generator, i.e.
laser.

Using the standing wave approximation it is possible to consider the spatial
variables of the electric fields as constants phase factors, this approximation is
employed for simplicity. An incident electric field is of the form

E = 2Acos(wt) (2.28)

¢

S

Laser
i Detector
[
Beam Splitter Sample

-0

Figure 2.6: Sketch of an experimental apparatus that generates a standing wave
(in green).

In fig. 2.6 the incident field (eq. (2.28)) passes through a dielectric beam splitter,
then to one beam is applied a phase factor of +¢ and to the other beam is applied a
phase factor of —¢. Then the two beams reach a semi-reflecting mirror, in this way
the two beams overlap and the total electric field becomes the sum of the electric
fields associated to the two beams. Then the standing wave may interact with a
sample and reach the detector. Using this experimental apparatus and starting
from the electric field of eq. (2.28) the standing wave obtained is of the form

E = 2v2A cos(¢) cos(wt) (2.29)

Then this simple apparatus can be used with a travelling wave generator to construct
the linear combination of electric fields that were discussed in this work and to test
the theoretical results reported here.

2.4 Remarks

This chapter explored the influence of EFSW on absorption spectra using time-
dependent perturbation theory within the framework of semiclassical light-matter
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interaction. The proposed framework allows the deviations from the Beer-Lambert
law due to the EFSW to arise naturally. The effects of the EFSW can be tuned
modifying the sample width or moving the sample. The trends predicted are in
agreement with the experimental findings.

Initially, attention was directed toward linear transitions, founding a dependence
of absorbance on the distance between the absorbing system and the reflective
plate. The integral of transition probability deviates from the linearity predicted
by the Beer-Lambert law. The effects of EFSW are minimized at the nodes of
the standing wave, as expected. Varied effects can arise from the difference in
wavevectors between standing and propagating waves, with absorption approaching
Beer-Lambert behavior as the more the wavevectors differ. The models based
on the wave optics also predicts a shift of the position of the peaks that is not
present here. The origin of the shifts is still debated [29]. Experimentally, it was
observed that IR spectra recorded in transflection mode exhibited an upward shift
of 9 cm™! of the amide I band (to 1667 cm™! ) in comparison to the one recorded in
transmission (1658 cm™" )[5]. Further work will have to include interference effects
that are thought to cause the shift of the position of the peaks.

The approximation employed seems to be adequate to describe the artifacts to
the EFSW| therefore the investigation has been extended to the non-linear regime,
simulating the transition probability and its integral. In such regime, the transition
probability due to the combination of travelling and standing wave differs from that
due to the standing wave and there are regions where the integrated probability of
transition does not grow inside the sample.
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Chapter

Electrostatic Catalysis

Following the path to the fully quantum description of light-matter interactions we
stop for a not-so-short moment in the semiclassical region.

The two level system employed in chapter 2 is hardly useful when dealing with
molecular movements, for which is needed an atomistic description of the molecule.
Several phenomena have been studied under this approximation [1-6] and an area
that particularly profits from the combination between an atomistic molecular
description and a classical electric field is electrostatic catalysis.

Electrostatic catalysis is the promotion and control of chemical reactivity of
molecular systems through the utilization of oriented external electrostatic fields
(OEEFs). Since the 1980s computational chemists have been interested in control-
ling chemical reactions via external electric fields, it is shown by the pioneering
investigations on Sy2 reactions, [7] Friedel-Crafts reactions, [8] Diels-Alder cycload-
ditions, [9] C-H hydroxylations [10] and activations, [11] and C=C epoxidations
[10].

The experimental feasibility was confirmed in 2016 using a scanning tunnelling
microscopy break-junction (STM-BJ) apparatus to alter the rate of a Diels-Alder
reaction [12]. This breakthrough opened the way to a series of STM-BJ controlled
chemical reactions. Experiments showed that OEEFs can accelerate the cleavage of
alkoxyamine C-ON bonds, [13] two-step cascade reactions of a Diels-Alder addition
followed by an aromatization process, [14] isomerization reactions of cumulenes, [15]
scission of C-C bonds via electrophilic aromatic substitutions, [16] homolysis of O-O
bonds in peroxyanhydrides [17] and acylation of amines [18]. Other experimental
techniques that exhibit a greater potential for scalability in the utilization of OEEFs
for controlling reactivity have been also reported [19-25].

Recent advancements in experimental techniques have spurred a wave of new
computational investigations, as documented in a range of references (e.g., [26—
47]), with a primary focus on predicting and comprehending the means by which
chemical reactivity and selectivity can be influenced through the application of
oriented external electric fields (OEEFs). Concurrently, recent experimental and
computational research has furnished evidence highlighting the central role of
electric fields in the catalytic action of enzymes[48-57].

Despite the collective effort there still are open problems: is it possible to define
the optimal electric field for catalyzing a reaction? If so, is it computable?

29
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Under the condition that the desired outcome of the electric field usage is solely
the catalysis, it is possible to assume that the desired electric field is the one that
completely removes the reaction barrier. Starting from this ansatz it has been
developed and implemented a model that finds the electric field with the smallest
amplitude able to remove completely the reaction barrier. It has been named the
polarizable molecular electric dipole (PMED) model, since it takes into account
also the effects due to the polarizability.

The activities and outcomes described in this chapter have been performed in
the research group of Professor Josep Maria Bofill Villa, with the invaluable help of
Prof. J. Ribas Arino, Prof. I. Ribeiro Moreira, Dr. W. Quapp and Dr. G. Albareda.
This chapter is devoted to the derivation of the model and its application to real
chemical systems. Section 3.1 presents some elements of catastrophe theory, whose
concepts are central in the development of the model, section 3.2 introduces the
model in the context of current theoretical models of electrostatic catalysis and
section 3.3 contains applications of the PMED model to chemical reactions and
molecular isomerizations.

3.1 Elements of Catastrophe Theory

The PMED model has its mathematical roots in catastrophe theory, which
is briefly introduced in this chapter. The seeds of catastrophe theory have been
planted in the 1880s by Henri Poincaré while working on dynamical systems, they
sprouted with the contributions of Aleksandr Michajlovi¢ Lyapunov and Marston
Morse and finally catastrophe theory bloomed with René Thom, which forged the
expression ”catastrophe theory” almost a century after the seminal contributions
of Poincaré.[58]

Given the stature of the mathematicians involved it is clear that catastrophe
theory is far from being trivial. Catastrophe theory is a topological (and qualitative)
theory, therefore to fully grasp the profoundness of Thom’s theorems it is required
a certain level of intimacy with topology. However, in this chapter, only the
material needed for the application of catastrophe theory to electrostatic catalysis
will be introduced, for this purpose the tools of real analysis are sufficient. This
introduction is mostly adapted from ref. [59].

3.1.1 Objects of Catastrophe Theory

What is catastrophe theory,exactly? It is the study of how the solutions of equations
change varying the parameters.

As simple as it sounds, in the most general form it is a formidable problem. In
principle the equations could be of the integro-differential kind, non-linear and with
derivatives of arbitrary order. Consequently Thom simplified the problem focusing
on gradient systems, that is a system of partial differential equations of the form

_ dwy n OV (z; ¢a)

F.

(3.1)
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where z; is one of the solutions (in general it has nothing to do with a single space
variable), V' is some potential function, ¢, is one of the control parameters and ¢ is
one of the variables, usually time.

Since catastrophe theory is interested in the qualitative behaviour of the solutions

)

dx
it is useful to define the equilibrium points (E = 0) of gradient systems. It can

be proven that the equilibria of gradient systems obey the following

OV (z; ¢a)
81‘,‘

The study of how the equilibria x;(c,) of V(z;;¢,) change as the control
parameters ¢, change is the object of elementary catastrophe theory.

From now on the focus is on elementary catastrophe theory, which is sufficient
for the purpose of this introduction. It is useful to begin with a simple classification
of the points of the potential V(z;;c,):R™ — R.

1. VV #0
The majority of the points of the potential V are non-stationary points,
however an import theorem can be stated. In the neighborhood of these point
the implicit function theorem guarantees the existence of a smooth change of
variables

=0 (3.2)

U1 :y1($1,3727---7$n)

Yoy = 92(1’17952» 71:71)

(3.3)
Yn = Yn(T1, T2, ..., )
such that the potential V' can be written as
V =y + a constant (3.4)

That is, the potential V' can be expressed as a linear function in the neigh-
borhood of a non-critical point after a smooth change of variables.

2. VV =0 and nonsingular Hessian

In the neighborhood of equilibrium points the implicit function theorem
(eq. (3.4)) does not hold and the potential cannot be expressed as a linear
function. An extension has been provided by Morse, that describes the
neighborhood of the now called Morse critical points, that is points in which
VV = 0 and the determinant of the Hessian matrix (V;;) is non-zero. The
Morse theorem states that there exists a smooth change of variables such as,
in the neighborhood of a Morse critical point, the potential can be expressed
as

V= Z i (3.5)
i=1

This result is similar to the implicit function theorem, it simply tells that the
linear approximation around a Morse critical point is not sufficient, and the
potential must be approximated with a quadratic expression
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3. VV =0 and singular Hessian
The extension of Morse theorem is one of the main results of catastrophe theory,
in fact Thom proved an extension of the results of Morse in neighborhoods of
non-Morse equilibrium points (VV' = 0, det(V;;) = 0). Assuming V(z;¢),x €
R” and ¢ € R¥ the potential can be modified by a smooth change of variables
such as the potential is split in two parts, a Morse part and a non-Morse part.

V=Cat(l,k)+ Y Ny (3.6)
j=1+1
where Cat(l, k) is called a catastrophe function, or a catastrophe; [ is the
number of null eigenvalues of V;; and k is the number of control parameters.
Moreover Thom proved that the catastrophe function contains two distinct
contributions

Cat(l, k) = CG(l) + Pert(k, 1) (3.7)

where CG(!) is called catastrophe germ and Pert(k,[) is a Perturbation. For
[ <2 and k < 5 it is possible to analytically compute the C'G and Pert
functions.

Now that the essential elements of catastrophe theory have been introduced,
it is time to clarify the reasoning behind its name. The motivation lies in how
the potential changes around equilibrium points after a variation of the control
parameters. To do see it is useful to make a Taylor series expansion of the potential
function about the equilibrium point (z°; ¢%).

V(z,e) =V (%) + (x —2°), Vi + (¢ — )oVa

Sl = e =)V + oo — Vit (3
+ %(c — D)ol = )sVas + O(3)

where all the derivatives are evaluated at (2% c%). (2°; c°) is an equilibrium point, so

V; is zero. Now it is introduced a small variation of the control parameter, namely
¢ ="+ 6c and look for the equilibrium points of V' (x; ¢ + §c°).

ov

a_l'i = ‘/U(SZ'S -+ Vm(ch + 0(2) =0 (39)
To understand how the equilibrium point moves as the parameters change it is
convenient to rephrase eq. (3.9) isolating 0.

0z = —(V71);;Viadey, (3.10)
or 8 0
€T~
-1
8_c§ = —(V7)i;Via (3.11)

It is clear that the Hessian must be nonsingular. Lastly the change of the potential
function V due to a change of the control parameters can be computed substituting
eq. (3.11) into eq. (3.8).

V(2® 46z +0c) = V(2 )+ 6WV + 6PV + .. (3.12)
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SOV = Vade, (3.13)
1
AV = 50¢a [Vag = Vai(V)5;'Vjs] dcs (3.14)

Equation (3.11) tells how the location of equilibrium points changes under small
variations of the control parameters, eq. (3.12) tells how the potential function
value in the equilibrium points changes under the same variation of the control
parameters. The message of this derivation is that small changes of the control
parameters produce only small changes in the position of the equilibrium points,
as in a linear response regime. Moreover the same small change of the control
parameters produces a small variation of the potential.

However, these important results do not hold in the neighborhood of a non-Morse
equilibrium point. That is, in the neighborhood of a non-Morse critical point the
Hessian is not invertible and a small change in the control parameters may produce
a great variation of the location of the equilibrium point and of the potential
function value. This is the reason of catastrophe theory: around non-Morse critical
points a small variation of the parameters produces a large effect, a catastrophe.
The effect of this small change of parameters is enclosed in the catastrophe function
defined in egs. (3.6) and (3.7), since the Morse part of the potential follows the
linear response.

The consequence of this is (for the reader) the most important result obtained
from catastrophe theory.

If V(x;c) has at least a non-Morse critical point at (2°,¢") then at this point
eq. (3.11) is not valid because the Hessian is not invertible. Therefore as ¢ — ¢® two
isolated equilibrium points coalesce into one degenerate equilibrium point, located at
x = 2°. This leads to a topological change of the function. It can be shown that the
catastrophe function eq. (3.6) is the one that governs the topology of the potential,
since the remaining quadratic part has no qualitative new properties, more precisely
qualitative changes of the topology arise only through the perturbation of the
catastrophe germ (eq. (3.7)).

This information is extremely appealing and has a two-fold consequence. I) If
there is some information on the catastrophe point it is immediate to know how to
modify the potential in order to isolate or remove the critical points, II) In order to
make two isolated critical points coalesce it is sufficient to find a point in between
them that could become a non-Morse equilibrium point, then Thom’s theorem gives
the certainty that the two nearest equilibrium points coalesce into one, creating a
flat region.

Point II is the cornerstone of the application of catastrophe theory to electrostatic
catalysis. It is possible to apply the theory to a potential energy surface making a
minimum and a transition state coalesce, de facto removing the potential energy
barrier.

In section 3.1.2 it is reported a simple example, in which the application of the
aforementioned concepts leads to the formation and removal of equilibrium points.

3.1.2 A simple example

Consider a general 1-parameter family of potentials V' (zq,x2, 23, ...,x,;¢), it is
reasonable to expect the existence of a function with a non-Morse equilibrium point.
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Around the non-Morse point the potential can be expressed according eq. (3.6).
The form of the catastrophe function can be analytically determined and is

1
Cat(x;a) = §x3 +ax (3.15)

It is sufficient to focus on the catastrophe function to determine the topology of the

potential function V' upon variations of the a parameter, since the quadratic Morse

part does not change its qualitative behaviour under a perturbation (eq. (3.11)).
It is immediate to locate the equilibrium points of Cat(z;a):

dCat(x;a)
de (3.16)
2’ +a=0
d*Cat(z;a) 0
dz? (3.17)
20 =10

For a > 0 the catastrophe function has no equilibrium points, for a < 0 the
catastrophe function has two equilibrium points (one maximum and one minimum),
for a = 0 the catastrophe function has one non-Morse equilibrium point. Figure 3.1
shows a representation of the catastrophe function.

1.5
1.0
0.51

f(x)

0.0
—0.51

—1.0

Figure 3.1: Plots of Cat(x;a) = $2° + ax for a = =1, a = 0 and a = 1. All the
functions with a > 0 have the same topology, that is zero equilibrium points. All
the functions with a < 0 have the same topology as well, with two equilibrium
points. The two families are separated by a = 0 in which there is a non-Morse
equilibrium point. The red and purple dots represent the equilibrium points of the
function, they coalesce into a red-purple dot when a = 0

This simple example showcases the power of catastrophe theory: even if the
form of the potential V' is complicated, knowing that there is just one control
parameter is sufficient to draw simple conclusions on the nature and the number
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of the equilibrium points. Figure 3.1 shows how two isolated equilibrium points,
marked by a red and purple dot, coalesce into a degenerate equilibrium point as
a — 0.

The same reasoning can be readily applied backwards: catastrophe theory
furnishes a set of rules to let two equilibrium points coalesce, generating a non-
Morse equilibrium point and a flat region in the neighborhood of that point.

This idea is then applied to electrostatic catalysis. In fig. 3.1 the function
computed for a = —1 could be a rough approximation of the section of a potential
energy surface, in between the reactants (red dot) and the transition state (purple
dot). Catastrophe theory can be used to let the reactants coalesce into one point,
removing the energy barrier. Importantly from catastrophe theory it is assured
that, after the coalescence of the equilibrium points, the surrounding region will be
flat, avoiding the rising of unexpected maxima or minima.

The application of these concepts to electrostatic catalysis will be the object of
section 3.2.

3.2 Introducing a New Model

In section 3.1 the core concepts of catastrophe theory have been introduced
along with a brief outline about how these can be applied to electrostatic catalysis.
Roughly speaking it is necessary to let two stationary points of the Potential Energy
Surface (PES) coalesce into one, removing the energy barrier. The way to do so is
to introduce a non-Morse equilibrium point, that is a point in which the gradient of
the PES is zero and in which the determinant of the Hessian is zero. In this context,
the way to introduce a non-Morse stationary point is via an external electric field.

Since this approach to electrostatic catalysis is undoubtedly exotic, in sec-
tion 3.2.1 the most popular computational approaches to electrostatic catalysis are
summarized and in section 3.2.2 the PMED model is introduced.

3.2.1 Current Theoretical Approaches

The majority of the computational methods for electrostatic catalysis rely on the
dipole-field interaction, neglecting the polarizability contributions. The energy of
the reactants can be written as

Ve=V3—E-dg (3.18)
where V3 is the energy of the reactants without the external field, E is the electric
field vector and dg is the molecular dipole moment vector in the geometry of the
reactants. The same equation holds for the transition state

VTS = VYQS —F. dTS (319)

From this equations the variation to the reaction barrier induced by the field is

AB = E - (drs — dg) (3.20)
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The largest barrier variation is achieved when the electric field F is aligned with the
(drs — dg) vector. This simple quantitative criterion has been used to determine
the direction of the field. There are also qualitative procedures to determine the
direction of the field, based on chemical intuition, e.g: the field is along the direction
of a bond that should be broken/formed or the field is in a direction that solely
stabilizes the transition state [26].

As it stands, this approach does not consider the second order contributions due
to the polarizability and, importantly, it implicitly assumes that the reactants and
transition state geometry is not distorted by the presence of the field. Consequently,
this approximation is exclusively valid in scenarios characterized by low field strength.
It is crucial to acknowledge that higher field strengths lead to significant induced
dipoles and substantial geometric alterations, as documented in previous studies [9,
32]. Therefore, it is important to establish theoretical models that predict the most
suitable field orientation while accounting for both polarizability and geometric
perturbations.

3.2.2 Derivation of the PMED Model

The polarizable molecular electric dipole (PMED) model aims at overcoming
the limitations of the first order dipolar approximations (eqs. (3.18) and (3.19)),
proposing a procedure to determine the smallest possible electric field able to
perfectly catalyze a chemical reaction, that is to completely erase the energy
barrier.

This determination relies upon the identification of a specific point within
the PES denoted as the ”optimal barrier breakdown point” or, alternatively, the
"optimal bond breaking point” (oBBP). The oBBP is nothing more than the
non-Morse equilibrium point described in section 3.1.

Suppose that the reaction undergoes under the effect of the optimal Oriented
External Electric Field (0OEEF). This results in a continuous deformation of the
original PES. Initially, with a weak field, the reactants undergo distortion, bringing
their nuclear configuration closer to that of the transition state (T'S). In turn, the
TS experiences distortion, aligning its nuclear configuration more closely with that
of the reactants. As the field strength increases, both reactants and TS become
increasingly distorted, and their configurations approach convergence. At a specific
field strength determined by the oOEEF, these configurations merge. The precise
point in the perturbed PES where the T'S and reaction configurations coalesce under
the influence of the cOEEF is the the oBBP. This is the same phenomenon predicted
by catastrophe theory, which describes the coalescence of two equilibrium points
(see fig. 3.1). The oOEEF is the external electric field with minimal amplitude able
to induce the formation of the (optimal) BBP.

Now the derivation of the necessary and sufficient conditions for the location of
the oBBP and the quantification of the oOEEF is reported.

The starting point of the model is the description of the PES under and OEEF
given by e = (€, €, €,) = Fe, (with modulus £ and normalized direction e,). This
is done referring to the polarizable molecular electric dipole (PMED) ansatz[60] as

Ve, (%, E) =V (x) + P, (x, E) = V(x) — Eel {d(x) + 1/2A(x)e, E}  (3.21)
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where V (x) is the original PES, P, (x, F) is the (electrostatic) perturbation energy,
d(x) is the electric dipole moment vector, x? = (z1,y1, 21, - - -, Tas, Yar, 2u) 1S the
vector of the Cartesian coordinates of all M atoms of the system, el = (e,, e, €.)
is the three-dimensional normalized field direction vector of the applied OEEF and
A (x) is the 3x3 electric polarizability tensor, its elements are denoted as a; ;(x).

It is assumed that V' (x), d;(x) and a; j(x) have continuous second derivatives
with respect to x.

Since, under the effect of the oOEEF, the oBBP is an equilibrium point the

equilibrium condition is

ViVe, (%, E) = Vi V(x) + Vi Pe, (x, E) =

T . (3.22)
ViV (x) — {[Vxd” (x)] + 1/2E[V[A(x)e,| ]}, E =0
To simplify eq. (3.22) it is useful to define the vectors
he, (x) = [Vid"(x)Je, = Y ei(Vidi(x)) (3.23)
i=(z,y,2)
fo,(x) = Ax)e, = Y eai(x) (3.24)
i=(z,y,2)

where a;(x) is the i-column of the A (x) matrix, namely, al (x) = (a,;(x), a,(x), a,:(x)),
and

NN S SR ANCI RS DI (D I A
i=(z,y,2) i=(,y,2) j=(z.y,2)

(3.25)
being fo,i(x) the i component of the three-dimensional f, (x) vector and finally,
g(x) = ViV (x). With these definitions eq. (3.22)) can be stated in a more compact
form

g(x) — [he, (x)E + 1/2pe, () E?] = g(x) + me, (x, E) = 0 . (3.26)

To find the oBBP and the oEEF, one approach is to examine the evolution of
stationary points under the influence of an EEF and, later, consider the optimality
conditions. Using a normalized constant vector e,, it is possible to define the
force displaced stationary point (FDSP) curve as the set of points (x, F) satisfying
eq. (3.26). At each point (x(t), E(t)) on this curve, where ¢ is the parameter
characterizing the curve, an effective PES Vg, (x, E(t)) is generated, meeting the
stationary condition in eq. (3.26). For each normalized e,-vector, the corresponding
FDSP curve generates a sequence of Ve, (x, F) effective potentials. Each effective
potential maintains its own fixed E, with the x coordinates serving as variables.
Therefore, the set of coordinates x assumes the role of variables, while the intensity
E acts as a parameter. It is interesting to note that the normalized vector e, plays
the role of the control axis. A point that satisfies eq. (3.26) and det[He,, (x, )] =0
is called Bond-Breaking Point (BBP). However, for the moment being, e, is fixed
and the BBP associated with an arbitrary e, may be non-optimal.

It is possible to locate the BBP looking for the point on the FDSP curve in
which det[He, (x, E')] = 0. The application of the Implicit Function Theorem[61] to
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the expression d(VxVe, (X, E))/dt = 0 leads to a differential equation that defines
the FDSP curve.[60]

H,, (x, E) (Cfl—’t‘) — 1. (x,E) (i—f) . (3.27)

In this expression, the re, (x, E) vector is

rer (% ) = b, (%) + Epe, (x) | (3.28)
The explicit form of the Hessian matrix reads

H,, (x,E) =H(x) — Fe, (x, E) (3.29)

being H(x) = V,VIV(x) the Hessian matrix of the original PES, V(x), and

F..(x,E) =EVxh] (x)+ %EQpreTn (x)
B Y al(VaVEdG) + S (VT g0

i=(z,y,2)

= Z GZ'M7;<X,€).

i=(z,y,2)

Equation (3.30) has been derived using—F,, (x, F) = VxVLIP, (x, F) and eqs. (3.23)
and (3.25). The specific form of V, VI f. ;(x) appearing in eq. (3.30) is

Vi VL fo,i(x) = Z ej(ViVZia;;(x)) i=a2,y,2. (3.31)

Jj=(z,y,2)

On the FDSP curve defined by eq. (3.27) there is one point is which det[He, (x, £)]
0, which is the barrier breakdown or bond-breaking point (BBP). The corresponding
field intensity is labeled as Eggp. This is equivalent to saying that an eigenvector
of He, (x, F) has null eigenvalue and, in this case, dx/dt is taken as normalized
tangent vector [60]. Therefore the left-hand side of eq. (3.27) is zero, which leads
to Cfi—f = 0. The presence of a turning point of the E parameter at the BBP implies
that the solution is optimal with respect to F.

Now that the optimality of the F parameter has been defined it is necessary to
introduce the optimality condition on the x variables. To do so it is sufficient to
examine the conditions defined above. In a (at the moment non optimal) BBP the
following conditions are satisfied

dE
ak ~0 (3.32a)
dt E=Eppp

H, (x, E)(Ccll—’;) ‘ (X _ XBBP) ~0. (3.32b)
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Substituting eq. (3.29) in eq. (3.32b), and then applying the resolution of identity
and dividing by the tangent norm the result is

(I xxT>’}{( ) — Fe, ( E ﬂ X _,
- X — e, (X )
% BBP ser; Eppr)| e
o J (3.33)
(@) |:H(XBBP) —Fe,(xBsP, EBBP)] s =0

with x = dx/dt. Equation (3.33) asserts that at the BBP, the tangent x is an eigen-
vector of the effective Hessian, He (%, E), as defined in eq. (3.29). Consequently, the
two expectation values, namely, x? H(xppp)X/(xTx), and —x' Fe, (xppp, Eppp)x/ (X' X),
must be equal but opposite in sign at the BBP, (x%5p, Eppp). This implies that
x"H,, (xpBp, Eppp)x/(x'x) = 0. The first and second derivatives of V(x) and
P, (x, E) are, thus, equal but with opposite sign at the BBP with £ = Fggp. A
point in which the first and second derivatives of two functions coincide is said a
contact point of order two. At x = xpgp and F = Eppp, V(x) and P, (x, E) have
a contact point of order two. This property is central in the development of the
model.

It is useful to notice that x is equal to g(x) and m,, (x, F) in the BBP. This
follows from the fact that the BBP belongs to the FDSP curve and that since BBP
is a point of a FDSP curve and eq. (3.26) should be true.

X _ g(xs5P) _ me, (XpsP; Eppp)
VxTx  \/gT(xzpr)g&(XpBP) vm? (xppp, Eppp)me, (Xpp, Espp)
(3.34)
This allows to partially drop the curve parameter and rewrite eq. (3.32)
dF
— =0 (3.35a)
dt E=EpBp
g(x) )

He, (x,F)| ——— _ =0 x)#0. 3.35b

ey | [ g(x) 7 (3.350)

E = Eppp

In the same fashion of eq. (3.33), eq. (3.35) becomes

g(x)g" (%) gx) [, s(x)g'(x) N g(x)
k() [I gT<x>g<x>]H(X) gT(X)g(x)_[I gT(x)g(xJFe”( B e

where, k(x) = g" (x)H(x)g(x)/(g" (x)g(x)) = g" (x)Fe, (x, E)g(x)/(g" (x)g(x)).
Combining eq. (3.33) and eq. (3.34) it follows that, in the BBP, k(x) = 0.
Recalling that in the BBP V(x) and P, (x, E) have a contact point of order two it
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follows that the two terms of eq. (3.36) must be independently zero, that is

B B .
[I gT(X)g(X)lH( ) 27 (x)g(x) 0 (3.37a)
_me, (X, E)m] (x, E) x me, (x, E) —
[I m! (x, E)m,, (x, E)}Fe"<  E) /mZ (x, B)mo, (x, E) 0, (3.37b)

If eq. (3.37) is satisfied at (xppp, Eppp) then the BBP is a gradient extremal
point of both the potential energy surface (V' (x)) and of the perturbing function
(Pe, (x, E)).[62-72]

So, the BBP must be a point of the FDSP curve (eq. (3.26)) and a gradient
extremal point for the unperturbed PES and for the perturbing function (eq. (3.37)).

It is of central importance that the BBP is a gradient extremal point, because
these points are characterized by optimal properties.[66, 72] It has already been
proven the optimality with respect to F, it necessary to prove the optimality of the
field with respect to the coordinates x, and this is where the gradient extremals are
useful. The electric force applied to the unperturbed PES is simply me, (x, E) and,
in order to be optimal, its norm should be as small as possible.

In the BBP the gradient extremal point satisfies the det[H(xggp)] = 0 con-
dition (eq. (3.36a)) and it has been shown that in this point the square of the
gradient norm, g’ (xgpp)g(XBBP), is stationary with respect to all independent di-
rections.[73]. Since in the BBP g(xggp) = —me, (xBBp, Fppp) and the same
condition is satisfied also regarding F. (xsBp, Eppp) also the squared norm
meTn (XBBPa EBBp)men (XBBP; EBBP) is stationary.

This proves the existence of an optimal solution with respect to x, in which
the squared norm meTn (xBBP, EpBP)Me, (XBBP, EBBP), and therefore the electrical
force applied is the lowest one able to remove the barrier between reactants and
transition state. The point in which all the aforementioned conditions are satisfied
and the field amplitude is minimal is the optimal BBP and the corresponding field
is the optimal OEEF. From now on the optimal OEEF is denoted e* = Ee} .

Now that the only missing step is the actual location of the optimal solution.

3.2.3 Calculation of the Optimal External Electric Field

The necessary and sufficient conditions for the location of the optimal BBP and the
optimal OEEF are eqs. (3.34) and (3.37). This section is devoted to the presentation
of an algorithm able to find the optimal BBP and the optimal OEEF. The algorithm
is implemented in the MANULS program [74] and the numerical details of the
implementation are discussed in section 3.A.1. The algorithm can be conveniently
summed up in points

1. Location of X,ppp
The x,ppp is the optimal BBP, the point that satisfies eq. (3.37), be-
ing a GE point with eigenvalue equal zero. The location of this point is
based in finding the point x where the so-called o(x)- function, o(x) =
g’ (x)H?*(x)g(x)/(g” (x)g(x)), has value zero. The o(x)-function was pre-
sented in [75, 76]. As trivial as it may sound it is also important to check that
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g(x) # 0, H(x) is not the zero matrix, and the dipoles and polarizabilities
have definite first and second derivatives.

. The x,ggp point belongs to the FDSP

After the optimal BBP has been located it sufficient to impose the necessary
and sufficient conditions described in section 3.2.2 in order to find the optimal
OEEF. The optimal BBP must belong to the FDSP, that is the gradient of
the perturbed PES must be zero. The condition is defined in eq. (3.26)),
which can be multiplied from the left by the outer gradient projector to obtain

(I g(XoBBP)gT(XoBBP)
T ST
g (XoBBP)g(XoBBP)

)me; (XoBBP, EoBBP) =0 . (3.38)

Using egs. (3.25) and (3.28) and recalling that, e = Fe,, the me, (x, E) vector
at the optimal BBP is

Me: (Xon8P, Boppr) = — {[Vxd' (Xon8r)] + Eonpr/2[Vxfe: (XossP)]}ein5pP

%
= — Nex (XoBBP, EoBBP)€BRP -

(3.39)

Substituting Eq. (3.39) into Eq. (3.38) and multiplying the resulting expression
from the left by its transposed, one finds

g(XoBBP)gT (XoBBP)
gT(XoBBP)g (XoBBP)

*T * * —
e, zppD (XoBBP:€,55p)€05p = 0 .

*T T
e,55pNe: (XoBBP, Eonpp) |1 —

*
Ne;g (XoBBPa EOBBP)eoBBP =

(3.40)

. The optimal BBP is a gradient extremal point of the original PES and of the
perturbation potential

The perturbation potential, P, (x, F), defined in eq. (3.21), depends on the
direction, e,, and amplitude F, of the external electric field. The optimal
BBP must be a gradient extremal point of both the unperturbed PES and
the perturbation potential. This conditions are satisfied if eq. (3.36) is
zero. A simple rewriting of eq. (3.36) leads to two conditions that must be
simultaneously met

[
g’ (xoBBP)Fer (XoBBP, EoBBP)8(X0BEP) o
g7 (xo88P)8(XoBBP)
3 M ( 55P)8( )
Z E@g (XoBBP) i\XoBBP,€,5Bp )8\ XoBBP _
’ gT<XoBBP>g(XoBBP)

i:I7y72

Z 6>g<ogT<XoBBP)ti(XoBBP,ezBBP) _. (3.41)
i=z,y,2 ' \/gT(XoBBP)g(XoBBP)
Z €;°2(XoBBP, €o5pP) =

i:%y,z

*T * .
e zprZ(XosBP, €555p) =0 .
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gT(XoBBP)Fi;fL (xoBBP; EoBBP)8(X0BBP) B

gT(XoBBP)g(XoBBP)
*0 *otT * t * o (342)
E E € €% (XoBBP: €,55p)ti(XoBBP, €ppp) =
i:x,y,zj:x,y,z

*T * *
e,ppp T (XoBBP, € ppp)€ppp =0 -
The optimal external electric field, therefore, must be chosen such as eqs. (3.40)
to (3.42) are satisfied.
For numerical reasons it is preferable to condense the three conditions into a
single function, called f.

e*TD (XBBP) 0
z! (xppp) | €hpp = v (3.43)
e’’T(xppp) vliv + 02
where
v = gT(XBBP)Fe;; (xgBP, EBBr)8(XBEP) (3.44)
and
v'v +v* = g"(xppp)F2, (XBBP, EBBP)8(XBEP) (3.45)

Equation (3.43) can be rewritten as
B(XBBP)e*BBP =b (346)
And, lastly, the f function is defined as

feppp) = 1/2e35pB(XprP, €5pp)espp — b B(Xprp, 5pp)ehpp + 1/2b(Tb )
3.47
Equation (3.47) contains all the information needed to find the optimal external
electric field. If the f function is zero then the optimal oriented external
electric field is acting on the optimal BBP. The lowest amplitude OEEF
which turns the f function to zero is the optimal external electric field. Having
a zero f function means that the optimal BBP, a gradient extremal point of the
unperturbed PES, becomes, under the effect of an OEEF, a degenerate stationary
point of perturbed PES. In the optimal BBP coalesce two stationary points of the
unperturbed PES, removing the energy barrier between them.
The numerical problem of finding an appropriate field direction such as the f
function is zero is discussed in section 3.A.1.

3.3 Applications

In this section, the PMED is applied to two chemical examples.

Since the present model extends the usual dipolar approximation a comparison
with a simplified version of the PMED model that does not include the polarizability
contributions is also reported, in order to clarify the effect of polarizability in the
context of the PMED model.
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The calculations were made with the ORCA 5.0.3 [77-81] program system. The
potential energy surfaces were computed by means of relaxed surface scans and for
each geometry the energy V(x), the electric dipole moment d(x) and the electric
polarizability tensor A (x) have been extracted. The calculation of the derivatives,
the location of the optimal BBP and the quantification of the optimal OEEF were
handled by the MANULS program , an open source Python program developed by
the author of this thesis[74].

3.3.1 Isomerization of a [3]Cumulene Derivative

The first example is the trans-to-cis isomerization of a [3|Cumulene derivative,
it has been selected due to recent experiments indicating that OEEFs accelerate
isomerizations in such systems.[82] Figure 3.2 illustrates the molecular process
under investigation along with the atom numbering employed.

The investigation begins with the computation of the potential energy curve
describing the isomerization. Constrained geometry optimizations are performed,
wherein the dihedral angle involving the C1-C2-C3-C4 atoms is fixed, and the
remaining degrees of freedom are optimized (refer to fig. 3.2 for the atom numbering).
The dihedral angle is scanned from 0° to 180° with a 5° step. A 0° dihedral angle
denotes the s-cis isomer, while a 180° dihedral angle denotes the s-trans isomer.

The calculations utilize the UHF [83, 84] method and the 6-31G* basis set
[85] in gas phase. The computational approach relies on the broken-symmetry
formalism as implemented in ORCA. This approach is adopted due to the singlet
state exhibiting a significant open shell /diradical character around the transition
state (T'S) structure.

Figure 3.2a, fig. 3.2b, fig. 3.2c represent the s-trans isomer, the s-cis isomer and
the transition state, respectively. Figure 3.3 shows the unperturbed potential energy
curve and curves perturbed by the electric field computed with the PMED model
and the simplified PMED model. The geometry of the optimal BBP is reported
in fig. 3.4, along with the direction of the optimal external electric field computed
with and without the dipolar approximation.

The optimal BBP is a property of the unperturbed potential energy curve, so
its determination is independent on the choice of the model. The optimal BBP
corresponds to a geometry in which the dihedral angle is equal to 140°.

In this point the optimal OEEF calculated considering both the electric dipole
moment and polarizability is in the (—0.459, 0.487, 0.743) direction and its amplitude
is 0.0086 a.u. = 4.43-10° V/m. The optimal external electric field calculated
considering only the electric dipole moment is in the (—0.808, 0.273, 0.522) direction
and its amplitude is 0.0091 a.u. = 4.70-10° V/m. Both the fields are able to remove
the isomerization barrier, creating a flat region around the optimal BBP. Even
though the amplitudes computed with the two levels of approximation are similar
the effect of the polarizability is non negligible on the direction of the optimal
field, in fact the angle between the fields 26.9°, underscoring the significance of the
polarizability on the response to external electric fields.

It is worth noticing that the application of the electric field modified the entire
potential energy curve, this is a numerical example of the shortcomings of the most
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(a) s-trans isomer (b) s-cis isomer

(¢) transition state

Figure 3.2: Structures of the stationary points of the potential energy curve. The
atom numbering used to define the central dihedral angle is indicated in fig. 3.2a
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Figure 3.3: Potential energy curves describing the s-trans to s-cis isomerization
in all the three discussed cases: no OEEF applied (unperturbed PES) in blue;
perturbed PES with optimal OEEF calculated considering the PMED model in
orange; perturbed PES with optimal OEEF calculated with the simplified model
considering only the electric dipole moment in green. The energy values are relative
to the energy minimum of the PES calculated without the effect of the electric field,

that is the s-cis isomer in gas phase. The red dot represents the location of the
optimal bond breaking point.
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Figure 3.4: Molecular geometry of the optimal BBP. Purple arrow: direction of
the optimal external electric field calculated considering the polarizability and the
dipole. Orange arrow:direction of the optimal external electric field calculated
considering only the dipole. Cyan arrow: direction of molecular electric dipole
moment vector.

common theoretical models, based only on the local properties of the reactant and
the transition state.

3.3.2 Huisgen Cycloaddition

The second chemical example is taken from the important class of Huisgen cycload-
dition reactions, or 1, 3-dipolar cycloadditions [86]. In this reactions a 1,3-dipolar
species with 4 7 electrons reacts with a dipolarophile with 2 7 electrons, forming a
five-membered ring.

The case under examination is the addition of ethylene to fulminic acid to give
isoxazole. A scheme of the reaction is reported in fig. 3.5, a 3-D representation of
the reactants, transition state and product in fig. 3.6.

The PES associated with this reaction can be studied choosing just two internal
coordinates, the C;—Cs and C3-O bonds. The goal is not only to find the optimal
OEEF, but also to study the optimal FDSP, which was trivial in the one dimensional
case.

The ORCA 5.0.3 program system [77-81] has been employed for the characteri-
zation of the stationary points and for the relaxed PES scans. The level of theory
is B3BLYP/def2-TZVP [87-90]. Every calculation employed the D3BJ dispersion
correction[91, 92] and the RIJCOSX approximation[93] (which is set by default in
the ORCA code for hybrid functionals).

The potential energy surface scans performed constrained the selected internal
variables and optimized the remaining degrees of freedom. The exploration of the
PES began with a coarse scan, varying the C;—Cy and C3—O bonds (see fig. 3.5 for
the atom numbering) from 3.4 A to 1.2 A with a step of 0.1 A. A finer second scan
followed, in order to locate precisely the optimal BBP, with the C;—Cy and C3-O
bonds scanned from 3.0 A to 2.4 A with a step of 0.025 A. Lastly another scan was
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Figure 3.5: The Huisgen reaction between fulminic acid plus acetylene to give
isoxazole. The atom numbering is also reported.

used to compute the FDSP, this scan modified the C;—Cy and C3—O bonds from
3.0 A to 2.1 A with a step of 0.04 A.

The optimal BBP is then located on the PES section defined by the C;—Cy and
C3—0O coordinates. Figure 3.7 shows the PES in vacuum without the effect of the
external electric field, the red dot corresponds to the optimal BBP.

Once the optimal BBP is located the field is computed with and without
considering the polarizability terms, fig. 3.8 shows the variation on the direction of
the optimal OEEF due to the inclusion of polarizability.

The application of the PMED model leads to an optimal OEEF in the (—0.871,
0.036, —0.489) direction with 0.0879 a.u. = 4.52 V/A amplitude whereas the
simplified model leads to a oOEEF pointing in the (—0.722, 4+0.666, —0.188)
direction with an amplitude of 0.1937 a.u. = 9.96 V/A. Figure 3.8 shows the
direction of the two optimal fields with respect to the molecular geometry, fig. 3.9
shows the PES perturbed by the optimal OEEF computed by the PMED model and
fig. 3.10 shows the PES perturbed by the simplified version of the PMED model.

The optimal OEEFs derived from both approximations are effective in erasing
the reaction barrier but notably differ. The intensities of the oOEEFs computed
with the two approximation levels differ by 73%, and the angle between the two field
directions is substantial, measuring 44.7°. This emphasizes the essential contribution
of polarizability in diminishing the strength of the cOEEF. Importantly, the optimal
FDSP computed with the PMED model describes a concerted formation of the
C7 — C2 and C3 — O, as expected in this class of reactions.
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(a) Fulminic Acid (b) Acetylene

(c) Transiton State (d) Isoxazole

Figure 3.6: Representation of a-b) the reactants, ¢) the transition state and d) the
product of the 1-3 cycloaddition of fulminic acid and acetylene to isoxazole. The
C; — C2 and C5 — O bond distances are 2.17 and 2.38 A for TS, and 1.42 and 1.34
A for isoxazole.
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Figure 3.7: 2D (top) and 3D representations of the original (or unperturbed) PES
in the space represented by the C; — C2 and C3 — O bond distances. The "R” and
"P” denote the reactants and product region. The red dot is the optimal BBP. The
orange dots represent the IRC trajectory. The energy is relative to the minimum of
the surface of fig. 3.7a.
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()

Figure 3.8: Three views from different perspectives of the oBBP geometry. The
purple arrow represents the direction of the optimal external field calculated consid-
ering the PMED model (i.e.: considering both the molecular electric polarizability
and the dipole). The orange arrow represents the direction of the optimal external
field calculated considering only the electric dipole. The cyan arrow represents the
direction of the electric dipole moment vector.
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Figure 3.9: 2D (top) and 3D representations of the perturbed PES with an 0OEEF
calculated using the PMED model (i.e.: by considering both the polarizability and
the dipole). The red dot is the o0BBP. The blue dots represent some calculated points
of the oFDSP curve. The energy is relative to the minimum of the unperturbed
PES in fig. 3.7.
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Figure 3.10: 2D (top) and 3D representations of the perturbed PES with an oOEEF
calculated using the simplified model consindering only the electric dipole. The
red dot is the oBBP. The blue dots represent some calculated points of the oFDSP
curve. The energy is relative to the minimum of the unperturbed PES in fig. 3.7.
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3.4 Remarks

In the context of semiclassical interactions between quantized matter and
classical electric fields, a model for the electrostatic catalysis of chemical processes
has been introduced. The model is based on the Polarizable Molecular Electric
Dipole (PMED) ansatz and rooted in catastrophe and optimal control theories.
The aim is to provide a framework to find the direction and amplitude of the lowest
electric field able to erase a chemical reaction barrier.

The PMED includes two substantial improvements over the widely used models
for electrostatic catalysis. Firstly, it goes beyond the first order dipole approximation
considering the effect of the polarizability; secondly, it considers the effect of the
external electric field on the entire PES, improving the "rigid” models based solely
on the electric properties in the reactants and transition state regions.

The central concept is the bond-breaking point (BBP), which is a ”special” point
of the PES. For each direction of the external electric field there exists an amplitude
E such as the reactants and transition state collapse in the BBP, removing the
reaction barrier. The BBP, therefore, is a catastrophe point.

Given the infinite number of field directions and associated BBPs, the next
step is to find the optimal OEEF and BBP. In this context the optimal OEEF is
the electric field with the lowest amplitude able to remove the reaction barrier,
the optimal BBP is the BBP associated with the optimal OEEF. Necessary and
sufficient conditions to find the optimal BBP and the compute the optimal OEEF
are provided, along with an algorithmic procedure.

The capabilities of the PMED model are shown with the application to two
chemical examples: the s-trans to s-cis isomerization of a [3]cumulene derivative
and the Huisgen cycloaddition of acetylene to fulminic acid. In both the examples
the electric field completely removes the reaction barrier, at the same time the
inclusion of the polarizability greatly affect the direction and/or the amplitude of
the optimal OEEF. It must be reported that the amplitude of the optimal OEEF
can become larger than the ones employed in STM experiments. Nevertheless, due
to the quadratic effect of the field on the PES, a considerable reduction of the
optimal field amplitude can still lead to significant catalytic effects.

In summary, the PMED model offers a comprehensive framework for identifying
the optimal direction of an external electric field, moving beyond reliance on
chemical intuition. This model yields valuable insights into electrostatic catalytic
effects observed across diverse organic and biological processes.

3.A Appendices

3.A.1 Implementation of the PMED Model in the MANULS Code

In this appendix I will cover some of the practical aspects about the location of the
optimal BBP and the calculation of the optimal OEEF.
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At the moment, the MANULS code works exclusively with 1- and 2-Dimensional
scans of the potential energy surface. The computational method used to perform
the scan is up to the user, but it has to support the calculation of the dipole moment
and of the polarizability at each point of the scan. The user has to provide files
that contain the total energies, the dipole moments and the polarizability matrices
at each point of the scan. I refer the reader to Ref. [74] for an overview of the input
format.

The code works as follows:

1.

The code reads the data from the files supplied by the user and reshapes the
data in matrices, in this way it is easier to implement the derivatives.

. The code locates the optimal bond-breaking point. To do so the hessian and

the gradient of the original /unperturbed PES are computed in each point. If
the unperturbed hessian is called H and the unperturbed gradient is called g
for each point of the grid the code computes ||H - g|| (the norm of this dot
product). Then it picks the user-defined number n_bbps of points in which
||H - g|| is the smallest and the optimal bond-breaking point is the point,
chosen between these n_bbps, in which the unperturbed gradient is maximum.
The default for n_bbps is 5, it can be changed by the user.

. The code generates several points on the unit sphere. The points are generated

using the Fibonacci sphere algorithm. Each point, along with the origin,
defines a unit vector. The unit vectors generated are stored and used later as
directions of the electric field, e,. In principle, the higher is the number of
directions generated, the better is the quality of the result.

. From now on the code works only on the optimal bond-breaking point. The

code picks a direction computed in point 3 and calculates the ”ingredients”
needed for the analysis. It computes the first and second derivatives of the
dipole, of the f, vector, the hessian and the gradient of the original PES (see
egs. (3.21), (3.23) to (3.26), (3.29) and (3.30)).

. With the direction of the field (e,) fixed the code computes the amplitude of

the electric field by solving the quadratic equation

mg. (XopsP, Eoppp)Me, (Xopnp, Eonpr) — &' (XonBP)8(XonBP) =
1/4peT;; (XoBBP)Pe:, (XoBBP)EspHP + heT;«l (XoBBP)Per, (xo58P)Espppt

h.. (Xo8BP)Ne; (XopBP) Esppp — 8 (XoBBP)8(Xe8BP) =0,
(3.48)

. Now the code found, given a direction, the amplitude of the electric field. It

needs to check if the field satisfies the requirements for the optimality. To do
so there are three (plus one optional) tests:

(a) The code computes the f function (see eq. (3.47)), the absolute value
should be as close as possible to zero. Numerically, if the absolute value
of the f function is below a threshold the test is passed. This is the most
important test, since the f function contains all the information required.
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The other tests are implemented to further check the correctness of the
results.

(b) The code computes the norm of the gradient of the PES perturbed by
the external field found in the previous points (see eq. (3.26)). This
quantity should be as close as possible to zero, if this quantity is below
a threshold the test is passed.

(¢) The code computes the quantity ﬁ, the absolute value of this quantity
should be as close as possible to 1, if the absolute value of this quantity
is over a threshold the test is passed. This is a slight reformulation
of eq. (3.39). This quantity is included in the f function, so this is a

supplementary test.

(d) (Optional) The mathematical nature of the problem admits many
solutions, this optional test helps to select the one relevant to the chemical
problem under consideration. The user has to input the coordinates that
define (or that are close to) the reactants. Then the code finds the point
of the grid that is closest to these coordinate, that is the point on the
grid closest to the reactants. Now the code checks, in the point closest
to the reactants, that the energy under the effect of the field is equal or
higher to the energy of the optimal bond-breaking point, this ensures
that the optimal field correctly catalyzes the reaction. In practice, this
steps checks that under the optimal external electric field the reaction
goes "downhill”.

If all the tests are passed the field is stored. The procedure is repeated for all
the directions generated by the Fibonacci algorithm.

7. Lastly the code checks all the fields that satisfy the requirements for the
optimality and picks, as the optimal external electric field, the field with the
lowest amplitude.

The thresholds used in the code are the following:

e f tol =be—b5 is the threshold on the f function

e m_tol=0.999 is the threshold on the ﬁ value

e g pert_tol=5e—b5 is the threshold on the norm of the perturbed gradient

e cnergy_tol=—0.0048 is the threshold on the difference between the energy of
the optimal BBP under the effect of the field and the energy of the reactants
under the effect of the field. The default value is the equivalent, in Hartrees,
of 3 kcal/mol. In practice, the energy of the reactants under the effect of
the field cannot be lower than 3 kcal/mol with respect to the energy of the
optimal BBP.
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Chapter

Polaritonic Chemistry

In this last chapter, finally, the treatment of both electric field and matter is
addressed within the framework of quantum mechanics. Therefore there is the need
to explicitly consider the quanta of the electromagnetic field, the photons [1, 2].

Traditionally, the application of electric fields in chemistry has relied upon
a semiclassical formalism, assuming a classical electric field. However, certain
phenomena defy this approximation, necessitating a quantum mechanical description
of the electric field. Noteworthy among these phenomena are spontaneous emission
and lasing [3]. The expanding intersection between chemistry and quantum optics is
driven by advancements in the precise control of photonic states. This advancement
has given rise to innovative experimental methodologies grounded in the principles
of quantized light. Examples include ultrafast spectroscopies [4], spectroscopies
relying on quantum states of light, such as entangled photons [5], and quantum
imaging techniques [6].

Within the intersection between quantum optics and chemistry, a research area
gained popularity in the last decade: polaritonic chemistry.

The premise of polaritonic chemistry is the existence of hybrid light-matter
states, denoted as polaritonic states or polaritons, wherein light and matter undergo
a mixing akin to the hybridization observed in atomic orbitals [7]. The formation
of polaritons occurs under specific conditions commonly referred to as strong
light-matter coupling. A precise definition of strong light-matter coupling will be
provided later in this chapter. At this juncture it is sufficient to underline that in
conventional photochemistry it is often assumed that the coupling of molecules with
external fields is weak and that the nature of the molecular states is not modified
by the electric field (whether classical or quantized); due to the formation of new
polaritonic states this assumption does not hold under strong light-matter coupling
conditions[8].

The formation of polaritonic states leads to a new way to control chemical
phenomena [9-14]. The most immediate consequence of the polariton formation is a
modification of the Potential Energy Surface (PES), which alters reaction pathways
and rates [9, 15-21]. From the computational point of view it is now possible
to simulate, both statically and dynamically [22-25], proton transfer [26],energy
transfer [27], electron transfer [28-30], intermolecular interactions [31], relativistic
effects [32] and, in general, the effect of polaritons on reactivity [33-37].
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In this chapter, section 4.1 is devoted to a theoretical introduction to the
computational modeling of molecular polaritons and sections 4.2.1 and 4.2.2 to
the examination of the response of butadiene and hexatriene molecules to strong
light-matter coupling.

4.1 Theory

The study of polaritonic systems necessitates a quantum mechanical treatment
of electromagnetic modes, requiring the application of quantum electrodynamics
(QED). The simplest approach to introduce the interaction between a two-level
system and a single mode is the Jaynes-Cummings model [38]. Despite its simplicity,
which will be addressed later, the Jaynes-Cummings model provides valuable insights
into light-matter interaction.

The model considers a single emitter with two states, a ground state |g) and an
excited state |e). The associated Hamiltonian is

Hyr = By lg) (9] + E |e) (¢l (4.1)

where £, is the ground state energy and FE. is the excited state energy. The
interaction between a single emitter and a single mode is described by the Jaynes-
Cummings Hamiltonian

X R 1
Hje = Hy + hw, (d*& + 5) + hg. (6'a + ga') (4.2)

In this expression, a! and @ denote the creation and annihilation operators for the
field, 67 = |e) (g| and 6 = |g) (e| serve as the raising and lowering operators for
molecular excitation, and w, represents the mode frequency.

The Jaynes-Cummings Hamiltonian is made of three terms. H); stands for the
emitter Hamiltonian. Aw,. (&Td + %) is the Hamiltonian of the quantized electromag-
netic field under the single mode approximation, its eigenstate |n) represents the
number of photons. The final term describes the light-matter interaction, allowing
the excitation or de-excitation of the emitter and the subsequent annihilation
or creation of a photon. This interaction is governed by the coupling strength

parameter g., defined as:
hw
e =\ ——€lle 4.3
9e =\ 5oy Ches (4.3)

where € is the medium permittivity, V' is the effective quantization volume, é is the
unit vector associated with the direction of the electromagnetic field mode and i,
is the transition dipole moment vector between the ground and excited state.

A non-zero g. parameter allows the emitter-mode interaction. The resulting
eigenstates mix the matter degrees of freedom and the photonic degrees of freedom,
forming hybrid states called polaritonic states or polaritons. In this context, the
matter and photonic degrees of freedom are combined in the same fashion as s and
p orbitals are[7]. The effective strength of the coupling increases with the number of
emitters coupled with the electromagnetic mode. According to the Tavis-Cummings
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model, an extension of the Jaynes-Cummings model to N emitters, the coupling
strength becomes g.v/N[39].

Traditional photochemistry in gas or liquid phase already treats a large number
of molecule variously coupled with the electromagnetic modes [8], however the
formation of polaritons cannot be measured with the traditional experimental
setups. This is due to the fact that in free space the light-matter coupling strength
is negligible, therefore the emitter states are not modified by the field mode.

To actually generate polaritonic states it is necessary to confine the field modes.
The confinement of the modes leads to a decrease of the quantization volume V'
and to a consequent increase of the coupling strength g., according to eq. (4.3).
The most common, but not unique [40], way to confine the electromagnetic field is
with a cavity of the appropriate size. Actually, the cavity is fundamental for two
reasons: i) with the cavity it is possible to select and produce one or few modes of
the quantized electromagnetic field with the desired properties [1] and ii) the small
quantization volume associated with the cavity increases the coupling strength,
leading to the formation of polaritons that can be measured distinctly.

As reported in fig. 4.1(panels a-b) mainly two types of cavities are used. Plas-
monic cavities can reach the nanometric scale and are used for single-or few-molecules
experiments [42]. Fabry-Perot cavities are larger than plasmonic cavities and used
for experiments in the collective coupling regime, that is many molecules coupled to
one or more modes [43]. Figure 4.1(panels c-d) presents a scheme of the hybridiza-
tion of the emitter and cavity energy levels. As occurs between atomic orbitals
or between electronic states in dimers, the energy levels of the field and of the
emitter hybridize, generating at least a lower polariton (LP) and an upper polariton
(UP). The splitting of a single emitter level into two polaritons clearly changes the
absorption spectrum, a single absorption peak is divided in two (panels e-f).

From this discussion it emerges that when dealing with polaritons the main
variable is the coupling strength. Based on the g. parameter and the experimental
setup the coupling can be classified as weak, gc\/N/fy < 1, or strong, gC\/N/’y >
1,being v the loss rate of the molecule or the cavity. A further classification can
be done considering also the frequency w of the cavity mode. In the ultrastrong
coupling regime 0.1 < g.vV/N J/w < 1, while in the deep strong coupling regime
geV/Njw > 1 [44].

While the Jaynes-Cummings and Tavis-Cummings models are the cornerstone
upon which the modern theory of polaritons has been built, they shows some
shortcomings in the strong coupling regime [45]. The application of the Jaynes-
Cummings model leads to an unstable light-matter system, that is there is no
proper description of the ground state. There is the necessity of a new model.

In polaritonic chemistry the popular models rely on the Pauli-Fierz Hamiltonian,
which will be briefly introduced in section 4.1.1.

4.1.1 The Pauli-Fierz Hamiltonian

Traditional cavity QED models like the Jaynes-Cummings o the Tavis-Cummings
rely on the single mode approximation and on the long wavelength approximation.
The long wavelength approximation holds if the object under consideration is much
smaller than the wavelength of the cavity mode, in polaritonic chemistry this is often
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Figure 4.1: Schematic illustrations of commonly used optical cavities in molecular
polariton research. (a) Plasmonic cavity: A single molecule coupled to a plasmonic
field. (b) Fabry—Pérot cavity: An ensemble of molecules coupled to a quantized
vacuum radiation field. In both panels, the arrows and é indicate the dominant
cavity field polarization directions that matter couple to. Panels (c¢) and (d) depict
the polariton spectrum for a single molecule coupled to cavity (depicted in panel a)
and N molecules collectively coupled to a cavity (depicted in panel b). (e) Molecular
absorption, and (f) the Polariton absorption. For a single molecule case, there is
no dark state (see panel c¢), but for the N-molecule collective coupling case, one can
observe the dark states due to their nearly zero transition dipole. Reproduced from
[41] in compliance to the CC-BY 4.0 license.
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true. The single mode approximation, as anticipated above discussing Fabry-Perot
cavities, does not describe the experiments in the collective regime, however it is
convenient to build the theory considering a single cavity mode and then extend it
later.

Under the single mode approximation, the long wavelength approximation and
after the choice of the Coulomb gauge the light-matter Hamiltonian reads [1, 46-48]

~ A\ 2 ~ ~
mAng%xm—%A)+v+mh (4.4)
This is often called the minimal coupling or the "p - A” Hamiltonian. The index j
runs over the number of particles. p; = —iAV; is the momentum operator, z; is the
charge of the j-th particle, A is the quantized vector potential operator, V describes
the potential terms between charged particles and ﬁph is the photon Hamiltonian.
In eq. (4.4) the kinetic energy of the nuclei is discarded.
The photon Hamiltonian is defined as in the Jaynes-Cummings model

N 1 1
= a0+ 3) = 5 (2 + o) (45)
where
e =\ o (@ + ) (4.6)
. = a' +a
4 2w,
and
hwe .+
De =1 5 (@' —a) (4.7)

g and p,. are called the photonic coordinate and momentum operators, respectively.
Lastly the vector potential operator is defined, under the single mode approximation,

~

A = Aqa' +a) (4.8)

/| h
Ay = & 4.
0 2wC€0Ve ( 9)

The ”p - A” Hamiltonian is the starting point for the derivation of Pauli-Fierz
Hamiltonian. For quantum chemical application it is desirable to work with a
real Hamiltonian [49], the "p - A” Hamiltonian is complex and to obtain the real
Pauli-Fierz Hamiltonian it is sufficient to apply two unitary transformations.

The first is the Power-Zienau-Wooley (PZW) gauge transformation [50, 51],
associated with the operator

U = exp [—%ﬂ : A} (4.10)

in which g is the usual dipole moment operator fr =3, 2;%;.

The application of the PZW unitary transformation, eq. (4.10), to the the "p- A”
Hamiltonian, eq. (4.4), leads to the Hamiltonian in the so-called ”dipole gauge”,
"length gauge” or d - E form [50-53].
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Hyp=UH, sU' = Hy + Hyp, + iwefe - Ag(ah — a) + %(ﬂ - Ay)? (4.11)

~

H,, is the usual electronic Hamiltonian that describes the molecular electronic
structure.

While it is important to recall that an unitary transformation does not change
the underlying physics, the PZW transformation leads to new terms that help to
clarify the nature of the model.

In the dipole gauge the Hamiltonian takes a decoupled form, easier to interpret.
The electronic Hamiltonian refers to the isolated molecule, the photonic Hamiltonian
describes a single photon in free space and the last two terms include the light-
matter interactions. The expectation value of the iw.ft - Ag(a’ — @) term is non-zero
only if the integration is carried out with two functions that are associated to
different photon numbers, mixing the electronic and photonic degrees of freedom.

The last term is commonly called dipole self-energy, “=(f1 - Ag). The dipole
self-energy arises from the polarization of the quantum field due to the permanent
molecular dipole, and the consequent interaction between the polarized mode and
the permanent dipole [41]. Neglecting the dipole self energy term leads to the loss
of the gauge invariance and may lead to numerical error in the strong, ultrastrong
and deep strong coupling regimes [41], in particular it may lead to an unstable
ground state [45].

The H,r Hamiltonian offers some valuable insights into the physics of light-
matter interactions, nevertheless it still shows some complex terms. A second
unitary transformation removes the complex terms and leads to the Pauli-Fierz
Hamiltonian in the dipole gauge [45, 53, 54]. This time the unitary transformation
operator is defined as

Uy = exp [—igfﬁd] (4.12)
The application of eq. (4.12) to eq. (4.11) leads to the Pauli-Fierz Hamiltonian,
cornerstone of molecular QED.

We

Hpp = UHypUt = H, + f{ph + Weft - Ao(dT +a) + E(ﬂ - Ap)? (4.13)

The Pauli-Fierz Hamiltonian is real. The absence of complex terms eases the
numerical procedures and the implementation in traditional quantum chemical
codes [41].

Before delving into the procedures to solve the Pauli-Fierz Hamiltonian it is
worth aligning the notation used until now to the one widely used in polaritonic
chemistry literature [53-56].

The preferred way to define the Pauli-Fierz Hamiltonian is the following:

. . a1 [We o, e A
HPF = Hel + hwc (CLT(I + 5) + %)\(M . e)(aT + CL) + ﬁ(ﬂl . 8)2 (414)

the coupling strength is now defined by the parameter A

h
A =v2w Ay =/ ——& (4.15)
€0V
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The Pauli-Fierz Hamiltonian maintains the structure (and the gauge) of the
”d - E” Hamiltonian: the first term describes the isolated molecule, the second the
isolated quantum of the field, the third the field-matter interaction and the fourth
the dipole self energy.

Equation (4.14) probably is the central equation of this chapter, since its solution
provide an accurate description of a polaritonic system.

The focus now shifts from how to define a correct Hamiltonian to how to solve the
Hamiltonian. There are two popular approaches: i) solve the electronic Hamiltonian
via an electronic structure package and then analytically solve the Pauli-Fierz
Hamiltonian through a coupled molecular-photonic basis, ii) solve directly the
Pauli-Fierz Hamiltonian including its terms in the electronic structure methods.
An excellent review that treats in detail the state of the art of the computational
methods is [41].

In the following sections some details regarding two of the various available
methods will be introduced, along with a consequent application to real molecules.

Section 4.1.2 presents an analytical method, section 4.1.3 presents a self consistent
field method.

4.1.2 Analytical Solution

In this section it is briefly presented one of the simplest approaches to solve the
Pauli-Fierz Hamiltonian. It resorts to a basis that mixes the molecular and photonic
degrees of freedom and that is ”"frozen”, not updated through a SCF procedure. It
is often called adiabatic, frozen basis or parametrized QED approach [41, 57, 58].

The first step is the definition of the basis. In this approach the Pauli-Fierz
Hamiltonian is represented in the adiabatic-Fock basis defined as

[Ya(R), ) = [¢a(R)) @ |n) (4.16)

where |1, (R)) is an adiabatic electronic state (in this case, a single or a combina-
tion of Slater determinants) and |n) is a Fock state, eigenfunction of the photon
Hamiltonian. The Pauli-Fierz Hamiltonian depends parametrically on the nu-
clear coordinates R, and so does the electronic state |1, (R)). Each Fock state is
associated with a well-defined number (n) of photons.

The minimal basis is defined with two electronic states and two photonic states;
a ground state |g), an excited state |e), the vacuum quantized field |0) and a single
photon |1). The minimal basis counts four elements

|9, 0) (4.17)
le, 0) (4.18)
9. 1) (4.19)
le, 1) (4.20)

After the definition of the basis it is necessary to compute the matrix elements
associated with eq. (4.14). Under the choice of the frozen basis the matrix elements
read [56, 59
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(Hpr)apmm = (Ya(R),n| Hpr [5(R), m)

[ o)t

/A (Hos () - €) (VMbano1 + Vi + Tonmia ) + (4.21)

+ %X" D (Bary (R) - @) (115(R) - &) b

v=1

The N electronic states are labeled by {«a, 8,7} and {n, m} label the photon number
states. It is worth recalling that if a # 3 then 4 is the transition dipole moment,
if @ = 8 then p,,4 is the permanent dipole moment.

The diagonalization of the Hamiltonian results in the polaritonic states and the
associated energies. The polaritonic states can be expressed as a linear combination
of the Kronecker product basis functions as

[Wi(R) = chnlba(R)0) (4.22)

The strength of the parametrized QED approach is its simplicity. The energies
of the electronic states and the dipole moment can be computed with any electronic
structure method and software, then the construction of the Hamiltonian matrix
and its diagonalization are straightforward. The solution is exact in the infinite
basis limit, excluding the errors due to the electronic structure method. However
the number of electronic and photonic states needed for the convergence of the
solution cannot be defined a priori, and must be tuned by the user [41].

4.1.3 SCF Solution

The second family of methods is based on a self-consistent field solution. As the
traditional electronic Hamiltonian led to a variety of electronic structure methods,
in the recent years several approaches have been presented to solve the Pauli-Fierz
Hamiltoninan in a SCF manner. Most of them leverage on the concepts introduced
in traditional electronic structure theory, adapted to the QED problem. This led
to methods like QED-HF, QED-CI, QED-CASSCF, QED-CC and QED-DFT, just
to name a few. These methods have been extended also the calculation of excited
states [60-68].

In this section the focus is only on the simplest of these method, the quantum
electrodynamics Hartree-Fock (QED-HF'), which will be applied in section 4.2.1.
From now on the treatment of the QED-HF method is mainly taken from [65].

As the canonical HF method, the QED-HF is limited to the ground state. The
main difference with respect to the parametrized QED method is the solution is
iteratively computed and updated, in order to minimize the energy. The QED-HF
method requires the choice of a basis set, whether gaussian orbitals and plane waves,
as the canonical HF.
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The main conceptual task is to extend the usual electronic wavefunction to
include the photonic degrees of freedom. The way to introduce the photonic degrees
of freedom is not unique, but the popular choice is to use coherent states [69]. The
choice of coherent states is motivated by their algebraic simplicity and by physical
intuition, they are the closest states to a classical plane wave allowed by quantum
mechanics.

Under these assumptions the polaritonic ground state ansatz, that will be
optimized through the SCF procedure, is

ah)”
’q>gl> = [@7) @ch% 0) (4.23)

The ground state ansatz is a product state between the HF ground state (which is a
Slater determinant of molecular spin orbitals, hence the need of a traditional basis
set) and a coherent state of a single cavity mode. In eq. (4.23) |0) is the photon
vacuum state of the photonic Hamiltonian (eq. (4.5)) and ¢, are the expansion
coefficients. In this context n is the number of photons in the mode.

At this point it should not be surprising that the next step is a unitary trans-
formation on the Pauli-Fierz Hamiltonian [61]. In this case the transformation
is

Uy = #4'-270 (4.24)
where
(I)HF M- L (I)HF
PR Gl B L (4.25)
2w,

After the unitary transformation the Pauli-Fierz Hamiltonian reads

1

%(A -AQ)? (4.26)

HEp = Hy + hw, (&T& + %) + \/%(A CAp)(at+a) +
with Ap = p1— <<I>H i ‘(I)H F >, which describes how the molecular dipole fluctuates
after the coupling with the field. At a first glance one of the difficult tasks is
integrating the light-matter interaction term a' + @ in a way consistent with the
gaussian basis set. However, as it is presented in [65] and later applied, the QED-HF
method is applied with a simplified ansatz, considering only the vacuum field.

’q>gl> = |®") @ [0) (4.27)

This choice leads to a simplified Fock operator

e 5nm Yo Al
Fpgm = Fygdum = =5+ [Z(A )N i) = > (N )N )| (4.28)
i J

Here the p, g indexes run over the molecular orbitals, N, is the number of occupied
orbitals, N, the number of virtual orbitals and n, m label the photonic number
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basis states (in this case it is trivial, since there is just only one photonic state).
F;é is the electronic Fock operator. Lastly, the QED-HF energy can be written as

Eorp-bvr = Egr + % <(I’HF‘ (A-6f) “DHF> = Epr + Z()\ : lJ’ij)2 (4.29)
ij
The variational minimization of the QED-HF energy can then be carried out with
any of the traditional techniques, remembering to update the Z value after each
iteration.

With respect to the parametrized QED method, the QED-HF offers a faster
calculation of the polaritonic ground state, since there is no need to explicitly
compute several electronic excited states, however the QED-HF is limited to
one polaritonic state, while the parametrized QED method can compute many
polaritonic states.

4.2 Applications

In this sections both the methods outlined in section 4.1 are applied to real
chemical systems. Several classes of systems and processes have been studied under
strong coupling conditions [70-73], however the focus is on a class of molecules that
did not receive as much attention: polyenes.

Polyenes served as a prototypical class of molecules for the development of
fundamental models in theoretical chemistry, such as frontier orbitals, Woodward-
Hoffmann rules and Hiickel model [74-77]. Even a simple particle-in-a-box model
can be applied, with some limitations, to predict the electronic properties of the
polyenes [78].

Polyenes are a popular class of molecules not only due to their simplicity but also
for the wide range of applications. They are involved in various natural processes,
such as vision and antibiotic functions [79-81]. In the last twenty years they have
been used in organic electronics, from the fabrication of sensors to light-emitting
diodes [82, 83]. The electric field, whether locally generated by the enzymatic
environment during the natural processes or externally produced in the organic
electronic applications, plays a central role.

It is tempting to extend the current knowledge to the light-matter strong
coupling scenario. In the following subsections the simplest conjugated polyenes,
butadiene and hexatriene, are studied under strong coupling conditions. In both
cases the investigation focused on the isomerization. For the butadiene it has been
applied the QED-HF method, for the hexatriene the parametrized QED method.

4.2.1 Effect of Strong Coupling on the Ground State: Butadiene

From the Pauli-Fierz Hamiltonian (eq. (4.14)) it emerges that two parameters
influence the effect of the cavity on a molecular system: the coupling strength A and
molecular orientation. The higher the coupling strength and the higher the effect of
the cavity mode on the electronic structure. The effect of the molecular orientation
is more elusive. When considering the formation of the polaritons at least three
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dipole moments must be taken into account: the permanent dipole of the ground
state, the permanent dipole of the excited state and the transition dipole moment.

To isolate the role of a single dipole moment on the energy, the investigation
is limited to the effect of the vacuum field on the ground state. The ground state
inside the cavity can be studied with the QED-HF method and the only dipole
moment that plays a role in the Hamiltonian is the permanent dipole moment of
the ground state (see eq. (4.26)).

The process under examination is the rotation around the single C-C bond of
1,3-butadiene, which leads to a s-trans to s-cis isomerization. Figure 4.2 shows a
few geometries that describe the process and the molecular orientation.

i

(a) (b)

(c) (d)

Figure 4.2: Selected conformations of 1,3-butadiene along the isomerization process.
The axes represent the molecular orientation, red: x, green: y, blue: z

The isomerization is modeled varying the central dihedral angle and freezing all
the remaining internal degrees of freedom. During the generation of the geometries
it is fundamental to maintain the molecular orientation, otherwise the effect of the
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cavity would not be comparable along the reaction coordinate. The procedure used
here can be found at ref. [84]. For instance, it is not advisable to use a relaxed scan
as it is printed by the common quantum chemical programs. The optimization is
usually carried in internal coordinates, and the molecular orientation may change
during the process. Experimentally, there are several techniques to control the
molecular orientation [42, 85, 86].

The cavity under consideration is a bimodal cavity, for which the effective

coupling strength can be computed as A¢ff = 4/ ZZ A2, Here, the effect is evaluated
on a single molecule, discarding the role of the concentration on the coupling
strength.

The effect of the cavity has been compared to an equivalent classical electric
field. To do so, the coupling strength is related to the one-photon field amplitude
(E) through

E =Xy % (4.30)
where it is assumed that the field is not position-dependent. The application of
eq. (4.30) assumes the presence of a single classical electric field mode associated
with the effective coupling strength, under this assumption when computing the am-
plitude of the associated field it follows that the two cavity modes are characterized
by the same frequency w.

Firstly, the molecular geometry has been optimized and then the central dihedral
has been modified fixing all the remaining degrees of freedom. For each geometry
produced scanning the central dihedral angle it has been performed a QED-HF
simulation and a traditional HF simulation under the effect of the classical electric
field. The calculations in the cavity environment were performed with the eT
program (version 1.9.11)[87], the calculations with the classical field were carried
out with the Gaussian 16 program [88]. All calculations were performed with the
6-31G** basis set [89-93].

The energy along the isomerization pathway in the cavity is calculated for
several \,, from 0.01 to 0.04 in steps of 0.01 (in atomic units). For the calculations
with the classical electric field the classical amplitude associated with the cavity
mode has been computed with eq. (4.30), using w = 0.01 a.u. This frequency is
associated with a wavelength of roughly 725 nm. Such a value is far from any
electronic excitation. The associated values of the electric field range from 0.001 to
0.004 in steps of 0.001 (in atomic units), that is from 0.514 V/nm to 2.057 V/nm.

The conformational isomerization of 1,3-butadiene occurs via a rotation about
the central C-C bond. Starting from the s-trans conformer, where by convention
the torsional angle is set to 0°, the rotation leads to a transition state with the
largest energy barrier, or TS1, then to the gauche conformer. The interconversion
between the two gauche conformers occurs via a lower energy transition state, or
TS2, which is the planar s-cis conformer[94]. At the s-cis conformer the angle is set
to 180°.

Figure 4.3 reports the isomerization pathways for different directions of the
cavity mode and the classical field. The molecular orientation is the one depicted in
fig. 4.2. From the graphs it appears that the molecular orientation plays a central
role, allowing a control on both the barriers. In fig. 4.3a the cavity mode is along
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Figure 4.3: Potential energy curves of the torsion of the central bond of bu-
tadiene. a) cavity modes, x-direction, b) cavity modes, y-direction, c) cavity
modes, z-direction, d) classical field, x-direction, e) classical field, y-direction,
f) classical field, z-direction. Blue: A = 0.0/E = 0.0 (free space), orange:\ =
0.01 am= 873 -108F 2m '/E = 0.001 aw= 0.514 V/nm, green:A = 0.02
an= 177 - 109F2m™1/E = 0.002 au.= 1.028 V/nm, red:A = 0.03 a.u.=
2.62 - 10¥F2m~'/E = 0.003 a.u.= 1.542 V/nm, purple:A = 0.04 a.u.= 3.49 -
109F~2m~'/E = 0.004 a.u.= 2.057 V/nm
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Figure 4.4: Potential energy curves of the torsion of the central bond of butadiene
inside the cavity. a) the direction of the molecular dipole moment vector, b)
the direction of the molecular dipole moment vector, at the origin, the field is
aligned along the eigenvector of the polarizability tensor associated with the second
lowest eigenvalue, c) the direction of the molecular dipole moment vector, at
the origin, the field is aligned along the eigenvector of the polarizability tensor
associated with the lowest eigenvalue. Blue: A = 0.0/E = 0.0 (free space),
orange:A = 0.01 a.w.=8.73 - 10¥F~2m 1 /E = 0.001 a.uw.= 0.514 V/nm, green:\ =
0.02 aw.= 1.77 - 10¥F~2m/E = 0.002 a.u.= 1.028 V/nm, red:A = 0.03 a.u.=
2.62 - 1019F_%m_1/E = 0.003 a.u.= 1.542 V/nm, purple:\ = 0.04 a.u.= 3.49 -
109F~2m~!/E = 0.004 a.u.= 2.057 V/nm

the X axis, the long molecular axis, and both the barriers are increased. In fig. 4.3b
the cavity mode is along the Y axis, the gauche-TS2 barrier is lowered and the
gauche region flattened. In fig. 4.3c¢ the cavity mode is along the Z axis, and the
s-trans/TS1 barrier is lowered while the gauche/TS2 barrier is increased. For each
molecular orientation there is a different modification of the potential energy curve.

The calculations performed with the classical electric field led to no variation of
the potential energy curves, highlighting the central role of the cavity and of the
polariton formation.

From fig. 4.3 it emerges, that the orientation plays a central role. To further
explore the effect of the orientation the molecule has been oriented such as its
dipole moment vector is aligned with the cavity modes. This setup maximizes the
light-matter coupling strength. However, in the s-trans conformation the molecular
dipole moment is zero, therefore, just for the s-trans geometry, the molecule is
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aligned with the eigenvectors of the polarizability matrix. Figure 4.4 shows how
the isomerization changes under the maximal light-matter coupling strength.

It is interesting to notice that the maximal coupling strength does not correspond
to the minimum energy path, and that the potential energy curve maintains its
topology. In figs. 4.4a and 4.4b, there is a sudden increase of the potential energy as
the cavity field is switched on close to the s-trans conformation. This conformation
has a null dipole moment, at odds with all other geometrical structures along the
isomerization pathway. It would be advisable to verify the presence of this effect
using more refined quantum chemical method, however, as it stands, the polaritonic
states of molecules with a null dipole moment can behave as on-off switches. The
molecular orientation of fig. 4.4c is significant, both the barriers are reduced and
the minima stabilized.

The effect of the cavity has been further studied considering two limit cases
and computing the variation of the electron density due to the cavity. The two
orientations considered are the ones of figs. 4.3a and 4.3c, in one case the mode is
parallel to the long molecular axis, in one case it is perpendicular to it. The change
between these orientations can increase or decrease the s-trans/TS1 barrier. The
multi-panel fig. 4.5 shows the electron density variation that occurs upon switching
on the coupling, it simply is the electron density difference between the molecule
in the cavity and in free space. For sake of clarity, the value of A\, was set to
0.04. The panels figs. 4.5a, 4.5¢ and 4.5e refer to the cavity mode along the X axis
(s-trans, s-cis and TS1), and show that there is an increase of the electron density
along the central C-C single bond, consistent with the predicted increase of of the
isomerization barrier. Similarly the panels figs. 4.5b, 4.5d and 4.5f refer to the
cavity mode along the 7 axis and show a depletion of the electron density along
the C-C bonds, and the consequent lowering of the barrier. Inspection showed that
the 7 orbitals are not affected by the cavity. In free space the barrier is due to the
breaking of the m-bonds, in the cavity there is also a strengthening or weakening of
the underlying o framework that affects the isomerization. This peculiar mechanism,
to the best of the writer’s knowledge, has no classical counterpart.

4.2.2 Formation of Polaritonic States: Hexatriene

This section extends the investigation of section 4.2.1, including the actual formation
of polaritonic states in addition to the coupling with the vacuum field.

The system under consideration is trans 1,3,5-hexatriene. The choice of this
system is due to its peculiar photophysics. In the Franck-Condon (FC) region the
first two excited states are almost degenerate and a small geometrical distortion can
lead to a conical intersection [95], affecting the deactivation of its excited states. The
two low-lying excited states are 1' B, (bright) and 2' A (dark). The energy and
properties of the excited states have been object of various theoretical and experi-
mental investigations (see [95] and references therein). Modelling the excited states
can be troublesome due to the different nature of the excited state wavefunction. In
the FC region the 1' B} is mainly described by a single HOMO/LUMO excitation,
while the 21Ag by a linear combination of a single HOMO-1/LUMO excitation,
a single HOMO/LUMO+1 excitation and a double HOMO? /LUMO? excitation.
The states have a different biradical/ionic character. To date, similar systems have
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(e) (f)

Figure 4.5: Electron density variation upon switching on the coupling A = 0.04
a.w.=3.49-10F~2m"! for (top panels) the planar s-trans and s-cis conformations
and (lower panels) TS1 and TS2. Yellow indicates regions of higher binding, blue
of lower binding. The cavity modes are oriented along the arrow: a) as fig. 4.3a; b)
as fig. 4.3a; ¢) as fig. 4.3¢; d) as fig. 4.3c; e) as fig. 4.3a; f) as fig. 4.3c
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been studied to chemical accuracy with the usage of quintuple-zeta basis sets and
coupled cluster methods with the inclusion of quadruple excitations [96]. Beyond
the complexity of the excites states in the FC region, it is of special interest the
trans-to-cis isomerization of hexatriene, used as a model for the simulations of the
vision process. The isomerization is promoted by the 11A; /1B excitation, in
fact the 1' B potential energy surface is almost flat near the FC region and shows
a minimum in correspondence of the 11Ag_ transition state. The molecule in the
1'B;f state reaches the energy minimum geometry and then decays in the 1' A TS,
overcoming the reaction barrier.

This rich photophysics makes hexatriene the ideal candidate for a study in the
strong light-matter coupling regime.

In this case the process under consideration is the rotation around the C3-
C4 double bond, which leads to a trans-to-cis isomerization. The double bond
torsion has been previously studied [97] and one of the difficulties is to correctly
describe the biradical character after the 7 bond breaking. To do it was employed a
UKS formalism coupled with the broken-symmetry procedure, at the TDA-PBE/6-
311G** level [98, 99], which nicely approximates the excitation energies [100]. The
geometry has been optimized in the FC region with the same level of theory and
the isomerization is modeled changing only the central dihedral angle, fixing all the
remaining degrees of freedom. All the calculations were performed with the ORCA
5.0.3 program system and the RIJCOSX approximation [101-106].

The central dihedral has been scanned from 0° (trans) to 180° (cis) with a 10°
step. The molecular orientation is the same for all the geometries. The rotation
around the central double C-C bond starts from the trans isomer and leads to
a transition state (TS), then to the cis isomer. The stationary points of the
isomerization curve are reported in fig. 4.6.

From the DFT calculations the energies of the states, the permanent dipoles
and the transitions dipoles were extracted, in order to employ a parametrized QED
method (section 4.1.2). The parametrized QED method allows the simulation of the
polaritonic states, beyond the vacuum fluctuations effects described by the QED-
HF method. The basis employed is made by the combinations of three electronic
states (in the FC region: 1'A_, 1'B} and 2'A}) and two photonic levels (zero
photons and one photon). Along the isomerization the nature of the electronic
states changes and so does the symmetry label. The states used for the calculation
of the polaritons are: the ground state singlet, the first bright excited singlet and
the first dark excited singlet, these states are labeled, for simplicity, as 1A, 1B and
2A respectively. The polaritons have been computed using a single mode cavity,
with cavity frequency equal to the 1A/1B transition energy in the FC region, that
is w. =H.23 eV=237.3 nm. The coupling strength A is 0.01 a.u., which corresponds
to a cavity volume of 18.6 nm?. Here, the effect is evaluated on a single molecule,
discarding the role of the concentration on the coupling strength. The investigation
has been extended to the effect of the cavity detuning, varying w. by 5% of its
original value.

Three electronic states and two photonic states form six polaritons, which are
labeled according to their energy in the FC region as PO (lowest energy), P1, P2,
P3, P4, and P5 (highest energy). Throughout this section the resulting states will
be called polaritonic states, regardless of the nature of the wavefunction, comments
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Figure 4.6: Stationary points along the isomerization potential energy curve of
trans 1,3,5-hexatriene, (a) trans isomer, (b) transition state, (c) cis isomer. The
axes represent the molecular orientation, red: x, green: y, blue: z

on the wavefunction will be reported when needed. Figure 4.7 shows the polaritonic
potential energy curves along with the reference of the electronic states in free
space. In fig. 4.7 the color is related to the highest combination coefficient of the
polaritonic state wavefunction. If the highest combination coefficient is close to 1
the polaritonic state is close to one of the basis states and the dot color is darker, if
the highest combination coefficient is close to % the polaritonic state is almost a
50/50 combination of two basis states, and the dot color is lighter.

Figure 4.7 shows that the PO is similar in energy to the 1A state. The analysis
of the wavefunction shows that the PO polariton is always ruled by the |14, 0) basis
state and, thus, its energy is only shifted by a constant quantity with respect to
the one of 1A. From the same graph it emerges that the P4 and P5 states are high
in energy with respect to the PO state, it is necessary a far ultraviolet radiation to
promote the transition to P4 and P5. For this reasons from here the discussion is
limited to P1, P2 and P3.

Figure 4.8 shows the isomerization curves of P1, P2 and P3 computed using a
value of w, resonant with the 1A/1B transition in the FC region and with a positive
and negative detuning corresponding to the 5% of the resonant value.

As expected the basis states are highly mixed near the FC region, especially
when the cavity mode is resonant with the transition (fig. 4.8a). The 2A state
does not undergo a mixing and is solely shifted in energy, this is due to the zero
transition dipole moment between the 1A and 2A state. Nevertheless the 18/2A
transition is allowed and therefore the 2A state must be included in the calculations
to correctly compute the dipole self energy. The splitting between the P1 and
P3 states is almost symmetrical with respect to P2 using a resonant frequency,
with a negative detuning both the P1 and P3 states are stabilized and with a
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Figure 4.7: Polaritonic potential energy curves. The intensity of the color is related
to the highest combination coefficient in the polaritonic state, the darker the color
the closest is the polariton to one of the basis states. Blue: PO, orange: P1, green:
P2, purple: P3, gray: P4, red: P5. Blue solid line: 1A, orange solid line: 1B, green
solid line 2A. w, =5.23 eV=237.3 nm, A\ = 0.01 a.u.

positive detuning both the P1 and P3 states are destabilized. In the neighborhood
of the TS the P1 and P3 states are almost exclusively described by the |1B,0) and
|1A, 1) basis states, due to the significant deviation of the cavity frequency from
the 1A/1B transition and to the decrease of the transition dipole moment between
the electronic states.

The stabilization of P1 eases the isomerization through the coupling-free gas-
phase mechanism, requiring less energy to promote the PO/P1 excitation.

The cavity detuning has a significant impact on the P3 isomerization barrier.
The resonant frequency leads to a 48 kcal/mol barrier (with respect to the 55
kcal/mol barrier of 1A), the negatively detuned frequency to a 44 kcal/mol barrier
and the positively detuned to a 50 kcal/mol barrier. As a further test, a 10%
negative detuning leads to a 40 kcal/mol barrier, 15 kcal/mol lower than the one of
1A. This suggests that the reactivity control goes beyond the usual resonant cavity
frequency, an opportunely tuned cavity may lead to improved catalytic effects.

Similarly to traditional photocatalysis, polaritonic catalysis has seen a important
growth due to experimental [18, 42, 107, 108] and theoretical advances [22, 109-112],
but it is effective only if the polaritonic states can be populated in some way. The
transitions between the PO and the first excited polaritons have been analyzed. An
estimate of the transition probability is the square of the transition dipole moment,
reported along the entire reaction path. The vertical excitation energies have been
computed in the FC region.

Figure 4.9 shows, on the left, the square of the transition dipole moment between
the PO polaritons and the first three excited polaritons, on the right a simulation
of the absorption spectrum in which the excitation energies are computed in the
FC region and the intensities are weighted on the square of the transition dipole
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Figure 4.8: Polaritonic potential energy curves. The intensity of the color is related
to the highest combination coefficient in the polaritonic state, the darker the color
the closest is the polariton to one of the basis states. Orange: P1, green: P2, purple:
P3. (a) w. =5.23 eV=237.3 nm resonant with the 1A/1B transition energy, (b)
we =4.96 eV=249.8 nm (negative detuning), (c¢) w. =5.49 eV=226.0 nm (positive
detuning). A = 0.01 a.u.
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Figure 4.9: Left panels: transition dipole moments squared (u?,,,) between PO and
three excited polaritonic states, right panels: corresponding absorption spectrum
from PO in the FC region. Orange: P1, green: P2, purple: P3. In the left panels the
solid orange line corresponds to 1B. In the right panels the black line is the 1A/1B
transition. (a-b) w. =5.23 eV=237.3 nm resonant with the 1A/1B transition energy,
(c-d) w, =4.96 ¢V=249.8 nm (negative detuning), (e-f) w, =5.49 eV=226.0 nm
(positive detuning). A = 0.01 a.u.



84 CHAPTER 4. POLARITONIC CHEMISTRY

moment. The peaks are fitted with an arbitrary gaussian shape.

If w,. is resonant with the 1A/1B transition energy then the PO/P1 and P0/P3
transition probabilities are equal in the FC region, the small 5% detuning leads to
large variations in the transition dipole moment easing and hindering one of the
transitions.

It is interesting to notice that, along the isomerization, the PO/P1 transition
probability rises and then goes to zero at the TS. After a small rotation the w,
becomes off resonance, leading to a P1 state dominated by the bright |1B,0) basis
state, and therefore the probability increases. Close to the TS, however, the 1B is
not bright, leading to two dark polaritonic states. This trend is verified also for
the detuned cavity frequencies. The same applies to P3: after a small rotation
it becomes dominated by the |1A, 1) basis state, which is a dark state. The P2
polariton is always described almost completely by the |2A,0) basis state, and
remains dark.

Under a resonant cavity mode the PO/P1 transition energy is shifted by 0.29eV
to 4.94¢V=251.1nm and the P0/P3 by 0.30eV to 5.53eV=224.2nm, with respect to
the gas phase transition, the peak height is identical. The shift is not symmetric
as in the Jaynes-Cummings model due to the different dipole self energy terms
implemented in the Pauli-Fierz Hamiltonian. The negative detuning shifts the
P0O/P1 excitation by 0.44eV to 4.79¢V=259.0nm and the P0/P3 by 0.19¢V to
5.42eV=228.8nm. The positive detuning shifts the PO/P1 excitation by 0.19eV
to 5.03eV=246.3nm and the P0/P3 by 0.47eV to 5.69eV=217.7nm. A detuned
frequency makes one of the two transition less probable, however both are still
allowed. The only forbidden transition is the PO/P2. The P0/P1 transition promotes
the gas-phase isomerization mechanism, through excitation in the FC region and
de-excitation near the T'S. The formation of the polaritons eases this mechanism,
lowering the excitation energy.

The large shift of the excitation energies upon small changes of the cavity mode
suggest that hexatriene may be used as a diagnostic system to evaluate the precision
and of the cavity frequency, using the free space conditions as a reference.

After studying the effect of a cavity frequency resonant with the 1A /1B transition
in the FC region (and a small detuning) it is natural to investigate the effect of a
large variation of the cavity frequency. Now, the w, frequency is taken equal to the
1A/1B transition in the TS. The polaritonic potential energy curves are reported
in fig. 4.10.

This frequency does not promote a basis states mixing, since the transition
dipole moments are close to zero near the TS geometry. Nevertheless it produces
an intersection between the P1 polariton (dominated by the |15, 0) basis, orange in
fig. 4.10) and the P3 polariton (dominated by the |1A, 1) basis, purple in fig. 4.10).
The P0/P1 and P3/P1 transitions are dipole allowed, therefore the P1 state can be
efficiently populated. The de-excitation pathways then passes through a conical
intersection, which promotes a faster trans-to-cis isomerization with respect to the
gas-phase mechanism.
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Figure 4.10: Polaritonic potential energy curves. The intensity of the color is related
to the highest combination coefficient in the polaritonic state, the darker the color
the closest is the polariton to one of the basis states. Blue: PO, orange: P1, green:
P2, purple: P3. (a) w. =1.36 eV=907.8 nm resonant with the 1A/1B transition
energy in the TS. A = 0.01 a.u.

4.3 Remarks

The formation of hybrid light-matter states, polaritons has been investigated
along the isomerization pathway of 1,3-butadiene and 1,3,5-hexatriene.

The s-trans to s-cis isomerization of butadiene has been studied using the ab
1nitio quantum electrodynamics-Hartee-Fock method, limited to the vacuum field-
ground state interaction. The results demonstrate that the molecular orientation
plays a central role in determining the effect of the cavity. Upon varying the
orientation, the isomerization barrier can be either increased or decreased. By
controlling the orientation of the molecule and the strength of the coupling, it is
possible to selectively control the isomerization pathway of 1,3-butadiene. The
cavity modes rearrange the molecular electron density, modifying the o framework
and affecting the barrier.

The trans-to-cis isomerization of hexatriene has been studied with a parametrized
QED approach, which relies on gas-phase ab initio calculations and can handle
an arbitrary number of electronic and photonic states. This approach allows
the calculation of several polaritonic states. A cavity mode resonant with the
lowest electronic transition in the Franck-Condon region leads to the formation of
polaritonic states in which the isomerization is easier. Also the absorption spectrum
is affected, with shifts of about 0.2 eV. A 5% detuning of the cavity frequency leads
to improved catalytic effects and allows the control of the position and intensity
of the spectral peaks. The usage of a completely different frequency, resonant
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with the lowest electronic transition in the transition state region leads to the
formation of an intersection between polaritonic states, which could drastically ease
the photoinduced isomerization.
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Chapter

Concluding Remarks

This thesis explored electric fields applications in chemistry, ranging from a semi-
classical description of light and matter to a fully quantum modelling of light-matter
interactions. The computational approach allowed to obtain insights into spectro-
scopic experiments and into the energetic and mechanistic effects of electric fields
on chemical reactions.

The investigation here reported has been divided into three sections, each one
corresponding to a different description of the field-matter system.

The first section studied how the formation of an electric field standing wave
affected the absorption spectrum of a sample. Matter has been described as a collec-
tion of two-level systems and the electric field as a classical wave. The application
of time-dependent perturbation theory allows artifacts due to the standing wave to
arise from first principles, and the results are in agreement with the experimental
findings. In the linear regime, transition probability significantly depends on the
distance from the reflective plate. The manipulation of the wavevectors of the
standing and propagating waves emerged as a key factor influencing the behavior
of the integrated probability. This modulation allowed to make the integrated
probability similar or divergent from the Beer-Lambert model. In the non-linear
regime the effects of the standing wave are more evident, producing regions where
the transition probability does not depend on the distance from the plate. Further
work will need to include interference effects thought to cause the shift in the
position of the peaks.

The second section introduced a model for the electrostatic catalysis of chemical
reactions. Matter has been described at an atomistic level and the electric field
is classical and static. The model provides a framework to compute the smallest
possible electric field capable of removing a reaction barrier. It overcomes the
principal limitations of traditional electrostatic catalysis models, including the
polarizability contributions and considering the effect of the field on the entire
potential energy surface, not only on stationary points. The capabilities of the
approach are demonstrated in two chemical examples: s-trans to s-cis isomerization
of a [3]Jcumulene derivative and a Huisgen cycloaddition of acetylene and fulminic
acid. The electric field eliminates the reaction barrier, with polarizability affecting
the field amplitude and direction.

The third and last section addressed polaritons, which are hybrid light-matter
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states. A correct description of polaritons requires a quantum description of both
matter and the electric field. Two approaches have been presented and applied to
simulate electronic structure in presence of strong light-matter coupling, quantum
electrodynamics Hartree-Fock (QED-HF') and a parametrized QED approach. QED-
HF has been applied to the s-trans to s-cis isomerization of 1,3-butadiene, strictly on
the ground state. Upon varying the orientation of the molecule, the isomerization
barrier can be either increased or decreased. This effect can be rationalized analyzing
the electron density; strong light-matter coupling can localize more electron density
in the region of the bond around which occurs the rotation, increasing the barrier.
The lowering of the barrier occurs with a similar electron density depletion. A
parametrized QED approach has been applied to a trans-to-cis isomerization of
1,3,5-hexatriene, considering several polaritonic states. Employing a field frequency
resonant to the lowest allowed electronic transition in the Franck-Condon region,
results in polaritonic energy curves on which the isomerization is eased. A 5%
detuning of the frequency improves the catalytic effects. The use of a frequency
resonant with the lowest electronic transition in the transition state region of the
potential energy surface leads to the formation of an intersection between polaritonic
states, which could drastically ease the photoinduced isomerization.
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