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Abstract

Metal-organic frameworks (MOFs) are hybrid porous materials composed of organic linkers and inor-
ganic metal nodes that can form networks with diverse topologies and dimensionalities. While MOFs
have been extensively studied for applications such as CO, adsorption, gas storage, catalysis, and drug
delivery, their electronic and optical properties received attention considerably later, partly due to the ini-
tial assumption that these materials were electrically insulating. More recently, different strategies have
focused on enhancing charge transfer within MOFs to explore their potential applications in sensing,
bio-imaging, and data storage. However, a systematic study of how molecular design and MOF topology
govern these properties remains limited.

The aim of this thesis is to computationally investigate the electronic and optical properties of MOFs
through two distinct design strategies: i) the incorporation of photoswitchable molecules within a paddle-
wheel-type MOF to evaluate how photoswitching modulates the electronic coupling, and ii) the incorpo-
ration of two-photon absorption (2PA) active chromophores (H4;TBAPy and H4TCPE) as organic linkers
in MOFs to study how their conformations and relative arrangements influence the 2PA response. In
the first part, the modulation of the electronic coupling upon spiropyran-to-merocyanine photoswitch-
ing is investigated by means of Density Functional Theory (DFT) and Molecular Dynamics (MD). The
results reveal average on/off conductance ratios exceeding 530 and 4200 for p- and n-type conduction, re-
spectively, with further modulation possible by functionalizing the photoswitches with electron-donating
and electron-withdrawing groups. In the second part, the 2PA cross rections of two tetratopic linkers,
H4TCPE and H4TBAPy, are studied through DFT and Time-Dependent DFT (TD-DFT) to understand
the underlying charge transfer mechanisms and identify structure-property relationships. The 2PA re-
sponse is found to be enhanced in topologies that provide large conjugation pathways, such as in NU-
901, and in frameworks where the linkers are in closer proximity, as in BaTBAPy. Furthermore, the 2PA
response was found to depend on the intrinsic nature of the linker, for instance, the flexible H4;TCPE
linker exhibits aggregation-induced emission (AIE) as well as on the type of metal node. These results
demonstrate that both strategies offer promising routes toward optically and electronically responsive
MOFs, and that the computational approach presented here can be used to accelerate the rational design

of such materials prior to synthesis.






Zusammenfassung

Metall-organische Geriistverbindungen (MOFs) sind hybride porose Materialien, die aus organischen
Linkern und anorganischen Metallknoten bestehen und Netzwerke mit vielfiltigen Topologien und Di-
mensionalitdten bilden konnen. Wihrend MOFs intensiv fiir Anwendungen wie CO;-Adsorption, Gasspe-
icherung, Katalyse und Drug Delivery untersucht wurden, riickten ihre elektronischen und optischen
Eigenschaften erst deutlich spéter in den Fokus, teilweise aufgrund der anfinglichen Annahme, dass
diese Materialien elektrisch isolierend seien. In jlingerer Zeit haben verschiedene Strategien darauf
abgezielt, den Ladungstransfer innerhalb von MOFs zu verbessern, um deren potenzielle Anwendungen
in der Sensorik, Bioimaging und Datenspeicherung zu erschlieen. Eine systematische Untersuchung
dariiber, wie molekulares Design und MOF-Topologie diese Eigenschaften bestimmen, bleibt jedoch be-
grenzt.

Das Ziel dieser Arbeit ist die computergestiitzte Untersuchung der elektronischen und optischen Eigen-
schaften von MOFs durch zwei unterschiedliche Designstrategien: i) die Einbindung photoschaltbarer
Molekiile in einen MOF vom Paddle-Wheel-Typ zur Bewertung der Ladungstransferraten, und ii) die
Einbindung von Zwei-Photonen-Absorptions (2PA)-aktiven Chromophoren (H4TBAPy und H4TCPE)
als organische Linker in MOFs, um zu untersuchen, wie deren Konformationen die 2PA-Antwort beein-
flussen. In dem ersten Teil wird die Modulation der Leitfdhigkeit beim Photoschaltvorgang von Spiropy-
ran zu Merocyanin mithilfe der Dichtefunktionaltheorie (DFT) und der Molekulardynamik (MD) un-
tersucht. Die Ergebnisse zeigen durchschnittliche Ein/Aus-Leitwert-Verhiltnisse von mehr als 530 bzw.
4200 fiir p- und n-Typ-Leitung, wobei eine weitere Modulation durch Funktionalisierung der Photoschal-
ter mit elektronendonierenden und elektronenziehenden Gruppen moglich ist. Im zweiten Teil werden
die 2PA-Eigenschaften zweier tetratopischer Linker, H4TCPE und H4TBAPYy, mittels DFT und zeitab-
hiangiger DFT (TD-DFT) untersucht, um die zugrundeliegenden Ladungstransfermechanismen zu ver-
stehen und Struktur-Eigenschafts-Beziehungen zu identifizieren. Es zeigt sich, dass die 2PA-Antwort
in Topologien verstiarkt wird, die grole Konjugationspfade bieten, wie beispielsweise NU-901, sowie
in Geriisten, in denen die Linker nédher beieinander liegen, wie in BaTBAPy. Dariiber hinaus héngt die
2PA-Antwort von der intrinsischen Natur des Linkers ab, so zeigt beispielsweise der flexible H4 TCPE-
Linker aggregationsinduzierte Emission (AIE), sowie von der Art des Metallknotens. Diese Ergebnisse
zeigen, dass beide Strategien vielversprechende Wege zu optisch und elektronisch responsiven MOFs
bieten und dass der hier vorgestellte computergestiitzte Ansatz das rationale Design solcher Materialien

vor der Synthese beschleunigen kann.
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1. Introduction

1.1. Metal-Organic Frameworks

Framework materials are structural solids that are often crystalline, porous, and characterized by lattice-
like architectures extending in one, two, or three dimensions.!!] These hybrid materials are commonly
classified according to their composition. First, framework materials consist of metal nodes connected
by organic linkers; well-known examples include metal-organic frameworks (MOFs), >3] zeolitic imida-
zolate frameworks (ZIFs),*! and surface-anchored MOFs (SURMOFs).>~7) In contrast, purely organic
frameworks do not contain metal nodes and are constructed entirely from organic building blocks linked
through covalent or non-covalent interactions. Representative examples include covalent organic frame-

works (COFs), 8191 porous aromatic frameworks (PAFs), ! and hydrogen-bonded organic frameworks

(HOFs). 112141
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Figure 1.1. Schematic overview of the structural and chemical diversity of MOFs and their representative appli-
cations in functional devices. Adapted from Ivo Stassen et al.,!'3! with permission from the Royal Society of
Chemistry, licensed under CC BY 3.0.
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Among the previously mentioned framework materials, MOFs, also known as porous coordination poly-
mers (PCPs), are among the most extensively studied since their early development in 1995. %1 MOFs are
assembled from metal ions or clusters and organic linkers (see Figure 1.1) through coordination bonds, 1!
typically involving terminal carboxylate groups, although nitrogen-based terminal groups have also been
widely employed.!”! The broad range of possible combinations between metal nodes and organic linkers
provides exceptional synthetic versatility, enabling the rational design of materials with diverse topolo-
gies, that is, different patterns of connectivity between the building units, as well as large surface areas,
tunable pore sizes, and high structural stability as visualized in Figure 1.1.1'31%1 In addition, active sites
can be incorporated into the framework, which is particularly important for catalytic applications. 2%-2!]
Many MOFs also exhibit a “breathing” effect, that is, a reversible structural expansion or contraction,
which is especially useful for gas adsorption.??! Furthermore, structural features such as framework di-
mensionality, degree of interpenetration, and rigidity strongly influence the optical properties of organic
linkers, notably in systems showing aggregation-induced emission (AIE) behavior.?>! Owing to these
features, MOFs have been widely explored for applications including gas storage, separation, ?# catal-
ysis, 29211 and drug delivery.!?>! Beyond their structural and porous characteristics, MOFs have also
attracted increasing interest as platforms for electronic and optical applications, including photolumines-
cence, ?®! sensing, 27281 magnetism, [*°! optoelectronics,?! bioimaging,*”! conductivity,*!! and energy

[32

storage. 32! Although MOFs were originally considered insulating materials, recent research has increas-

ingly focused on tailoring their electronic structure and incorporating charge-transfer-active components

to improve their conductivity. 31,3334

1.2. Electronic and Optical Properties of MOFs

From an electronic perspective, MOFs have been investigated for properties such as charge transport, 393!

redox activity,*®! and magnetism, among others.?°! In this context, electrical conductivity in MOFs can
arise either intrinsically, through the electronic structure of the framework itself,3”! or extrinsically, 3!
through the incorporation of guest species, dopants, or charge carriers that facilitate charge transport. (3]
Although ionic conductivity, including proton conduction, has been widely reported in MOFs, 39431 the
present work focuses specifically on electron conductivity in MOFs (see section 2.1). Beyond the elec-
tronic properties, MOFs are also of great interest for optical applications. Particularly, because they can
incorporate chromophores into well-defined, tunable framework environments. 4 The interactions of the
chromophores in MOFs with light have been the subject of interest because light offers a non-invasive
external stimulus that can be precisely controlled in terms of intensity, duration, and spatial localization.
Some studies have investigated how the chromophore integration into scaffolds can significantly alter
its absorption and emission maxima, *! quantum yields, *®*8) and fluorescence lifetimes*”) compared

with the behavior of the unrestricted chromophore (e.g., in solution). Moreover, MOFs allow the design

of structures that accommodate a high density of chromophores per unit cell, which may further enhance
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their optical response through cooperative intermolecular effects. For example, Collini®"! reported that
the organization of chromophores in supramolecular assemblies can enhance optical properties such as
two-photon absorption (2PA). Since the optical properties of MOFs cover a broad range of phenomena,
for the purposes of this work, the discussion is restricted to 2PA and will be described in the next chapter
(see subsection 2.2.1).

It is important to emphasize that the electronic and optical properties of MOFs are closely interconnected,
and this coupling is particularly evident in photoresponsive and optoelectronic MOFs, where light ab-
sorption can, for example, induce changes in the geometry of the chromophore, in electronic structure,
and, consequently, in charge transport behavior. Several studies have reported conduction photoswitch-
ing in MOFs, [1:31:3338] and have proposed different strategies to enhance photoresponse. This will be

discussed in subsection 1.2.1.

1.2.1. Photoswitchable Molecules in MOFs

Among photoresponsive molecules, photoswitchable molecules are of particular interest: they can re-
versibly undergo structural rearrangements upon light irradiation (e.g., photoisomerization), thereby al-
tering their electronic structure. This is illustrated in Figure 1.2, where the insets show the molecular
structure of the photoswitch in its OFF and ON states. The reversibility depends on the stability of the
photogenerated state. When the photogenerated configuration is less stable than the initial state, the
system can return to its original form upon removal of the stimulus.!! In this context, both i) thermally
reversible (T-type) and ii) photochemically reversible (P-type) photoswitches are known. > In this work,
the discussion is focused on P-type photoswitches.

The photoisomerization mechanisms of photoswitches can generally be classified into two categories:
i) (E/Z) isomerization and ii) ring-closing/ring-opening transformations. The (E/Z) isomerization in-
volves the interconversion between the E (entgegen) and Z (zusammen) configurations around a double
bond. This process does not involve bond breaking or bond formation, but rather a rearrangement of
the atomic positions around the double bond, as observed, for example, in the cis-trans isomerization
of azobenzene (AB) shown in Figure 1.3. In contrast, ring-opening/ring-closing transformations involve
bond breaking and bond formation within a molecular ring system. This type of photoisomerization
has been reported for spiropyrans (SP), diarylethenes (DAE),®3] Donor-Acceptor Stenhouse Adducts
(DASA),P¥ and related systems. >’ Among these, spiropyran is particularly relevant for this work
because its reversible transformation to the merocyanine (MC) form is accompanied by pronounced
structural and electronic changes.

Photoswitchable molecules in solution can suffer from poor solubility or aggregation, especially in po-
lar environments, which can negatively affect their absorption and emission properties and limit their
photoisomerization efficiency.®®! In the solid state, their motion is often restricted, which can hinder the
structural rearrangements required for efficient switching. % These limitations restrict the direct use

of photoswitches in electronic devices, sensors, memristors, and related technologies.
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Figure 1.2. Schematic illustration of a photoswitchable framework showing reversible light-induced modulation
of charge transport. Upon irradiation (2v), the molecular photoswitches in the material convert from an OFF state
with low conductivity (left) to an ON state with enhanced charge transport (right). The reverse process restores the
initial low-conductivity state. Reproduced from Pacheco Hernandez et al.,'’! Adv. Funct. Mater. (2025). Licensed
under CC BY 4.0.

An attractive strategy to overcome these limitations is to incorporate photoswitchable molecules into
metal-organic frameworks. The crystalline nanostructure of MOFs allows precise control over inter-
molecular distances and pore sizes, thereby reducing steric hindrance effects[®-62! and facilitating the
use of photoswitches in the solid state with improved photoconversion and without the need for sol-
vents.[®3 In addition, MOFs can be prepared either as bulk crystals or as thin films, for example, as
surface-mounted MOFs (SURMOFs), (%4 which offer different possibilities for harvesting photoswitch-
able responses. Several incorporation strategies have been reported, but they can be broadly grouped into
three categories as shown in Figure 1.3: i) incorporation as guest molecules, ii) as backbone linkers, or
iii) side groups attached to the main linker.

Photoswitchable MOFs have been investigated for applications such as controlled cargo release 63681
and gas adsorption.[%%7%! In the present work, however, the discussion is restricted to the modulation of
the electron transfer rates in SP- and MC-based MOFs; the photoisomerization process is not studied;
instead, the calculations are based on two systems, SP form and MC form, and later compared.

Several studies have examined the spectroscopic behavior of spiropyran in MOF environments. For ex-
ample, Thaggard et al.!”!! showed that sterically demanding SP derivatives can increase the photoisomer-
ization rate in rigid MOF matrices by up to three orders of magnitude compared with the same molecules

in solution. At the same time, the conversion efficiency and switching behavior strongly depend on host-
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Figure 1.3. Photoswitchable molecules are commonly incorporated into framework materials in three different
ways: (i) as backbone linkers, (ii) guest molecules, and (iii) attached to the linker. In this figure, azobenzene,
spiropyran, and diarylethene are depicted as examples, but diverse photoswitches can be incorporated. Repro-
duced from Pacheco Hernandez et al.,52 Adv. Funct. Mater. (2025). Licensed under CC BY 4.0.

guest interactions, metal-photoswitch interactions, steric constraints, and framework flexibility. [7>-74]
For instance, SP functionalization in MOF-808 demonstrated that host polarity and structural changes
influence both photoswitching efficiency and adsorption properties, with SP incorporation increasing
CO, uptake but hindering reversibility because it stabilizes within the pores.!”>! Similarly, Schwartz et
al.!3) reported reversible photoswitching for SP encapsulated in MOF-5, MIL-68(In), and MIL-68(Ga).
They concluded that the photoisomerization efficiency and kinetics depended strongly on the polarity of
the host framework.

The mode of incorporation of the photoswitch into the MOF also plays an important role in determining
the switching efficiency. Whether the photoswitch is incorporated as a guest molecule, attached to a
linker, or integrated as a backbone linker affects the degree of steric confinement, pore accessibility, and
structural flexibility. >®! For backbone linkers, photoswitches that undergo only minor structural changes
upon isomerization are generally preferred. Diarylethene-based linkers are a representative example,
because their ring-opening/ring-closing process occurs largely within the molecular plane and therefore
imposes only minimal structural distortions.®*! By contrast, photoswitches with larger geometrical re-
arrangements, such as azobenzene, often exhibit hindered cis-trans isomerization when they are directly
incorporated into the backbone linker.!”®! For this reason, photoswitches with larger structural changes
perform better when added as pendant groups to a linker!””! or incorporated as a guest molecule, %4 al-
though the latter strategy may still suffer from steric hindrance if the pores are too small to allow efficient
photoisomerization. 74!

Another important limitation in solid photoswitchable MOF:s is the penetration depth of light, which may
prevent efficient photoisomerization throughout the entire structure.!’8! In this respect, thin-film MOFs

often exhibit faster and more efficient switching than bulk materials.[”>-8%! In general, the penetration
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depth of light depends strongly on the wavelength and on the absorption coefficient of the material.
Strong absorption, particularly at the shorter wavelengths often used to trigger photoswitching, (8! re-
sults in shallower penetration depths.®?] Danowski et al. reviewed a range of photoresponsive porous
materials and pointed out that photoisomerization in bulk samples is often confined to the surface be-
cause of scattering and limited light penetration, thereby restricting switching throughout the frame-
work. (83841 One strategy proposed to address this limitation is the growth of MOFs as thin films with
controllable thickness, which improves light accessibility and can reduce steric hindrance.®3 In line
with this, Zhang et al.'¥®) demonstrated enhanced photochromic properties, reversibility, and stability in
a nitrobenzospiropyran-embedded MOF thin film. For an azobenzene-based MOF film, Jiang et al. 5!
estimated the light penetration depth, defined as the depth at which the light intensity decreases to 1/e
(approximately 37%) of its original value, to be on the order of hundreds of nanometers. Therefore,
thick MOF films, pellets, and large crystals are often photoswitched only near their outer regions, while
significant portions of the material remain in the dark state. As a result, not only the framework topology
and the photoswitch incorporation strategy, but also the final physical form of the material, determine the
light responsiveness of photoswitchable MOFs.

Among the different photoswitches explored in MOFs, spiropyran is particularly attractive for mod-
ulation of electron conductivity because the SP-to-MC transformation is accompanied by substantial
changes in molecular geometry, conjugation, and charge distribution. The closed SP form is relatively
compact and electronically less delocalized, whereas the open MC form is more extended and exhibits
enhanced m-conjugation (see Figure 3.1). These differences can affect intermolecular distances, orbital
overlap, and electronic coupling between neighboring photoswitches or linkers, which are key parame-
ters for charge hopping. For this reason, SP/MC-based MOFs constitute a particularly relevant platform

for understanding how light can reversibly modulate electron transport in framework materials.

1.2.2. Two-Photon Absorption Properties of MOFs

The interactions between light and matter in which the material response depends nonlinearly on the
intensity of the incident light are described by nonlinear optical (NLO) processes. 3’ For these types
of phenomena, usually intense laser irradiation is needed, enabling a wide range of effects, including
multiphoton absorption (MPA),#8] multiphoton-excited fluorescence (MPEF),#! and frequency upcon-
version processes such as second- and third-harmonic generation, among others. 8]

When two or more photons of the same or different wavelengths are absorbed to populate an excited state
of a material, the process is referred to as multiphoton absorption (MPA). After excitation, the system
may subsequently relax either by emitting light®! or via nonradiative decay pathways.®!! Although
MPA can occur over a wide range of excitation wavelengths, it is most commonly studied using long-
wavelength radiation, as this enables deeper light penetration into the material, reduces scattering effects,

provides more precise control over the excitation volume, and minimizes photodamage. %921
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For these reasons, materials exhibiting MPA properties are actively investigated for a variety of ap-
plications, particularly in biomedical imaging,®*?3 as well as in three-dimensional optical data stor-
age, long-range telecommunications, and advanced anticounterfeiting technologies, among others. [*+%3]
Among MPA processes, 2PA corresponds to the transition of a material from the ground state to an
excited state through the simultaneous absorption of two photons. This optical process is mediated by
a virtual intermediate state. Its probability scales quadratically with the light intensity, allowing ac-
cess to excited states that are weakly accessible or inaccessible under one-photon excitation.!3”] The
strength of this process in a material is commonly expressed in Goppert-Mayer units (GM), where
1 GM = 107" cm* smolecule™! photon™!, 87! and is referred to as the 2PA cross section. Some stud-
ies also report the 2PA action cross-section, defined as the product of the absorption cross-section and
the fluorescence quantum yield.

Larger 2PA cross sections are typically observed in molecules or materials that combine i) extended -
conjugation, (! ii) intramolecular charge transfer (IntraCT) character, (83791 and iii) high hyperpolariz-
abilities. °”1%1 Extended 7-conjugation promotes delocalization and mobility of the electrons across the
molecule or material, which favors the nonlinear optical response. In addition, IntraCT character can fur-
ther enhance 2PA by increasing the change in polarizability upon excitation and by strengthening dipole
coupling through low-lying charge-transfer intermediate states. As a result, aromatic molecules con-
nected by conjugated bridges are commonly considered.*>!%!) Based on these observations, it has been
possible over the years to design and synthesize organic molecules with increasingly large molecular
2PA cross sections, improving from typical values of about 1-10> GM to values exceeding 10° GM. !
Some chromophores exhibit AIE, a phenomenon linked to enhanced 2PA cross sections. This behavior
is especially relevant for structurally flexible chromophores that undergo significant nonradiative decay
in solution. Upon aggregation, restricted intramolecular motions suppress these nonradiative pathways,
enabling more efficient 2PA harvesting.[!0%103] Aggregation can further enhance 2PA by promoting ex-
tended conjugation between chromophores, increasing their collective polarizability, and facilitating in-
termolecular charge redistribution. These effects strengthen dipole coupling and can give rise to both
intramolecular and intermolecular CT,[!%+105] both of which are known to amplify the 2PA response.
In contrast, for rigid planar chromophores, specific conformations within aggregates can either enhance
(J-aggregates) or quench (H-aggregates) the emission (see Figure 1.4), and have similarly been linked
to modulation of the 2PA response. H-aggregates in particular, promote nonradiative decay leading to
aggregation-caused quenching (ACQ). "% Consequently, developing strategies to increase the local con-
centration of 2PA-active moieties within well-defined, tunable structures while suppressing quenching
pathways remains an active area of research.

In this context, immobilizing 2PA chromophores as photoactive linkers in ordered lattices, such as MOFs,
enables high chromophore density and controlled alignment and spacing. This strategy has been shown
to produce cross sections as high as 10’ GM, 198 being particularly relevant for AIE-active linkers such
as the H4yTCPE 1191 {inker studied here.
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Figure 1.4. Schematic representation of excited state energy splitting for different molecular aggregate types (J-,
H-, X-aggregates, and AIE). Reproduced from Ma et al.,!'%7! with permission from John Wiley & Sons, 2021.
Licensed under CC BY.

1.3. Research Gap

Despite the growing interest in multifunctional MOFs, important questions remain insufficiently ex-
plored.

First, incorporating a photoswitchable molecule, such as spiropyran, into a MOF could enable a switch
from a non-conductive (off) to a conductive (on) MOF. If such a change is possible, it remains un-
clear whether the electronic coupling differs significantly between the SP and MC forms, and whether
functionalization of the photoswitch with electron-donating or electron-withdrawing substituents can
modulate the electronic coupling. To date, no study has systematically addressed these questions for
paddle-wheel MOFs in which SP/MC units are attached to the MOF backbone linker.

A second important concern is how the structural constraint imposed by MOFs can modify the electronic
environment and modulate the 2PA response of 2PA active chromophores. To the best of our knowl-
edge, no systematic investigation has examined how linker conformation and relative arrangement, es-
pecially determined by the intrinsic nature of the linker, whether it is flexible as in H4TCPE or rigid as
in H4TBAPy can affect the resulting 2PA cross-section and the associated changes in electronic density
distribution. More specifically, for HyTBAPy, no study has addressed how incorporation into different
MOF topologies modulates its 2PA activity, while for H4TCPE, despite being among the most stud-
ied NLO-active linkers, no work has combined controlled aggregation models with electronic-structure

analysis to establish how aggregation type governs its 2PA response.

1.4. General Objective

The main objective of this thesis is to investigate two structure-property relationships in MOFs through
computational modeling, specifically DFT, TD-DFT, and MD. First, we examine how the incorporation
of SP/MC photoswitchable units into a MOF affects electronic coupling, and whether the photoswitch-



1.4. General Objective

ing can drive a transition between distinct conductive states. Second, we study how the conformation
and relative arrangements adopted by two different 2PA-active chromophores (H4 TCPE and H;TBAPy)

within a MOF environment governs their 2PA cross-section.

1.4.1. Specific Objectives for the Electronic Properties

With respect to the electronic properties of MOFs, this thesis focuses on understanding the electronic

coupling in frameworks containing photoswitchable linkers. The specific objectives are:

1. To construct in silico MOF models attaching photoswitchable spiropyran to the linker backbone

as well as its photoisomerized merocyanine form.

2. To investigate the structural dynamics of the MOF in the spiropyran and merocyanine state by

means of MD simulations to identify relevant conformations.

3. To extract representative conformations from the MD trajectories for subsequent electronic-structure

analysis.
4. To evaluate the electronic coupling between neighboring fragments (SP-SP and MC-MC).
5. To identify which structural arrangements and photoisomeric states provide the highest electronic
coupling.
1.4.2. Specific Objectives for the Optical Properties

With respect to the optical properties, this thesis focuses on nonlinear optical behavior, particularly in the
2PA response, and on establishing structure-property relationships in MOF-based systems. The specific

objectives are:
1. To evaluate the 1PA and 2PA properties of the isolated monomers (H4 TCPE and HsTBAPYy).

2. To investigate the 2PA response of dimer models in different relative conformations and packing

arrangements.

3. To determine which intermolecular conformations and structural parameters are associated with

enhanced 2PA response.

4. To analyze charge-transfer pathways in experimentally synthesized MOFs (H4TBAPy-based) in

order to rationalize their optical response.

5. To identify promising structural arrangements in hypothetical or not-yet-synthesized MOFs (H4 TCPE-

based) that may exhibit improved nonlinear optical properties.

6. To establish structure-property relationships that can guide the future design of MOFs with en-

hanced 2PA performance.
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2. Theoretical Background

2.1. Electronic Properties

Conductivity in photoswitchable MOFs is a topic where electronic and optical properties are well cou-
pled. However, the project photoswitching conductivity in spiropyran-based MOFs is discussed in the
context of electronic properties rather than optical ones. This is because, for this project, we calculate
only the electronic coupling and electron-transfer rates for two separate systems (SP and MC), leaving
the photoisomerization process outside the scope of this study and assuming complete conversion from
SP to MC. In the following subsections, conductivity, transport mechanisms, and the methods to calculate

the charge transfer rates in photoswitchable MOFs are described.

2.1.1. Conductivity and Transport Mechanisms

As mentioned in the previous section (see section 1.2), MOFs can be either intrinsically or extrinsically
conductive. At the same time, MOFs can exhibit different charge transport pathways. The pathways
can be broadly simplified into two main types: i) through-bond and ii) through-space transport.!!l Al-
though some reviews classify charge transport into several categories, such as guest-promoted transport,
hopping, through-space, through-bond, and extended conjugation. ?°!

In i) through-bond transport, charge carriers move along continuous chains of chemical bonds connecting
the building units of the framework. In ii) through-space transport, the transfer occurs between nearby
units without a direct bonded pathway, mainly through orbital overlap, -7 stacking, or other weak
intermolecular interactions. Depending on the type of charge carrier, transport can be classified as p-
type (hole transport) or n-type (electron transport). In p-type conduction, the mobile carrier is a hole,
corresponding to the absence of an electron. As electrons hop between neighboring occupied states,
the hole effectively propagates through the material, which is commonly described as HOMO-HOMO
hopping or hole transfer through HOMO-derived states. In contrast, n-type conduction involves the
transport of electrons between neighboring unoccupied states and is commonly described as LUMO-
LUMO hopping or electron transfer through LUMO-derived states.[!1°]

More generally, the transport of charge in MOFs can be described in terms of two principal mechanisms:
1) band-like conduction and ii) hopping conduction. In addition, an intermediate transient regime has
also been proposed, lying at the boundary between localized hopping and fully delocalized transport. In
this dynamically disordered and partially coherent regime, charge carriers are transiently localized by

molecular fluctuations while still retaining some degree of delocalized character. 112 In i) band-like

11
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Figure 2.1. Schematic illustration of a) band-like and b) hopping transport mechanisms. Left: in the adiabatic
regime with strong electronic coupling (solid curves), charge carriers are delocalized over multiple sites and
move coherently through extended electronic states, as indicated by the blue arrows. Right: hopping between the
diabatic potential energy surfaces (dashed curves) of the initial and final localized sites is shown. The microscopic
parameters governing the charge-transfer rate in the weak-coupling regime are included for clarity and discussed in
the text. The energy difference between hopping sites is neglected. Green arrows schematically indicate hopping
within the MOF material. Reproduced from Pacheco Hernandez et al.,’?) Adv. Funct. Mater. (2025). Licensed
under CC BY 4.0.
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transport, the charge move through continuous energy bands and the charge carriers are delocalized over
the material, allowing nearly barrierless motion, as illustrated in Figure 2.1 (left). This mechanism is
generally associated with high electrical conductivity. However, it is relatively rare in MOFs and is typ-
ically observed only in frameworks with favorable topologies and chemical compositions, for example,
certain 2D MOFs and COFs. 331131141 In contrast, ii) hopping transport occurs between localized sites
and requires overcoming an activation barrier for charge transfer from one site to another. This process
depends on the energy difference between the localized states and on the reorganization energy, A, re-
quired to reorganize the molecular or lattice environment, for example, through vibrational motions, see
Figure 2.1 (right). The mechanism can be represented by parabolic potential energy surfaces (PESs) for
the initial and final states, where the reorganization energy corresponds to the energetic cost of structural
relaxation and the intersection region determines the probability of electron transfer. In this case, the
strength of the interaction between neighboring sites, commonly described by the electronic coupling J,
is a key parameter controlling the hopping rate. Stronger coupling generally increases the probability of
charge transfer at the intersection of the two PESs. In the weak-coupling regime, where electron trans-
fer is slower than nuclear motion, the charge remains localized and transfers by hopping after nuclear
reorganization. Under these conditions, the charge-transfer rate depends quadratically on the electronic
coupling. This framework is commonly described by Marcus theory, which is widely used to rationalize

hopping transport in framework materials.[!1?]

2.1.2. Hopping Mechanism: Marcus Theory

The hopping of charge carriers between localized states is widely accepted for most of the conduc-
tive MOFs, with only a few examples of band-like mechanism reported, especially for COFs or 2D
MOFs. 39331 Some theories employed to quantify the hopping rates are Miller-Abrahams!!'3! and Mar-
cus, %1 among others. Here, we focus on the Marcus theory to calculate the hopping rates between
neighboring organic linkers within MOF as it explicitly accounts for nuclear reorganization upon charge
transfer, which Miller-Abrahams theory neglects, since it was developed for rigid inorganic semiconduc-
tors where nuclear reorganization is minimal.

Rudolph A. Marcus developed a theory in the 50’s to explain electron-transfer rates in reactions. Initially,
the theory was developed for electron-transfer reactions in solution. The main idea is that for an electron
to be transferred, it is necessary: i) molecules (or any reactant) must be sufficiently close so that their
electronic orbitals overlap, and ii) the nuclear coordinates of the system must fluctuate to a configuration
where energy is conserved during the transfer. These nuclear coordinates include the vibrational modes
of the reactants and the orientational coordinates of the surrounding solvent molecules, both of which
respond to changes in the charge distribution upon electron transfer. The potential energy of the entire
system (molecules, reactants, and the surrounding medium) defines a multidimensional surface as a
function of all nuclear coordinates. A one-dimensional profile is shown in Figure 2.2, where R and P

are the reactant and product, respectively. Because electron transfer is much faster than nuclear motion
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(as the electron mass is negligible compared to that of the nuclei), the Franck-Condon principle applies:
transfer can only occur at nuclear configurations where the potential energy of the reactant surface equals
that of the product surface, i.e., at their intersection (point B in Figure 2.2). The system reaches this

intersection through thermal fluctuations away from the R minimum.

POTENTIAL ENERGY Upyc|

NUCLEAR COORDINATES

Figure 2.2. Profile of the many-dimensional potential energy surface of reactants plus surrounding medium (R) and
products plus medium (P). Points A and C denote equilibrium nuclear configurations of reactants and products,
respectively; B denotes the nuclear configuration at the intersection of the two surfaces. Dotted lines indicate the
splitting due to electronic coupling between reactants. Reproduced from Marcus and Sutin, !'%! Biochim. Biophys.
Acta 811, 265-322 (1985), with permission from Elsevier.

The probability of going from the R to the P upon reaching the intersection B depends on the degree
of electronic coupling (i.e., extent of orbital overlap), which in turn depends on the separation distance
r of the reactants or, more precisely, on the dominant range of separation distances contributing to the
reaction. In the classical adiabatic limit, where the coupling is strong, the transmission coefficient x ~ 1
and every passage through the intersection results in a successful electron transfer. The rate constant is

then governed entirely by the free energy of activation AG™ as shown in Equation 2.1:

AG*
k =xAc*exp |- : 2.1
I o
where Ao? is a pre-exponential factor with dimensions of collision frequency, o is the average center-to-
center distance in the reacting pair during the electron transfer, and AG™ is related to the reorganization

energy (1) and the standard free energy of reaction AG? as described by Equation 2.2:

A(. AG\?

In Equation 2.1, the nuclear motion was treated classically. For reactions with weak electronic coupling,
where « < 1, a quantum mechanical treatment to obtain the electron transfer rates at fixed separation

distance r is given by:

14
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(AG+2)?
4ART

_2r 5

=~ His , (2.3)

exp|—
(47ART)'/?

where Hagp is the electronic coupling matrix element and A = A + 4; is the total reorganization energy
comprising outer-sphere (dg) and inner-sphere (4;) contributions. In chapter 3, this expression is em-
ployed in an equivalent form in which Hag is denoted J; s and the thermal prefactor is expressed using

the Boltzmann constant kg rather than the molar gas constant R, related by R = Naks.

2.2. Optical Properties

Nonlinear optical properties have been investigated in MOFs for applications including biomedical imag-
ing, (81 optical data storage,!!'”! optical nanoprinting!'!8! and long-range optical communications, 1]
among others. In this project, we focus especially on the two-photon absorption properties in metal-

organic frameworks.

2.2.1. Two-Photon Absorption (2PA)

Photons are massless and chargeless particles of light that travel at the speed of light in vacuum, carry
electromagnetic force, and exhibit wave-particle duality. The interaction between photons and molecules
(or atoms) leads to an exchange between radiation and matter, which can be described as the absorption or
emission of photons. Initially, only the one-photon absorption (1PA) or emission process was considered:
a molecule (or atom) absorbs a photon from the incident light and simultaneously undergoes a transition
to a higher energy level, or conversely, the molecule emits a photon when a transition from a higher to
a lower energy level occurs. Maria Goppert-Mayer, in her doctoral dissertation in 1931,1%%1 proposed
for the first time the concept of two-photon absorption. She predicted theoretically that a simultaneous
2PA process should also lead to a transition from a lower to a higher energy level in atoms or molecules
via a virtual intermediate state (see Figure 2.3). Thirty years later, in 1961, after the invention of the first
laser device, her theory was experimentally confirmed by Kaiser and Garrett.!'?!] Since then, research
has continued, and it is now possible to observe three-photon absorption (3PA), four-photon absorption
(4PA), and even higher-order multiphoton excitation processes.

In order to achieve higher-order multiphoton excitation, a high local intensity of the incident light (on
the order of MW/cm?-GW/cm?) is required.®>! The selection rules and pathways of the transitions
upon multiphoton excitation can differ from those established for 1PA. In centrosymmetric molecules,
for instance, states that are one-photon allowed are two-photon forbidden and vice versa, because 2PA
requires the initial and final states to share the same parity. However, in non-centrosymmetric molecules,
these parity-based selection rules no longer apply. The advantages of multiphoton absorption over 1PA
include: i) the use of longer wavelengths (lower-energy photons), enabling access to excited states that

may be inaccessible through 1PA due to different selection rules, ii) reduced photodamage and photo-
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1PA 2PA

So So

Figure 2.3. Simplified Jablonski diagram illustrating one-photon absorption (1PA, left) and two-photon absorption
(2PA, right). In the 2PA process, two photons are absorbed simultaneously via a virtual intermediate state. The
accessible excited states differ depending on the molecule’s centrosymmetry.

bleaching outside the focal volume because lower-energy photons are less strongly absorbed, and (iii)
deeper light penetration into materials and biological tissues due to the lower scattering and absorption

of near-infrared light.

When an electromagnetic field interacts with a material, the induced polarization vector P describes the
collective response of the medium. In the case of applying a weak light field from an incoherent light
source, P is linearly proportional to the applied electric field E. If this field is a monochromatic wave

with angular frequency w, the linear case reads:
P(w) =P (w) = 9 xV(0) E(w), (2.4)

where y (! (w) is the first-order (linear) susceptibility of a given medium and & is the permittivity. In
general, y!) (w) has the form of a second-rank tensor, where its real part determines the refractive index
of the medium, while its imaginary part can be used to describe linear (one-photon) absorption.

In nonlinear optics, the optical response can be described as a generalization of Equation 2.4:
P(w) =P (0) +P® (0) +PO) (w) +---

=& [X(l) () E(w) +x® (0,0, ~0) E(w) E(w) E* (w) (2.5)
+ (w0, -0, w,-w) E(w) l_*':'(u)) E* (w) ﬁ(w) £ (w)+-- ] ,
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where E* (w) is the complex conjugate of the electric-field function E(w) of the applied light wave. Note
that only odd-order terms appear in Equation 2.5 because the even-order susceptibilities, such as y %)
(responsible for processes like second-harmonic generation), vanish in centrosymmetric and isotropic
media by symmetry. The third-order nonlinear susceptibility y ) (w,w,-w) is, in general, a complex
fourth-rank tensor. Its real part describes the induced refractive-index change as a function of light in-
tensity, while its imaginary part can be used to phenomenologically describe the 2PA process, which is
central to this work. Similarly, the fifth-order term y ) and higher-order susceptibilities correspond to
higher-order multiphoton absorption processes such as 3PA and beyond. However, they are not discussed
here. Third-order nonlinear optical interactions (described by x®)) can occur in both centrosymmetric
and non-centrosymmetric media. The 2PA is a third-order nonlinear optical process, where the probabil-
ity that a molecule simultaneously absorbs two photons to reach an excited state (mediated by a virtual
state) scales quadratically with laser intensity.['??! The imaginary part of the third-order susceptibility
¥ @ is related to the two-photon transition amplitude tensor S, whose components Sg;, can be evalu-
ated via the quadratic response function of the electron density (see subsubsection 2.3.2).1231 Although
alternative approaches exist, such as the sum-over-states (SOS) formalism,!?* the TD-DFT quadratic
response method (see subsection 2.3.2), implemented in TURBOMOLE, offers a balance between com-

putational efficiency and accuracy suitable for the molecular sizes considered in this work.

2.3. Theoretical Calculations

The structural complexity and chemical versatility of MOFs pose significant challenges for computa-
tional modeling. Their periodic crystalline framework, combined with large unit cells and the presence
of open metal sites and flexible organic linkers, demands methods that can accurately describe both
electronic structure and dynamical behavior at a reasonable computational cost. DFT has become the
standard approach for ground-state electronic structure calculations in periodic systems, providing a bal-
ance between accuracy and tractability that higher-level methods, such as coupled-cluster theory, cannot
offer for systems of this size. For the investigation of excited-state properties relevant to multipho-
ton absorption or emission, TD-DFT has proven to be a good approach. Complementarily, molecular
dynamics (MD) simulations allow the study of thermodynamic and kinetic properties such as gas ad-
sorption, diffusion, and structural flexibility, which are central to MOF applications (e.g., in gas storage
and separation). However, in this work (see chapter 3), MD is used to study the dynamics of the linkers
within the MOF. The following subsections describe each of the methods used to study the electronic

and optical properties of MOFs, especially relevant in this work.
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2.3.1. Density Functional Theory (DFT)
Many-Body Schroédinger Equation

Before starting the DFT section, it is important to explain (in short) the Schrodinger equation. More
precisely, the time-independent, non-relativistic Schrédinger equation, which is written in its compact

form as:

HY =EVY, (2.6)

where H is the Hamiltonian operator, ¥ is the wavefunction, and E is the energy eigenvalue. For a
molecule with n electrons and N atomic nuclei, the Hamiltonian operator consists of the kinetic energy
of the nuclei (7') and electrons (7',), as well as the nucleus-nucleus (V y ), nucleus-electron (V n.),

and electron-electron Coulomb interactions (V)

I:I=Te +TN +VNN +VN€ +Vee (27)
It can be also described as follows:
n N N N N n n n
A 1 1 Ay Z1Zy Zr 1
H=—-—- A ——= —+ - —+ — (2.8)

where n and N are the number of electrons and nuclei, respectively; i and j denote electron indices,
whereas I and J denote nuclear indices; m; is the mass of nucleus I, Z; is the atomic number (nuclear
charge) of nucleus /, A; and Ay are the Laplacian operators acting on the electronic and nuclear coordi-
nates, respectively, r;; is the distance between electrons i and j, ry; is the distance between nucleus I and
electron i, and r;; is the distance between nuclei / and J.

The Hamiltonian operator can be simplified by decoupling the nuclear and electronic terms. This ap-
proach is known as the Born-Oppenheimer approximation. This approximation is physically motivated
by the large mass difference between nuclei and electrons. For example, even the lightest nucleus (the
proton) is approximately 1,800 times heavier than an electron, and for carbon this ratio exceeds 20,000
times.!!>3] As a consequence, nuclei move more slowly than electrons. From the electrons’ perspective,
the nuclei appear to be stationary. This allows the total wavefunction to be separated into nuclear and
electronic contributions, and the nuclear kinetic energy to be neglected (7') in the electronic problem,

while the nucleus-nucleus repulsion V yn is considered as a constant.

Born-Oppenheimer Approximation

Considering this approach, the Equation 2.6 takes the form of the electronic Schrédinger equation:

ﬂelwel = Eelwel (29)
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reducing the Hamiltonian shown in Equation 2.7 and Equation 2.8 to:

He=Te+Vne+Vee (2.10)

R 1 & N n Zr 1
HEZZ_EZAi_ZI:Zr_”-FZ;E 2.11)
Within the Born-Oppenheimer approximation, the electronic Schrodinger equation can be solved exactly
for single-electron systems (e.g., the hydrogen atom). Many-particle systems with multiple electrons,
however, can only be described approximately due to electron-electron interactions. For this reason,

the Hartree product approximates the full wave function as a product of individual one-electron wave

functions, as shown in Equation 2.12;1126]

W~ g (r)ya(r2) ¥ (ry), (2.12)

However, the Hartree product approach is an approximation in which the electron-electron interaction
is not accurately described. It assumes that electrons behave as independent particles, meaning that the
motion of one electron is not explicitly influenced by the instantaneous positions of the others. Second,
the Hartree product does not satisfy the antisymmetry requirement imposed by the Pauli exclusion prin-
ciple, which states that the total wavefunction must change sign upon exchange of any two electrons.

Both shortcomings are addressed by expressing the total wavefunction as a Slater determinant (®):

yi(ry)  Yo(ry) - yn(ry)

1 (Y1) ya(r2) - Yn(r2)
b= 2.13
VNT| : . : (2.13)

yi(ry) Yo(ry) -+ Yn(ry)

The # prefactor ensures normalization. By construction, swapping two electrons (rows) or two orbitals
(columns) changes the sign of the determinant, satisfying the antisymmetry requirement of the Pauli
exclusion principle.[!?7]

An approach to systematically improve the approximation to the true ground state is by applying the
variational principle, which states that the expected energy (E) of any guessed (trial) wavefunction ¥ is
always greater than or equal to the true ground state energy Ey of the system:[1>]
(E)chl—szo, (2.14)

(YY)

where equality holds if and only if ¥ is identical to the exact wavefunction Wy. This provides a prac-
tical optimization strategy by systematically varying the trial wavefunction to minimize (E), thereby
approaching the true ground-state energy. In the Hartree-Fock method, which won’t be fully described

here, this minimization is carried out iteratively through a Self-Consistent Field (SCF) procedure, yield-
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ing effective single-particle equations. However, HF neglects electron correlation entirely, motivating

the development of DFT as a more complete and computationally tractable alternative.

DFT: Hohenberg-Kohn Theorems

The concept of a functional is central to DFT, while a function takes a number as input and returns a
number (e.g., f(x) = x*+1), a functional takes an entire function as input and returns a number. The
total energy E[p] is a functional of the electron density p(r), which is where the name density functional
theory comes from. DFT is built on two theorems proved by Hohenberg and Kohn in 1964, [12]

The first Hohenberg-Kohn theorem (HK1) states that the external potential, and hence the total energy,
is a unique functional of the ground-state electron density p(r). Knowing p(r) is therefore sufficient to
determine all ground-state properties of the system.>>1271 The second theorem (HK2) connects DFT
to the variational principle (briefly mentioned in the previous subsection): the electron density that min-
imizes the total energy functional is the true ground-state density, providing a practical prescription to
find the ground-state solution by minimizing E[p].

The significance of working with p(r) becomes clear when compared to the many-body wavefunction
Y(ry,ro,...,ry), which depends on 3N spatial coordinates in addition to the spin coordinate for each
electron, and therefore grows unmanageably for systems with many electrons. The electron density,

formally defined as: (!>

p(r):N/---/|‘P(x1,X2,...,XN)lzdsldxz---dXN, (2.15)

where x;=(r;,s;) denotes the combined spin and spatial coordinates of electron i, always depends on
only three spatial coordinates regardless of system size, with boundary conditions p(r — o) = 0 and
f p(r)dr=N.

Unfortunately, while HK1 rigorously proves that such an exact energy functional exists, the theorems
say nothing about its actual form. In practice, this exact functional remains unknown, meaning that ev-
ery DFT calculation carries an intrinsic approximation whose magnitude cannot be derived from first
principles and must instead be assessed through comparison with experimental data or higher-level cal-

culations.

The Kohn-Sham Formalism

The universal functional F[p] contains two unknown contributions: the kinetic energy of the electrons
and the non-classical electron-electron interactions. Early attempts to approximate the kinetic energy
directly from the density, such as the Thomas-Fermi model, proved too inaccurate.!'?>! Kohn and Sham
resolved this by introducing the non-interacting reference system: a hypothetical system of electrons
that do not repel each other, but are constrained to produce exactly the same electron density as the real,

interacting system. Because this reference system has no electron-electron interactions, its kinetic energy
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can be computed exactly using orbitals. In other words, this is analogous to the one-electron functions
in Hartree-Fock theory. The small difference between this reference kinetic energy and the true kinetic
energy, along with all remaining non-classical electron-electron effects, is collected into a single term:
the exchange-correlation energy Exc[p].

Following Sholl and Steckel!!'?’! a useful way to write the functional described by the Hohenberg-Kohn
theorem is in terms of the single-electron wave functions (see Equation 2.17), ¥;(r). Keeping in mind

that is for practical purposes, since the electron density is constructed from them as:

p(r) = ZZ i (1) 2, (2.16)

where the factor of 2 accounts for the double occupancy of each spatial orbital by electrons of opposite

spin. Therefore, E [{i;}] is equivalent to E[p].

E[{Wt}] :Eknown[{‘rl/i}] +Exc[{¢’i}] (2.17)

The Exnown part, includes four contributions:

Exnown [ {U}] = Z / IV dr + / V(r) p(x) dr+~ // L (|r)_plf,1|' Brd +En  (2.18)

first, the electron kinetic energies, then the Coulomb interactions between the electrons and the nuclei,
the Coulomb interactions between pairs of electrons, and the Coulomb interactions between pairs of
nuclei.

The Exc[{¢i}] from Equation 2.17 (also written as Ex.[p]) is the exchange and correlation functional
and includes all the quantum-mechanical effects that are not considered in the known part. Kohn-Sham
demonstrated that the problem of finding the correct electron density can be formulated as solving a set

of equations, each involving a single electron.[1%7]

SV 4V () + Vo) | 0) = o), 2.19)

where V(r) is the electron-nuclear attraction, Vg (r) is the Hartree potential describing the classical
Coulomb repulsion between electrons, and Vi (r) is the exchange-correlation potential, which have the

form:

Exc[p]
dp(r)

Since Vg and Vi, both depend on the electron density, which itself depends on the orbitals ¢;, these

Ve (I’) =

(2.20)

equations must be solved self-consistently. This is done iteratively, following four steps: 17!
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1. Define an initial trial electron density p(r).
2. Solve the Kohn-Sham equations to obtain the single-particle wave functions y;(r).
3. Compute a new electron density from the updated orbitals: p(r) =2 3; [, (r)]>.

4. Compare the new density with the previous one. If converged, compute the total energy; otherwise

update p(r) and return to step 2.

The only term that cannot be treated exactly is Ex.[p], whose approximation is the central challenge of

practical DFT and the subject of the following section.

Exchange-Correlation Functionals

The only term in the Kohn-Sham energy functional that cannot be treated exactly is the exchange-
correlation energy Ex.[p]. The Hohenberg-Kohn theorem says it exists but the true form of the functional
is not known (only for the ideal theoretical model "the uniform electron gas").!'?’! This has motivated
the development of approximations in the quantum chemistry community. A common graphical repre-
sentation of increasing sophistication, is the Jacob’s ladder of density functional approximations, 128!
climbing from the simplest local approximations toward the yet-unreached limit of chemical accuracy,
(see Figure 2.4).

As visualized in Figure 2.4, the simplest approximation is the Local Density Approximation (LDA),
which assumes that Ex.[p] at each point in space depends only on the local electron density at that point,
treating it locally. Its spin-polarized extension, the Local Spin Density Approximation (LSDA), is analo-
gous to the Unrestricted Hartree-Fock (UHF) method for the treatment of the spin. LSDA assigns elec-
trons to spin-up and spin-down states in different spatial KS orbitals (each with its own electron density
function), which can handle systems with one or more unpaired electrons.!!?8! While LDA and LSDA
provide a practical starting point, their accuracy is limited for inhomogeneous systems with strongly
varying electron densities.

A systematic improvement and one of the most employed Ex. [ 0] approximations is the Generalized Gra-
dient Approximation (GGA), which incorporates not only the local electron density but also its gradient
Vp(r), thereby accounting for spatial variations in the density. Widely used GGA functionals include
PBE and BLYP.!"?8] The next rung, meta-GGA (mGGA), further extends this by including the kinetic
energy density, 7(r) = %Zi |V (r)|?, of the Kohn-Sham orbitals, providing a more flexible description
of Ey.[p] without a significant increase in computational cost.[!?8]

Hybrid functionals mix a fraction of exact Hartree-Fock exchange with a GGA or meta-GGA functional,
motivated by the adiabatic connection framework.!!?8] A widely used example is B3LYP. Its range-
separated extension, CAM-B3LYP,[!?°! addresses a known limitation of global hybrids by applying a

larger fraction of exact exchange at long range, which improves the description of charge-transfer exci-
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) deaven

Figure 2.4. Perdew’s Jacob’s ladder of DFT exchange-correlation functionals, illustrating the hierarchy from the
simplest LDA at the lowest rung to fully non-local (Earth), to “heaven” which represents the limit of chemical
accuracy.
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tations (particularly relevant for the systems studied in this work). Both B3LYP and CAM-B3LYP are
employed in this thesis.

Higher rungs of Jacob’s ladder exist, such as hybrid meta-GGA functionals (e.g., M06-2X, TPSSh),
which combine exact exchange with kinetic energy density, and fully non-local functionals. These repre-
sent the current practical limit of routine DFT calculations but are not employed in this work. It should be
noted that increasing computational cost does not guarantee improved accuracy, and the choice of func-
tional must always be validated against experimental data or higher-level calculations for the specific

system under study.

Dispersion Corrections (D3, D3-BJ)

Dispersion interactions (also known as van der Waals interactions or London forces) are attractive in-
teractions that arise as a result of electron correlation. A well-known limitation of standard GGA and
hybrid functionals is their inability to accurately describe dispersion interactions.[!?”]

These interactions arise from transient dipole moments induced by electron density fluctuations. Al-
though they are weak at short range, they can induce a temporary dipole moment on other atoms or
molecules by distorting their electron density. A practical way to introduce the dispersion interactions
is the DFT-D approach,'?”! in which a classical dispersion-like contribution is added to the total DFT
energy, as shown in Equation 2.21. Alternative approaches include Tkatchenko-Scheffler, !3°! nonlocal
correlation functionals (DFT-NL)[!3!! or the Minnesota functionals (e.g., M06-2X or M06-L) that in-
clude medium-range dispersion through their exchange-correlation form, 321331 among others, which

are beyond the scope of this work.

EmmD=Emw—S§]E§ﬁmwvﬁm 21)

i# Tij
Here, r;; is the distance between atoms i and j, C;; is a dispersion coefficient derived from tabulated
atomic properties, faamp(7ij) is a damping function that avoids unphysical behavior at short distances,
and S is a global scaling factor optimized for each functional. Among the most widely used dispersion
correction variants (and also employed in this work) are Grimme’s D3 correction and its Becke-Johnson

damped form (D3-BJ). 134!

Basis Sets

To solve the Kohn-Sham equations numerically, the molecular orbitals ¢; (r) must be expressed in terms
of a finite set of known mathematical functions, called basis functions. This approach, known as the

Linear Combination of Atomic Orbitals (LCAO), 12! expands each orbital as:

W) = ) cui (D), (2.22)
M
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where y,(r) are the basis functions, typically centered on atomic nuclei, and c,; are expansion coef-
ficients determined variationally."2%! The choice of basis set represents an independent source of error
from the choice of functional: a larger basis set provides a more flexible representation of the orbitals and
converges toward a better solution, but at increased computational cost. The basis set and the exchange-
correlation functional must therefore be validated independently for the system under study.!!?%! In this
work, different basis sets such as def2-SVP and def2-TZVP were employed for the molecular systems
(see chapter 3 and chapter 4).

For molecules and materials containing heavy atoms, representing all electrons explicitly becomes com-
putationally prohibitive, since the core electrons of heavy atoms do not participate directly in chemical
bonding. Effective Core Potentials (ECPs), also known as pseudopotentials, address this by replacing
the core electrons with a parameterized potential, while retaining an explicit quantum mechanical treat-
ment of the valence electrons that govern bonding and reactivity.['?”! This reduces the number of basis
functions required and also implicitly incorporates scalar relativistic effects, which become significant

for heavier elements. The ECPs are therefore widely used in calculations involving transition metals.

2.3.2. Time-Dependent Density Functional Theory (TD-DFT)

While standard DFT describes the ground-state properties of a system in terms of a static electron den-
sity p(r), many experimentally relevant phenomena (e.g., light absorption or emission) involve excited
states. Time-Dependent Density Functional Theory (TD-DFT) extends DFT, allowing the description of
electronic systems under the influence of a time-dependent external perturbation, such as an oscillating
electric field. 13>

The formal foundation of TD-DFT rests on the Runge-Gross theorems (1984), which extend the Hohenberg-
Kohn theorems for DFT to solve problems involving TD external potentials. 331 The first Runge-Gross
theorem establishes a one-to-one correspondence between the time-dependent external potential V (r,t)
and the time-dependent electron density p(r, ), meaning that the density uniquely determines all prop-
erties of the system at any time ¢. The second theorem provides a variational principle for the time-

dependent case through the Frenkel-Dirac action functional.

In practice, TD-DFT is implemented through the time-dependent Kohn-Sham (TDKS) equations: [136]

iéhﬁi(r,t) _ jKs

ER [p] () ¥i(r,1), (2.23)

where A¥S[p](7) is the time-dependent Kohn-Sham Hamiltonian. Explicitly, this extends the ground-
state KS equations (2.19) by allowing all quantities to depend on time:

i(e1) _

o —%vz +V(r,0) + Vi (r,1) + Vie (r,0) | i (1, 1), (2.24)

which now includes:
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- V(r,t): time-dependent external potential
- Vulp](r,t): time-dependent Hartree potential

- Viclp](r,1): time-dependent exchange-correlation potential

The time-dependent electron density is reconstructed from the TDKS orbitals as:

p(r0) =) filwi(rnP, (2.25)

where f; is the occupation number, reducing to f; = 2 for closed-shell ground-state systems, consistent
with Equation 2.16. A key practical challenge is that the exact Vi.[p](r,t) depends on the density
from the initial time f( to the current time ¢, a property known as the memory effect. In practice, this
is handled through the adiabatic approximation (A), which assumes that Vi [p](r,t) depends only on
the instantaneous density at time ¢, effectively using the ground-state exchange-correlation functional

evaluated at the instantaneous density p(r, ), analogous to Eq. (2.20):

OExc[p(r,1)]

2.26
5p(r) (2:20)

VALpl(r,1) =

Linear Response TD-DFT

In the linear response regime, where the external perturbation is weak, the time-dependent density can

be written as:

p(r’t) :PO(r)"‘éP(ret)’ (2.27)

where p is a small perturbation around the ground-state density pg. Within this approximation, excita-

tion energies and transition moments are obtained by solving the Casida equation: (!37]

10
-0
(0 -1

where € are the excitation energies, X and Y are the excitation and de-excitation response vectors, and

A B
B* A"

X
Y

X

) (2.28)
Y

the matrix elements of A and B are defined as:

Aia,jb = 0ij0ab(£q— &)+ (ialjb) + (ia| fxc|jb), (2.29)
Bia,jp = (ialbj)+(ial fxc|bj), (2.30)

where i, j and a, b denote occupied and virtual Kohn-Sham orbitals respectively, £, —&; are orbital energy
differences, (ia|jb) are two-electron Coulomb integrals, and fi. is the adiabatic exchange-correlation

kernel. The oscillator strengths for one-photon absorption (1PA) are then obtained from the transition
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dipole moments, which are constructed from the response vectors X and Y. In Turbomole, this is imple-
mented in the escf module using the adiabatic approximation. (138!

While linear response TD-DFT yields 1PA properties, non-linear optical phenomena such as 2PA require
going beyond the linear regime to the quadratic response, where the density response is expanded to

second order in the perturbation:

p(r,1) = po(r) +5p "V (1,0) +5p P (1, 1) +-- -, (2.31)

where, po(r) is the unperturbed ground-state electron density 6p(! (r,7) is the first-order (linear) re-

sponse, responsible for 1PA, and 6% (r,?) is the second-order (quadratic) response, responsible 2PA.

Quadratic Response TD-DFT

The 2PA cross-sections were computed using the quadratic response formalism within TD-DFT, as im-
plemented in TURBOMOLE.[13%:140] This approach naturally extends the linear response framework de-
scribed in the previous section, where the time-dependent density is expanded to second order in the ex-
ternal perturbation (see Equation 2.31), with the second-order term 6p ) (r, ) governing 2PA processes.
The Cartesian components of the two-photon transition amplitude tensor S, = v(()?\,b) are obtained from
the single residue of the quadratic response function, '3 which is evaluated by taking the limit as the
response frequency w’ approaches the excitation energy Qp of state N:

; ' (62) 7. (@) B¢,y — (apB) (r)
Jim (@ =2 (0 ()@ @) P (@ —0)) = P v @32)

(()713 is the one-photon transition moment to state N, v(®) and v(#) are the perturbation operators

associated with the two photons, and w is the single-photon frequency (w = Qp /2 for degenerate 2PA).

where v

The TD-DFT working expression for the 2PA amplitude is then!'??!
voe) (w) = (XN YN | PP) glah)y, (2.33)

where |XV,YN) are the TD-DFT excitation vectors for state N, and |P(®8),Q(@F)} are second-order
perturbation vectors constructed from the first-order polarization response vectors at frequencies wq, = w
and wg = QN —w. A complete derivation of these quantities is given in Ref. 123. The resulting tensor
components S, are used to construct the rotational invariants described below.

Degenerate 2PA (w1 = wy = wy/2) under linearly parallel polarized light was considered for this work

(see excited-state calculations in chapter 4). The linearly perpendicular and circularly polarized condi-
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tions are available in TURBOMOLE but not employed here. The rotational invariants of S are defined

as:
SF = % az;‘ Saa Sbbs (2.34)
86 = % ;; Sab Sab- (2.35)
oy = % az;‘ Sab Sha. (2.36)

For linearly parallel polarized light, the rotational invariants of the transition tensor S, are defined as:
(M =26p +25G+26H. (2.37)

Discrete 2PA cross sections were obtained from (8)! as

I | . 8raa)
o; =(0); "Wy ;- T (2.38)

where « is the fine-structure constant, ag the Bohr radius, c the speed of light, w1 ; = wy ; /2 the single-
photon frequency in atomic units, and Iy =0.1 eV is a reference energy denominator used for unit conver-
sion to Goppert-Mayer units (1 GM = 107 cm*s). The discrete spectrum was subsequently broadened
by convolution with an unnormalized Lorentzian line shape function (this broadening is applied for both

1PA and 2PA): )
e I (r/2)
7= 2% T 239

where A; is the two-photon excitation wavelength of the i-th transition and I = 15 nm is the full width at

half maximum (FWHM) of the Lorentzian. The broadened spectrum was evaluated on a uniform grid of

3000 points over the range 100-1000 nm.

2.3.3. Molecular Dynamics

Molecular Dynamics (MD) is a simulation method that solves the equations of motion to obtain prop-
erties such as atomic trajectories, kinetic and potential energies, thermodynamic variables (temperature,
pressure, density), and transport coefficients.!!*! In the classical formulation, the method is based on
Newtonian mechanics: each atom is treated as a point mass, and its trajectory is determined by numer-
ically integrating Newton’s equations of motion. Although ab initio MD approaches exist, the present
work focuses exclusively on classical MD. Classical MD provides an accurate approach that simulta-
neously accesses the statistical and dynamical properties of a broad range of material systems, includ-

ing MOFs. Over time, force fields have been developed and refined for different systems, including
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biomolecules, polymers, metals, and semiconductors, '¥>~144] enabling MD to become one of the most
widely used tools in computational materials science.

The origins of MD simulation date to 1957, when Alder and Wainwright!!*) reported the first MD
calculation, investigating the phase behavior of a hard-sphere system in which particles move freely
between instantaneous elastic collisions. Rahman!!46! performed the first simulation of liquid argon in
1964, using the Lennard-Jones potential, thereby establishing the methodological foundation upon which
modern MD is built. The scope of MD was subsequently extended to molecular systems by Rahman and
Stillinger, "4’ who modeled liquid water in 1971, and to biological macromolecules by McCammon et

al."81 who reported the first MD simulation of a protein in 1977.

Fundamentals of MD

In classical MD simulation, the state of a system of N particles is fully described at any instant by the
positions RY = {ry,r2,...,rn} and momenta PN = {p1, ps,...,pn} of all its particles. The total energy

of the system, given by the Hamiltonian H, is the sum of the kinetic and potential energy contributions:

2
H(RN,PN) = Z Z Pra | U(RN), (2.40)

2ml-

where m; is the mass of particle i, @ runs over the three spatial directions x, y, and z, and U (RN ) is the
potential energy function, referred to as the force field, which contains all interatomic interactions in the
system. It is typically expressed as a sum of bonded contributions (bond stretching, angle bending, and
torsional terms) and non-bonded contributions (electrostatic and van der Waals interactions). Force fields
are semiempirical expressions parametrized against experimental or ab initio data, and their accuracy
determines the reliability of the resulting trajectories.

The force acting on each particle is obtained from the potential energy through:

_aU(RN)

Fi(RN) = ,
( ) 67‘,‘

(2.41)

which simply states that particles are pushed away from high-energy configurations and towards lower-

energy ones. The time evolution of each particle then follows Newton’s second law:

m,-i"i =Fi(RN), (242)

where 7; is the acceleration of particle i. Given a set of initial positions and velocities, these equations of
motion are integrated numerically at each time step, producing the trajectory of every particle over time.
Even though the first MD simulation was reported in the late 1950s, it took several decades to become a
well-accepted and widely adopted tool.['#! Classical MD simulation generally follows the steps shown
in Figure 2.5. First, the system conditions, such as initial atomic positions, velocities, boundary condi-

tions, constraints, and the potential energy function, must be defined. Next, most calculations include a
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structural optimization step to adjust the initial structure towards the equilibrium geometry. Importantly,
this step is not always necessary: it can be omitted either i) when the simulation is continued from a pre-
viously equilibrated system, or ii) when the initial structure is already close to the equilibrium geometry
corresponding to the chosen potential energy function. After that, the forces acting on each atom are
computed from the potential energy function, followed by the numerical integration of the equations of
motion (see Equation 2.42) for each particle over a time step A¢. Positions and velocities are updated iter-
atively until the target simulation time is reached. Finally, the physical quantities of interest are extracted
from the recorded trajectory.

In MD simulations, rather than tracking every individual atom in detail, the goal is to obtain average
properties that are meaningful at the macroscopic level. This is achieved through the concept of a sta-
tistical ensemble, in which a collection of many independent copies of the same system is simulated, all
sharing the same macroscopic conditions (such as temperature, pressure, or volume), but differing at the
atomic level. Averaging a property over all these copies yields a representative macroscopic value.

Four ensembles are commonly used in MD simulations, each defined by which thermodynamic variables

are kept constant:

Microcanonical (NVE): constant number of atoms N, volume V, and total energy E. The system

is fully isolated.

- Canonical (NVT): constant NV, V, and temperature 7. A thermostat is used to maintain the tem-

perature.

- Isothermal-isobaric (NpT): constant N, pressure p, and 7. Both a thermostat and a barostat are

applied.

- Grand canonical («VT): constant chemical potential u, V, and 7. The number of particles is

allowed to fluctuate.

In practice, generating many independent copies of a system simultaneously is not necessary. According
to the ergodic hypothesis, a system simulated for a sufficiently long time will naturally visit all accessible
states. Therefore, the ensemble average can be replaced by a time average computed from a single long

trajectory, which is precisely what an MD simulation produces.

Applications and Limitations of MD Simulations

Over the years, MD has established as a versatile tool across different disciplines. For example, in ma-
terials science, it is used to investigate thermodynamic properties, phase transitions, defects (such as
vacancies, dislocations, and grain boundaries), and heat and mass transfer. MD is also well-suited for
surface-related phenomena, including surface diffusion, reconstruction, and friction. Beyond materials

science, MD has found broad applications in biophysics (protein folding, molecular structure prediction)
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1) Provide initial conditions:
Initial atomic positions, boundary conditions,
constramts and potential energy function.

v

2) *Structure optimization/energy minimization:

Moves atoms based on the selected potential energy function.

A 4

3) Force calculations (atom/molecule):

Based on the selected potential energy function for further
solving equation of motion over a timestep At.

4) Adjust atom positions:

Atomic positions updated accordingly. Apply boundary
conditions, T and P.

v

5) Calculation of physical quantities:
When the set conditions are met, the simulation will end. otherwise, the
simulation continues by repeating steps 3-5.

No

t>1

max*

Yes

6) End

Figure 2.5. General flowchart of a classical MD simulation. *Step 2 is not always required. For instance, if
a simulation is continued from a previously equilibrated system. In principle, a simulation started from scratch
could also proceed if the initial structure happens to be close to the equilibrium geometry of the chosen force field,
but this is rarely the case in practice, since initial structures are typically constructed from experimental data, ab
initio calculations, or prior MD simulations performed under different conditions. Figure based on reference
[141].
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and chemistry (intermolecular interactions, free-energy calculations). Despite its versatility, MD simu-
lation has important limitations: i) the most critical is its dependence on the accuracy of the potential
energy function (force field). Since force fields are semiempirical expressions fitted to experimental or
ab initio data, their transferability is limited: a force field developed for one phase or system may not per-
form reliably for another. While UFF4AMOF, !4l DREIDING, ['>°! or MOF-FF!!3!] are commonly used
for MOF systems, their accuracy for newly discovered framework systems is often not validated. The
lack of force-field validation often limits MD applicability. ii) MD is also constrained in its accessible
time and length scales, typically handling systems on the order of nanometers to tens of nanometers and
simulation times of hundreds of ns.!"*!) While sufficient for many properties, some physical phenomena
can exhibit relaxation times far exceeding this range.

As MD simulations are not the central methodology of this work, a deeper theoretical treatment is beyond
the scope of this section. In chapter 3, MD simulations are employed to explore the dynamics of the SP
and MC linkers within the MOF structure, and to generate a set of representative configurations of the

dimers from which snapshots are extracted for the subsequent calculation of electronic couplings.

2.3.4. SimStack: A Workflow Framework for Multiscale Simulations
Overview and General Description

The calculations presented in chapter 3 were performed using the SimStack workflow framework, to con-
nect different levels of theory, starting from the quantum-mechanical optimization of molecular building
blocks using DFT, followed by the construction and optimization of periodic MOF structures, and finally
the investigation of larger supercell model through MD simulations.

SimStack is an intuitive, open-source workflow management framework designed to facilitate the effi-
cient implementation, adoption, and execution of complex multiscale simulation workflows in materials
science, computational chemistry, and nanomaterials research.[!3%! Tt was created to bridge the gap be-
tween the growing availability of powerful simulation codes and the practical difficulty of deploying,
chaining, and managing them in a reproducible and scalable manner on high-performance computing
(HPC) resources. At its core, SimStack provides a drag-and-drop graphical environment that allows re-
searchers to rapidly assemble, modify, and execute complex simulation pipelines without requiring deep
expertise in HPC administration, scripting, or inter-code data formats. Within a few hours, sophisticated
modeling solutions can be rendered into easy-to-use, scalable software products, circumventing the time-
consuming workflow setup and manual execution traditionally demanded by computational R&D.!33]
The SimStack framework is built on a lightweight client—server architecture that cleanly separates work-

flow construction from workflow execution. [!3%133] The two components operate as follows:

- SimStack Client. Installed on the researcher’s local machine (Linux, Windows, or macOS), the

client provides the graphical user interface (GUI) through which workflows are constructed, con-
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figured, submitted, monitored, and analyzed. The client handles all file transfers automatically,

requiring no manual intervention from the user once a workflow is submitted.

- SimStack Server. Deployed on remote HPC resources, the server component receives workflow
instructions from the client, manages job submission and scheduling, and organizes the generated
data in a hierarchical directory structure. Each workflow execution is stored in a dedicated di-
rectory labeled with a submission timestamp and the workflow name, ensuring traceability and

reproducibility.

This architecture hides the complexity of HPC handling entirely from the end-user while preserving full

flexibility for workflow developers.

Workflow Active Nodes (WaNos)

The fundamental building blocks of any SimStack workflow are called Workflow Active Nodes (WaNos). 1521541
Each WaNo encapsulates a discrete computational task. For instance structure generation, geometry op-
timization, electronic-structure calculation, or post-processing (see Figure 3.3) and exposes its relevant
parameters through an automatically generated GUI.

Technically, a WaNo is defined by an XML file that specifies:
1. The expected input files and configurable parameters,
2. The output files produced by the node,
3. The execution command to be run on the HPC resource.

WaNos are modular and portable because they do not depend on a specific HPC architecture, can be
shared between research groups via public repositories (e.g., on GitHub under the KIT-Workflows or-
ganization), and can be combined in arbitrary sequences to form application-specific workflows. In
general, SimStack helps perform multiscale simulation in a simple way by interfacing between consec-
utive WaNNos, including file conversion and parameter passing, thereby eliminating a major source of
manual effort and human error. This computational tool is particularly relevant and used in chapter 3 for

the study of photoswitchable MOFs.
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3. Electronic Properties: Photoswitching Conductivity in
Spiropyran-Based MOFs

Materials whose electronic properties and conductance can be reversibly tuned by light across several
orders of magnitude are highly desirable. MOF films functionalized with photoresponsive spiropyran
molecules (see Figure 3.1) have already demonstrated that light can effectively switch their electrical
conduction, achieving potentially large on-off ratios. However, fabricating such MOFs through trial-
and-error approaches remains laborious and would greatly benefit from computational molecular design.
Computationally designed photoswitchable MOFs that incorporate SP units at well-defined positions
with controlled intermolecular distances and orientations were realized through multiscale modeling.
Four MOF candidates are characterized to study their potential for light-induced conductivity switching.
Ab initio calculations reveal that both lattice spacing and vibrational flexibility strongly influence the
electronic coupling between SP- and MC-based frameworks upon photoisomerization. The resulting on-

off ratios reach average values exceeding 530 and 4200 for p-type and n-type conduction, respectively.

Figure 3.1. HOMO visualization of SP to MC photoisomerization: SP to MC under UV (Ayy); MC to SP thermally
or under visible light (1yis). Atom colors: C brown, O red, N light blue, H white. Reproduced from Mostaghimi
et al.,""'% Commun. Chem. 6, 275 (2023). Licensed under CC BY 4.0.

A Cu-paddlewheel MOF structure was employed to investigate the photoswitching between the SP and
MC forms. This architecture was selected because it enables an ordered incorporation of the photo-
switches while minimizing steric hindrance. Paddlewheel MOFs typically consist of layer and pillar
linkers forming a 3D framework. In this study, SP and MC units were introduced as side groups on
dicarboxylate layer linkers. Two different pillar linkers, i) 1,4-diazabicyclo[2.2.2]octane (DABCO) and
ii) bipyridine (bipy), were examined to tune the interlayer distance. The four studied MOFs include:
Cu, (SP);(dabco), Cuy (SP), (bipy), Cuy (MC);(dabeo), and Cuy (MC), (bipy) (see Figure 3.2).
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Figure 3.2. Graphic representation of the studied systems. Dabco and bipy act as pillar linkers, which regulate the
interlayer distances of SP and MC layer linkers. This figure was adapted from Mostaghimi et al.,"''% Commun.
Chem. 6, 275 (2023). Licensed under CC BY 4.0.

The SP-to-MC photoisomerization is well established in the literature. >3 However, the behavior of this
photoswitch when incorporated into MOFs has only recently been explored. In one of the first pho-
toswitchable MOF reports, Garg et al.!'>%! demonstrated experimentally that SP and MC can reversibly
switch under light irradiation when introduced as a guest molecule within the UiO-67 MOF pores, reach-
ing a switching yield of 70% MC upon 365 nm UV light irradiation. Similarly, SP was introduced into
a MOF structure. However, in this case study, the photoswitch was attached as a side group to the main
MOF linker. The study was carried out in silico, assuming an idealization of 100% photoconversion
between SP and MC. In this way, four separate MOF models were analyzed, each containing either SP
or MC as layer linkers and dabco or bipy as pillar linkers. The ratio of their electronic couplings was

used as a direct indicator of the expected change in electrical conduction.

3.1. Methodology: Structure Generation, Optimization and Postprocessing with
Simstack

All MOF structures were generated and optimized implementing an automated multiscale workflow in
SimStack, which was divided in three sections i) MOF structure generator, ii) MOF structure optimiza-
tion and iii) MOF analyzer. The workflow includes several software packages that operate at different
theoretical levels. Each software package is contained in a Workflow Active Node (WaNo) (see Fig-

ure 3.3).

MOF structure generator. In the MOF-input WaNo (see Figure 3.3), the geometry files of the

layer and pillar linkers are provided in .xyz format. In this step, the metal node type and topology are
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Figure 3.3. SimStack workflow to generate, optimize, and analyze MOF materials for automated struc-
ture—property prediction and design. The modules in the workflow are referred as WaNos and perform a specific
type of calculation. Adapted from Mostaghimi ez al.,!''%! Commun. Chem. 6,275 (2023). Licensed under CC BY
4.0.

defined. In the DFT-Turbomole and DFT-Turbomole_I WaNos, each linker is optimized separately at
the DFT level using TURBOMOLE version 7.4.1 with the B3LYP functional, the def2-TZVP basis set,
and the Grimme D3 dispersion correction. The LCmaker WaNo is then used to specify the dummy
atoms that later guide the connection of the linkers to the metal node. The pillar linkers, DABCO and
bipy, are coordinated to the metal node through nitrogen atoms (Cu- - - N), whereas the layer linkers, SP
and MC, connect through the carboxylate group (Cu---0O). The AuToGraFS WaNo then constructs the
periodic MOF structure by combining the predefined metal nodes and organic linkers according to the
selected topology. In this study, the resulting MOFs have a pcu topology with a paddle-wheel Cu oxo
node. As final step before optimization of the periodic structure, Format-Converter WaNo assures the

compatibility of formats between AuToGraF$ and DFT-VASP.
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MOF structure optimization. The geometry optimization of the periodic framework was performed
using VASP (version 5.4.4) within the DFT-VASP WaNo. The PBE functional was selected for the opti-
mization process with a plane-wave energy cutoff of 500 eV and a 2x2 x 2 k-point grid. The electron—ion
interactions were described by the PAW (projector augmented wave) potentials. The convergence thresh-
old of 10~* eV and the ionic relaxation loop of 0.01 eV were set. The Tkatchenko—Scheffler method with
iterative Hirshfeld partitioning was used to include dispersion corrections. The results from the DFT-
VASP WaNo were directly used for MD simulations in LAMMPS. For this, the Format-Converter_1
WaNo was employed to convert the output files as required by LAMMPS.

MOF analyzer. Molecular dynamics simulations of the MOFs at 298 K were performed to sample
different linker positions within the MOFs. The UFF4AMOF force field was implemented in LAMMPS.
During the equilibration stage, the Langevin thermostat!!>7! and a microcanonical ensemble (NVE) were
applied for 30 ps, followed by a 10 ns production run in a canonical ensemble (NVT) employing the
Nosé—Hoover thermostat.[!15815%1 A supercell of 4 x 4 x 4 was considered, with a time step of 1 fs. The
MD trajectories were saved every 1,000 steps, resulting in 10,300 frames, of which 1,030 were ana-
lyzed using VMD. 1 The first 30 frames, corresponding to the equilibration period, were excluded
from further analysis. The identification of pairs of layer linkers within the MOF supercell was carried
out based on the MD trajectories. Detailed analysis was necessary to identify pairs of layer linkers that
represent dimers for subsequent electronic coupling calculations. A total of 250 snapshots (one every
20 ps) of the selected dimer (and trimer, in the case of Cu(MC);(dabco)) from the last 5 ns of the
MD simulations were extracted. Subsequently, these structures were hydrogenated (COO™ groups pre-
viously linked to Cu nodes in the MOF) using the ATOMIC SIMULATION ENVIRONMENT (ASE)[161]
and OPENBABEL.!'%?] For each snapshot, the electronic coupling between the molecules was calculated
using Equation 3.2, employing QUANTUM PATCH.!'®3] The B3LYP functional with the def2-SVP basis
set and seven equilibration steps for the self-consistent charge-density equilibration of all molecules were
used. The electronic coupling calculations were performed outside of the automated workflow depicted
Figure 3.3.

In this study, we investigate how the electronic coupling between SP-SP and MC-MC linkers in the MOF
changes when 100% photoisomerization is considered. The electronic coupling quantifies the strength
of interaction between two molecules or species, reflecting the overlap of their electronic wavefunctions.
A larger overlap indicates stronger coupling and enables faster electron transfer between the molecules.
This parameter is central to CT theories, such as Marcus theory for hopping transport. It is impor-
tant to note that the Marcus-type hopping mechanism describes charge transfer between localized states.
Other transport regimes may also occur,!!'?! such as band-like transport or intermediate mechanisms that
bridge localized and delocalized behavior, commonly referred to as transient localization theory mod-
els. 111641651 Ty the present work, however, a hopping mechanism is assumed. Within this framework,

the CT rate constant kct can be calculated using Equation 3.1:
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where J; ¢ is the electronic coupling between the initial i and final f molecular states in charge transfer.
The reorganization energy A is the energy needed for the molecule to adjust its geometry when an electron
moves from one molecule to another. The Boltzmann constant is represented by kg, AE; s corresponds
to the energy difference between the molecular orbitals participating in the CT, and T is the temperature.

Mathematically, the transfer integral J is represented as follows:

Jir ={pilHlpy), (3.2)

where ¢; and ¢ ¢ are the wavefunctions of the initial and final states, and H is the Hamiltonian opera-
tor representing the total energy of the system. Thus, the electronic coupling is a matrix element that
quantifies the overlap between the initial and final state wavefunctions and the energy of the transition.
The electronic coupling can be estimated using various computational techniques that differ in level of
theory and complexity. Among the most common approaches are those based on Koopmans’ theorem,
molecular orbitals (MO), and perturbation theory.!!90! In this study, we used a MO approach to calculate
the electronic coupling between SP-SP and MC-MC linkers. For this purpose, the MO obtained from
calculations on the isolated linker was used as the basis set for the dimer system, consisting of two link-
ers extracted from the MOF structure. The electronic coupling was then computed using the Lowdin

orthogonalization method, ['7-168] based on the Fock and overlap matrices of the dimer:

(Hif_ %(Hii+Hff)Sif)

Jif= i , (3.3)
-5,
with
Hir = {pi|Hxslef), (3.4)
and
Siy ={¢iler). (3.5

¢; and ¢y correspond to the HOMO and LUMO molecular orbitals of the respective isolated linkers,
while H; y represents the charge-transfer integral. The operator Hys denotes the Kohn-Sham Hamiltonian
of the neutral dimer composed of two molecules, and H;; and H sy are the site energies of the individual
monomers. The term S; ¢ refers to the spatial overlap integral between the corresponding molecular

orbitals. In the context of hopping transport, which is typically used to describe charge motion in MOFs
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due to their relatively large intermolecular distances, 19-171] the charge-carrier mobility can be expressed
as:

u= zBi;kCT, (3.6)
where L is the center-of-mass distance between the linker molecules, and k¢t is the CT rate defined in
Equation 3.1. If the reorganization energy A and the site-energy offset AE; ; are approximately constant
across the configurations considered, the exponential factor in Equation 3.1 becomes effectively constant,
so that k¢t o |J; f|2. In a hopping transport regime, the charge-carrier mobility scales with the hopping
rate (1 o< kct), and the conductivity scales with the mobility (o o ). Therefore, changes in the elec-
tronic coupling |J;¢| can be used as an indicator of corresponding changes in the MOF’s conductivity.
Dynamic disorder is an important factor in the study of CT in MOFs, as it accounts for the vibrational
flexibility of the material, which can lead to variations in electronic coupling between molecules and,
consequently, affect its semiconducting properties. In this study, the dynamic disorder of ordered MOFs
refers to the local motions of the linkers within the framework (e.g., rotations, pedal motions). To ac-
count for this effect in the study, we calculated the electronic couplings between molecules, extracted
from molecular dynamics simulations at 298 K. This approach directly reveals how the electronic cou-
pling varies as a function of the vibrational flexibility of the system. The present study focuses on four
MOFs: Cuy(SP);(dabco), Cuy(SP),(bipy), Cux(MC),(dabeo), and Cuy(MC),(bipy). In addition to these
main systems, further calculations were carried out on functionalized SP and MC linkers with electron-
withdrawing and electron-donating groups to assess how this modifications can modulate the electronic
coupling; these results are provided in section A.1. All calculations were performed using the same
computational setup, following the workflow depicted in Figure 3.3. Different dimers and trimers only
in MC-MOF case, see Figure 3.4, were selected and extracted from the central part of the 4 x4 x4 MOF
supercell. For the calculation of the electronic coupling in our study, we employed DFT calculations us-
ing the QUANTUM PATCH code, as described in section 3.1. The MD trajectories of the extracted dimers
(trimer in MC-MOF) were visualized. We selected some snapshots from the 10 ns MD simulations, as
shown in Figure 3.6, to investigate how the electronic coupling between neighboring linkers evolves with

time. Electronic coupling was calculated for 250 snapshots taken from the last 5 ns of the MD trajectory.

3.2. Results and Discussion

The absolute values of the coupling matrix elements obtained from the MD simulations at 298 K reached
up to 100 meV for Cu(MC);,(dabco), see the left and center panel in Figure 3.7. The high results
originates from the pronounced motions of the MC-based side chain of the layer linker, which promote
attractive intermolecular interactions, see snapshots in the bottom panel of Figure 3.6. These dynamic
configurations enhance the overlap between molecular orbitals, leading to a larger transfer integral. The

orbitals depicted in Figure 3.1 show that the HOMO of MC is more delocalized on the entire molecule
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Trimer

Figure 3.4. Graphic representation of the 4 x4 x4 MC-MOF supercell (left). The analyzed systems were extracted
from the central region of the supercell. Molecular dynamics analysis revealed that, in some cases, stacking
occurred in dimer or trimer arrangements (right). Interaction distances given in A.

with a high density on the -NO, substituted phenyl ring, while for SP, HOMO is mainly localized on the
left phenyl ring (HOMO and LUMO orbitals of the functionalized SP and MC are depicted in Figure A.2
and Figure A.3, respectively). This pattern persists when the linkers are embedded in the MOF. MC
linkers remain more charge-delocalized and, in combination with the molecule’s flexibility, enable better
orbital overlap with neighboring MC units, (see Figure 3.4) whereas in SP-MOFs the density stays local-
ized near the linker backbone in addition to the molecule’s rigidity, resulting in limited interaction with
neighboring SP units Figure 3.5. Thus, for Cu,(SP);(dabco) case, the SP-SP electronic coupling gave
results of around 1.15meV, with some temporary increases up to 8meV. The difference in vibrational
flexibility and electronic structure between the isomers allows an average increase of the HOMO-HOMO
electronic coupling by a factor of ~ 23 upon on—off SP2MC photoswitching averaged over 5ns.

The arithmetic mean couplings for MC and SP are 26.79 £27.77meV and 1.15 +2.03meV, respectively.
The geometric means are 15.27meV (MC) and 0.55meV (SP), with geometric standard deviations of
3.75 and 3.56, respectively. Because the electronic coupling fluctuates strongly over time at 298K, it is
not possible to directly calculate the effective CT rate using Equation 3.1 based on the average coupling
value. Consequently, the estimated CT rate may increase by a factor of about ~ 530 or even more (see
all the MC coupling values above 50meV in Figure 3.7) when the inter-linker separation is around 9 A

(set by the dabco pillar).
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2%

Figure 3.5. SP dimer extracted from the 4 x4 x4 SP-MOF supercell. The analyzed systems were extracted from
the central region of the supercell. Molecular dynamics analysis revealed that SP linkers remain rigid with long
interaction distances of 8.6 A, which prevent molecular orbital overlap. Adapted from Mostaghimi er al.,! 1!
Commun. Chem. 6,275 (2023). Licensed under CC BY 4.0.

In both HOMO and LUMO channels of Cu(MC),(dabco), the direct electronic coupling varies strongly
in time. In the left plot (LUMO panel) in Figure 3.7 the absolute LUMO-LUMO coupling of MC
is slightly lower than the previously discussed HOMO-HOMO results. The electronic coupling peaks
around 50 meV, with an average of 23.25+20.26 meV. In the case of Cu;(SP),(dabco) the LUMO-LUMO
coupling is remarkably lower (see inset in Figure 3.7) with an average of 0.36 +0.39meV, compared with
1.15+2.03meV for the HOMO-HOMO case. Accordingly, the approximate on—off CT-rate ratio in n-
type transport (averaged over 5ns) may reach ~ 6.5 x 10? and, in some instances, approach ~ 4.2 x 10°.

Although the distance between linkers is determined by the pillar linker with lattice-plane spacing of
9.2 A for dabco and 13.7 A for bipy, the molecular flexibility of MC allows the formation of stable -
stacking channels throughout the MOF. In Cuy(MC),(dabco) intermolecular separations of ~ 3.3-3.5A
between linkers (see Figure 3.4) were observed. In contrast, for Cuy(SP),(dabco) the SP-SP distances
often exceed 8 A, see Figure 3.5. In some cases, within Cuy(MC),(dabco) MOF, the MC isomer can also
form 7 -- -7 channels involving linkers oriented along different axes (see trimer in Figure 3.4). In such
configurations, not only is the direct MC-MC coupling relevant, but also the coupling between two linkers
mediated by a third one. This mechanism has previously been reported as superexchange.!’?! Here, we
propose that certain arrangements observed within the Cu,(MC),(dabco) unit cell, the coupling follows
a superexchange-like mechanism. To evaluate three pairwise couplings and obtain the total coupling,

including the intermediate contribution, we used Equation 3.7:
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Figure 3.6. Representative snapshots of layer linker dimers from MD at 298 K. SP (top row) and MC (bottom row)

of Cuy(SP),(dabco) and Cuy(MC),(dabeo), respectively. Time stamps (ns) are shown at the upper right of each
panel. Dabco pillar linkers are omitted for clarity (red arrow represents DABCO’s position). Carbon, oxygen,
nitrogen, and hydrogen are colored cyan, red, blue, and white, respectively. Reproduced from Mostaghimi et
al,""'% Commun. Chem. 6, 275 (2023). Licensed under CC BY 4.0.
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again, A is the reorganization energy, Jgg, represents the direct electronic coupling from site g to g’,
JZ,’;, is the coupling matrix element arising from a superexchange-like process (where the charge hops
from g to g’ via h) and & denotes the virtually occupied (mediating) host state. The superexchange-like
contribution J;’; , depends on the direct couplings between g and &, and between A and g’, as well as on

the reorganization energy. The energy denominator AE is defined as:

1
AEx=Ep-3 (Eg+Eg), (3.8)

is the difference in the site energies of the host state. This parameter is not considered because for this
study, the mediator molecule is the same type of molecule as the ones involved in the direct coupling.

When comparing the electronic coupling obtained through direct and superexchange-like mechanisms
in Cup(MC);,(dabceo) (see Figure 3.7), one can observe that the superexchange-like mechanism yields
values comparable to those found for the HOMO of MC linkers in the direct coupling. The average
coupling is 14.5meV, with temporal increases of 50-70meV. However, for the LUMO orbitals of MC,

the superexchange-like contribution is considerably lower than in the direct case. The frequently ob-
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Figure 3.7. Time evolution of the electronic coupling during the last 5 ns of a 10 ns MD trajectory. The left
panel shows the HOMO and LUMO results of the direct EC between dimers, with SP-SP in red and MC-MC in
blue. The central panel presents the EC when superexchange is considered, where charge transfer occurs from
the initial to the final state through an intermediate one. The right panel shows the electronic coupling calculated
for a bipy-based MOF, which exhibits noticeably lower values due to the larger interlayer separation compared
to the dabco-based MOF, where shorter interlayer distances are possible. Adapted from Mostaghimi et al.,!'!"
Commun. Chem. 6, 275 (2023). Licensed under CC BY 4.0.

served high coupling values in the superexchange-like mechanism indicate that the mediating MC linker
facilitates 7 - - - r pathways that lead to the observed high results.

It is well known that at large intermolecular separations, charge conduction becomes negligible. To ex-
amine how the electronic coupling evolves at larger linker distances, we performed MD simulations at
298K using bipyridine as a pillar linker to control the interlayer separation (COM distance of 13.7 A).
Analysis of the MD trajectories shows that the flexible MC units attached to the backbone linker can ro-
tate freely within the MOF. This behavior arises from the larger free volume around neighboring linkers,
which prevents the formation of - - - m channels. After approximately 7 ns of simulation (see Figure 3.8),
the MC linkers begin to twist and form intermolecular contacts, leading to a temporary increase in EC.
Despite this, the overall high flexibility of MC maintains a low average coupling. Interestingly, the SP
systems display relatively higher average couplings of 2.7meV and 13.3meV for the HOMO and LUMO,
respectively (see right plot in Figure 3.7). Therefore, it can be concluded that bipy-pillared MOFs are not
efficient spiropyran-based photoswitchable conductors. The plots of the electronic coupling calculated
for the -CHO and -OH groups are available in the appendix Figure A.1.

Finally, while on—off conduction depends strongly on the electronic coupling, we also observe a cor-

relation with the frontier orbital energy offsets between SP and MC (see Figure A.2 and Figure A.3).

Larger AEEE‘MC generally improves switching. For the unmodified layer linkers (SP or MC), we find
SP-MC _ SP-MC _
AE om0 = —0:35eV and AED 5 =+0.71€V.

Based on our analyses, variations in the on-off conduction ratio upon spiropyran linker functionalization
are jointly governed by the spatial distribution (localization vs. delocalization) of HOMO and LUMO
electron density, the alignment and shifts of frontier-orbital energies upon SP — MC isomerization, the
conformational/vibrational flexibility of the linkers at 7 =298 K and the formation of transient 7 --- 7

contacts (stacking pathways) between neighboring linkers.
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Figure 3.8. Representative snapshots of layer linker dimers from MD at 298 K. SP (top row) and MC (bottom
row) of Cuy(SP),(bipy) and Cu,(MC),(bipy), respectively. Time stamps (ns) are shown at the upper right of each
panel. Bipy pillar linkers are omitted for clarity (red arrow). Carbon, oxygen, nitrogen, and hydrogen are colored
cyan, red, blue, and white, respectively. Reproduced from Mostaghimi et al.,!''%' Commun. Chem. 6, 275 (2023).
Licensed under CC BY 4.0.

3.3. Summary

Photoisomerization from SP to MC significantly increases inter-linker electronic coupling, with aver-
age enhancements exceeding 23x for HOMO-HOMO and 65x for LUMO-LUMO interactions. Since
charge-transfer rates scale as kcr o J2, these increases imply rate enhancements of at least > 530x
and > 4200x, respectively. Room-temperature dynamics further strengthen the switching response by
enabling transient conformations with enhanced 7 -- - interactions and intermolecular contacts. The
efficiency of the switching process is strongly distance-dependent, with robust conductance switching
observed only for pillar linkers within specific length ranges. The reported on-off ratios represent ide-
alized upper limits, as the simulations assume complete photoconversion, defect-free frameworks, and
initially aligned side chains; experimentally, partial conversion, defects, and orientational disorder will
likely reduce these values. Nevertheless, the design principles established here, optimized inter-linker
distances, transient ---7 contacts, and highly coupled MC states, should also be applicable to other

photochromes and framework materials.
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4. Optical Properties: Two-Photon Absorption
Structure-Property Relationship of H,TCPE and H,TBAPy
MOF Organic Linkers

Materials with NLO responses, such as 2PA, are attracting growing interest due to potential applications
in biomedical imaging, optical data storage, and long-range communications.®>!73] In organometal-
lic hybrid materials, rational design is crucial because 2PA response depends not only on the intrinsic
properties of the organic chromophore but also on its local environment. MOFs are an attractive plat-
form to enhance the 2PA response thanks to i) the possibility of custom design, ii) their well-defined
and ordered arrangements that allow iii) increasing the number of 2PA active chromophores within the
framework. Moreover, the ordered incorporation (e.g., controlled orientations) can mitigate limitations
often found in solution (e.g., AIE). For instance, typical molecular 2PA cross section values range 1-
103 GM, ! while incorporating the 2PA photoactive chromophores as linkers into MOFs, can result in
cross sections of 107 GM.!1%8] In this work, we examine how the relative orientations of tetrakis[4-(4-
carboxyphenyl)phenyl]ethylene (H4TCPE) and 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy) af-
fect the 2PA response. This section is divided into two parts: i) in section 4.1 the flexible H4yTCPE
linker is studied as a function of intra- and intermolecular conformations that were artificially set, and
ii) in section 4.2 the linker is studied based on the orientations present in previously synthesized MOFs.
In each case, we compute the 2PA response using finite (non-periodic) monomeric, dimeric, and, in
selected cases, larger models. Finally, we compare the most favorable computed motifs with experi-
mentally reported MOF structures and propose: for H4yTCPE, the conformations expected to maximize
the 2PA response; and for H4yTBAPYy, the reasons behind the increased 2PA response in the previously

synthesized systems.

4.1. 2PA Properties in H;TCPE Linker

Several studies have incorporated the H4TCPE chromophore as linker in different MOF structures. For
instance, Medishetty et al. (174] investigated the incorporation of H4TCPE into In- and Zn-based MOFs,
reporting 2PA action cross sections (170%) of 3072 GM for the In-MOF and 1053 GM for the Zn-MOF.
Later, in the same group,!'”>! the same chromophore in a series of rigid Zr- and Hf-based MOFs with
cubic or Kagome topologies was studied. Across six MOFs, they noticed that H4TCPE presents only
no» =55 GM per molecule. However, when it is incorporated into the framework, (70>) results reached

3582 GM. In a similar way, other groups have observed enhanced 2PA responses using H4TCPE as
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a linker in MOFs. For example, Liu er al.['%8 synthesized Zn-based MOFs, reaching the highest re-
ported 702 of 1.2x 10°—7.4x 107 GM. This exceptional performance was attributed to a densely packed
framework constructed exclusively from Zn(NO3), nodes and H4TCPE linkers. Notably, when the
chromophore was combined with additional linkers in isostructural pillared-layer MOFs, the response
dropped markedly (from ~ 0.3 up to 307 GM). These observations demonstrate that an ordered architec-
ture with a closely spaced chromophore is crucial for maximizing the 2PA response. In another study, He
et al.''"1 proposed that the 2PA response of HyTCPE-based materials is strongly framework-dependent.
It was observed that a more rigid and densely packed architecture yielded substantially larger absolute
cross sections, reaching 02 = 8801 GM in Zr-based MOFs. Please note that no2 # 02: no?2 is the
product of the fluorescence quantum yield and the absolute o», and therefore 2PA values reported as
no, and o are not directly comparable. Despite the reported data, it remains unclear how aggregation
within MOFs (specifically, which intermolecular configurations) produces the highest 2PA response. In
this section, we study through DFT and TD-DFT the 2PA response of H4TCPE varying i) intra- and
ii) intermolecular geometries of the linker. We first study how intramolecular flexibility (monomer-arm
conformations) affects the absorption spectra and the 2PA cross sections (02). After that, we quantify
the 2PA response of different dimeric systems by changing stacking distances and relative orientations.
Finally, we compare the most favorable motifs with experimentally reported H4 TCPE-based structures

and propose design opportunities to further improve 2PA performance.

4.1.1. Methodology: Structure Generation and Conformational Screening
Monomer Systems

The H4TCPE flexibility has been studied as a function of its 2PA response. Different monomeric struc-
tures were generated by varying the distances between selected carbon atoms, regulating the arm-arm
distance dc_c (see Figure 4.1) from 13 to 19 A. After modification, all resulting structures were opti-
mized at the DFT level as described in subsubsection 4.1.1 Ground-state calculations. During the opti-
mization, to keep the arm-arm distances (dc-c) unchanged, the ending carbon atoms were fixed, while

all remaining atoms were relaxed.

Dimer Systems

Using the optimized monomer geometries with dc_c = 16-18 A as starting points, dimer configurations
were generated by systematically sampling key intermolecular degrees of freedom, as detailed below.
Notably, to keep the intra- and intermolecular orientations, only the terminal carbon atoms (highlighted
in black in Figure 4.1) were constrained, while all other atomic coordinates were fully relaxed during

geometry optimization.

48



4.1. 2PA Properties in HyTCPE Linker

Monomer

Figure 4.1. Schematic representation of the monomer (left) and dimer (right) systems for the H4TCPE molecule.

Fixed carbon atoms, to preserve specific intra- and inter-molecular distances, are shown in black. For the
monomer, intramolecular distances (dc_c) were scanned from 13 to 19 A. For the dimer, carbon atoms were
fixed to preserve the initial intermolecular stacking distances of 4 and 5 A. After geometry optimization, the
converged stacking distances resulted in intermolecular separations of 5.12 and 5.13 A, as indicated by the blue
arrows. Reproduced from Pacheco Hernandez and Kozlowska,!!”’! Front. Chem. (2026). Licensed under CC BY
4.0.

i) Book-opening angle: Starting from a parallel-stacked dimer at an intermolecular separation of 4 A
we varied the opening angle (6) in two ways: i) by opening an angle between the molecular planes con-
sidering their long molecular axes (LA) and ii) short molecular axes (SA) as indicated in a) in Figure 4.2.

In both cases, 6 was scanned from 0° (parallel stacking at 4 A) to 180° in steps of 45°.

ii) Stacking-plane displacement: Two initial stacking separations (A;) of 4 and 5 A were consid-
ered, see b) in Figure 4.2. For each A,, lateral displacements were introduced by translating one monomer
relative to the other within the stacking plane: along the x (left-right) direction with Ax = +5,+10 A, and
along the y (up-down) direction with Ay = +5,+10 A.

iii) Plane-rotation angle: In the same way as in the plane displacements, here L.=4 and 5 A were
considered. One monomer was then rotated relative to the other from 8= 0° to 90° in increments of 0=

30° as shown in c) in Figure 4.2.
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a) b) &= . c)

Figure 4.2. Representation of the three different dimer models. The different molecular planes are shown in
green and orange. a) Book-like opening along the longer (LA) and shorter (SA) axes, the variation of the opening
angle is marked as 6. b) Stacking-plane displacement along the x and y directions are defined as A, and A,
respectively, and c) parallel-stacked dimers subjected to in-plane rotational scans, with the rotation angle 6. For b)
and c) systems the variation in the sampled intermolecular distances are marked as A,. Reproduced from Pacheco
Hernandez and Kozlowska,[!77] Front. Chem. (2026). Licensed under CC BY 4.0.

Ground-State Calculations

All structures (monomers and dimers) were geometry-optimized in Gaussian16 (Rev. C.01)[!78] af-
ter applying the geometric modifications required to generate the targeted conformations. Gas-phase
optimizations were carried out at the DFT level using the long-range corrected hybrid CAM-B3LYP
functional ') and the def2-SVP (split-valence polarized) basis set.!!””) Dispersion interactions were
included considering the D3 correction with Becke-Johnson damping (D3BJ).!!8%! The total energy con-
vergence threshold was set to 1 x 1078 Hartree for both monomers and the generated dimers. Harmonic
vibrational analyses confirmed that the optimized structures correspond to true minima (no imaginary

frequencies).

Excited-State Calculations

Excited-state properties (1PA and 2PA) of the organic linker (monomer and dimer systems) were com-
puted at the TD-DFT level using TURBOMOLE V7.7 with RI, employing the same computational setup
as in the ground-state calculations (CAM-B3LYP/def2-SVP/D3BJ) and considering 10 singlet vertical
excitations. The electronic energy convergence threshold was set to 1 x 1077 Hartree. The 1PA and
2PA spectra were generated by Lorentzian broadening as described in subsection 2.2.1. The 2PA spectra
were computed for a single, parallel linearly polarized laser beam. For the electronic-structure charac-

terization, electron-density difference (EDD) maps and frontier and transition orbitals were analyzed.
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Isosurfaces were visualized with VMD using isovalues of 0.02 a.u. (orbitals) and 0.0005 a.u. (EDD).

Charge transfer was quantified using the post-processing program Multiwfn (v3.8).

4.1.2. Results and Discussion
Monomer Calculations

The first step was to explore the molecular flexibility by sampling different intramolecular distances, de-
fined as dc_c, and to assess how these geometrical changes affect the monomer optical properties. Ge-
ometry optimizations were performed for each distance (dc—c=13-19 A), where selected carbon atoms
were fixed to ensure that the target dc_c values were maintained. Among the seven sampled distances,
de_c =17 A, corresponds to the lowest-energy minimum, as shown in Table 4.1. This most stable

conformation falls within the range previously reported for H4TCPE, in agreement with earlier stud-
jeg, [108,175,181-183]

Table 4.1. The energy values of the optimized structures as a function of dc_c.

dc_c (A) GEO_OPT_Energy (Hartree) | GEO_OPT_Energy (kcal/mol) | AE; = E; — E i (kcal/mol)
13 -2678.123 -1680522.61 14.14
14 -2678.132 -1680528.17 8.58
15 -2678.139 -1680532.33 4.42
16 -2678.144 -1680535.68 1.07
17 -2678.146 -1680536.75 0.00
18 -2678.144 -1680535.72 1.03
19 -2678.137 -1680530.97 5.78

Experimentally, solid-state H4TCPE typically presents a UV-vis absorption maximum at around 390-
400 nm, 811841 reported for intramolecular distances of de_c ~ 16.5 Al'84 and 18 A.U'81] Within the
same distance range in our study (dc-c = 16-18 10\), our TD-DFT calculations using the CAM-B3LYP
functional predict a more blue-shifted first absorption band at 325-340 nm as visible in Figure 4.3. This
may appear as a substantial difference between experiment and theory. However, this offset is well known
for CAM-B3LYP, which tends to overestimate vertical excitation energies, leading to a systematic blue
shift of roughly ~ 50 nm relative to coupled cluster benchmarks, which often show improved agree-
ment with experiment.[19%185] Similar blue shifts have also been reported for 2PA calculations. [182186]
Although ten vertical excitations were computed, the discussion below focuses primarily on the lowest
excited states, which are most relevant from an experimental perspective. Our excited-state calculation
results show that, as dc_c increases, both the 1PA and 2PA spectra undergo a progressive red shift. For
the lowest excitation, the 1PA band red-shifts by ~ 10 nm, whereas the corresponding 2PA band red-shifts
by ~ 20 nm (see Figure 4.4). To rationalize the geometric changes with the observed spectral shifts, we
analyzed the dihedral angles of the flexible core phenyl rings, including the central C=C bond. The

carbon atoms considered to calculate the torsion of the core phenyl rings are shown in red in Figure 4.5.
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Figure 4.3. Calculated absorption spectra of the different sampled arm separation of the H4TCPE monomer.
Adapted from Pacheco Hernandez and Kozlowska,!””! Front. Chem. (2026). Licensed under CC BY 4.0.

As shown in Table 4.2, the structure with dc_c = 17 A exhibits the dihedral angle closest to 180°, in-
dicating that it is the most planar conformation among the sampled monomers. Increased planarity in
conjugated systems typically enhances m-orbital overlap and reduces charge localization, thereby stabi-
lizing the frontier orbitals and narrowing the HOMO-LUMO gap. As a result, the vertical excitation
energy is expected to decrease.!!'87-188] Qver the full set of sampled conformations (dc_c = 13-19 A),
the lowest excited state (So — S1) is mainly characterized by a HOMO—LUMO transition (see the full
dataset in Figure B.1-Figure B.7 in the appendix). We observe that reduced planarity decreases the
HOMO—LUMO weight. For instance, at dc—_c = 13 A the HOMO—LUMO contribution is 75.3%,
whereas in the more planar structure at dc_c = 17 A it increases to 85.8%. These results indicate that

planarity not only modulates the spectral red shift but also the weight of the main orbital contribution.
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Figure 4.4. Calculated absorption spectra of the different sampled arm separation of the H4TCPE monomer.
Adapted from Pacheco Hernandez and Kozlowska, "7l Front. Chem. (2026). Licensed under CC BY 4.0.

Table 4.2. CT parameters for the So — S| and So — S, excitations of H4TCPE at different dc_c distances. The
dihedral angle w is reported in degrees (°), where values closer to 180° indicate a more planar structure. S, is
dimensionless, whereas D, Hct, H, and ¢ are given in A. The change in dipole moment relative to the ground
state, Ay, is reported in atomic units (a.u.) and in Debye [D].

deccA) | w® | Exe. | S, | D@A) | Ap(an)[D] | Her A) | HA) | 1 (A)
13 125.86 So—81 | 0.77 | 0.59 1.06 [2.69] 3.18 5.06 | -2.59
So— 8> | 0.67 1.03 1.71 [4.36] 3.42 5.81 -2.38

14 128.86 So—81 ] 0.79 | 0.53 0.96 [2.45] 3.18 4.83 -2.65
So— 8> | 0.65 | 0.89 1.45 [3.69] 3.60 5.95 -2.71

15 130.56 So— 81 | 0.75 | 0.54 0.95[2.42] 3.14 456 | -2.59
So— 8> | 0.64 1.35 2.20 [5.59] 3.33 582 | -1.97

16 131.84 So— 81 | 0.77 | 0.51 0.90 [2.30] 3.22 447 | -2.71
So— 8, | 0.72 0.67 1.16 [2.94] 2.98 5.71 -2.30

17 130,37 So— 81 | 0.77 | 0.50 0.89 [2.27] 3.30 438 | -2.80
So— 8, | 0.74 0.60 1.04 [2.66] 2.57 5.56 -1.97

13 131.57 So— 81 | 0.76 | 0.54 0.94 [2.39] 3.30 4.25 -2.76
So— 8, | 0.74 0.51 0.89 [2.28] 2.42 5.53 -1.91

19 125.83 So— 87 | 0.75 | 0.67 1.17 [2.98] 3.44 420 | -2.76
So— 8> | 0.72 0.50 0.84 [2.14] 2.13 5.60 -1.63
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Figure 4.5. Schematic representation of the H4TCPE linker and the four carbon atoms used to define the dihedral
angle w are highlighted in red. Reproduced from Pacheco Hernandez and Kozlowska,'””! Front. Chem. (2026).
Licensed under CC BY 4.0.

The evolution of the monomer electronic structure was analyzed using EDD plots. As the intramolecular
geometry changes (via dc—c), the electron-density redistribution upon excitation is modified, leading to
changes in both the 1PA and 2PA responses. For the first singlet excitation (So — S1), increasing dc_c
yields a gradual localization of the EDD on the inner phenyl rings (upper row in Figure 4.6), with a more
core-centered redistribution at dec_¢c =17 A compared to dc—c =13 A. Although the oscillator strength
decreases from f =1.90 at 13 A to f =0.45 at 19 A, the transition remains 1PA-bright. In contrast, the
corresponding 2PA activity for Sy — S remains weak, with cross sections in the range of 0.1-0.3 GM
and a modest maximum of o» = 0.33 GM at dc_c = 16 A. For the second singlet excitation (So — S7),
the EDD variations are more pronounced. At dc_c =13 A, the density redistribution is more localized
toward one side of the molecule, whereas at larger dc_c values it becomes increasingly concentrated
on the core phenyl rings. This evolution is accompanied by a strong reduction of 1PA intensity, with
f ~0.05-0.06 for dc_c = 16-19 A (i.e., 1PA-dark or only weakly allowed), while the 2PA response is
strongly enhanced, reaching a maximum of o, = 117.88 GM at dc_c = 16 A. Overall, for the HyTCPE
monomer, 2PA predominantly populates the S, state. This behavior is consistent with the selection
rules discussed by Amar et al.['8 for quadrupolar chromophores, where 2PA preferentially accesses an
excited state that is 1PA-forbidden (or only weakly allowed under slight symmetry distortions).

In addition to the qualitative EDD analysis, we quantified the hole-electron distribution'*°! using MUL-
TIWEN 1911921 and the indices proposed by Le Bahers ef al.[1%3! The resulting descriptors (S,, D, Her,
H, and t) are summarized in Table 4.2.

The S, index is a dimensionless measure of the hole-electron overlap: values close to 1 correspond to
strong overlap and predominantly locally excited (LE) character, whereas values approaching 0 indicate
increased separation and stronger charge transfer (CT) character. Similarly, D reports the distance be-
tween the hole and electron centroids; larger values (e.g., > 2 A) are generally associated with more
pronounced CT character. The H index describes the average spatial extent of the hole and electron dis-

tributions (in the x/y/z directions), while Hct quantifies the corresponding extent projected along the CT
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Figure 4.6. EDD visualization for the first and second excitations. The corresponding 1PA and 2PA results for
each sampled monomer are shown at the top in blue. For each monomer, the 1PA oscillator strength (a.u.) is
reported together with the excitation wavelength (nm) in brackets. The 2PA cross sections are given in GM,
and the corresponding excitation wavelength (nm) is reported in brackets. Blue EDD isosurfaces denote electron-
deficient regions upon excitation, whereas green sections indicate electron-rich regions. Reproduced from Pacheco
Hernandez and Kozlowska,'””! Front. Chem. (2026). Licensed under CC BY 4.0.

direction. Finally, * measures the hole-electron separation along the CT direction: ¢ < O is typically as-
sociated with LE character, whereas positive values indicate CT character. Our results (Table 4.2) show
that for So — S, the hole-electron overlap remains moderately high across the scan (S, = 0.75-0.79),
consistent with predominantly LE character. The CT contribution is weak, as indicated by D = 0.50-
0.67 A and consistently negative ¢ values. Only modest changes in dipole moment are observed upon
excitation (Au = 0.89-1.17 a.u.; 2.27-2.98 D). Moreover, H decreases with increasing dc—_c, consistent
with the increasingly core-localized redistribution observed in the EDD plots. Overall, S; shows only
minor variation in CT-related descriptors as dc—_c increases, remaining predominantly LE. In contrast,
the So — S, excitation shows a markedly stronger dependence on molecular geometry and exhibits a
partially mixed character. Two regimes can be distinguished: i) for shorter distances (dc—c = 13-15 10\),
the hole-electron overlap is lower than for S (S, = 0.64-0.67), accompanied by a larger dipole-moment
change upon excitation, reaching Ay =2.20 a.u. (5.59 D) at dc_c =15 A. In addition, the spatial extent
is larger (H = 5.81-5.95 A), consistent with the more distributed density redistribution observed in the
EDD (bottom panel in Figure 4.6). ii) At larger distances (dc_c = 16-19 A), the transition becomes more
LE-like: the overlap increases (S, = 0.72-0.74), the centroid separation decreases (D = 0.50-0.67 10%),
and Au becomes less pronounced. The spatial extent is slightly reduced but remains larger than for S
(maximum H =5.71 Aatde_c=16 A). Overall, these trends show that So— S» is more sensitive to

structural changes than So— S;: at shorter dc_c the reduced overlap and larger Ay indicate partial CT
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mixing, whereas at larger distances the increased overlap is consistent with predominantly LE character.
The systematic scan of dc—c was performed to assess how the electronic and optical properties of the
chromophore evolve with intramolecular geometric distortions. After geometry optimization, it became
evident that the conformations corresponding to very small or very large dc_c values are unlikely to
be realized within a MOF environment. Therefore, in the construction of larger intermolecular pack-
ing models, we restrict our analysis to the energetically accessible range dc_c = 16-18 A, which is also

consistent with the distances reported for previously synthesized MOFs, 108:175.181-183]

Dimer Calculations

In this section, we analyze a set of HyTCPE dimer models constructed from the optimized monomer
geometries with intramolecular distances dC—C = 1618 A. The dimers were generated by duplicating
the monomer and placing the two units in an initial parallel, non-offset arrangement. As for the monomer
calculations, the terminal C atoms were kept fixed to preserve the intramolecular dc—_c values (16-18 A).
In addition, we defined an initial intermolecular stacking separation, A,, of either 4 or 5 A to control
the initial interplanar distance. Because intermolecular separations can strongly affect the electronic and
optical properties of organic chromophores, %194 we explored both initial values, A, = 4 and 5 A. The
initial A, was varied only for ii) the stacking-plane displacement and iii) the plane-rotation series. For
the i) book-opening series, the starting separation was fixed to A, =4 A. After constructing these dimer
conformations, all systems were geometry-optimized using the protocol described in subsubsection 4.1.1
for ground-state calculations. Notably, despite the fixed terminal C atoms, the dimers initialized at
A, =4 and 5 A relaxed to a similar center-to-center distance of ~ 5 A, as indicated by the blue arrow in
Figure 4.1. Finally, although ten excited states were computed for each optimized dimer, the discussion

below focuses on the two lowest-energy excitations (S and S»).

i) Book-opening angle. The H4TCPE chromophore is anisotropic, meaning that for this model,
its geometry can be opened along two distinct molecular directions. We therefore define two book-
opening scans: a short-axis (SA) opening angle and a long-axis (LA) opening angle, where the opening
angle is 8 as shown in Figure 4.2. The 2PA (02) were plotted for all sampled opening angles in both
SA and LA directions as shown in Figure 4.7. However, below we only discuss a representative dimer
dc—c =17 A from the full dataset (dc_c = 16-18 A). Overall, the LA series shows a stronger dependence
of o, on both dc_c and 6 than the SA series. This difference arises because the LA opening angle is
oriented along the same direction that controls the arm separation dc_c. In the next two subsections,
we analyze the representative SA and LA dimers in more detail to rationalize the differences in their
2PA responses. Importantly, dimer formation modifies the electronic character relative to the monomer,
leading to splitting of the lowest transition and increases of several orders of magnitude in the 2PA

response in dimeric systems.
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Figure 4.7. 2PA cross sections (02, GM) as a function of the book-opening angle 6. The short-axis (SA) opening
scan is shown in the left panel and the long-axis (LA) opening scan in the right panel. Values corresponding to the
first excitation are indicated by stars, and those for the second excitation by dots. Colors denote the intramolecular
distance of the monomers within each dimer, dc_c = 16 A (blue), 17 A (black), and 18 A (green). Insets show
representative geometries for selected configurations. Adapted from Pacheco Hernandez and Kozlowska,!!7”]
Front. Chem. (2026). Licensed under CC BY 4.0.

SA geometry. As shown in the left panel of Figure 4.7, the SA dimer reaches its maximum 2PA ac-
tivity at 6 = 45°. For the So —S; transition, this angle yields consistently large cross sections across the
full intramolecular range dc_c = 16-18 A: 8.29 GM at 653 nm (16 A), 8.25 GM at 664 nm (17 A), and
7.72 GM at 671 nm (18 A). In contrast, the So —S, transition remains much weaker at the same angle,
with a roughly sixfold reduction: 1.70 GM at 640 nm (16 A), 1.36 GM at 651 nm (17 A), and 1.04 GM
at 658 nm (18 A). This indicates that at 8 = 45° the lowest transition, So — S, is 2PA-allowed. Notably,
this behavior differs from the monomer, where the So —S; transition is only weakly 2PA-active in the
same dc_c range, with o, ~ 0.28-0.33 GM. In contrast, dimer formation boosts the 2PA response (see
Figure 4.8). For instance, the SA dimers present o, = 7.72-8.29 GM, corresponding to an enhancement
of ~ 26x relative to the monomers, consistent with a cooperative effect upon aggregation® (the LA
dimers show the same qualitative trend but will be discussed in the next section). At the same time, the
1PA oscillator strength is reduced in the dimer models. While the monomers exhibit oscillator strengths
of f ~0.7-1.9 for Sy —S1, the SA dimers decrease to f ~ 0.5-0.7. The EDD analysis further shows the
redistribution of the electron density. In the monomer, the density difference associated with Sy —S; is
mainly localized on the inner part of the chromophore and is characterized by a large hole-electron over-
lap (S, = 0.76-0.77) and a small hole-electron separation (D = 0.50-0.54 A). Upon dimer formation (SA),
the EDD becomes more spatially extended, the overlap decreases (S, ~ 0.68-0.70), and the hole-electron
separation increases markedly (D = 1.36-1.50 A). In addition, the spatial extent index H increases from
~4.25-4.47 A in the monomer to ~ 5.0-5.5 A in the SA dimers (and up to ~ 6.6-6.9 A in the LA dimers).
As evidenced by the reduced hole-electron overlap (S,) and the increased charge-separation indices (D
and H) in the dimer, we suggest that aggregation enhances the 2PA response and that this enhancement

correlates with a more pronounced CT-like character in the Sy —S; state.
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Figure 4.8. Electron density difference (EDD) comparison for the Sy —S; transition in monomer and dimer
systems across the dc_c = 16-18 A range. For each structure, the excitation wavelength (nm), oscillator strength,
and 2PA cross section 0, (GM) are reported. Multiwfn indices are also shown: S, (dimensionless) and D and H
A).

As observed in Figure 4.8, when the opening angle was increased, the 2PA response dropped drastically.
At 0=90°, o for S| drops to ~ 1.7-3.0 GM, while S; remains small (~ 0.6-1.0 GM) even for the 8 = 45°
case. This decrease is consistent with a reduced 7-r7 interaction in these systems that weakens the cou-
pling. At 6 = 135°, both excitations remain weak, with S; ~ 0.6-1.6 GM. At 8 = 180°, the o values
recover only modestly, reaching ~ 0.6-2.4 GM for S; and ~ 0.3-2.5 GM for S;. The EDD analysis for
So—S; at 8 = 45° shows that the excitation is largely localized on a single monomer, with only a minor
contribution on the second unit. Consistently, the dominant orbital contribution (HOMO-1 —-LUMO,
64.5%) corresponds to a pronounced IntraCT on the bottom monomer. In contrast, Sy —S; exhibits a
weaker IntraCT character (see full dataset of the SA dimer systems in the appendix Table B.1-Table B.4
and Figure B.8): the main contribution (HOMO—LUMO+1, 70.1%) is more localized within one

monomer and involves only limited charge redistribution.
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LA geometry. As in the SA scan, the LA dimers show their highest 2PA activity at § = 45°. For
Sp —S1, the corresponding cross sections are 11.30 GM at 654 nm (16 A), 10.11 GM at 677 nm (17 10\),
and 5.34 GM at 683 nm (18 A). The Sg —S, transition is consistently weaker at this angle, but follows
the same decreasing trend with o =5.52 GM at 644 nm (16 A), 3.98 GM at 667 nm (17 A), and 1.04 GM
at 675 nm (18 A). The complete results for the first ten excitations are provided in appendix Table B.5-
Table B.8. Increasing the opening angle reduces the 2PA response, following the same trend observed
for the SA dimers. At 8 =90°, the response is already strongly suppressed, corresponding to a 4.5-fold
decrease relative to the maximum (6 = 45°). At 6 = 180°, both transitions remain weak, with values
ranging o3 ~ 0.2-2.9 GM for So —S; and ~ 0.1-2.0 GM for Sy —S,. A notable exception is the § = 135°
LA geometry. For most angles, the three dc_c conformations differ by only ~ 1-2 GM; however, at
6 = 135° the 2PA response becomes strongly dependent on dc_c. While Sy —S; remains comparatively
small (~ 0.7-3.6 GM), Sg —S; increases substantially from ~ 2.6 GM (16 10%) to ~5.8 GM (17 A) and
up to ~ 11 GM (18 A). This indicates that, within the LA scan, the dc_¢c = 18 A conformation can
become particularly favorable for enhancing o at 8 = 135°. The EDD plots show a different behavior.
While in SA the electron density was mostly localized in one of the monomers of the aggregate, here
the, the density is present in both monomers as shown in Figure 4.8 (slightly reduced in the dc_c =
18 A, where density is more present in one of the chromophores than in the other). The dominant
orbital contributions (see Figure B.8) involve transitions between orbitals largely localized on different
monomers (HOMO—LUMO+1, 47.4%; HOMO-1 —-LUMO, 29.2%). Since here the EDD reflects a
coherently delocalized excitation spanning both monomers rather than a predominantly single-monomer
redistribution (see Figure 4.8). We therefore assign this state to a Frenkel-type exciton, i.e., a locally
excited state on each monomer that is coherently coupled in the dimer.!®3! This coupling increases the
2PA response by ~ 10% relative to the SA-based structures. With a similar trend observed for So —S;
(see Figure B.8). Compared with SA at the same angle, the LA dimers exhibit a much smaller hole-
electron centroid separation (D = 0.50-0.67 A), whereas SA showed substantially larger values (D ~
1.36-1.50 /OX). At the same time, the spatial extent index is larger in LA (H = 6.61-6.90 /OX) than in SA
(H~5.0-55A).

ii) Stacking-plane displacement. We explored lateral displacements between two initially stacked
H4TCPE monomers (see b in Figure 4.2) at two initial center-to-center separations, Az =4 and 5 A (see
Figure 4.1). Left-right shifts were defined as Ax = +5 and +10 A (negative = left; positive = right), and
up-down shifts as Ay = +5 and +10 A (positive = up; negative = down). The Ax series yields consistently
low 2PA cross sections (see Table B.13-Table B.16). In this direction, the displacement follows the short
molecular axis, which reduces the effective interaction surface and thus the 7-m contact. The weaker
intermolecular coupling results in smaller o» values. Therefore, the discussion below focuses on the Ay

series (+5 and +10 A), summarized in Figure 4.9 for the first and second excitations.
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Figure 4.9. Stacking-plane displacement scan for H4TCPE dimers. The 2PA cross section o is plotted against the
in-plane displacement (+5 and =10 A) at two initial stacking distances, Az =4 A (left) and 5 A (right). Markers
correspond to the transition considered (stars: first excited state; circles: second excited state). Line colors indicate
the intramolecular distance dc_c (16, 17, and 18 /0\). Adapted from Pacheco Hernandez and Kozlowska, 177 Front.
Chem. (2026). Licensed under CC BY 4.0.

Among the sampled displacements, Ay = —5 A systematically gives the largest 0. Moreover, dimers ini-
tialized at Az =5 A show higher and more stable o values (9.2-10.3 GM) than those started at Az =4 A
(1.0-8.3 GM). In contrast, the largest displacements (Ay = +10 A), which approach head-to-tail-like ar-
rangements, lead to a pronounced decrease in o, (below 4 GM, often below 2 GM). Based on these
trends, the electronic-structure analysis is based on the Ay = -5 A geometries. We examined EDD maps
and the dominant orbital transitions (see Figure 4.10) for a representative geometry of dc_c =17 A. The
EDD plots are qualitatively similar for Az =4 and 5 A, indicating comparable regions of electron deple-
tion/accumulation upon excitation. However, the leading orbital contributions to So — S; change. For
example, at Az =4 A the dominant contributions depicted in Figure 4.10 (HOMO—LUMO with 64% and
HOMO-1 -LUMO+1 with 14.7%) show a small inter- and IntraCT, where the electron density redis-
tributes from the center (HOMO) to the bottom part of the same molecule as well as slightly in the other
monomer (LUMO). At Az =5 A the leading contribution depicted in Figure 4.10 (HOMO-1 —LUMO of
59.4%) shows mainly IntraCT. Consistent with this, the MULTIWFN indices show that increasing Az from
4to0 5 A decreases the hole-electron overlap (§, =0.69 — 0.61) and increases the hole-electron centroid

separation (D = 1.33 — 1.51 A), indicating a slightly more charge-separated excitation for Az =5 A.

iii) Plane-rotation angle. As a final step, we investigated an in-plane rotation of initially parallel-
stacked dimers. Starting from the fully aligned configuration (6 = 0°), we rotated one monomer within
the stacking plane and sampled 6 = 0°, 30°, 60°, and 90°. The resulting 2PA o~ for the first and second
excitations are summarized in Figure 4.11. However, the complete dataset with the 10 excitations is
available in Table B.17-Table B.20.

Overall, the rotated geometries (6 = 30°, 60°, and 90°) display markedly reduced 2PA responses, with
only a modest recovery at 6 = 90°. In contrast, the highest 2PA values are obtained exclusively for the

fully aligned arrangement (6 = 0°), discussed at the end of this section. At § = 30°, the 2PA response is
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Figure 4.10. Representative geometry with dc_c = 17 A at Ay = =5 A. EDD maps and the dominant orbital
transitions are shown for the first and second excitations, together with the corresponding 1PA/2PA responses
and CT indices. Results are compared for two initial stacking separations, Az =4 A (left) and 5 A (right). The
analogous dc_c = 16 and 18 A conformations are provided in Figure B.9). In the EDD maps, blue regions
indicate electron depletion (donor), while green regions indicate electron accumulation (acceptor) upon excitation.
Adapted from Pacheco Hernandez and Kozlowska, (771 Front. Chem. (2026). Licensed under CC BY 4.0.

essentially quenched for all sampled dc_c values and for both initial separations, yielding o» < 0.5 GM
for both So — S; and Sy — S». Interestingly, despite being 2PA-dark, these geometries remain 1PA-
active for Sy — S,: the oscillator strengths are relatively large (f ~ 1.1-1.5) for dc_c = 16-17 A, while
dc_c = 18 A shows smaller values (f ~ 0.6; see Table B.18 in appendix). At 6 = 60°, a slight increase
is observed, but only for dc_c =17 A at Az =5 A, where o, reaches ~ 4.05 GM (see Table B.19 in
appendix). This remains small compared with the configurations discussed above (book-opening and
plane-displacement scans). At 8 = 90°, o increases modestly relative to the 30° and 60° cases. The
largest values occur for dc_c = 16 AatAz=4 A, giving 1.7 GM (So— S1) and 5.5 GM (Sg — S»). At
Az=5 A, the same distance yields 1.9 GM (Sop — S1) and 0.6 GM (So — S») (see complete dataset in
Table B.20 in appendix). Because these rotated conformations are generally 2PA-inactive and unlikely to
represent experimentally relevant packing motifs, we do not analyze their electronic structure further. To
the best of our knowledge, no experimental reports describe analogous MOFs in which the chromophore
adopts such in-plane rotations (6 = 30°-90°); therefore, these geometries are primarily of theoretical
interest. Finally, the aligned configuration (8 = 0°) exhibits the highest 2PA response, but predominantly
for So— Sy. For Az=4 A, o, ranges from 3.95 to 5.90 GM, increasing to 7.53-9.73 GM at Az =5 A
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Figure 4.11. Effect of stacking-plane rotation on the 2PA response of H4TCPE dimers. The 2PA o is shown as
a function of the stacking-plane rotation angle for initial separations of Az =4 A (left) and 5 A (right). Stars and
circles denote the first and second excited-state transitions, respectively. Line colors indicate the intramolecular
distance dc_c (16 A in blue, 17 A in black, and 18 A in green). Insets show representative geometries for selected
configurations. Reproduced from Pacheco Hernandez and Kozlowska,!!””! Front. Chem. (2026). Licensed under
CCBY 4.0.

(across dc_c = 16-18 A). In contrast, the So— S» transition remains comparatively weak, with o = 0.2-
2.5GM (Az=4 A)and 1.5-2.7 GM (Az = 5 A). The complete dataset with the 10 excitations is provided
in Table B.17.

The frontier-orbital analysis (Figure 4.12) reveals clear differences in the excitation pattern between Az =
4and5A.ForAz=4A (shown for So— S1), the dominant contributions correspond to HOMO—LUMO
(49.7%) and HOMO—-1 -LUMO+1 (25.2%). In both channels, the hole density (HOMO/HOMO-1) is
mainly delocalized over the dimer, while the electron density (LUMO/LUMO+1) shifts toward the termi-
nal phenyl groups. But not uniformly distributed, instead, the electron density is more localized on one
arm of each monomer, indicating an asymmetric redistribution within the dimer. Increasing the initial
separation to Az =5 A changes the degree of delocalization across the two monomers. Compared with the
Az =4 A case, the density becomes more unevenly distributed, localized on a single monomer (HOMO).
For So — §1 shown in Figure 4.11, the excitation is mainly described by HOMO—LUMO (47.3%) and
HOMO—LUMO+1 (17.2%). The resulting redistribution transfers density from one of the monomers
toward the arm termini, but with a more pronounced asymmetry between monomers. This change cor-
relates with the higher 2PA response at Az =5 A, where 0, (Syo — S) increases from ~3.95-5.90 GM
to ~7.53-9.73 GM (see the EDD and main orbital contributions in Figure B.10 for dc_c = 16-18 A). A
qualitatively similar redistribution is also observed for So — S>. The EDD maps further support partial
delocalization of the excitation over the dimer at Az =4 A, with slightly higher density on one monomer.
These excitations can be described as CT-mixed rather than purely Frenkel-like. This differs from the
LA book-opening case (6 = 45°), where the excitation is largely localized on each monomer in a more
symmetric manner (see Figure 4.8). Finally, MULTIWFN indices quantify the CT-mixed character for
both separations. The hole-electron overlap remains low and nearly unchanged (S, = 0.61 for Az =4 A

and S, = 0.62 for Az =5 A), consistent with reduced overlap compared with the book-opening geome-
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Figure 4.12. EDD and main orbital contribution for a representative geometry dc_c = 17A. Comparison of the
initial separations Az =4 A (left) and 5 A (right). Adapted from Pacheco Hernandez and Kozlowska,!!””! Front.
Chem. (2026). Licensed under CC BY 4.0.

tries (SA and LA). Moreover, the hole-electron centroid separation is comparatively large (D = 1.55 A),
exceeding the values found for SA (D =1.40 A) and especially LA (D =0.50 A) at dc—c =17 A. To-
gether, the orbital, EDD, and index analyses (see Multiwfn analysis in Table B.23) indicate that the
rotated/aligned configurations exhibit a more charge-separated (CT-mixed) excitation character than the
book-opening dimers, consistent with their enhanced 2PA response under favorable packing. When com-
paring the most favorable plane-displacement geometry (Ay = —5 A) with the plane-rotation scan, the
fully aligned case (6 = 0°) yields visibly lower o values than the corresponding displaced dimers. Nev-
ertheless, these parallel-stacking configurations remain relevant as candidate packing motifs for further
computational screening and, potentially, synthesis. Importantly, the aggregation of H4TCPE cannot be
mapped unambiguously onto the classical J-/H-aggregate picture. In contrast to rigid chromophores with
a well-defined transition dipole, H4TCPE comprises multiple aromatic subunits connected by rotatable
bonds, leading to conformational flexibility and non-uniform local dipole orientations. As a result, ap-
plying the same geometric offset (e.g., displacement or parallel alignment) does not guarantee a single,
well-defined coupling motif. Instead, the overall 2PA response is expected to reflect a superposition of

contributions from differently coupled subunits within the dimer.
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4.1.3. Summary

To summarize this section, we performed an in silico screening (DFT/TD-DFT) to map how the 2PA
response of H4TCPE varies with key structural degrees of freedom relevant to MOF-like packing. We

observed the following:

Monomer flexibility (dc-c scan): H4TCPE behaves as a quadrupolar chromophore with comple-
mentary 1PA/2PA selection rules. For dc_c = 16-18 A: Sp —S; is 1PA-allowed but 2PA-forbidden,
whereas Sg —S; is 1PA-forbidden and 2PA-allowed. The EDD/orbital and MULTIWFN analyses show
that varying dc—c mainly tunes electron-density redistribution: S| remains largely LE-like (increasingly
core-centered at larger dc_c), while S; is more geometry-sensitive and shows stronger redistribution
within the experimentally relevant range (~16-19 A). Overall, monomer 2PA predominantly populates

S,, consistent with quadrupolar behavior.

Packing models (built from dc_c = 16-18 A monomers):  Three packing degrees of freedom were
examined: i) Book-like opening along the short/long molecular axes (SA/LA) by varying the opening
angle 6. ii) Stacking-plane translations along Ax and Ay. iii) In-plane rotations of parallel-stacked dimers
by varying the rotation angle 6. The book-opening: SA(45°) enhances 2PA for So —S;, consistent with
stronger intramolecular redistribution (larger D for S; than S,). LA(45°) yields ~ 10% higher o» than
SA due to stronger intermolecular coupling and a more delocalized Frenkel-type exciton. For the plane
displacements, Ax gives negligible 02 (weak coupling). In contrast, Ay can yield large 2PA responses,
especially for Ay =-5 A conformation. In-plane rotations, the 2PA is generally quenched at 30° and most
60° geometries; 90° yields only modest 0-2. For 0°, EDD/orbital analyses suggest mixed Frenkel/CT-like
character and present the largest 2PA response among the sampled geometries. Finally, enforcing overly
short separations (e.g., Az =4 A) can impose geometric constraints and reduce the 2PA response. These
results indicate that a higher 2PA response occurs at an optimal distance (e.g., Az= 5 A) rather than a

minimal one.

Scope and limitations of this work: This approach is a qualitative, comparative screening based on
finite (non-periodic) models; direct periodic multiphoton calculations for large MOF unit cells remain
computationally prohibitive. Importantly, long-range interactions and explicit solvent/metal-node effects
are not included; spectra rely on vertical electronic excitations and homogeneous (Lorentzian) broaden-
ing. Absolute o2 values should not be directly compared with experiment; conclusions focus on relative
trends between packing motifs (often treated as approximately additive when linkers behave indepen-
dently). Experimental studies report that denser chromophore packing (especially MOFs constructed
exclusively from H4TCPE) often yields higher 2PA responses. Therefore, we only studied H4TCPE

combinations. Fully parallel stacking is rarely observed in reported structures; screening suggests that
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near-parallel, high-density packing remains a promising design space, though displaced stacking can be

more favorable.

4.2. 2PA Properties in H;TBAPy-Based MOFs

Only few studies have reported the 2PA properties of H;TBAPy.[194196] This linker has been used pri-
marily in the Zr-based MOFs NU-1000 and NU-901, which share the same stoichiometry but differ in
topology. More recently, Deger et al.!'*# synthesized Sr- and Ba-based MOFs incorporating H;TBAPy
as organic linker and compared their 2PA performance. They have found that the order of the 2PA o
was SITBAPy (2.1 x 10° GM) < NU-1000 (1.2 x 10* GM) < NU-901 (1.8 x 10* GM) < BaTBAPy (8.2
x 10* GM). These results suggest that 2PA enhancement is governed not only by dense packing but also
by linker orientation and the local coordination environment. Motivated by these trends, we computa-
tionally studied the 2PA properties of the four MOFs (NU-1000, NU-901, SrTBAPy, and BaTBAPy)
to understand the origin of the pronounced differences in their reported o». We extracted monomers,
dimers, trimers, and in some cases tetramers from the MOF crystal structures provided by Deger et
al." Through TD-DFT calculations, we obtained the 2PA o, and further analyzed the electron-density

difference to quantify the character of the relevant electronic transitions, focusing on LE and IntraCT.

4.2.1. Methodology: Structure Generation and Conformational Screening
Monomers and Larger Systems

The approach adopted here, for HyTBAPYy, differs from the one previously shown for H4TCPE in sec-
tion 4.1. In the previous section, we generated artificial packing orientations and applied constraints
to prevent full structural relaxation, thereby probing conformations that are not necessarily realized ex-
perimentally. Here, in contrast, monomer, dimer, trimer, and (in selected cases) tetramer models were
directly extracted from experimentally resolved crystal structures of NU-1000, NU-901, SrTBAPy, and
BaTBAPy reported by Deger et al.!'®* Importantly, only the monomer was fully optimized in solvent
to reproduce the chromophore behavior in solution, whereas the larger systems (dimers, trimers, and
tetramers) were kept in their crystal-extracted geometries to preserve the intermolecular arrangements

imposed by the periodic MOF environment.

Ground-State Calculations

Only the H4yTBAPy monomer was first geometry-optimized in the gas phase and later in solvent at the
DFT level, employing TURBOMOLE V7.6 and the resolution-of-identity (RI) approximation to accel-
erate the computations. The long-range corrected hybrid CAM-B3LYP!'?°! functional in combination
with the def2-SVP (split-valence polarized) basis set!!””) were employed. The D3 dispersion correction

with Becke—Johnson damping (D3BJ)!!8% was considered. For monomer optimizations, the total en-
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Figure 4.13. Representative assemblies extracted from the H4TBAPy-based MOFs NU-901, NU-1000, StTBAPy,

and BaTBAPy. For each framework, contiguous dimers (DimerA-DimerD) were considered along the different
closely packed directions; where applicable, the corresponding trimers were also analyzed, and for NU-901, a
tetramer was additionally included. Adapted from Deger et al.,'"®% Adv. Funct. Mater. (2025). Licensed under
CC BY 4.0.

ergy convergence threshold was set to 1 x 10~8 Hartree. To mimic the linker in solution, we employed
COSMO (COnductor-like Screening MOdel) solvation model!!°”! using a dielectric constant of & = 36.7
and a refractive index of n = 1.43, corresponding to dimethylformamide (DMF). Harmonic vibrational

analyses confirmed that the optimized structures correspond to true minima (no imaginary frequencies).

Excited-State Calculations

Excited-state properties were computed at the TD-DFT level using TURBOMOLE V7.6 with RI, employ-
ing the same computational setup as in the ground-state calculations (CAM-B3LYP/def2-SVP/D3BJ)
and considering 10 singlet vertical excitations. Only for the previously optimized monomer, the 1PA and
2PA properties were calculated in DMF. For the larger systems, which were extracted from the crystal
structure (see Figure 4.13), 1PA and 2PA were computed in gas-phase. For the corresponding single-
point calculations, the electronic energy convergence threshold was set to 1x 10~7 Hartree. NU-1000
and NU-901 share the same stoichiometry (H4TBAPYy linker and Zr-oxo SBU) but differ in linker ori-
entations. To isolate packing and orientation effects, we focused only on the organic fragments and
excluded the Zr-oxo SBU in these two polymorphs. In contrast, S'STBAPy and BaTBAPy incorporate
different metal nodes that may affect the 2PA response; therefore, for these systems, we performed calcu-
lations both including and excluding the Sr/Ba SBU to assess the SBU contribution. For SBU-containing

models, Sr and Ba were described using effective core potentials (def-ecp), while all other atoms were
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treated with all-electron basis sets. To preserve the coordination environment in truncated SBU models,
CCHj3 groups were added to the O atoms bound to the metal node (see Figure 4.14). Absorption spec-
tra were generated by Lorentzian broadening as described in subsection 2.2.1. The 2PA spectra were
computed for a single, parallel linearly polarized laser beam. For electronic-structure characterization,
electron-density difference (EDD) maps and frontier and transition orbitals were analyzed. Isosurfaces
were visualized with VMD using isovalues of 0.02 a.u. (orbitals) and 0.0005 a.u. (EDD). Charge transfer

was quantified using the post-processing program Multiwfn (v3.8).

a) S'TTBAPy AR, b) BaTBAPy

Figure 4.14. Representative SBU-containing fragments extracted from the STTBAPy and BaTBAPYy crystal struc-

tures. a) SITBAPy-extracted dimer, illustrating the larger intermolecular separation (6.86 A). b) BaTBAPy-
extracted dimer, showing a much shorter stacking contact (3.41 A). The gray highlighted region indicates the
portion of the periodic structure used to define the extracted cluster. To preserve the coordination environment
of the SBUs and avoid dangling bonds, terminal oxygen atoms were capped with methyl groups. In addition to
the representative fragments shown here, monomer-1SBU, dimer-1SBU, and dimer-2SBU cluster models were
considered for the analysis. Adapted from Deger et al.,!'% Adv. Funct. Mater. (2025). Licensed under CC BY
4.0.

4.2.2. Results and Discussion
Monomer Calculations

Single point calculations of extracted monomers: To compare the structural differences of the
H4TBAPy monomer across frameworks, we extracted one monomer from each crystal structure (NU-
901, NU-1000, SrTBAPy, and BaTBAPy) and performed single-point calculations to obtain the 1PA
spectra as described in subsubsection 4.2.1. The resulting spectra exhibit pronounced framework-dependent
shifts, particularly for the lowest-energy (longest-wavelength) absorption band. The NU-901-extracted
monomer is the most red-shifted, with a first maximum peak at 376 nm, whereas the STTBAPy-extracted
monomer is the most blue-shifted, with a corresponding first maximum peak at 336 nm. Comparison
of the extracted geometries (see Figure 4.15) indicates that these spectral differences originate mainly
from conformational variations in the flexible ending phenyl rings, while the central core overlaps almost

perfectly among all monomers.
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Figure 4.15. One-photon absorption (1PA) spectra of HyTBAPy monomers extracted from the crystal structures
of NU-901 (black), NU-1000 (blue), STTBAPy (orange), and BaTBAPy (green), computed at the single-point
level. The wavelengths of the main absorption maxima are shown in the corresponding colors. The inset shows an
overlay of the extracted monomer geometries to highlight subtle framework-dependent distortions. Adapted from
Deger et al.,''%* Adv. Funct. Mater. (2025). Licensed under CC BY 4.0.

Geometry optimization in DMF: The geometry of the monomers extracted from each MOF was
optimized in implicit DMF, the 1PA and 2PA results reveal only minor spectral shifts among the op-
timized structures (< 10 nm). These differences are attributed to subtle geometric variations, as the
MOF-extracted starting conformations converge to distinct local minima upon optimization. To quantify
the relative stability of the optimized minima, the final electronic energies (kcal/mol) were compared:
—1438015.64 (NU-901), —1438015.45 (NU-1000), —1438012.75 (BaTBAPy), and —1438012.56 (SrT-
BAPy). The corresponding AE values indicate negligible energy differences between the NU-derived
monomers, whereas the Ba- and Sr-extracted monomers are higher in energy by 2.89 and 3.07 kcal/mol,
respectively. Consequently, the NU-901-extracted monomer was selected as the representative HyTBAPy
structure (chromophore in solution) and will be compared with the larger systems (i.e., dimer, trimer,
tetramer), as it corresponds to the lowest-energy minimum (1PA, 2PA results and main orbital transitions
are available in Table B.24). Notably, the absorption shifts for the optimized monomers remain minimal
(Figure 4.16), while the non-optimized, crystal-extracted monomers exhibit more pronounced spectral

differences (~ 30 nm) as shown in Figure 4.15.
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Figure 4.16. One-photon absorption (1PA) spectra of HyTBAPy monomers extracted from the crystal structures
of NU-901 (black), NU-1000 (blue), STTBAPy (orange), and BaTBAPy (green), and further optimized in DMF.
The wavelengths of the main absorption maxima are shown in the corresponding colors. The inset table shows
the final energies after optimization and the . Adapted from Deger et al.,!'** Adv. Funct. Mater. (2025). Licensed
under CC BY 4.0.

Dimer, Trimer and Tetramer calculations

In this section, we first analyze each MOF individually by evaluating all relevant near-neighbor com-
binations. The dimer models are denoted DimerA-DimerD and sample all possible nearest-neighbor
directions in each structure. In most cases, trimers were generated by adding a third monomer along
the dimer arrangement that yielded the largest 2PA response. A tetramer was explored only for NU-901
to probe the additive effect of extending the assembly along selected directions. We then compare the
best-performing configurations across all four MOFs. Finally, for the stacking frameworks (S'TTBAPy
and BaTBAPy), we examine i) the effect of the interlayer linker distance on the computed 2PA cross
section by systematically varying the initial intermolecular separation, and ii) the role of the SBU in the

resulting 2PA response.

NU-1000. This MOF has a csq topology. As shown in Figure 4.17, the framework contains two dis-

tinct pore types: i) large hexagonal channels with a diameter of ~31 A and ii) smaller triangular pores
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Figure 4.17. Overview of the four TBAPy-based MOFs investigated in this work (NU-1000, NU-901, SrTBAPy,

and BaTBAPy). The same TBAPy linker is present in all frameworks, while the SBUs differ: Zr-oxo clusters
in NU-1000/NU-901 (blue) and in STTBAPy and BaTBAPy (yellow and pink). Structures are viewed along the
crystallographic c-axis.

of ~11 A. In the triangular ones, the shortest linker center-to-center separation is 10.94 A Owing to this
geometry, several distinct proximity motifs can be defined (see Figure 4.13). Among the tested dimers,
DimerB exhibits the largest 2PA response of 0» = 2.9 GM (see Table B.26 for the complete dataset of
the 10 excitations), whereas DimerA, DimerC, and DimerD remain below 0.07 GM (see Table B.25-
Table B.28). Using DimerB as a building reference, we constructed a trimer by adding a third monomer
along the same direction, forming the arrangement associated with the triangular pore in NU-1000. This
trimer shows an approximately threefold enhancement relative to DimerB, reaching o» = 8.1 GM as
shown in the left panel in Figure 4.18. To rationalize these differences at the electronic level, we per-
formed EDD and frontier-orbital analyses. Overall, the low-energy excitations remain dominated by LE
character with an additional contribution from IntraCT, consistent with a redistribution of electron den-
sity that remains largely confined within the chromophore units (see complete dataset, EDD and main
orbital transition in Table B.29). The observed threefold increase from dimer to trimer is also consistent
with exciton formation and confinement within the triangular micropores, an effect that has been reported
previously and shown to enhance nonlinear optical responses relative to isolated chromophores. 193191
Despite the reported threefold increase, the csq topology does not allow the efficient transfer or propa-
gation of excitonic effects through the whole network; instead, it restricts and confines the interactions
within the triangular pores. This localized nature of the coupling may help explain the comparatively

weak experimental 2PA response of NU-1000 relative to the other MOFs considered in this work.
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NU-901. This MOF adopts a scu topology with rhomboid pores of ~11 A in width (see Figure 4.17)
and a shortest linker center-to-center separation of 9.52 A. In contrast to the previously analyzed NU-
1000, here we observe a more regular and periodically repeated arrangement of neighboring linkers
across the network. This structural regularity defines a continuous interaction pathway that is better
suited to support exciton propagation along the oriented zigzag direction. In particular, the DimerB,
TrimerB, and TetramerB assemblies in Figure 4.13 illustrate the zigzag pathway that can promote coop-
erative enhancement as the aggregate size increases, an effect that has been studied in the context of 2PA
in coupled chromophore systems. ° As presented in Figure 4.18, the corresponding dimer already yields
a measurable response of o, = 1.60 GM. Upon extending the assembly along the same zigzag direction,
the 2PA cross section increases to 0, = 3.50 GM for TrimerB (see Table B.35) and reaches 0 =5.72 GM
for TetramerB (see Table B.37). The growth in 0 with the number of monomers strongly suggests a co-
operative mechanism consistent with exciton hopping (or, more generally, delocalization/transfer of ex-
citation) along the zigzag pathway, which is absent in NU-1000, where interactions are largely confined
within isolated triangular motifs. Other dimer conformations such as DimerA, DimerC, DimerD (see
Table B.30-Table B.33), and also larger systems such as TrimerA and TetramerA (see Table B.34 and
Table B.36 respectively). produced negligible 2PA results. We therefore expect that further extension
in the zigzag direction (e.g., pentamers and larger assemblies) could lead to 2PA responses surpassing
those obtained for NU-1000. However, constructing and calculating pentameric (and larger) models was

not feasible here due to rapidly increasing system size and computational cost.
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Figure 4.18. Effect of MOF packing on the 2PA response, shown as calculated 2PA spectra for assemblies ex-
tracted from the NU-1000 (left) and NU-901 (right) crystal structures. The H4TBAPy monomer is omitted because
its o is negligible over the plotted spectral range. Adapted from Deger et al.,!'% Adv. Funct. Mater. (2025). Li-
censed under CC BY 4.0.
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SrTBAPYy. Itexhibits a markedly different linker arrangement compared with the previously discussed
NU-series polymorphs, enabling a more parallel stacking motif with shorter center-to-center separations
of ~6.86 A. The framework adopts a frz topology (see Figure 4.17). Owing to these larger structural
differences relative to NU-901/NU-1000, the near-neighbor analysis cannot be performed in an exactly
analogous manner. Instead, because the Sr-based MOF shares more structural similarities with the Ba-
based analog, we discuss STTBAPYy in close comparison with BaTBAPy, with emphasis on i) the nature
of the metal node (SBU) and ii) the influence of intermolecular stacking distances on the computed 2PA
response. In S'TTBAPy, the SBU is formed by an infinite chain of alternating Sr and O atoms that con-
nect the carboxylate groups, thereby enforcing a highly regular stacking of the pyrene cores. Notably,
no lateral offset between the stacked pyrene units is observed. The evaluated closest-neighbor arrange-
ments show negligible 2PA response, except for DimerA (see Figure 4.13) that yielded o =2.11 GM.
In contrast to NU-901, here, no cumulative enhancement is observed when increasing the assembly size.
This behavior can be rationalized by the chromophore alignment, which is a nearly perfectly parallel,
face-to-face arrangement that favors the formation of H-aggregates. This type of aggregate is typically
associated with a hypsochromic (blue) shift of the absorption spectra relative to the monomer. %! Con-
sistent with this picture, the first 2PA response of DimerA appears at 681.2 nm, whereas in the monomer
at 715.6 nm (see Table B.38 and Table B.24). At the same time, the stacking distance of ~6.86 A is still
relatively large for strong m—m overlap, which likely limits efficient intermolecular electronic coupling
and may explain why the enhancement remains modest (despite the closer geometry in comparison with
NU-series). Upon decreasing the original MOF intermolecular separation by 2 A, the 2PA o7 increases
by approximately 1.5 GM as shown in the right panel of Figure 4.19. When a trimer system is considered,
the 2PA response decreases to 0.72 GM at 683 nm, suggesting that aggregation does not enhance the re-
sponse. As previously mentioned, other dimer conformations, such as DimerB, DimerC, and DimerD,

produced negligible 2PA responses, and results can be found in Table B.39-Table B.41.

. SrTBAPy . BaTBAPy
% % % % %% :i ;& X 5 X 5;2 5};‘ iﬁ(MOF)

S 54 je—t el fe»} ——s6AMoR | 5 ,?—% i gﬂz #i —Zﬁ
° B B Gy %H/ \ng o ¥y
g 44 49 L & L A AN il
=
g 3 34
@
o 21 27
(]
<
SRS 2

0 T T T T T T T 0 r T T T T T T
630 640 650 660 670 680 690 700 710 700 710 720 730 740 750 760 770 780
Wavelength (nm)

Figure 4.19. Distance screening in DimerA extracted from BaTBAPy (left) and Sr TBAPYy (right) MOFs. Adapted
from Deger et al.,!'%*1 Adv. Funct. Mater. (2025). Licensed under CC BY 4.0.
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4.2. 2PA Properties in Hy TBAPy-Based MOFs

The effects of the SBU inclusion in the o, in DimerA assembly were studied. We observed a sub-
stantial increase when one monomer is linked to one Sr-SBU, 2PA o reaches 10.8 GM. EDD analysis
shows a change in the electron distribution, in the monomer-SBU, the electron density shifts towards
the SBU as visualized in Figure 4.21. However, when increasing the number of elements in the assem-
bly, the aggregation led to quenching of the 2PA responses, with the following values: dimer-SBU 2PA
07 =7.05 GM and dimer-2SBUs 2PA o, = 5.14 GM (see the complete dataset including 10 excitations
from Table B.43 to Table B.45). Inter-fragment charge transfer (IFCT) analysis made in Multiwfn (92!
indicates that the Linker-metal CT decreases from 0.45% (monomer-SBU) to 0.21% (dimer-SBU) and
finally reaches 0.14% (dimer-2SBUs) at the same time, the net CT between linkers in the dimer system
is rather low (0.10%), consistent with inefficient intermolecular coupling. Notably, SBU inclusion also
induces a systematic red shift of the spectra (see Figure 4.20). Overall, the low activity of STTBAPYy is
attributed to weak chromophore-chromophore coupling and quenching of CT-related contributions upon

coordination and aggregation with the SBUs.
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Figure 4.20. Effect of MOF packing on the 2PA response, shown as calculated 2PA spectra for assemblies ex-
tracted from the BaTBAPy (left) and SrTBAPYy (right) crystal structures. Adapted from Deger et al.,'"** Adv.
Funct. Mater. (2025). Licensed under CC BY 4.0.

BaTBAPy. This framework material presents the shortest center-to-center separations among the four
studied systems with ~3.41 A distance (see Figure 4.14). BaTBAPy forms a 3D porous network with
channels accessible along the c-axis and adopts an unprecedented (4,5)-c net with transitivity [2 2] topol-
ogy as reported by Krishnamoorthy et al.?°!l Structurally, BaTBAPy consists of infinite double strands
of Ba nodes connected by O atoms growing along the c-axis. The TBAPy central part (r-cores) pack
in a closely stacked arrangement, with a relative orientation of 10.17°, and a twisted configuration be-
tween them different from the completely parallel-stacked STTBAPBYy structure (Figure 4.14. This par-

ticular conformation helps to enhance the 2PA properties of the material, also reporting a cumulative
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H4TBAPy MOF Organic Linkers

Monomer-SBU

Dimer-SBU

Dimer-2SBUs

EDD

Excitation

Cross section 10.84 GM 2.109 GM 7.051 GM 5.145 GM
(Wavelength) (679.2 nm) (681 nm) (670.3 nm) (687.3 nm)
IFCT(%) 0.45 0.10 0.21 0.14

Figure 4.21. Comparison of STTBAPy assemblies upon systematic modifications, showing the i) qualitative EDD,
i) 2PA response and iii) IFCT.

behavior similar to NU-901: the dimer yields 0, = 3.96 GM, increasing to 7.56 GM for the trimer (see
Figure 4.20). The increase in the 2PA response upon aggregation correlates with an increase in the in-
termolecular CT (which is absent in the STTBAPy case). The apparent CT reaches significantly higher
values (up to 0.92% for DimerE) (see Table B.50). As observed in the distance screening analysis (see
Figure 4.19) the 2PA o decreases as the intermolecular separation increases, and at 6 A (comparable
to STTBAPYy) the o is reduced by 78%. Proving in this way that the shorter distance in BaTBAPy and
the twisted conformation strengthens intermolecular interactions and helps explain the observed increase
in o, relative to STTBAPy. Here the increase upon aggregation is evident going from 13.8 GM for the
dimer-SBU to 29.6 GM for the dimer-2SBUs (see Figure 4.20). Complete dataset is provided in the
appendix in Table B.46-Table B.55. This behavior is consistent with changes in electron delocalization
and enhanced CT both in dimers with and without SBUs considered. The IFCT analysis made in Multi-
wfn shows that in Dimer-2SBUs system the linker-metal CT is 0.18% (see Table B.56) (higher than the
results observed for the same system in Sr case 0.14%). The shift in electron density upon 2PA excitation
of the dimer, which is connected to two SBUs, is shown in Figure 4.22. The electron donating regions
from where electron density moves upon the excitation is marked in blue, while the electron accepting
region is in green. In the DimerA, the frontier orbitals involved in this transition exhibit a delocalized
nature and the excitation demonstrates a mixed local exciton and CT character. In the presence of SBUs,
orbital delocalization changes significantly with a higher hole localization on the linker part that is in
close contact with the metal (regions in blue in Figure 4.22). We have observed that the orbital overlap
between the molecules in the dimer linked to SBUs differs, demonstrating a strong impact of the SBU on
communication within the dimer assembly. Importantly, we observed slight differences in the computed
2PA response depending on the crystallographic plane from which the dimer is extracted. For instance,
DimerA corresponds to a parallel-stacked pair and matches the dimer systems used in the calculations,
including the metal nodes (see the insets comparing dimers with and without SBU in Figure 4.20). In
these configurations, the phenyl rings point in the same direction. By contrast, in DimerE the phenyl

rings are oriented differently. A closer inspection shows that these two motifs originate from different
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4.2. 2PA Properties in H TBAPy-Based MOFs

reference planes within the MOF. Both variants were therefore included in the present study, for more
details see Figure B.11. To wrap everything up, we propose that the enhanced 2PA response in BaT-
BAPy arises from the combined contribution of i) improved stacking, which promotes intermolecular
coupling between chromophores, and ii) linker-SBU coordination. Together, these factors alter the elec-
tronic structure of the assembly by increasing electron delocalization and yielding a more pronounced
apparent CT character between the linker and the SBU. We therefore suggest that the observed enhance-
ment reflects a cumulative effect in which topology-driven packing density and Ba-induced polarization

jointly amplify the 2PA response in this framework.
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Figure 4.22. EDD between the first excitation and the ground state a) DimerA b) Dimer-2SBUs extracted from
BaTBAPy. Electron-donating regions are indicated in blue, and electron-accepting regions are in green. Adapted
from Deger et al.,!'%* Adv. Funct. Mater. (2025). Licensed under CC BY 4.0.
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4.3. Summary

It was possible to investigate the 2PA response of a series of monomeric, dimeric, and trimeric assemblies
extracted directly from experimentally obtained MOF crystal structures. To rationalize the differences
in the 2PA results, we identified the dominant excitation character (e.g., LE or CT) using EDD analy-
sis, complemented by IFCT analysis for the systems that included SBUs. Although absolute 2PA cross
sections cannot be quantitatively reproduced using finite (non-periodic) fragments, the calculations cap-
ture the same topology-dependent activity trend reported experimentally '*4: SrTBAPy < NU-1000 <
NU-901 < BaTBAPy. Notably, S'TTBAPy demonstrates that dense packing alone does not guarantee
enhanced 2PA response: despite short intermolecular distances, the specific linker disposition leads to
aggregation-induced quenching, resulting in the lowest activity among the studied frameworks. For the
Zr-based polymorphs, the extended-network topology governs whether excitonic effects remain local or
become cumulative across the framework. In NU-1000, exciton confinement within the triangular pores
yields a local enhancement of o (notably in the trimer motif), but limits transfer through the network, re-
straining overall amplification. In contrast, NU-901 provides a continuous anisotropic pathway along the
zigzag packing direction, enabling cooperative growth of o» with assembly size and producing a higher
response than NU-1000. Relative to S'TTBAPy, NU-901 increases o by a factor of 8.4, highlighting
the decisive role of chromophore arrangement beyond only closer intermolecular distances. BaTBAPy
exhibits the highest activity because it combines short interchromophore separations (promoting stronger
coupling and intermolecular CT) with a topology-dependent SBU contribution that further increases de-
localization and polarization. In particular, coordination to Ba modifies the electronic structure, thereby
substantially enhancing CT within the assembly. Overall, our strategy provides an effective route to
probe trends in 2PA responses in periodic materials, such as MOFs, by analyzing non-periodic models
derived from their crystal structures. These results reinforce the central importance of structure—property
relationships as a design principle for engineering MOFs with targeted multiphoton absorption perfor-

mance.
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5. Conclusions

This thesis computationally explored the electronic and optical properties of various MOFs, with a par-
ticular focus on two key aspects. First, the incorporation of photoswitchable linkers (SP and MC) to
investigate how the switching can modify the electronic coupling between neighboring molecules within
the MOF. Second, the integration of 2PA-active chromophores (H4TCPE and H4TBAPy) to study how
distinct aggregation orientations modify the 2PA response of different MOFs.

In the first study, SP-to-MC photoisomerization significantly enhanced electronic coupling between link-
ers. Structural analysis from molecular dynamics simulations reveals that the MC-based MOF with
DABCO as pillar linker, adopts shorter MC-to-MC distances and more pronounced 7- - -7 interactions
relative to the SP-based MOF. Given the strong distance dependence of electronic coupling, the MC-
based MOF, where high orbital overlap is permitted, yields charge-transfer rates exceeding 530x and
4200x for p- and n-type conduction, respectively. In contrast, the geometry of the SP-based MOF im-
pedes m-orbital overlap between the adjacent SPs. While for Cuy(MC);(dabco) and Cu;(SP),(dabco)
MOFs, the electronic coupling difference is marked, in the case of Cuy(MC),(biby) and Cu,(SP),(bipy)
the on/off states show a small difference. Notably, for HOMO, the electronic couplig increased after 7 ns
of simulation time. In this case, the orbital overlap occurs in a different orientation than for dabco pillar
linker (see Figure 3.8 and Figure 3.6).

The SP and MC linker functionalized with -OH and -CHO and considering dabco as pillar linker, demon-
strated comparable results with the unmodified SP and MC linkers. Still, unmodified version yielded the
highest electronic coupling. It should be noted that the photoisomerization process itself was not explic-
itly modeled; rather, the SP- and MC-based MOFs were treated as independent systems and compared
directly. Furthermore, these values represent an idealized scenario assuming complete SP-to-MC con-
version; in practice, partial conversion, structural defects, and orientational disorder will likely reduce
the predicted rates. Nevertheless, the design principles established here, optimized inter-linker distances,
transient 7r-- -7 contacts, and strongly coupled MC states, are expected to be transferable to other pho-

tochromic systems and framework materials.

In the second study, the 2PA response of two tetratopic linkers, H4TCPE and H4TBAPy, was investi-
gated through systematic in silico screening. For H4TCPE, one of the most extensively studied linkers
for its 2PA properties, previous reports have demonstrated that high-density packing with short inter-
chromophore separations yields the highest 2PA cross sections. Motivated by this, we investigated

close-proximity dimer systems (Az ~ 4 and 5 A) across a range of conformations. Our results show
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that near-parallel arrangements of H4TCPE yield the highest 2PA cross sections, whereas unfavorable
rotational or translational displacements significantly quench the response. Notably, conformations such
as book-opening angles and plane displacements have been reported in the literature. However, parallel
stacking arrangements have, to the best of our knowledge, not yet been described for H4yTCPE-based
systems, representing a potential area for achieving enhanced 2PA responses in H4TCPE-based MOFs.
It should be noted that this is a qualitative study, intended to identify which conformations can enhance
the 2PA response rather than to provide absolute cross-section values. Furthermore, as this study is
based on a finite model system (monomers and dimers), direct comparison with experimentally synthe-
sized MOFs (periodic system) is not straightforward; in extended frameworks, cooperative effects among
chromophores may further enhance the response, leading to higher 2PA cross sections than those reported
here. For HyTBAPy, our computational results are in good agreement with experimental data. We find
a topology-dependent 2PA activity following the trend: BaTBAPy > NU-901 > NU-1000 > SrTBAPy.
The most densely packed structure with the shortest chromophore distances, BaTBAPy, presented the
highest 2PA response. In the case of ST TBAPYy, the parallel chromophore disposition quenched the 2PA
response despite its highly packed topology. In both the Ba and Sr cases, not only the 2PA-active chro-
mophore but also the metal node contributed to determining the response. For the Zr-based polymorphs,
the response was mostly driven by the MOF topology. In the case of NU-901, the topology provides a
continuous pathway along which o> increases with the number of H4TBAPYy linkers considered in the
zigzag direction. In contrast, the irregular topology of NU-1000, which combines large and small pores,
confines exciton within the small triangular pores, thereby limiting the transfer of effects throughout the

entire network.

Taking all results together, in this thesis we demonstrated that first, it is possible to modulate the charge
transfer in MOFs through the incorporation of photoswitchable linkers (SP and MC), and secondly, we
confirmed that by including 2PA-active chromophores in an ordered MOF, the 2PA response can be
enhanced. This enhancement is determined not only by the nature of the organic linker (e.g., rigid or
flexible), but also by the metal node and the conjugation pathway defined by the framework topology.
The structure-property relationships studied computationally for both electronic and optical properties

offer concrete design guidelines (prior to synthesis) for conductive and optically active MOFs.

5.1. Outlook

The central contribution of this thesis is the demonstration that the optical and electronic responses of
MOFs can be rationalized and, to a useful degree, predicted before synthesis. This work identifies design
principles that link molecular structure and framework arrangement to function. For example, in photo-
switchable MOFs based on the SP-MC transformation, frameworks that restrict the rotational freedom

of the MC form are expected to minimize fluctuations in the EC, leading to more stable and efficient
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charge transfer rates. Furthermore, selecting photoswitches that undergo substantial structural rearrange-
ment upon photoisomerization can maximize the difference between the two switching states, resulting
in a higher on/off ratio, which is an important requirement for optoelectronic and electronic switching
devices. For 2PA, the optimal MOF design depends strongly on the structural characteristics of the in-
corporated chromophore. For chromophores containing multiple rotatable units, rigid frameworks with
dense packing or interpenetrated architectures can effectively suppress non-radiative structural relax-
ation, thereby enhancing the 2PA response. In contrast, for intrinsically rigid and planar 2PA-active
linkers, framework architectures should be designed to minimize parallel 7— stacking, as this type of
orientation may reduce the 2PA efficiency. The protocols here developed are modular: they can, in
principle, be transferred to other photoswitches and other 2PA-active chromophores. In the short term,
several concrete directions would extend this work.

The first is methodological. The approach developed here predicts the 2PA response only qualitatively,
and only for molecular fragments (dimers and trimers) extracted from the periodic framework. A more
quantitative description would require a methods that consider hybrid periodic system. Some codes al-
ready compute the 2PA response of periodic systems, but the many-body level of theory involved makes
systems of MOF size and electron count computationally prohibitive at present. Developing, or adapting
existing periodic methods toward an efficient treatment of 2PA in hybrid frameworks of this scale would
move the field from qualitative to a more quantitative predictions which can approximate better to exper-
imental results. A related refinement is the inclusion of vibronic effects, which shape the intensities and
band profiles of 2PA spectra and are neglected in the present work, accounting for them is a necessary
step toward quantitative accuracy.

The second direction concerns the role of the metal. This work showed that the 2PA response depends
not only on the linker and the relative positions of the 2PA-active units, but also on the linker-metal
interaction, which can either enhance or suppress it. A systematic screening that keeps the linker type
constant while varying the metal node would isolate this effect and reveal which combinations amplify
the response. Such a screening should also control the conformation and packing of the linker, since
these determine whether it shows AIQ or AIE behaviours that may in turn influence the 2PA response.
The third direction is to scale this exploration beyond case-by-case calculation. Machine learning mod-
els trained on combinations of metal node, organic linker, and framework topology could map this large
design space and predict which combinations yield the highest 2PA cross sections and, more broadly,
which pairings of photoswitchable and 2PA-active components give the most promising responsive ma-
terials. This would turn the design rules established here into a predictive screening tool.

Taken together, these directions point toward a broader goal: shifting the discovery of responsive func-
tional materials from trial-and-error synthesis toward prediction first design. This shift carries a tangible
benefit. Predicting properties before materials are made accelerates the identification of promising can-
didates and lowers the cost of discovery: less failed syntheses, less consumption of harmful solvents, and

less waste of reagents. Such an approach contributes to a more sustainable practice of materials research.
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5. Conclusions

Photoswitchable and 2PA-active MOFs are technologies that could be employed in photonics, optical
limiting, sensing, bioimaging, and optoelectronics. The study of these materials is relevant to a more
efficient use of energy and resources. Realizing this potential will depend on closing the methodological

gap identified above, so that computational design can be trusted.

80



A.

Appendix: Photoswitching Conductivity in
Spiropyran-Based MOF

A.1. Functionalized Spiropyran and Merocyanine-Based MOFs
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Figure A.1. Comparison of the electronic coupling between linkers in (a) Cuy(SP-OH);(dabco) and Cuy(MC-
OH);(dabco) MOFs, and in (b) Cuy(SP-CHO),(dabco) and Cup;(MC-CHO);(dabco) MOFs. Reproduced from
Mostaghimi et al.,!''%! Commun. Chem. 6, 275 (2023). Licensed under CC BY 4.0.
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SP-F SP SP-CHO SP-OH SP-NH,-C,H
HOMO: -6.07 ¢V HOMO: -6.06 ¢V HOMO: -6.03 ¢V HOMO: -5.79 ¢V HOMO: -5.35 ¢V
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i

Figure A.2. Visualization of the HOMO orbitals of the investigated linkers. The corresponding orbital energies
are given for each orbital. An isovalue of 0.02 a.u. was used for visualization. The unmodified SP and MC linkers
are highlighted in light blue. MOFs containing SP, MC, SP-OH, MC-OH, SP-CHO, and MC-CHO as layer linkers
were simulated. Reproduced from Mostaghimi et al.,!"'% Commun. Chem. 6, 275 (2023). Licensed under CC BY
4.0.

SP-F SP SP-CHO SP-OH SP-NH,-C,H
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Figure A.3. Visualization of the LUMO orbitals of the investigated linkers. The corresponding orbital energies are
given for each orbital. An isovalue of 0.02 a.u. was used for visualization. The unmodified SP and MC linkers are
highlighted in light blue. MOFs containing SP, MC, SP-OH, MC-OH, SP-CHO, and MC-CHO as layer linkers
were simulated. Reproduced from Mostaghimi et al.,!"'%" Commun. Chem. 6,275 (2023). Licensed under CC BY

4.0.
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B. Appendix: Two-Photon Absorption Structure-Property
Relationship of H,TCPE and H,TBAPy MOF Organic Linkers

B.1. 2PA Properties in H,TCPE: Monomer

a) 13A b)
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Figure B.1. TD-DFT results for dc_c = 13 A. (a) Calculated 1PA and 2PA excitation wavelengths, along with
their oscillator strengths, and 2PA cross sections (0, GM) for the ten lowest singlet excited states. (b) Frontier
molecular orbitals involved in the dominant transitions of the first and second excited states.
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Figure B.2. TD-DFT results for dc_c = 14 A. (a) Calculated 1PA and 2PA excitation wavelengths, along with
their oscillator strengths, and 2PA cross sections (0>, GM) for the ten lowest singlet excited states. (b) Frontier
molecular orbitals involved in the dominant transitions of the first and second excited states.

Figure B.3. TD-DFT results for dc_c =

a)

15A
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15 A. (a) Calculated 1PA and 2PA excitation wavelengths, along with

their oscillator strengths, and 2PA cross sections (0», GM) for the ten lowest singlet excited states. (b) Frontier
molecular orbitals involved in the dominant transitions of the first and second excited states.
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a) 16A b)
Exc 1PA 2PA Osc. 2PA Transition
[nm] [nm] Str. [GM] X
R HOMO == L.UMO
1 325 650 1.136 0.331 HOMO->LUMO
84.5% .
HOMO->LUMO+2
2 281 562 0.048 117.884 55.9%
HOMO->LUMO+1 <
3 280 561 1.850 3.818 63.1% HOMO »LUMO—FZ
HOMO->LUMO+5
4 261 522 0.002 26.800 51.3%
HOMO->LUMO+3
5 254 508 0.002 369.926 44.2%
HOMO-4->LUMO
6 251 503 0.001 1.497 24.9%
7 251 502 0.176 2.681 -
8 247 495 0.050 40.064 -

9 247 495 0.064 44.168 -

10 246 492 0.011 3.680 -

Figure B.4. TD-DFT results for dc_c = 16 A. (a) Calculated 1PA and 2PA excitation wavelengths, along with
their oscillator strengths, and 2PA cross sections (0», GM) for the ten lowest singlet excited states. (b) Frontier
molecular orbitals involved in the dominant transitions of the first and second excited states.

a) 17A b) % -
Exc 1PA 2PA Osc. 2PA Transition
[nm] [nm] Str. [GM]

1 334 ees 0908 0310 OO MO QH\OMO» LUMO
2 284 568 0053 92071 oMo LIMO™ X
3 282 564 2027 3510 HOMC;';;&MO” ﬁ\OMO —LiMO
4 261 523 0003 33695 OonoLIMOT

5 254 509 0.004 431.06 HOM‘Z;'{;OM(’*?’

6 253 507 0.001 1.150 HOMcz’;f‘z';'-UMO

7 252 504 0.286 1.953 -

HOMO-1->LUMO
28.8%
HOMO-7->LUMO
20.3%

8 248 497 0.062 406.483

] 248 497 0.007 83.534

10 247 494 0.080 240.13 -

Figure B.5. TD-DFT results for dc_c = 17 A. (a) Calculated 1PA and 2PA excitation wavelengths, along with
their oscillator strengths, and 2PA cross sections (0», GM) for the ten lowest singlet excited states. (b) Frontier
molecular orbitals involved in the dominant transitions of the first and second excited states.
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o o

HOMO == LUMO

L.

HOMO == LUMO+2

a) 18A
Exc 1PA 2PA Osc. 2PA Transition
[nm] [nm] Str.  [GM]
HOMO->LUMO
1 340 681 0.713 0.281 86.5%
HOMO->LUMO+2
2 285 571  0.056 59.675 39.1%
HOMO->LUMO+1
3 282 564 2.158 2.809 52 2%
HOMO->LUMO+5
4 260 521  0.002 38.280 43.3%
HOMO->LUMO+3
5 255 510  0.009 437.94 49 6%
HOMO-4->LUMO
6 254 509 0.000 7.052 27 3%
7 253 506 0.445 2.363 HOMO-2->LUMO
20%
HOMO-1->LUMO
8 251 502  0.021 648.086 49.5%
HOMO-7->LUMO
9 249 498 0.001 59.036 24.4%
HOMO-2->LUMO
10 248 496  0.183 3.451 21.6%

Figure B.6. TD-DFT results for dc_c = 18 A. (a) Calculated 1PA and 2PA excitation wavelengths, along with
their oscillator strengths, and 2PA cross sections (0, GM) for the ten lowest singlet excited states. (b) Frontier
molecular orbitals involved in the dominant transitions of the first and second excited states.

a) 19A
Exc TPA 2PA  Osc.  2PA Transition
[nm] [nm] Str. [GM]
HOMO->LUMO
1 335 671 0.451 0.267 85.3%
HOMO-1->LUMO
33.8%
2 284 569 0.063 19.684 HOMO->LUMO+2
23.8%
HOMO-1->LUMO+1
38.9%
3 278 557 2.222 1.400 HOMO->LUMO+2
26.7%
4 255 511 0.004 98.980 -
HOMO->LUMO+3
5 254 508 0.043 265.57 39.6%
6 253 507 0.546 10.047 -
HOMO-4->LUMO
7 252 504 0.000 7.026 20.4%
8 250 501 0.015 73.282 -
HOMO-1->LUMO
9 249 499 0.021 359.10 35.7%
10 247 495 0.083 6.605 -

b)

-
S

HOMO ==p L

2 s,
23

HOMO-1 == LUMO

e
e

HOMO == LUMO+2

Figure B.7. TD-DFT results for dc_c = 19 A. (a) Calculated 1PA and 2PA excitation wavelengths, along with
their oscillator strengths, and 2PA cross sections (0», GM) for the ten lowest singlet excited states. (b) Frontier
molecular orbitals involved in the dominant transitions of the first and second excited states.
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B.2. 2PA Properties in H,TCPE: Dimer Systems

Table B.1. TD-DFT results for the H4TCPE dimer in the SA(45°) geometry (Az =4 A, dc_c=16-18 A), including

1PA/2PA wavelengths, oscillator strengths, 05, and dominant orbital transitions.

SA B = 45° (stacking 4 A)

e 1PA | 2PA | Osc. | 2pPA - 1PA | 2PA | Osc. | 2PA - 1PA | 2PA | Osc. | 2PA -
[nm] | [nm] Str. [GM] Transition [nm] | [nm] Str. [GM] Transition [nm] | [nm] Str. GM] Transition
HOMO-1->LUMO HOMO-1->LUMO HOMO-1->LUMO
1 326 | 653 | 0.683 | 8.288 (62.5%) 332 | 664 | 0.589 | 8.245 (64.5%) 235 | 671 | 0.507 | 7.720 (66.5%)
HOMO->LUMO+1 HOMO->LUMO+1 HOMO->LUMO+1
(11.3%) (10.9%) (9.29%)
HOMO->LUMO+1 HOMO->LUMO+1 HOMO->LUMO+1
2 320 | 640 | 1.508 | 1.685 (70.1%) 325 | es1 | 1.181 | 1.360 (72.7%) 220 | 658 | 0.880 | 1.038 (75.2%)
HOMO-1->LUMO HOMO-1->LUMO HOMO-1->LUMO
(10.5%) (10.1%) (8.4%)
3 283 | 566 | 0.087 [57.988| HOMO->LUMO+3 284 | 568 | 0.051 |66.087| HOMO-1->LUMO+2 284 | 569 | 0.046 |61.774| HOMO-1->LUMO+2
(24.5%) (28.7%) (29.5%)
HOMO->LUMO+4 HOMO->LUMO+3 HOMO->LUMO+3
4 280 | 560 | 0.017 |23.056 280 | 561 | 0.048 [28.901 281 | 562 | 0.095 [46.593
< (16.3%) < (25.9%) < (23.5%)
Ll e S ®
5 279 | 558 | 0.943 [107.983] HOMO-1->LUMO+4 280 | 560 | 0.442 |75.211| HOMO-1->LUMO+4 280 | 561 | 0.144 |21.696| HOMO-1->LUMO+4
(19.8%) (28.9%) (34.3%)
6 276 | 553 | 2.303 |66.912| MOMO-1->LUMO+2 277 | 554 |3.051 [35.138| HOMO->LUMO:3 277 | 554 | 3.421 [22781| HOMO->LUMO:3
(30.6%) (25.1%) (26.8%)
7 260 | 521 | 0.007 |35.405| HOMO->LUMO+11 264 | 528 |0.001 | 3.373 e s 267 | 535 | 0.004 | 3.355 s
(39%) (86.7%) (20.4%)
8 259 | 518 | 0.003 |23.945| HOMO->LUMO+12 260 | 520 | 0.016 |39.522| HOMO-1->LUMO+11 259 | 518 | 0.041 |35.907| HOMO-1->LUMO+11
(45.8%) (29%) (29%)
9 257 | 514 | 0.000 | 5.614 HOMO-SLUMO 259 | 518 | 0.005 |27.234| HOMO->LUMO+12 258 | 517 | 0.008 |25.501| HOMO->LUMO+12
(84%) (42.4%) (31.8%)
10 255 | 510 [ 0.020 [59.255| HOMO->LUMO+6 255 | 511 | 0.024 |34.982| HOMO->LUMO+6 256 | 512 | 0.027 |24.844| HOMO->LUMO+6
(17.6%) (14.5%) (11.2%)
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Table B.2. TD-DFT results for the H4TCPE dimer in the SA(90°) geometry (Az =4 A, dc_c=16-18 A), including

1PA/2PA wavelengths, oscillator strengths, 0%, and dominant orbital transitions.

SA 6 =90° (stacking 4 A)
Exc 1PA | 2PA | Osc. | 2pA N 1PA | 2PA | Osc. | 2pPA N 1PA | 2PA | Osc. | 2pA N
[nm] | [nm] | str. [ [GM] Transition [nm] | [nm] | str. | [GM] Transition ] | om1 | st | [oM] Transition
1 330 | 660 |1.222 | 3056 | HOMO>LUMO+1 339 | 679 |0.979 | 2.376 | HOMO->LUMO+1 345 | 691 [0.775|1.688 | HOMO->LUMO (81%)
(66.8%) (67%)
2 320 | 640 | 1.156 | 1.094 | HOMO-1->LUMO 327 | 654 |0.926 [0.951| HOMO-1->LUMO 329 | 659 [0.725|0.649 | HOMO-1->LUMO+1
(69.9%) (68.4%) (80.8%)
3 287 | 575 | 0.026 |72.095| HOMO-1->LUMO+2 289 | 579 |0.023 [61.259| HOMO>LUMO+3 290 | 581 |0.047 |46.757| HOMO->LUMO+3
(28%) (27.4%) (34%)
4 282 | 564 | 0.408 [90.798| HOMO-1->LUMO+2 284 | 569 |0.235|73.168| HOMO-1->LUMO+2 285 | 570 |0.027 |39.625| HOMO-1->LUMO+2
(27.4%) (27.7%) (30%)
< HOMO->LUMO+5 < HOMO->LUMO+5 oL HOMO->LUMO+5
5 281 562 1.699 [35.910 N . o X
e P S| 282 | 565 |1.635|28.773 g S | 282 | 565 | 1.537 |22.808 o
6 278 | 557 | 1.355 [41.540| HOMO-1->LUMO+4 279 | 558 |1.875 |22.630| HOMO-1->LUMO+4 279 | 558 |2.339 [10.088| HOMO-1->LUMO+4
(59.4%) (54.5%) (48.1%)
7 262 | 524 | 0.002 |32.122| HOMO->LUMO+11 262 | 525 |0.005 |36.027] HOMO->LUMO+11 261 | 523 |0.007 |33.890| HOMO->LUMO+12
(36%) (32.9%) (27.9%)
8 259 | 519 | 0.012 |21.406| HOMO-1->LUMO+10 260 | 520 [0.029 |29.429| HOMO-1->LUMO+12 258 | 517 [0.047 [37.466| HOMO-1->LUMO+3
(12.1%) (10.8%) (19.2%)
9 256 | 512 | 0.015 |87.811| HOMO-1->LUMO+6 256 | 513 |0.034 [110.28] HOMO->LUMO+7 257 | 515 |0.063|'71:38|  HOMO->LUMO+7
(19%) (22.3%) 9 (28.2%)
10 254 | 509 | 0.014 [491.95 HOM%;';;E)MO*G 255 | 511 |0.010 [190.43 . 256 | 512 |0.047 |40.108 .

Table B.3. TD-DFT results for the H4TCPE dimer in the SA(135°) geometry (Az =4 A, dc_c=16-18 A), including

1PA/2PA wavelengths, oscillator strengths, o, and dominant orbital transitions.

SA B =135° (stacking 4 A)
Exc 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2PA N
[nm] [ [nm] | Str. | [GM] Transition [nm] | [nm] | Str. | [GM] Transition Inm] | tom] | str. | oM Transition
1 330 | 661 [1.461|1.261 | HOMO->LUMO 339 | 678 |1.266 |0.657| HOMO>LUMO# 338 | 677 [0.830 [ 1.207 HOMO->LUMO
(79.6%) (82.2%) (78.9%)
2 319 | 639 [0.966 |1.558 | HOMO-1->LUMO 332 | 665 |0.637 [1.493| HOMO-1->LUMO 315 | 631 [0.711 | 1.662 | HOMO-1->LUMO+1
(75.6%) (79.6%) (75.1%)
3 286 | 572 [0.080 [110.05| HOMO->LUMO+3 289 | 579 |0.036 [102.03| HOMO-1->LUMO+2 291 | 583 [0.302 [61.758| HOMO->LUMO+2
(23%) (39.2%) (45.9%)
4 281 | 563 |0.587 [52.804| HOMO-1->LUMO+S 284 | 569 |0.017 [27.624| HOMO->LUMO+S 282 | 565 |0.947 [25.079| HOMO->LUMO+4
(55.4%) (37.8%) (52.3%)
< HOMO-1->LUMO+2 < HOMO->LUMO+4 oL HOMO-1->LUMO+5
5 . . . . . X
© | 279 | 558 [0.18185.767 o108 S | 282 | s65 [0.199 |51.103 P @ | 277 | 554 |0.457 [a0.045 oot
6 278 | 556 [2.612|9.893 | HOMO-1->LUMO+4 281 | 562 [3.478 [2.426 | HOMO-1->LUMO+3 274 | 549 [2.235 [12.889 HOMO-1->LUMO+3
(30.1%) (30.6%) (47.3%)
7 263 | 526 [0.003 [23.531| HOMO->LUMO+11 263 | 527 |0.004 [22.939| HOMO->LUMO+11 261 | 523 |0.006 [20.125| HOMO->LUMO+11
(30.3%) (31.3%) (26.6%)
8 260 | 520 [0.003 [17.650| HOMO-1->LUMO+10 261 | 522 |0.008 [27.477| HOMO-1->LUMO+10 258 | 516 |0.254 [216.19| ~HOMO->LUMO+6
(51.9%) (30.3%) (29%)
9 255 | 511 | 0.030 [2°%87| HOMO->LUMO+7 257 | 514 |0.052 |147.56| HOMO-1->LUMO+6 256 | 513 |0.003 |38.641| HOMO-1->LUMO+12
7 (29.2%) (36.1%) (29.7%)
10 253 | 507 [0.029 [5.390 | HOMO->LUMO+21 255 | 511 |0.016 [202.11| HOMO->LUMO+7 256 | 512 |0.240 [82.378| HOMO-7>LUMO
(15.2%) (13%) (13.4%)
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Table B.4. TD-DFT results for the H4TCPE dimer in the SA(180°) geometry (Az =4 10\, dc_c=16-18 A), including

1PA/2PA wavelengths, oscillator strengths, 0», and dominant orbital transitions.

SA 6 =180° (stacking 4 A)

16A

1PA 2PA Osc. | 2PA B 1PA 2PA | Osc. 2PA 1PA 2PA | Osc. 2PA

fnm] | [nm] | str. | [6M] Transition fnm] | [nm] | str. | [6M] Transition tom] | tm1 | str. | (oM Transition

323 | 647 | 1.906 | 2.055 | HOMO-1->LUMO 337 | 675 |1.891 | 0.695| HOMO-1>LUMO 340 | 681 |1.359 | 2.403| HOMO-1>LUMO
(76.2%) (45.4%) (69.4%)

319 | 638 |0.634 |0.610 | HOMO->LUMO# 334 | 669 |0.057 [2.542 | HOMO>LUMO# 337 | 675 |0.205|0.324 | HOMO->LUMO#
(76.8%) (52.8%) (72.2%)

283 | 567 [0.111[79.574| HOMO>LUMO+6 289 | 578 [0.015 |116.37| HOMO>LUMO+2 288 | 577 |0.095 [90.196 HOMO-1->LUMO+2
(28.9%) (15.9%) (40.8%)

279 | 559 |0.589 [67.043| HOMO-1>LUMO+3 283 | 567 [0.000|4.579 | HOMO-1>LUMO+4 284 | 568 [0.010 [11.860[ HOMO>LUMO+S
(60.9%) (15.2%) (28.8%)

278 | 557 |0.425 [44.329| HOMO>LUMO#4 | < | 987 | 564 |0.026 [60.061| HOMOLUMOSS | =2 | 755 | 565 |0.081 |28.806] HOMO1->LUMO+4
(48.7%) = (27.1%) 2 (34.9%)

276 | 553 |2.337 |24.229| HOMO-1->LUMO+2 280 | 560 [3.710|2.520 | HOMO>LUMO+S 280 | 561 [3.833|11.54 [ HOMO>LUMO:3
(43.8%) (15.7%) (36.3%)

260 | 520 [0.004 [27.703| HOMO->LUMO+11 262 | 524 [0.010 |56.907| HOMO->LUMO+12 260 | 521 |0.012 [55.078| HOMO-1->LUMO+12
(19.2%) (18.4%) (18.1%)

260 | 520 [0.005 [19.935| HOMO-1->LUMO+9 262 | 524 [0.002 | 1.597 | HOMO-1->LUMO+11 260 | 520 |0.004 [26.342| HOMO->LUMO+12
(46.4%) (24.5%) (15.29%)

255 | 511 [0.037 [67.897| HOMO->LUMO+7 256 | 513 [0.007 |11.004 - 256 | 512 [0.010 [175.20[ HOMO:1->LUMO+6
(24.2%) (39.8%)

253 | 507 |0.088 [15.446 - 255 | 510 [0.005 [735.89 - 254 | 509 |0.016 [650.20 H°Mg'9>§;’)"°*7

Table B.S5. TD-DFT results for the H4TCPE dimer in the LA(45°) geometry (Az =4 10\, dc_c=16-18 A), including

1PA/2PA wavelengths, oscillator strengths, 0, and dominant orbital transitions.

LA B = 45° (stacking 4 A)

Exc

16A

1pA | 2pA [ Osc. | 2pA 1PA | 2pA [ Osc. | 2pA 1PA | 2PA | Osc. | 2PA )
nm] | (nm] | str. | [6M] Transition nm] | [(nm] | str. | [GM] Transition tom] | tm) | st | oM Transition

HOMO->LUMO+1 HOMO->LUMO+1 HOMO-1->LUMO
327 | 654 |0.101 |11.299 (50.3%) 338 | 677 |0.034|10.106 (47.4%) 341 | 683 |0.065 | 5.339 (54.7%)

HOMO-1->LUMO HOMO-1->LUMO HOMO->LUMO+1
(22.8%) (29.2%) (24.4%)

HOMO-1->LUMO HOMO-1->LUMO HOMO->LUMO+1
322 | 644 |2.0025|5.521 (37.4%) 333 | 667 |1.676 | 3.981 (38.3%) 337 | 675 |1.273 | 1.040 (60.7%)

HOMO->LUMO+1 HOMO->LUMO+1 HOMO-1->LUMO
(30.7%) (36.2%) (22.1%)

289 | 578 | 0.511 |109.68| HOMO:1->LUMO+2 292 | 584 |0.488 [106.99| HOMO-1->LUMO+2 290 | 581 |0.354 |65.568| HOMO-1->LUMO+2
(48.7%) (47.1%) (44.6%)

280 | 561 |0.126 [81.701| HOMO->LUMO3 287 | 575 |0.443 [21.844| HOMO->LUMO3 286 | 573 |0.347 |39.200| HOMO->LUMO+4
(44.1%) < 21.6%) < (32.6%)

2 e

278 | 557 | 1.538 [13.937| HOMO->LUMO+4 284 | 568 |0.469 |71.731| HOMO-1->LUMO+4 284 | 569 |0.315 |26.770| HOMO-1>LUMO+3
@1.0%) (17.4%) (31%)

272 | 545 | 1.408 |38.522| HOMO-1->LUMO+5S 281 | 562 |2.572 [10.631| HOMO->LUMO+S 281 | 563 [3.221 |8.890 | HOMO->LUMO+4
(47.6%) (36.5%) (24.9%)

263 | 527 |0.002 | 6.451 HOMO->LUMO 273 | 546 |0.000 | 3.441 HOMO->LUMO 262 | 525 |0.002 |3.0s8| HOMO->LUMO
(73.8%) (80.7%) (81%)

260 | 521 | 0.004 |26.964| HOMO->LUMO+12 261 | 523 |0.007 [32.437| HOMO->LUMO+12 261 | 522 |0.014 |57.436| HOMO-1->LUMO+10
(@1.8%) (22.8%) (28.7%)

260 | 520 |0.044 [62.824| HOMO-1->LUMO+13 261 | 523 |0.007 [90.552| HOMO-1->LUMO+11 260 | 521 |0.002 | 46.92 | HOMO->LUMO+2
(31%) (16.7%) (25.5%)

255 | 510 | 0.015 |59.646 - 259 | 518 |0.060 [115.71| HOMO-1->LUMO+6 258 | 516 |0.057 |137.97| HOMO-1->LUMO+6
(27.7%) (22.1%)
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Table B.6. TD-DFT results for the H4TCPE dimer in the LA(90°) geometry (Az =4 A, dc_c=16-18 A), including

1PA/2PA wavelengths, oscillator strengths, 0, and dominant orbital transitions.

LA B =90° (stacking 4 A)

Exc

16A

1PA | 2PA | Osc. | 2pPA 1PA | 2PA [ Osc. | 2pA 1PA | 2PA | Osc. | 2PA

[nm] | [nm] Str. [GM] Transition Inm] | [nm] Str. [GM] Transition Inm] | [nm] Str. [GM] Transition

329 | 658 [0.440|2.383 | HOMO-1->LUMO 341 | 682 |0.462|2.598 | HOMO->LUMO+2 346 | 693 [0.505 | 1.470 | HOMO->LUMO+2
(74.6%) (79.2%) (84.1%)

323 | 647 [1.574|6.956 | HOMO>LUMO+3 334 | 668 [1.189 |5.021| HOMO-1->LUMO 334 | ees |0.838|3.811| HOMO-1->LUMO
(72.6%) (73.9%) (77%)

285 | 570 [1.063 |53.896| HOMO->LUMO+5 290 | 581 [1.058 [82.935| HOMO-1->LUMO+1 288 | 577 |0.495 |62.818| HOMO-1->LUMO+3
(42.3%) (33.4%) (26.7%)

280 | 561 |0.502 |90.888| HOMO-1->LUMO+2 287 | 575 |0.790 [61.395| HOMO->LUMO+S 286 | 573 |0.644 |54.287| HOMO-1->LUMO+3
(31.5%) (33.2%) (24.8%)

277 | 555 |1.420 |37.572| HOMO-1>LUMO+1 | < | 995 | 557 | 1.200 [61.240] HOMO-1->LUMO+3 | < | 555 | 570 |1.948 |39.908| HOMO-1->LUMO+1
(29%) - (34.7%) - (43.5%)

273 | 547 |0.737 |80.446| HOMO->LUMO+6 276 | 552 |0.976 [8a.064| HOMO->LUMO+6 278 | 557 |1.358 |42.769| HOMO->LUMO+S
(30.2%) (30%) (33.3%)

261 | 523 [0.015 [27.602| HOMO-1->LUMO+11 269 | 538 [0.001 |3.060 HOMO->LUMO 263 | 526 |0.000 | 3.425 HOMO->LUMO
(27.8%) (87.9%) (88.2%)

260 | 521 [0.039 |33.963| HOMO->LUMO+13 263 | 527 |0.025|30.576| HOMO->LUMO+13 262 | 524 | 0.01 |14.643| HOMO->LUMO+14
(42.6%) (33.8%) (39%)

257 | 515 [0.000 |0.5799| ~ HOMO->LUMO 261 | 523 [0.029 [39.358| HOMO-1->LUMO+8 259 | 519 [0.001 |41.948| HOMO-1->LUMO+11
(86.8%) (22.8%) (24.6%)

253 | 507 |0.064 |44.306 : 256 | 512 |0.030 |285.19| HOMO-1->LUMO+4 257 | 514 [0.012|299.1 | HOMO-1->LUMO+4

(29.6%)

(38.4%)

Table B.7. TD-DFT results for the H4TCPE dimer in the LA(135°) geometry (Az =4 A, dc_c = 16-18 10\),
including 1PA/2PA wavelengths, oscillator strengths, o, and dominant orbital transitions.

LA B = 135° (stacking 4 A)

16A

1PA | 2PA | Osc. | 2pA N 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2pA B

fnm] | [nm] Str. GM] Transition [nm] | [nm] Str. GM] Transition [nm] | [nm] Str. GM] Transition

326 | 653 [0.360 [2.639 | HOMO->LUMO1 335 | 671 |0.417 [5.893 | HOMO->LUMO#1 341 | 682 [0.021 [11.051| HOMO->LUMO+1
(72.5%) (77%) (50.3%)

322 | 644 [1.833|1.148| HOMO-1->LUMO 331 | 663 |1.368 [3.687 | HOMO-1->LUMO 338 | 677 | 1.34 |0.708 | HOMO-1->LUMO
(71.1%) (71.2%) (48.3%)

285 | 570 [1.297 |106.39| HOMO-1->LUMO+2 287 | 575 |0.184 [177.02| HOMO-1->LUMO+2 290 | 581 |0.216 |145.13| HOMO-1->LUMO+2
(56.6%) (33.6%) (37.5%)

284 | 568 |1.389|76.973| HOMO->LUMO+3 286 | 573 |1.886 [18.074| HOMO->LUMO+3 289 | 578 |1.626 [15.374| HOMO->LUMO+3
(59%) (42.8%) (39.6%)

280 | 560 |0.894 |23.861| HOMO>LUMO+S | <X | 593 | 567 |1.0989 [14.826] HOMO-1->LUMO+4 | =< | 59, | 568 [2.263|8.243| HOMO->LUMO+S
(47.2%) = (27.2%) 2 (34.3%)

278 | 557 |0.688 [26.228| HOMO-1->LUMO+4 281 | 563 |0.636 [4.315 | HOMO-1->LUMO+4 280 | 561 [1.002 [8.752 | HOMO-1->LUMO+4
(52.2%) (25.2%) (41.4%)

261 | 522 [0.009 [26.839| HOMO->LUMO+11 261 | 523 |0.007 [47.835| HOMO->LUMO+12 261 | 522 [0.017 [135.81| HOMO-1->LUMO+12
(44.2%) (27%) (24.5%)

260 | 521 |0.006 |21.664| HOMO-1->LUMO+8 261 | 522 |0.002 |51.774| HOMO-1->LUMO+10 260 | 521 |0.012 [27.671| HOMO->LUMO+13
(25.5%) (34.29%) (21.6%)

255 | 510 [0.012 [49.365| HOMO-1->LUMO+6 257 | 514 |0.004 [96.491| HOMO-1->LUMO+6 258 | 516 [0.05 [198.4g| HOMO->LUMO+S
(22.1%) (22.4%) (19.5%)

254 | 508 [0.012 [581.34| HOMO->LUMO+7 256 | 512 |0.054 [624.16 . 256 | 513 [0.013 [632.04| HOMO-1->LUMO+6
(24.7%) (17.1%)
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Table B.8. TD-DFT results for the H4TCPE dimer in the LA(180°) geometry (Az =4 10\, dc_c = 16-18 10\),
including 1PA/2PA wavelengths, oscillator strengths, o», and dominant orbital transitions.

LA B = 180° (stacking 4 A)

Exc

16A

1PA | 2PA | Osc. | 2pa N 1PA | 2PA | Osc. | 2pPA N 1PA | 2PA | Osc. | 2pA N

Inm] | [nm] str. | [6GM] Transition fnm] | [nm] Str. GM] Transition Inm] | [nm] Str. GM] Transition

325 | 651 |0.422|2.960 | HOMO-1->LUMO 335 | 670 |0.308|0.220 | HOMO->LUMO+1 339 | 679 |0.009 |0.401 | HOMO-1->LUMO
(70%) (72.7%) (44.6%)

320 | 641 [1.750 [1.811| HOMO->LUMO+1 331 | 662 [1.486 |2.610| HOMO-1->LUMO 337 | 675 [1.337 |0.182| HOMO->LUMO+1
(73.8%) (70.7%) (43.3%)

284 | 568 |1.032 |183.38| HOMO-1->LUMO+2 291 | 583 [1.786 |109.22| HOMO-1->LUMO+2 285 | 571 [0.084 |108.51| HOMO-1->LUMO+4
(31.8%) (50.1%) (19.7%)

282 | 565 [3.223 [41.128] HOMO->LUMO+4 286 | 573 [0.109 [42.304| HOMO->LUMO+3 283 | 567 [0.002 |1.306 | HOMO->LUMO+S
(33.4%) (46%) (18.2%)

280 | 561 |0.155|5.643 | HOMO->LUMO+5 < | 283 | 566 |2.880 |44.115| HOMO->LUMO+5 L | 283 | 566 |4.931|3.725 | HOMO-1->LUMO+2
(30.5%) = (40.2%) 2 (24.9%)

279 | 558 [0.028 |3.004 | HOMO-1->LUMO+3 280 | 560 [0.123 |6.713| HOMO-1->LUMO+4 280 | 560 [0.010 [16.294| HOMO-1->LUMO+2
(34.8%) (42.7%) (23.9%)

261 | 522 |0.001 |43.476| HOMO-1->LUMO+9 261 | 523 |0.018 |55.082| HOMO-1->LUMO+10 260 | 521 |0.004 |59.732| HOMO-1->LUMO+10
(49%) (22.6%) (22.4%)

260 | 520 |0.006 [15.474| HOMO->LUMO*12 261 | 523 [0.008 [24.253] HOMO->LUMO+11 260 | 521 [0.001 | 1.652 | HOMO-1->LUMO+10
(37.3%) (28.2%) (21.7%)

256 | 512 |0.005 |24.944 HOMO->LUMO+7 258 | 516 |0.066 |58.917| HOMO-1->LUMO+6 255 | 510 [0.077 | 0.492 B
(19.7%) (19.8%)

255 | 510 [0.011 [517.29 ”OMC(’;‘;;L;MO*S 256 | 512 |0.036 [15.349 . 254 | 509 [0.002 [253.46 .

7%
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Table B.9. TD-DFT excitation summary for the H4TCPE dimer at Ay = +5 A, comparing stacking distances of 4
and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, o, and dominant orbital transitions.

o o
Ay =+5 A (stacking 4 A)
e 1PA | 2PA | Osc. | 2PA N 1PA | 2PA [ Osc. | 2pA N 1PA | 2PA | Osc. | 2PA N
e [nm] | [nm] | str. | [6M] Transition fnm] | [(nm] | str. | [6M] Transition tnm] | tm | str. | oM Transition
’ 310 | 680 |0.369 | 1.965|  HOMO->LUMO 350 | 700 |0.116 | 2.706| HOMO-1>LUMO 358 | 717 |0.417 | 2.506 | HOMO-1>LUMO
(71.9%) (51.2%) (48.1%)
2 323 | 646 |1.513 |0.233| HOMO-1->LUMO+ 338 | 677 [1.259|1.717| HOMO>LUMO+ 347 | 694 |0.966 |1.474 | HOMO>LUMO+
(67.6%) (45.6%) (48.8%)
3 284 | 568 |0.292 |14.499| HOMO>LUMO+4 288 | 576 |0.282 [23.256| HOMOLUMO+2 291 | 583 |0.266 [22.238| HOMO->LUMO:2
(25.9%) (35.4%) (40.2%)
4 279 | 558 |0.819 [86.663| HOMO-1->LUMO+2 283 | 567 |0.109 |71.363| HOMO-1>LUMO+2 288 | 576 |0.067 [43.904| HOMO-1>LUMO+3
(43.7%) (17%) (22%)
5 | S | 276 | 553 |0.420 5788 | HOMO>LUMOWS | < | 579 | 659 |0.920 |1.038 | HOMOT>LUMO+3 | < | 55 | 564 |0.405 |3.245 | HOMO:I>LUMO+3
- (48.6%) = (29%) < (18.4%)
6 272 | 544 |1.664 |37.995| HOMO-1->LUMO+5 276 | 553 |0.087 | 4.029 HOMO->LUMO 280 | 560 [0.122 |3.229 HOMO->LUMO
(32.2%) (49.7%) (38.5%)
7 269 | 538 |0.049 |3.506 | HOMO-1->LUMO 274 | 549 |1.365 |10.051| HOMO->LUMO+S 278 | 557 |0.481 [3.347 | HOMO-1->LUMO+
(70.8%) (24.2%) (45.6%)
8 266 | 532 |0.005 [17.907| HOMO->LUMO+10 273 | 546 |0.821 |6.925 | HOMO-T->LUMO+ 277 | 555 |2.466 |7.981| HOMO>LUMO:S
(35%) (45.9%) (22.2%)
9 262 | 524 |0.061 [15.162 HOMO[';)S'-;;‘"O*“ 267 | 534 |0.015 |41.074 . 267 | 535 |0.013 [27.465 .
5%
10 261 | 523 |0.003 | 5.430 Homg:ggxon 265 | 531 |0.027 | 1.091 . 266 | 533 |0.024 |5.331 .
Ay = +5 A (stacking 5 A)
1 332 | 664 |0.360 [2.136 | HOMO-1->LUMO 347 | 694 |0.500 |0.994 | ~ HOMO->LUMO 355 | 710 |0.423 [0.919|  HOMO->LUMO
(68.3%) (81.5%) (84%)
2 319 | 638 |1.588 | 1.573| HOMO>LUMOH 322 | 645 |1.068 |0.872| HMOMO-1->LUMO+ 326 | 652 |0.798 [0.520 | HOMO-1>LUMO+
(59.4%) (72.8%) (75%)
3 282 | 565 | 0.127 [12.006] HOMO->LUMO+2 291 | 582 | 0.511 |25.875| HOMO->LUMO+4 291 | 583 |0.373 |21.447| HOMO-2->LUMO
(31.6%) (37%) (27%)
4 279 | 559 |0.850 [89.390| ~HOMO->LUMO+2 282 | 564 |0.420 [25.054| HOMO->LUMO+S 283 | 566 |0.538 |8.307 | HOMO>LUMO+S
(20.8%) (37.7%) (35.8%)
5 276 | 553 |0.458 [3.128 | HOMO-1->LUMO+3 279 | 558 |1.174 |42.758] HOMO-1->LUMO+2 278 | 557 |0.262 |46.638| HOMO-1->LUMO+2
< (25.8%) < (35.9%) < (22.1%)
S N 3
6 273 | 547 |2.045 [53.489| HOMO->LUMO+S 275 | 550 |1.551 |34.385| HOMO-1->LUMO+5S 276 | 553 |2.672 [8.630 | HOMO->LUMO+S
(36.5%) (42.5%) (26.1%)
7 267 | 535 |0.007 [2.821|  HOMO->LUMO 268 | 537 |0.004 [ 4.814| HOMO-1>LUMO 270 | 540 |0.002 | 1.256 | HOMO-1>LUMO
(67.1%) (69.6%) (84.5%)
8 264 | 529 |0.011 [20.821| HOMO-1->LUMO+10 266 | 533 |0.008 |13.339| HOMO->LUMO+S 266 | 532 |0.008 | 6.027 | HOMO->LUMOT
(18.6%) (19.7%) (22.9%)
9 260 | 520 |0.008 |16.926| HOMO->LUMO+12 262 | 524 |0.027 |40.002| ~HOMO->LUMOH 263 | 527 |0.057 [95.314| HOMO>LUMOH
(36.79%) (75%) (67.5%)
10 258 | 516 |0.002 | 3.548 | HOMO-T->LUMO+1 259 | 519 |0.005 |48.174| HOMO-1->LUMO+12 260 | 520 |0.018 |166.97 -
(74%) (35.7%)
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Table B.10. TD-DFT excitation summary for the Hy TCPE dimer at Ay = —5 A, comparing stacking distances of 4
and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, 0, and dominant orbital transitions.

Ay = -5 A (stacking 4 A)

e PA 2PA | Osc. | 2pA N 1PA | 2PA | Osc. | 2pA B 1PA | 2PA | Osc. | 2PA N
xC [nm] nm] | st. | oM Transition fnm] | tam] | st | (oM Transition tom] | tomi | st | oM Transition
HOMO-1->LUMO HOMO->LUMO HOMO->LUMO
(64.5%) (64%) (58%)
1 X . 4 . . . X
35 | 671 |0282 8305 | | O4SW) 346 | eo2 0176|6033 | | (O s62 | 725 |o138 | 1087 | | 6B
(13.7%) (14.7%) (15%)
HOMO->LUMO+1 HOMO-1->LUMO+1 HOMO-1->LUMO+1
2 323 | 646 |1.644 |1.023 (58.6%) 333 | 667 |1.228|1.131 (53.7%) 350 | 701 |0.955 |0.115 (55.6%)
HOMO-1->LUMO HOMO-1->LUMO HOMO-1->LUMO
(15.3%) (16.8%) (17.7%)
3 281 | 563 |0.140 [18.899 . 286 | 573 |0.336 [40.136| HOMO->LUMO+2 294 | 588 |0.263 |24.829| HOMO->LUMO+2
(41%) (41.3%)
3%
4 277 | 555 |0.626 |97.070| HOMO-1->LUMO+4 281 | 563 |0.065 [35.709| HOMO-1->LUMO:3 287 | 575 |0.190 [35.372| HOMO-1->LUMO+3
< (20.7%) < (46.2%) < (28.4%)
5 276 | 552 |0.102 | 4.815 HOM(CZ’T';/’H';“’*S 277 | 555 |0.018 [19.952 HOMg;'{;&’)"O*s 283 | 566 |0.304 | 1.544 HOM?;';";/:;MO“‘
6 275 | 550 |0.012 | 2.679 HO’(’;‘g’;L/‘;MO 277 | 554 |0.271 | 6.914 HOM(‘;;;/:—)UMO 278 | 557 |2.379 | 2.788 HOM(‘;;S>'3-$:"°*5
2% : 3%
7 272 | 545 |2.440 |29.342 HOMgT;—;’)"o‘F’ 274 | 549 |2.965 | 3.560 HOMS;E;’)”O*F’ 277 | 554 |0.506 | 3.339 HOM(?;;/L)UMO
: ! 7%
8 265 | 531 |0.011 [22.006 - 268 | 536 |0.024 [16.652 HOMC(’Z';';L:/:’)'O*” 273 | 546 |0.140 | 5.402 HOM(‘Z;;;’;"O”
9 262 | 524 |0.037 [11.438 HOM%Z'—;/N;O”Z 263 | 527 |0.003|3.325 HOMgT:—;';"O” 266 | 533 |0.025 |6.270 HOM((’Z';';‘L:/:’)'O*”
9% . )
10 257 | 515 |0.009 |8.573| HOMO-1->LUMO+1 262 | 525 |0.023 [19.030| HOMO-1->LUMO+12 265 | 530 |0.011 |14.162| HOMO-1->LUMO+12
(81.2%) (21.2%) (18.3%)
Ay =-5A (stacking 5 A)
HOMO-1->LUMO HOMO-1->LUMO HOMO-1->LUMO
1 4 .07 X (54%) 1127 |10. (59.4%) . ) (67.1%)
33 ees [0.079 [10.010 B8O 339 | 678 |0.127 [10.308 B9W 339 | 679 |0.215 0208 | (71
(22.8%) (17.3%) (9.8%)
HOMO->LUMO+1 HOMO->LUMO+1 HOMO->LUMO+1
2 324 | 49 |1.874|3.109 (51.7%) 328 | 657 [1.444 | 1.946 (57.39%) 328 | 656 |1.064 |0.185 (67.7%)
HOMO-1->LUMO HOMO-1->LUMO HOMO-1->LUMO
(24.4%) (18.5%) (9.8%)
3 286 | 573 |0.251 [18.104 HOM‘(’;&/‘“’)MO“‘ 286 | 572 |0.096 [24.935 HOMO(;’:;:’)MO*Z 287 | 575 |0.411 |38.782 HOM‘?;G’;;U)MOQ
. 9%
4 281 | 563 |1.047 |84.958 HOM?;;';;J)MO*Z 283 | 567 [0.137 | 6.789 HO'(’;CS";;D‘;MO 285 | 570 |0.602 |22.151 HOMC(’;'Z;LJ)MO*Z
1 < < <
5 | @ | 280 | 561 |0.051|6.048 HO’(’;‘;'Z;“‘;MD ~ | 281 | 563 |0.952 |65.323 . @ | 278 | 557 |0.144 |36.414 HOMgf':;;;"O“s
6 277 | 555 |0.109 [11.301 HOM(?;;;’)"O*E; 278 | 557 |0.019 [17.384 HOMET;;‘;"O*E’ 277 | 554 |0.975 | 5.600 HO"("S(;’Z;‘;MO
) : 4%
7 274 | 548 |2.003 [52.660 HOMS';;;:“)* 275 | 550 |2.548 [22.358 . 275 | 550 |1.803 | 1.485 HO:;%Z;;MO
8 265 | 531 [0.025 [19.959 HOMO(‘J;;Z;“O”O 266 | 532 |0.040 |21.712 HOMO(':;;-;';"O*W 264 | 528 |0.016 |31.923 .
9 263 | 526 |0.009 [10.414 HOM%;'#/"’)‘O*” 262 | 525 |0.010 [13.576 HOM%;'-S‘;:’)'O*” 260 | 520 |0.044 |14.164 HOM((’Z';'-s‘i/")'O*”
6% : 8%
10 257 | 515 |0.047 [35.961| HOMO-1->LUMO+6 258 | 516 |0.079 |79.726| HOMO-1->LUMO+6 259 | 518 |0.084 |119.54| HOMO-1->LUMO+6
(18.1%) (18.2%) (21.9%)
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Table B.11. TD-DFT excitation summary for the H4 TCPE dimer at Ay =+10 A, comparing stacking distances of
4 and 5 Afor dc-c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, o0, and dominant orbital transitions.

o o
Ay =+10 A (stacking 4 A)
B 1PA | 2PA [ Osc. | 2PA N 1PA | 2PA | Osc. | 2PA N 1PA | 2PA [ Osc. | 2pPA N
[nm] | [nm] | Str. | [GM] Transition [nm] | [nm] | Str. | [GM] Transition Inm] | tnm] | str. | [6M] Transition
1 336 | 672 |0.264 [4.097|  HOMO->LUMO 342 | 684 |0.069 |1.918 | HOMO-1->LUMO+ 348 | 696 |0.062 [2.330 [ HOMO->LUMO+
(53.3%) (36.3%) (40.8%)
2 326 | 653 |1.830|0.316 | HOMO-1->LUMO+1 334 | 668 [1.508 [0.406 [ HOMO-1->LUMO 340 | eso |"1574|0.205 | HOMO-1->LUMO
(45.9%) (37.1%) 5 (42.6%)
3 287 | 574 |0.758 |56.149| ~HOMO->LUMO+3 287 | 574 |0.182 [8g.297| HOMO->LUMO+3 289 | 578 [©162%(gp.077| HOMO->LUMO+4
(42.4%) (25.3%) 7 (32.4%)
4 282 | 565 |0.906 [107.91| HOMO-1->LUMO+4 284 | 569 |0.052 [61.809| HOMO-1->LUMO+2 285 | 570 |%09545.173| HOMO-1->LUMO:3
(17.7%) (17.3%) 3 (24.1%)
5 | e | 282 | 564 |0.325 [16.193] HOMO->LUMO#4 | - | 58, | 568 |1.836 [12.809 . T | 284 | 569 |1.5606|17.664 .
° (28.1%) S ®
6 280 | 561 |1.654 [23.914] HOMO-1->LUMO+5 281 | 562 |1.853 [14.409| HOMO-1->LUMO+3 281 | se2 [230%8|g gg77| HOMO-1-LUMO+2
(37.4%) (26.8%) 1 (27.9%)
7 266 | 532 |0.008 [13.195| HOMO->LUMO+8 265 | 530 |0.016 [17.318 . 269 | 539 [0:0495| 5 438 HOMO->LUMO
(31.7%) 8 (54.6%)
8 263 | 526 |0.011[21.215 HOMO-1->LUMO+11 264 | 528 |0.002 [15.361| HOMO->LUMO+12 265 | 531 |0.011 |30.988| HOMO-1->LUMO+10
(36%) (29.1%) (21%)
9 260 | 521 |0.014|7.458 | HOMO-1->LUMO 263 | 527 |0.002 [23.795 HOMO->LUMO 264 | 528 00014145639 HOMO->LUMO+13
(54.6%) (30.6%) 3 (25.7%)
10 257 | 515 |0.031|233.85| HOMO->LUMO+1 258 | 517 [0.000 [111.96] HOMO-1->LUMO+1 260 | 520 [%:9017|70.206| HOMO-1->LUMO+1
(26.4%) (30.29%) 8 (46.29%)
Ay =+10 A (stacking 5 A)
1 327 | 655 [0.024 [0.901| HOMO>LUMO 336 | 672 |0.048 1.309 [ HOMO-1>LUMO 346 | 692 [0.410 | 1.872 HOMO->LUMO
(39.6%) (48.6%) (81.8%)
2 321 | 643 [2.026|0.767 | HOMO-1->LUMO 329 | 659 |1.603 [0.770 | HOMO->LUMO# 320 | 658 |0.886|0.174 | HOMO-1->LUMO+I
(38.9%) (48.9%) (80.3%)
3 283 | 566 |0.785 [57.430| HOMO->LUMO+3 285 | 571 |0.118 [38.630 HOMO-1-2LUMO+2 288 | 576 |0.147 |55.022| HOMO>LUMO+3
(30.8%) (39.7%) (34%)
4 281 | 563 |0.422 [97.638| HOMO-1->LUMO+2 285 | 570 |0.889 [105.92| HOMO>LUMO:3 284 | 568 |1.729 [19.636| HOMO>LUMO+2
(52.1%) (33.7%) (43.7%)
5 280 | 561 |1.746 |37.024| HOMO>LUMO+S 281 | 563 |2.351 [28.494 HOMO-1->LUMO+4 280 | 561 |0.242 [49.110 HOMO-1->LUMOS
3 (32.2%) < (19.8%) < (45.2%)
L 13 N p
6 278 | 557 |0.787 [25.173| HOMO-1->LUMO+4 281 | 562 |0.684 [17.261| HOMO-1->LUMO+S 279 | 558 |2.147 | 7.660 | HOMO-1->LUMO+4
(20.4%) (36.2%) (55.5%)
7 261 | 522 |0.003 |16.829| HOMO:1->LUMO+S 262 | 525 |0.004 [27.969| HOMO-1->LUMO+10 264 | 528 |0.004 |26.32 | HOMO->LUMO+10
(34.9%) (28.2%) (40.7%)
8 261 | 522 [0.003 [26.688| HOMO->LUMO+1 261 | 523 |0.004 [28.044| HOMO->LUMO+T 259 | 518 |0.001 [31.865| HOMO-1->LUMO+T1
(37.6%) (30.6%) (32.9%)
° 254 | 509 |0.024 [396.91| HOMO->LUMO+7 256 | 512 |0.004 |703.13 . 257 | 515 |0.013 [3.863 | HOMO-1->LUMO
(34.2%) (64.8%)
10 253 | 507 |0.051 |232.59 HOM‘?&;‘Z';/:’)MO*B 255 | 511 |0.105 | 2.959 - 257 | 514 |0.051 [284.77 -

94




Table B.12. TD-DFT excitation summary for the H4TCPE dimer at Ay = —10 A, comparing stacking distances of
4 and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, 0, and dominant orbital transitions.

o o
Ay =-10 A (stacking 4 A)
e 1PA | 2pPA | osc. | 2pA N 1PA | 2PA | Osc. | 2pA N 1PA | 2PA | Osc. | 2PA N
xe [nm] | (nm] | str. | [6M] Transition [nm] | [(nm] | str. | [GM] Transition ] | tomp | str. | oM Transition
1 332 | e64 |0.083|0.705| HOMO-1->LUMO 342 | 684 |0.060 1.365 | HOMO->LUMO# 342 | e84 |0.108 |2.146 | HOMO>LUMO#
(44.4%) (36.6%) (59.7%)
2 324 | 648 |1.946 [0.384 [ HOMO>LUMO 334 | 668 |1.498 [0.169 | HOMO-1->LUMO 334 | 669 |1.103 [0.390 | HOMO-1-2LUMO+2
(32.2%) (37.9%) (27.2%)
3 283 | 567 |o0.466 |18%24| HOMO->LUMO:s 287 | 574 |0.157 [94.082| HOMO->LUMO+4 287 | 575 |0.243 [g6.584| HOMO->LUMO+3
2 (22.8%) (18.3%) (30.8%)
4 282 | 565 |0.074|7.001 | HOMO-1->LUMO:2 284 | 569 |0.012 [64.913| HOMO-1->LUMO:3 285 | 570 |0.341 [41.691 HOMO>LUMO:S
(20.8%) (20.6%) (23.9%)
5 | o | 282 | 564 |2.184 [12.460| HOMO>LUMO3 | << | og3 | 567 | 1709 [9.230| HOMO>LUMO+2 | < | 585 | 565 |1.507 [13.190| HOMO-1->LUMO+2
2 (46.7%) = (19.4%) 2 (25.3%)
6 280 | 560 [0.939 |20.730| HOMO-1->LUMO+4 281 | 563 |2.063 |6.353 | HOMO-1->LUMO+2 280 | 561 |1.943|5.841 | HOMO->LUMO:S
(48.5%) (25.2%) (30.1%)
7 263 | 526 |0.005 |33.665 . 264 | 529 |0.017 [23.921| HOMO-1->LUMO+10 266 | 533 |0.069 |4.747 |  HOMO>LUMO
(21.5%) (59.1%)
8 262 | 525 |0.006 | 8.565 - 264 | 528 |0.003 [11.851 HOMO->LUMO:6 262 | 525 |0.014 |65.565| HOMO-1->LUMO+12
(24.9%) (28.7%)
9 257 | 514 |0.094 |37.160 . 263 | 526 |0.001 [23.866| ~ HOMO->LUMO 261 | 522 |0.007 |33.796| HOMO->LUMO+13
(38%) (37.1%)
10 256 | 512 |0.005 [635.18 : 258 | 516 |0.001 [135.17| HOMO-1->LUMO+ 258 | 516 |0.075 [369.37| HOMO-1-5LUMO:6
(28%) (24.2%)
Ay =-10 A (stacking 5 A)
1 324 | 649 [0.011|0.777| HOMO-1->LUMO 332 | 664 |0.179 [0.678 | HOMO-1->LUMO a3e | 678 |0.200 [1.111| HOMO-1->LUMO
(38.2%) (60.6%) (69.3%)
2 318 | 637 |2.055 [0.519 [ HOMO->LUMO+ 324 | 649 |1.462 |0.751 | HOMO->LUMO+1 330 | 660 |1.057 [0.383 | HOMO>LUMOH
(38.7%) (61.2%) (70.1%)
3 282 | 564 [1.047 [111.01| HOMO->LUMO+4 283 | 567 |0.182 [88.315| HOMO-1->LUMO+3 286 | 572 |0.017 |75.498| HOMO-1->LUMO+3
(31.3%) (40.5%) (50.7%)
4 282 | 564 |0.277 [38.327| HOMO-1->LUMO:2 282 | 565 |0.470 [71.916| HOMO>LUMO+4 283 | 567 [0.009 [51.036| HOMO>LUMO4
(25.4%) (39.5%) (36.4%)
5 279 | 559 |2.313 [76.085| HOMO-1->LUMO+3 281 | 562 |2.432 [12.477| HOMO-1-2LUMO+2 283 | 566 |1.936 [15.272| HOMO-1->LUMO+2
o (24.9%) < (42.7%) < (44.8%)
L 13 N p
6 278 | 557 |0.003 [ 1.665 | HOMO>LUMO:S 278 | 557 |0.941 [20.925| HOMO->LUMO:S 281 | 563 |2.265 [9.303 | HOMO>LUMO:S
(36.5%) (46%) (32.7%)
7 260 | 521 |0.001 [22.162| HOMO-1->LUMO+6 261 | 523 |0.001 |31.316| HOMO-1->LUMO+ 262 | 525 |0.024 | 4.351 HOMO->LUMO
(36.4%) (27.2%) (54%)
8 260 | 520 |0.013 [22.219| HOMO->LUMO+7 260 | 520 |0.014 [27.301| HOMO>LUMO+13 261 | 523 |0.003 |54.353| HOMO-1->LUMO+12
(28.7%) (36.6%) (24.3%)
9 254 | 509 |0.051 [304.01 HOMO-1->LUMO+6 256 | 513 |0.011 [138.52| ~ HOMO->LUMO 260 | 520 |0.000 [33.698| HMOMO->LUMO+13
(36.3%) (45.7%) (35%)
10 254 | 509 [0.018 |381.92| HOMO->LUMO+7 255 | 511 |0.070 [455.56| HOMO-1->LUMO+6 257 | 515 |0.078 |538.66| MOMO-1->LUMO+6
(34.4%) (35.9%) (33.5%)
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Table B.13. TD-DFT excitation summary for the H4 TCPE dimer at Ax = +5 A, comparing stacking distances of 4
and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, o, and dominant orbital transitions.

o X "
Ax =+5 A (stacking 4 A)
E 1PA | 2PA | Osc. | 2prA N 1PA | 2PA | Osc. | 2pPA N 1PA | 2PA | Osc. | 2pA N
Xc [nm] | [nm] Str. GM] Transition [nm] | [nm] Str. GM] Transition [nm] | [nm] Str. IGM] Transition
1 341 | 683 [0.459 | 0.885 HOMO->LUMO 344 | 689 [0.015|1.057| HOMO-1->LUMO 351 | 702 [0.041 [0.102| HOMO-1->LUMO
(65.1%) (49%) (52.4%)
2 332 | 665 [1.4391.115| HOMO-3>LUMO+1 341 | 683 |1.507 | 0.592 | HOMO->LUMO#1 349 | 698 [1.148 |0.770 HOMO->LUMO
(67.8%) (28.1%) (28.9%)
3 288 | 577 |0.089 |32.053| HOMO-1->LUMO+3 290 | 580 |0.007 |42.731| HOMO->LUMO+2 200 | 581 [0.087 |0.349 | HOMO-1->LUMO+3
(39.3%) (24.8%) (20.6%)
4 286 | 573 [0.025 [14.582 HOMO->LUMO+2 289 | 578 |0.000 | 0.404 : 289 | 579 [0.024 [3s.187| HOMO->LUMO+2
(28.3%) (27.7%)
< HOMO->LUMO+5 S HOMO->LUMO+5 < HOMO->LUMO+5
5 . . X 644 X X
© | 283 | 566 [0.175(118.93 g S | 288 | 572 |0.030 |77.6 P S | 288 | 576 |0.019 [33.957 P
6 280 | 561 |2.842 |14.488| HOMO-1->LUMO+4 282 | 564 |3.430|9.497 | HOMO->LUMO:3 282 | 564 |3.460 |11.476| HOMO-1->LUMO+2
(28.7%) (19.1%) (23.4%)
7 268 | 537 [0.011[1.100| HOMO-1->LUMO 270 | 541 [0.017 | 2.057 HOMO->LUMO 272 | 545 |0.023|2.493 HOMO->LUMO
(43.7%) (64.5%) (58.5%)
8 268 | 536 [0.013[1.120| HOMO->LUMO1 268 | 536 |0.007 | 1.927| HOMO-1->LUMO+1 270 | 541 [0.021 |3.664 | HOMO-1->LUMO+1
(47%) (62.1%) (53.7%)
9 266 | 533 |0.005 |24.010] HOMO->LUMO+8 265 | 531 |0.005 |32.773| HOMO-1->LUMO+8 265 | 530 |0.003 |33.278 .
(27.3%) (18.1%)
10 264 | 529 |0.003 [12.620 HOM%;;';;MO**’ 265 | 530 |0.003 [10.447 . 264 | 529 [0.002 [13.479 .
Ax =+5 A (stacking 5 A)
1 335 | 671 |0.022|0.422| HOMO->LUMO+1 345 | 691 [0.033|0.205| HOMO->LUMO+ 351 | 703 |0.054 |0.084 | HOMO->LUMO+1
(38.5%) (45.2%) (48.7%)
2 331 | 663 [1.896 | 1.210 | HOMO-1->LUMO 343 | 686 [1.517|1.200 [ HOMO-1->LUMO 350 | 700 [1.181|1.156 | HOMO-1->LUMO
(31.9%) (30.7%) (31.8%)
3 286 | 573 |0.009 [38.444| HOMO-1->LUMO+2 290 | 580 |0.016 |47.883| HOMO-1->LUMO+2 291 | 582 [0.019 [38.177| HOMO->LUMO+2
(21.6%) (20.4%) (19%)
4 285 | 570 [0.175|0.881 | HOMO->LUMO+S 288 | 576 |0.105|0.946 | HOMO->LUMO+S 289 | 579 [0.009 |3.837 | HOMO>LUMO+S
(23.5%) (25.4%) (27.2%)
5 281 | 563 |0.166 |137.52| HOMO-1->LUMO+4 284 | 569 |0.042 |91.948| HOMO->LUMO+4 286 | 572 |0.019 |48.609| HOMO->LUMO+4
< (19.7%) < (18.2%) < (27.1%)
13 N -
6 280 | 560 |2.876 [16.434| HOMO->LUMO+3 281 | 563 |3.345 [13.673] HOMO->LUMO+3 282 | 565 |3.628 [12.841| HOMO->LUMO+3
(32%) (26.7%) (23.9%)
7 265 | 531 |0.008|7.177 HOMO->LUMO 270 | 541 |0.018|3.273 HOMO->LUMO 272 | 545 |0.023 |3.886 HOMO->LUMO
(17.5%) (46.1%) (49.2%)
8 264 | 529 |0.005 |27.878 . 268 | 537 |0.009 |2.119| HOMO-1->LUMO+1 271 | 542 [0.013 | 3.586 | HOMO-1->LUMO+1
(52.2%) (48%)
9 263 | 526 [0.002 |6.148 HOMO->LUMO 265 | 531 [0.011 |41.634| HOMO-1->LUMO+8 265 | 531 [0.007 [41.721| HOMO->LUMO+9
(31%) (23.5%) (21.1%)
10 262 | 525 [0.011]7.475| HOMO-1->LUMO 265 | 530 |0.001|9.878 | HOMO-1->LUMO+8 264 | 529 [0.000 |12.962| HOMO-1->LUMO+9
(30.6%) (19.1%) (24.2%)
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Table B.14. TD-DFT excitation summary for the H4TCPE dimer at Ax = -5 A, comparing stacking distances of 4
and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, o», and dominant orbital transitions.

Iy o
Ax =-5 A (stacking 4 A)
B 1PA | 2PA [ Osc. | 2PA N 1PA | 2PA | Osc. | 2PA N 1PA | 2PA [ Osc. | 2pPA N
[nm] | [nm] | Str. | [GM] Transition [nm] | [nm] | Str. | [GM] Transition nm] | tnm] | str. | [GM] Transition
1 343 | 686 |0.508 [ 1.419| HOMO-1->LUMO 352 | 704 |0.474 |0.699 | HOMO-1->LUMO 357 | 715 |0.432 [0.129 | HOMO-1>LUMO
(76.1%) (46.8%) (52.6%)
2 333 | 667 |1.346[1.476 | HOMO>LUMOH 343 | 687 |1.035 |1.546 | HOMO->LUMO+1 350 | 700 |0.754 [0.639 [ HOMO>LUMO+
(72.4%) (40.29%) (47.9%)
3 288 | 577 |0.061|36.964| HOMO-1>LUMO+2 291 | 583 |0.021 [66.894| HOMO>LUMO+2 202 | 584 |0.043 [30.722| ~HOMO-3>LUMO
(45.4%) (35.1%) (25.6%)
4 286 | 572 [0.007 [13.470| HOMO->LUMO+3 290 | 581 |0.039 |9.950 [ HOMO-1->LUMO+2 291 | 582 |0.049 [17.601| HOMO>LUMO+2
(34.5%) (19.6%) (23.9%)
5 | S | 283 | 566 |0.255 [100.76] HOMO>LUMOMS | < | g5 | 571 |0.388 [53.024| HOMO1>LUMO | < | 555 | 576 |0.113 [27.655| HOMO>LUMO+S
e (37.8%) LS (18.7%) e (18.8%)
6 280 | 560 [2.798 [20.212| HOMO-1->LUMO+4 281 | 563 |3.009 |7.418 | HOMO>LUMO:S 282 | 564 |3.425 | 4.532 -
(24.7%) (19.8%)
7 271 | 542 |0.015|0.562|  MOMO->LUMO 274 | 549 |0.007 | 1.423 HOMO->LUMO 276 | 552 |0.021 |2.773 HOMO->LUMO
(79.1%) (47.5%) (53.6%)
8 268 | 536 |0.005 |15.404| HOMO-1->LUMO+8 271 | 542 |0.016 [ 4.091| HOMO-1->LUMO1 272 | 544 [0.011 |5.422 | HOMO-1->LUMO+1
(35.8%) (48.5%) (54.6%)
9 265 | 530 |0.004 [11.322 HOMC(’%';';;MO” 268 | 536 |0.006 |31.055 - 267 | 535 |0.004 |26.248 -
10 264 | 529 |0.017|9.874| HOMO-1->LUMO+1 266 | 532 |0.005 [18.406 . 265 | 530 [0.005 [18.266| HOMO->LUMO+12
(44.3%) (17.8%)
Ax =-5 A (stacking 5 A)
1 236 | 672 |o0.158 | 3.150| HOMO->LUMO+1 346 | 692 | 0,065 |1.386| HOMO-1->LUMO 351 | 702 0013 |0.6a2| HOMO-1>LUMO
(51.5%) (43.2%) (43.5%)
2 331 | 663 [1.827|0.619| HOMO-1->LUMO 343 | 686 |1.517 [0.538 |  HOMO>LUMO 349 | 698 |1.232|0.225 |  HOMO>LUMO
(37.8%) (44.2%) (45.9%)
3 289 | 578 |0.043 [68.976| HOMO-1->LUMO+2 291 | 583 |0.039 [61.244| HOMO->LUMO:2 292 | 584 |0.036 [37.452| HOMO>LUMO+2
(22.5%) (35.9%) (33.7%)
4 287 | 574 |0.439 [3.770 | HOMO-1->LUMO+2 289 | 579 |0.187 |2.360 | HOMO-1-2LUMO+2 289 | 579 |0.004 | 1.789 .
(23.9%) (19.6%)
5 282 | 564 |1.441 |65.150| HOMO-1->LUMO+4 284 | 569 |0.514 [67.215| HOMO->LUMO+4 286 | 572 |0.061 |44.605| HOMO->LUMO+4
< (49.6%) < (26.1%) < (26.6%)
1 ® = =
6 276 | 553 |1.229 [42.306| HOMO->LUMO+S 281 | 563 |2.792 [15.840 ~HOMO>LUMO:S 282 | 565 |3.622 [5.210 | HOMO->LUMO:3
(50.5%) (19.3%) (24.6%)
7 267 | 534 [0.020[1.733|  MOMO->LUMO 271 | 542 |0.019 |2.749 | HOMO-1->LUMO 272 | 544 |0.010 | 4.140 [ HOMO-1->LUMO+
(58.4%) (27.1%) (27.3%)
8 265 | 531 [0.001 [3.735 | HOMO-1->LUMO# 269 | 539 |0.004 |2.281 HOMO->LUMO 271 | 542 |0.005 5.678 | HOMO->LUMO+1
(22.8%) (28.8%) (29%)
9 264 | 529 |0.010 [35.223 HOMg';;;:"O*S 266 | 532 |0.005 |38.667 . 265 | 531 |0.001 [34.295 .
10 262 | 525 [0.001|6.928 | HOMO-1->LUMO 265 | 531 |0.002 |16.966 : 264 | 529 |0.006 [16.203 HOMO->LUMO+12
(42.2%) (17.4%)
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Table B.15. TD-DFT excitation summary for the HyTCPE dimer at Ax = +10 A, comparing stacking distances of
4 and 5 Afor dc-c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, 0, and dominant orbital transitions.

Ax=+10 A (stacking 4 A)
e 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2pPA N
Xc [nm] | [nm] Str. GM] Transition [nm] | [nm] Str. GM] Transition Inm] | [nm] Str. GM] Transition
1 HOMO->LUMO HOMO->LUMO HOMO->LUMO
328 | 656 |1.798 | 0.364 (57.2%) 335 | 670 |1.359 | 0.486 (80.9%) 341 682 |1.520 | 0.714 (32%)
2 HOMO-1->LUMO+1 HOMO-1->LUMO+1 HOMO-1->LUMO
323 646 | 0.531 ]0.0719 (48.9%) 329 | 659 |[0.530 | 1.083 (80.2%) 338 | 676 |0.000 |0.167 (41.5%)
3 HOMO-1->LUMO+2 HOMO->LUMO+2 HOMO->LUMO+2
285 571 |0.074 |63.192 (33%) 287 575 |0.143 |59.151 (46.3%) 290 581 |[0.039 [52.194 (35%)
4 HOMO->LUMO+3 HOMO-1->LUMO+3 HOMO-1->LUMO+3
281 563 | 0.438 |82.170 (55.4%) 282 565 |0.625 [51.088 (46.1%) 285 570 |0.408 (13.247 (35.5%)
5 ﬁ HOMO-1->LUMO+4 < HOMO->LUMO+4 < HOMO->LUMO+4
- 280 560 | 0.005 |48.490 (23.3%) = 282 | 564 |0.281 (48.810 (51.9%) 2 283 567 |0.087 (36.243 (33.5%)
6 ~ HOMO-1->LUMO+5 HOMO-1->LUMO+2
278 556 | 2.733 |20.642 277 555 |2.642 [19.109 (32.4%) 278 557 |[3.261 | 9.161 (24%)
7 HOMO->LUMO+10 HOMO->LUMO+11 ~
262 525 | 0.004 |13.354 (36.3%) 263 526 | 0.004 |23.264 (27.4%) 262 525 |[0.022 | 7.856
8 HOMO->LUMO+6 HOMO-1->LUMO+10 ~
261 523 |0.000 | 9.881 - 261 522 (0.003 (23.897 (40.9%) 260 521 [0.001 | 1.595
9 HOMO-1->LUMO+11 HOMO->LUMO+6 ~
260 520 | 0.015 |34.152 (24%) 256 513 | 0.044 [141.07 (34.7%) 260 521 |0.015 [56.002
10 - - -
258 517 |0.003 |293.75 255 510 | 0.007 |15.363 254 509 |0.008 (83.410
Ax=+10 A (stacking 5 A)
1 HOMO->LUMO+1 HOMO-1->LUMO HOMO->LUMO
327 655 | 2.23 | 1.238 (59.1%) 332 664 | 1.208 | 1.929 (74.6%) 348 696 |0.971|0.748 (85.2%)
2 HOMO-1->LUMO HOMO->LUMO+1 HOMO-1->LUMO+1
325 650 | 0.134 |1.0595 (50.2%) 325 | 651 [0.713 | 2.455 (75.7%) 338 | 677 |0.554 | 0.844 (82.5%)
3 HOMO->LUMO+3 HOMO-1->LUMO+2 HOMO->LUMO+2
287 574 |0.012 |87.627 (29.5%) 285 570 |0.124 |69.888 (46.2%) 294 588 |0.245 [55.002 (45.2%)
4 HOMO-1->LUMO+2 HOMO-1->LUMO+4 HOMO-1->LUMO+3
282 564 |0.335|7.772 (23.7%) 281 562 | 0.553 |28.861 (51.3%) 286 572 |0.006 [10.832 (23%)
5 HOMO-1->LUMO+4 HOMO->LUMO+5 HOMO->LUMO+5
o 280 560 | 0.149 |110.36 (37.3%) < 279 | 559 |1.165 [53.406 (31.7%) < 284 568 |0.396 (50.865 (36.7%)
1 &€ ~ @
6 - HOMO->LUMO+5 - HOMO->LUMO+3 - HOMO-1->LUMO+4
279 558 |2.874110.294 (30.1%) 276 552 | 1.764 |54.976 (29.2%) 281 563 |3.287 [12.263 (28.3%)
7 HOMO->LUMO+11 HOMO-1->LUMO+12 HOMO->LUMO+11
261 523 | 0.007 |26.680 (39.3%) 261 522 |0.007 |32.614 (25.1%) 264 529 |0.003 [19.057 (26%)
8 HOMO-1->LUMO+12 HOMO->LUMO+11 HOMO-1->LUMO+12
261 522 | 0.006 |22.983 (35.8%) 260 | 520 |0.008 [25.148 (34.8%) 260 521 |0.009 (42.396 (29.5%)
9 N HOMO-1->LUMO+6 HOMO->LUMO+6
255 511 | 0.013 |9.3049 254 509 |0.023 |224.43 (38.6%) 259 519 |[0.122 (119.77 (25.5%)
10 HOMO-1->LUMO+7 . B
254 509 | 0.064 |492.56 (19.3%) 253 506 | 0.005 | 1.254 257 515 [0.002 | 7.599
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Table B.16. TD-DFT excitation summary for the H4TCPE dimer at Ax = —-10 A, comparing stacking distances of
4 and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, 0», and dominant orbital transitions.

" _ "
Ax=-10 A (stacking 4 A)
e 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2pA B 1PA | 2PA | Osc. | 2pA N
XC [nm] | [nm] Str. GM] Transition [nm] | [nm] Str. GM] Transition Inm] | [nm] Str. GM] Transition
1 327 | 655 |1.678 |0.186| HOMO-1->LUMO 335 | 670 |1.593 [0.929 | HOMO-1->LUMO 384 | 768 |0.031 [ 1.821 HOMO->LUMO
(76.8%) (52.4%) (42.7%)
2 321 | 643 |0.658 | 0.687 | HOMO->LUMO+1 330 | 661 |0.277|1.380 | HOMO->LUMO1 340 | 681 |0.978|7.560 | HOMO-1->LUMO
(75.3%) (61.2%) (36.8%)
3 284 | 659 |0.068 [58.554| HOMO->LUMO+2 284 | 569 |0.052 [64.893| HOMO>LUMO:2 339 | 678 [0.433 |1.808 | HOMO->LUMO#
(33.6%) (27.6%) (51.3%)
4 280 | 560 |0.498 |67.982| HOMO-1->LUMO+3 281 | 563 |0.555 [38.095| HOMO-1->LUMO+3 333 | 666 |0.180 |2.337 | HOMO-2>LUMO
(53.3%) (50.4%) (27.3%)
< HOMO->LUMO+5 <L HOMO->LUMO+5 53 HOMO-1->LUMO+2
5 ) 614 . . 4 |o0. .
o | 279 | 558 [0.105 [53.61 P = | 280 | 560 |0.305 |30.320 i @ | 207 | 594 |0.263 |97.008 o610
6 277 | 554 |2.678 | 9.792 . 275 | 551 |2.677 |5.118 | MOMO-1->LUMO+2 286 | 573 [0.001 |8.957 | HOMO-38->LUMO
(23%) (42.5%)
7 262 | 524 |0.005 [21.750| HOMO-1->LUMO+10 262 | 525 |0.007 [22.274| HOMO-1->LUMO+11 284 | 569 [0.208 |9.372| HOMO->LUMO+S
(45.8%) (20.6%) (20.7%)
8 260 | 520 |0.011 [18.960| HOMO->LUMO+12 261 | 523 |0.012 [16.618| HOMO-1->LUMO+12 282 | 565 [0.312 |37.269| HOMO-1->LUMO+4
(35.2%) (30.6%) (41.4%)
9 256 | 512 |0.002 |159.13 . 258 | 516 |0.018 |12.046 . 278 | 557 |2.847 |17.048 .
10 254 | 509 |0.004 [136.62 . 254 | 508 |0.007 [84.073 . 270 | 540 [0.043 [14.474 HO"("S%";';:;MO
Ax=-10A (stacking 5 A)
1 326 | 652 |1.872|0.136 HOMO->LUMO 337 | 675 |1.586 |1.991| HOMO>LUMO 342 | e84 [1.553 |0.8g9 | HOMO-1->LUMO
(70.5%) (71%) (43%)
2 321 | 643 |0.499 | 0.367 | HOMO-1->LUMO+1 333 | 666 |0.308 |2.629 | HOMO-1->LUMO 338 | 677 |0.003|0.115 | HOMO->LUMO#1
(64.9%) (62.6%) (47.2%)
3 285 | 570 |0.034 [59.036] HOMO-1->LUMO+2 289 | 578 |0.154 [73.670| HOMO-1->LUMO+2 290 | 581 |0.025 |57.073| HOMO-1->LUMO+2
(25.3%) (43.8%) (21.3%)
4 280 | 560 |0.163|2.770| HOMO-1->LUMO+3 284 | 569 |0.510 [60.596| HOMO->LUMO:3 285 | 570 |0.158 |0.681| HOMO-~>LUMO+4
(28.6%) (51.6%) (22%)
5 279 | 559 |0.051 [126.02| HOMO->LUMO+S 281 | 563 |0.065 [27.752| HOMO-1->LUMO+4 284 | 568 |0.051 |47.821| HOMO-1->LUMO+3
< (28.2%) < (42.1%) < (33.8%)
1 & ~ ©
e
6 278 | 556 |3.135|6.249 | HOMO->LUMO+4 T | 279 | 558 |2.873|6.669 | HOMO->LUMO+S " | 280 | s60 |3.675|7.3a9| HOMO->LUMO:S
(26.9%) (27.3%) (22.9%)
7 261 | 523 |0.007 [22.502| HOMO->LUMO+11 268 | 536 |0.035 | 9.316 HOMO->LUMO 262 | 525 [0.013 [27.677 HOMO->LUMO
(35.9%) (27%) (32.9%)
8 260 | 520 |0.007 [20.663| HOMO-1->LUMO+12 262 | 525 |0.006 [19.205| HOMO->LUMO+10 261 | 522 |0.009 |67.010| HOMO-1->LUMO+10
(32.6%) (43.5%) (26.9%)
9 255 | 510 |0.003 |137.95| HOMO-1->LUMO+6 261 | 523 |0.020 |37.986| HOMO-1->LUMO+11 260 | 521 |0.005 |12.631| HOMO->LUMO+11
(20.2%) (43.3%) (25.8%)
10 254 | 508 |0.002 [221.99 . 259 | 518 |0.008 | 8.229 . 256 | 513 [0.027 [380.04 HOM?;‘;';/‘UJ)MO*S
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Table B.17. TD-DFT excitation summary for the H4TCPE dimer at plane rotation = 0°:, comparing stacking

distances of 4 and 5 Afor de_c =16-18 A: 1PA/2PA wavelengths, oscillator strengths, 0», and dominant orbital

transitions.
8 = 0° (stacking 4 A)
£ 1PA | 2PA | Osc. | 2pA N 1PA | 2PA | Osc. | 2pA N 1PA | 2PA | Osc. | 2pa N
xe [nm] | [m] | str. | [GM] Transition fom] | [nm] | st | [6M] Transition pnm] | tamp | str. | oM Transition
HOMO->LUMO HOMO->LUMO HOMO->LUMO
1 350 | 700 |0.163 | 3.958 (38.1%) 353 | 706 |0.102 | 5.916 (49.7%) 364 | 728 |0.353 | 4.583 (49.5%)
HOMO->LUMO+1 HOMO-1->LUMO+1 HOMO-1->LUMO
(20.4%) (25.2%) (29.4%)
HOMO-1->LUMO HOMO-1->LUMO HOMO->LUMO+1
2 336 | 673 |1.680 | 2.590 (48.1%) 340 | 681 |1.351 [2.475 (40.1%) 338 | 676 |0.817 [ 0.191 (40%)
HOMO->LUMO+1 HOMO->LUMO+1 HOMO-1->LUMO+1
(32.2%) (37.3%) (35.7%)
3 2905 | 591 [0.222 [34.272| HOMO->LUMO+3 297 | 594 |0.234 |54.302| HOMO->LUMO+2 302 | 605 |0.198 |54.256| HOMO->LUMO+2
(39.2%) (31.2%) (29.2%)
4 | o | 201 | 582 |0.054 |86.758| HOMO-1-2LUMO:2 292 | 585 |0.049 [g0.082| HOMO>LUMO+S 208 | 596 |0.692 2744 | HOMO>LUMO:3
< (26.7%) < (29.9%) < (29.4%)
I ~ E
5 285 | 570 |0.009 |97.689 . 285 | 570 |0.012 [59.695 . 292 | 585 [0.015 | 4.999 HOM(CS’;‘;:/:)UMO
6 283 | 567 |0.131[17.078] ~ HOMO->LUMO 284 | 568 |0.060 |1.605 | HOMO-1->LUMO 285 | 570 |0.068 [39.228 .
(28.7%) (27.1%)
7 280 | 560 |2.622[12.013 . 280 | 561 |0.566 |1.138 HOMC(’;;';';;;MO“ 281 | 562 |2.520 | 6.718 .
8 277 | 554 |0.010]0.152 HOMC(’&';OL/E;MO” 279 | 558 |2.377 [10.487 . 272 | 545 |0.024 [32.024 .
9 271 | 542 [0.012 [22.455| HOMO->LUMO-+8 270 | 541 |0.011 |38.818| HOMO->LUMO+E 272 | 544 |0.002 |0.868 | HOMO-1->LUMO+1
(38%) (30.1%) (44.5%)
10 268 | 537 |0.014|5.527 | HOMO-1->LUMO+8 268 | 537 |0.036 | 8.241| HOMO-1->LUMO+8 268 | 537 [0.103 [111.99 .
(33.7%) (32.2%)
- o 1
8 = 0° (stacking 5 A)
HOMO->LUMO HOMO->LUMO HOMO->LUMO
1 341 | 683 |0.249 | 9.737 (49.5%) 347 | 694 |0.211 [ 8.045 (47.3%) 342 | 685 [0.075 |7.533 (37.2%)
HOMO->LUMO+1 HOMO->LUMO+1 HOMO->LUMO+1
(14.0%) (17.2%) (18.2%)
HOMO-1->LUMO HOMO-1->LUMO HOMO-1->LUMO
2 328 | 657 |1.6212.743 (42.9%) 335 | 670 |1.324 | 2.598 (46.3%) 333 | 667 [1.136 |1.503 (46.3%)
HOMO->LUMO+1 HOMO->LUMO+1 HOMO-1->LUMO+1
(17.8%) (18.5%) (24.1%)
3 292 | 584 |0.307 [43.712| HOMO->LUMO+3 292 | 585 |0.247 [39.737| HOMO->LUMO+3 291 | 583 |0.308 [37.472| HOMO-1->LUMO+2
(44.7%) (38.7%) (43%)
4 288 | 576 |0.037|67.53 | HOMO-1->LUMO+2 290 | 580 |0.051 [65.660| HOMO-1->LUMO+2 289 | 579 |0.127 [31.797| HOMO->LUMO+3
(34.9%) (35.8%) (42.8%)
| < < s
5 | © | 282 | 564 |0.089 [87.026 . ~ | 283 | 567 |0.067 |58.602 . @ | 281 | 562 |0.568 |25.635 .
6 279 | 558 |2.665|8.702| HOMO->LUMO+S 280 | 561 |1.762 [3.2295| HOMO->LUMO# 277 | 555 |2.688 [3.661| HOMO->LUMO+S
(21.5%) (21.6%) (29.7%)
7 276 | 553 |0.156 | 1.598 | HOMO->LUMO+1 279 | 558 |1.366 [3.140 | HOMO->LUMO#1 275 | 551 |0.095 |0.777 HOMO->LUMO
(42%) (21.4%) (47.1%)
8 271 | 542 |0.052 |2.008| HOMO-1->LUMO+1 273 | 547 |0.089 | 1.281 | HOMO-1->LUMO1 268 | 537 |0.019|2.302 | HOMO-1->LUMO1
(42.2%) (45.5%) (56%)
9 267 | 535 |0.009 |31.908 HOM(‘;;;;';"O*S 267 | 535 |0.006 [40.250 . 264 | 529 |0.004 [47.605 .
10 265 | 530 |0.029 |8.291 HOMC(’;'?';;MO*S 265 | 531 |0.034 [15.814 . 263 | 527 |0.032 [16.560 .
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Table B.18. TD-DFT excitation summary for the H4TCPE dimer at plane rotation = 30°:, comparing stacking
distances of 4 and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, o, and dominant orbital

transitions.
8 = 30° (stacking 4 A)
e 1PA | 2PA | Osc. | 2pA B 1PA | 2PA | Osc. | 2pA N 1PA | 2PA | Osc. | 2pPA N
e [nm] | [nm] | str. | [GM] Transition [nm] | [(nm] | str. | [6M] Transition nm] | tom) | str. | 1oM) Transition
1 337 | 675 |0.1810.058 HOMO->LUMO 346 | 692 |0.219 [0.094| HOMO-1->LUMO 351 | 703 |0.355 | 0.091 HOMO-1->LUMO
(46.7%) (30.9%) (58.6%)
2 331 | 662 |1.550 |0.579 | HOMO-1->LUMO 342 | 685 [1.110 [0.519 | HOMO-1->LUMO#1 349 | 699 [0.662 |0.429 | HOMO>LUMO#
(43%) (32.6%) (42.5%)
3 283 | 566 |0.218 |23.447| HOMO->LUMO+2 285 | 571 |0.032 |36.514| HOMO->LUMO+2 287 | 575 |0.009 |19.235| HOMO-1->LUMO+4
(29.5%) (19.2%) (19.5%)
4 281 | 563 |0.133 [20.407| HOMO->LUMO+3 284 | 568 |0.367 [ 1.714 . 287 | 574 [0.110 |30.845| HOMO->LUMO+4
(30.7%) (22.7%)
s | s | 279 | 559 |0.032 [106.50] HOMO->LUMO+5 T | 283 | 566 |0.035[70.246| HOMO->LUMO+4 | < | 555 | 5719 [0.314 |7.513 .
2 (29.3%) N (21.9%) 2
6 277 | 554 |2.719|1.910| HOMO->LUMO+4 278 | 557 |3.018|3.318 | MOMO-1->LUMO+2 280 | 560 |2.561|5.672 | HOMO-1-2LUMO+2
(31.4%) (21.4%) (26.2%)
7 270 | 540 |0.022|0.476 | HOMO-1->LUMO 275 | 550 |0.010|0.714 [ HOMO->LUMO#1 278 | 556 [0.610 | 0.609 HOMO->LUMO
(45.4%) (48.1%) (47.8%)
8 269 | 539 |0.003 | 0.079 HOMO->LUMO 275 | 550 |0.065 | 0.111 HOMO-1->LUMO 276 | 552 |0.146 |1.5597| HOMO-1->LUMO+1
(41.5%) (47.5%) (56.6%)
9 265 | 530 |0.010 [17.797| HOMO->LUMO:8 266 | 532 |0.008 [18.932| HOMO->LUMO+8 266 | 532 [0.008 [10.205| HOMO->LUMO+8
(28.3%) (24.3%) (24.7%)
10 264 | 529 |0.004 |16.114| HOMO-1->LUMO+8 265 | 531 |0.003 [13.949| HOMO-1->LUMO+8 265 | 531 [0.010 | 9.860 | HOMO-1->LUMO+8
(28.3%) (24.5%) (28.1%)
30° (stacking 5 A)
1 334 | ees |0.188 | 0.152 HOMO->LUMO 341 | 682 |0.212 [0.109| HOMO-1->LUMO 347 | 694 [0.382|0.103| HOMO-1->LUMO
(34.1%) (35.8%) (74.9%)
2 328 | 657 |1.570|0.505| HOMO-1->LUMO 337 | 675 |1.179 |0.505 | HOMO->LUMO+1 344 | 688 [0.698 |0.514| HOMO>LUMO#
(45.6%) (48.5%) (73.6%)
3 282 | 565 |0.321|5.600 | MOMO-1->LUMO+2 284 | 569 |0.054 |33.479| HOMO-1->LUMO+2 287 | 574 |0.010|27.95 | HOMO-3->LUMO
(20.3%) (20.1%) (23.6%)
4 282 | 565 |0.029 [38.055| HOMO>LUMO+3 284 | 568 |0.289 [11.188| HOMO-~>LUMO+3 286 | 572 [0.107 [33.315| HOMO->LUMO+S
(17.4%) (27.2%) (30.2%)
5 280 | 561 |0.065 [115.77] HOMO->LUMO+S 283 | 566 |0.102 [72.568| HOMO->LUMO+S 285 | 570 |0.346 |6.837 | HOMO-1->LUMO+2
< (28.4%) < (30.5%) < (19.8%)
1 @ ~ ©
e
6 278 | 556 |2.888 |3.474| HOMO->LUMO+4 T | 279 | 558 |3.189|3.801 | HOMO:1>LUMOs2 | ™ | 585 | 560 |3.337 [4.905 | HOMO-1->LUMO+2
(25.7%) (19.1%) (21.6%)
7 267 | 534 |0.001|0.273 HOMO->LUMO 272 | 544 |0.002 | 0.046 HOMO->LUMO 274 | 549 |0.044 | 0.321 HOMO->LUMO
(52.1%) (79.5%) (85.3%)
8 265 | 531 |0.010|0.376 | HOMO-1->LUMO 269 | 538 |0.001 |0.572| HOMO-1->LUMO# 270 | 541 [0.006 | 1.683 | HOMO-1->LUMO
(56.5%) (80.9%) (87.3%)
9 263 | 527 |0.011 [25.377| HOMO>LUMO+8 264 | 529 |0.007 [22.178| HOMO-1->LUMO+8 264 | 529 [0.004 [15.179| HOMO-1->LUMO+8
(32.4%) (26%) (20%)
10 263 | 527 |0.001 |10.402| HOMO-1->LUMO+8 264 | 528 |0.002 |16.752| HOMO->LUMO+11 264 | 528 |0.006 |14.178] HOMO->LUMO+11
(34.6%) (24%) (21.8%)
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Table B.19. TD-DFT excitation summary for the H4TCPE dimer at plane rotation = 60°:, comparing stacking
distances of 4 and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, o, and dominant orbital
transitions.

8 = 60° (stacking 4 A)
Exe 1PA | 2PA | Osc. | 2pPA N 1PA | 2pA [ Osc. | 2pA N 1PA | 2PA | Osc. | 2pA N
[am] | [am] | str. | [GM] Transition [nm] | [nm] | Str. | [GM] Transition tnm] | [am] | str. | [GM] Transition
1 338 | 677 |0.961|0.386 | MOMO->LUMO 342 | 684 |0.747 [0.671| HOMO-1->LUMO 359 | 718 |0.497 [0.200 |  HOMO->LUMO
(38.9%) (37.4%) (54%)
2 336 | 673 |0.509 [0.573 | HOMO-1->LUMO 338 | 677 |0.417 | 0.443 | HOMO->LUMOH 352 | 704 |0.381 [0.256 | HOMO->LUMO
(45.6%) (56.5%) (42.8%)
3 286 | 573 |0.030 [25.639| HOMO->LUMO:3 286 | 572 |0.572 |18.088| HOMO>LUMO+2 299 | 599 |0.292 [6.026 | HOMO->LUMO:2
(24.4%) (22.7%) (35.7%)
4 285 | 571 |1.048 |2.840| HOMO->LUMO+2 282 | 564 |0.154 [79.180| HOMO->LUMO+3 204 | 588 |0.616 [4.651| HOMO->LUMO+3
(20.9%) (30.9%) (31.1%)
5 | S | 283 | 566 |0.061 [126.30| HOMO>LUMO+4 | =< | 576 | 569 |0.969 |18.200 - s | 288 | 577 |0.282 |57.845 HOMO-1->LUMO+2
° (22.1%) & e (26%)
6 281 | 563 [2.171|11.030| HOMO>LUMO+S 276 | 553 |1.121 [32.780 . 286 | 573 |0.811 [13.374| HOMO-1->LUMO
(22.6%) (28.7%)
7 271 | 543 |0.154 | 0.655 HOMO->LUMO 272 | 545 |0.601 |2.933 HOMO->LUMO 278 | 557 |1.625 [1.169 | HOMO->LUMO+6
(41.7%) (40.6%) (24.3%)
8 269 | 538 |0.101 [0.274 | HOMO-1->LUMO+1 269 | 538 |0.057 |0.734 | HOMO-1->LUMOH 278 | 557 |0.150 [0.080 | HOMO-1->LUMO+
(45.5%) (55.3%) (35.8%)
9 267 | 534 |0.008 [3.225| HOMO->LUMO+8 266 | 532 | 0.074 | 4.965 | HOMO->LUMO+8 274 | 549 |0.016 | 7.108 .
(35.3%) (25.6%)
10 266 | 532 |0.000 [28.160| HOMO-1->LUMO+8 264 | 529 |0.046 [40.545| HOMO-1->LUMO+8 267 | 534 |0.009 [22.131| HOMO-1-2LUMO9
(34.4%) (24.4%) (30.1%)
=60° (stacking 5 A)
1 338 | 676 |0.881[0.572|  HOMO->LUMO 350 | 701 |0.642 | 4.058 | HOMO->LUMO+ 348 | 697 |0.567 [0.306 | ~ HOMO->LUMO
(64.9%) (66.6%) (64.4%)
2 333 | 666 |0.691|0.148 | HOMO-1->LUMO1 342 | 685 |0.556 |2.973| HOMO-1->LUMO 341 | 682 [0.398 [0.509 [ HOMO-1->LUMO+1
(48.4%) (70.1%) (45.5%)
3 288 | 577 |0.164 [40.031| HOMO->LUMO+3 291 | 583 |0.621 [35.509| HOMO->LUMO+3 289 | 578 |0.455 [14.465| HOMO->LUMO+2
(27%) (54.9%) (35.8%)
4 286 | 573 |1.124 |10.197| HOMO->LUMO+2 289 | 578 |0.596 [44.595| HMOMO-1->LUMO+2 283 | 567 |0.439 [37.020 ;
(33%) (42.5%)
5 284 | 568 |1.142 |65.600| HOMO-1->LUMO+3 284 | 569 |0.233 [27.580| ~ MOMO-LUMO 283 | 566 |0.843 [14.578| HOMO->LUMO:3
o (28.3%) < (52.6%) < (19.5%)
1 ® ~ P
6 280 | 560 |1.031 [39.212 HOMO-1->LUMO+S 280 | 560 |0.587 |42.736| HOMO-1->LUMO+4 278 | 557 |1.617 |25.350 .
(38.2%) (27.8%)
7 269 | 538 |0.091 [0.232 | HOMO-1->LUMO 278 | 556 |1.385 |12.665| HOMO->LUMO+S 273 | 546 |0.403 [2.713 | HOMO-1->LUMO
(61.1%) (28.1%) (52.4%)
8 267 | 535 |0.055 [0.817 | HOMO>LUMO+ 270 | 541 |0.075 | 2.244 | HOMO-1->LUMO#1 271 | 543 |0.052 [1.480 | HOMO->LUMO+1
(61.9%) (79.5%) (53.6%)
9 267 | 534 |0.000 |8.586 | HOMO->LUMOS 268 | 536 |0.080 [4.008 | HOMO->LUMO:S 267 | 534 |0.031 [3.668 | HOMO->LUMO:8
(32.5%) (22.8%) (28%)
10 265 | 530 |0.014 |20.803| HOMO-1->LUMO+8 266 | 533 |0.056 [28.273| HOMO-1->LUMO+8 264 | 528 |0.014 |25.791| HOMO-1->LUMO+8
(31.7%) (24%) (23.2%)
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Table B.20. TD-DFT excitation summary for the H4TCPE dimer at plane rotation = 90°:, comparing stacking
distances of 4 and 5 Afor dc_c = 16-18 A: 1PA/2PA wavelengths, oscillator strengths, o, and dominant orbital

transitions.
8 =90° (stacking 4 A)
e 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2PA N 1PA | 2PA | Osc. | 2pPA N
xe tnm] | nm] | st | [GM] Transition tnm] | [nm] | str. | [GM] Transition tnm] | [nm] | str. | [6M] Transition
1 341 | 682 |0.729|1.709 | HOMO->LUMO+1 351 | 703 |0.600 | 0.663 | HOMO->LUMO+1 365 | 731 |0.421|0.074 | HOMO->LUMO+
(55.8%) (69.8%) (57.9%)
2 333 | 667 |0.783|5.503 HOMO->LUMO 341 | 682 |0.651|1.788 | HOMO-1->LUMO 359 | 719 |0.540 | 0.635 HOMO->LUMO
(31.5%) (57.8%) (47.5%)
3 298 | 596 [0.511[1.901| HOMO->LUMO+2 295 | 590 |0.249 | 4.473 . 208 | 597 [0.243 |0.459 | HOMO->LUMO+2
(34.9%) (26.6%)
4 200 | 581 |0.863 |48.149 : 291 | 583 [1.189 |2.263 : 295 | 591 [0.549 |0.188 HOM(?;;;/'—)UMO
4%
5 | e | 289 | 578 |1.485 |20.458 B T | 289 | 579 [1.150 [50.416| HOMO-1->LUMO+2 | X | 594 | 588 |0.505 |7.804 | HOMO-1->LUMO+1
2 = (27.6%) 2 (47.9%)
6 284 | 568 |0.435 [85.368| HOMO->LUMO+S 287 | 574 |0.391 [72.713] ~HOMO->LUMO+S 292 | 585 |0.002 |74.167 .
(23.9%) (24.8%)
7 277 | 554 |0.072 [16.143| ~ HOMO->LUMO 283 | 567 |0.717 | 4.693 HOMO->LUMO 287 | 574 [1.601 |1.607 | HOMO->LUMO+4
(33.3%) (33.5%) (23.9%)
8 273 | 546 |0.183|2.386 | HOMO-1->LUMO+1 275 | 551 |0.128 | 0.881 [ HOMO-1->LUMO+1 286 | 573 [1.044|2.079 .
(34.3%) (62.7%)
9 271 | 542 |0.027 | 1.831 . 270 | 541 |0.009 | 4.518 HOMS;';;’D:"O*‘B 271 | 542 [0.009 | 0.147 Ho"‘g;kg:"o*e
: 4%
10 268 | 536 |0.046 |2.436| HOMO->LUMO+8 266 | 533 |0.003 [30.908| HOMO-1->LUMO+8 268 | 536 [0.001 [25.386| HOMO-1->LUMO+8
(24.2%) (30%) (32.4%)
o X
90° (stacking 5 A)
1 335 | 670 |0.678|1.957| HOMO-1->LUMO 345 | 691 |0.585|0.266 | HOMO->LUMO 361 | 722 [0.397 | 0.087 HOMO->LUMO
(39.7%) (63.8%) (34.1%)
2 331 | 663 [0.833 |0.606| HOMO->LUMO1 339 | 678 |0.698 |0.486| HOMO-1->LUMO 355 | 711 [0.590 |0.443 | HOMO->LUMO#1
(38.7%) (44.2%) (29.6%)
3 293 | 586 |0.494 |17.090| HOMO-1->LUMO+2 202 | 584 |0.395 |20.046| HOMO-1->LUMO+2 204 | 589 [0.175|1.963 | HOMO->LUMO+2
(29.9%) (27.9%) (30.5%)
4 289 | 578 |1.249 |20.105| HOMO->LUMO+4 288 | 577 [1.331|3.163 | HOMO->LUMO:3 292 | 584 |0.859 |0.971 | HOMO-1->LUMO
(33.8%) (23.8%) (21.4%)
5 285 | 570 [1.293 | 2.054 . 285 | 571 |o0.864 [60.597| HOMO->LUMO+4 290 | 581 [0.428 [4.752| HOMO-1->LUMO
< < (26.9%) « (32.7%)
—1 e ~ )
6 283 | 567 |0.217 |137.64| HOMO-1>LUMO+3 | = | 5o4 | 5eo | 0730 [51.081] HOMO->LUMO+S = | 289 | 578 |0.081 |75.022| HOMO-1->LUMO+2
(22.4%) (28.1%) (22.2%)
7 278 | 556 |0.443 |12.572| ~ HOMO->LUMO 278 | 557 |0.434 | 1.487 HOMO->LUMO 284 | 569 [1.322|3.131| HOMO->LUMO+4
(48.3%) (40.6%) (25%)
8 267 | 534 [0.018 0.704| HOMO-1->LUMO+8 274 | 548 |0.130 | 0.555 | HOMO-1->LUMO+1 283 | 566 [1.108 [2.892 | HOMO-1->LUMO+4
(26.8%) (54.2%) (20.5%)
9 265 | 531 |0.057 [21.183 . 268 | 536 |0.015 | 2.643 HOM(‘;;;:/JD';"O*S 269 | 538 [0.015 |0.414 HOMS?#;’;""“
10 265 | 530 |0.024 |32.502 : 265 | 531 |0.004 |37.740 HOMC(’;';;L;MO*B 266 | 533 |0.000 |33.000 HOMC(’;'Z;L;MO*S
8% 5%
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B.2.1. Orbitals Visualization

The electron density difference upon excitation was calculated using Turbomole and visualized with Vi-
sual Molecular Dynamics (VMD). An isovalue of 0.02 a.u. was applied for the visualization of individual
molecular orbitals, while an isovalue of 0.0002 a.u. was used for the electron density difference plots.
The regions where electron density is depleted upon excitation are shown in blue, whereas the regions
where electron density accumulates are shown in green. The extent of charge transfer upon excitation

was quantified using Multiwfn (version 3.8).
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Figure B.8. Book-opening angle 45°:

comparison of short- and long-axis configurations for dc_c = 16-18 A.
Electron density difference (EDD) plots and dominant orbital transitions for the first and second excitations.
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Figure B.9. Plane displacement Ay = -5 A: comparison of stacking distances (4 and 5 A) for de_c = 16-18 A.
Electron density difference (EDD) plots and dominant orbital transitions for the first and second excitations.
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Figure B.10. Plane rotation 0°: comparison of stacking distances (4 and 5 A) for dc_c = 16-18 A. Electron density
difference (EDD) plots and dominant orbital transitions for the first and second excitations.
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B.2.2. Multiwfn Analysis

Table B.21. Book-opening angle 45°: Multiwfn analysis of the first and second excited states across the SA and
LA configurations for dc_c = 16-18 A.

Variation of dipole
Structure dc.c (A) State Sr(au) D(A) | momentwithrespectto| Hecr(A) H (A) t(A)
ground state:

16 S0-S1 0.6815 1.36 2.232012 3.31 5.504 -1.95

S0-S2 0.65572 0.736 1.175076 3.21 5.516 -2.475

SA 17 S0-S1 0.69416 1.408 2.336031 3.354 5.268 -1.946
S0-S2 0.6857 0.328 0.536 3.158 5.248 -2.83

18 S0-S1 0.70012 1.504 2.50932 3.399 5.014 -1.895

S0-S2 0.69975 0.206 0.34069 3.161 5.000 -2.955

S0-S1 0.63359 0.673 1.053828 3.462 6.616 -2.789

16 S0-S2 0.66099 0.626 1.006645 3.407 6.595 -2.781

LA 17 S0-S1 0.64206 0.507 0.799367 4.008 6.900 -3.501
S0-S2 0.6507 0.599 0.953785 3.812 6.913 -3.213

18 S0-S1 0.71215 0.534 0.893537 3.637 6.690 -3.103

S0-S2 0.7093 0.318 0.532361 3.766 6.739 -3.448

Table B.22. Plane displacement Ay = =5 A: Multiwfn analysis of the first and second excited states comparison
of Az=4 and 5 A for dc_c = 16-18 A.

Structure | dcc (A) State Sr(au) D (A) V\\Ili::?;:)pnez: flpg(:fur:::z:; Hecr (A) H(A) t(A)
16 S0-S1 0.64468 1.663 2.661847 3.193 4.994 -1.53
S0-S2 0.64506 0.797 0.797 3.344 5.244 -2.547
4A 17 S0-S1 0.69254 1.338 2.213774 3.809 5.194 -2.471
S0-S2 0.69379 0.184 0.306299 2.788 5.137 -2.603
18 S0-$1 0.7229 1.092 1.853855 3.723 5.02 -2.631
S0-S2 0.72103 0.258 0.436178 3.156 5.159 -2.898
16 S0-S1 0.60018 1.649 2.534674 3.405 5.507 -1.756
S0-S2 0.63441 0.82 1.296532 3.162 5.478 -2.342
sA 17 S0-S1 0.61627 1.513 2.328625 3.712 5.352 -2.2
S0-S2 0.59496 1.335 2.03456 3.736 5.607 -2.401
18 S0-S1 0.65474 1.579 2.506749 3.282 5.091 -1.703
S0-S2 0.6663 1.09 1.763403 3.736 4.996 -2.646
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Table B.23. Plane rotation 0°: Multiwfn analysis of the first and second excited states comparison of Az =4 and
5 Afordc_c =16-18 A.

Variation of dipole
Structure | dc.c (A) State Sr(au) D (A) moment with respectto | Hecr(A) H(A) t(A)
ground state:

16 S0-S1 0.65873 0.573 0.916858 3.724 5.544 -3.15
S0-S2 0.68283 0.626 1.020028 3.341 5.342 -2.715
A S0-S1 0.61019 1.553 2.383342 3.851 5.538 -2.298
4 17 S0-S2 0.61735 1.244 1.911875 3.88 5.58 -2.636
S0-S1 0.65804 1.712 2.740125 3.809 5.091 -2.097
18 S0-S2 0.67245 0.267 0.430328 2.41 5.044 -2.143
S0-S1 0.60426 1.437 2.171809 3.501 5.401 -2.064
16 S0-S2 0.65683 0.883 1.406369 3.212 5.139 -2.329

A S0-$1 0.6235 1.137 1.743746 3.584 5.31 5.31
° 17 S0-S2 0.66976 0.939 1.514424 3.364 5.139 -2.425
S0-S1 0.65841 0.583 0.929486 3.593 5.582 -3.009
18 S0-S2 0.63771 0.844 1.324619 4.072 5.619 -3.229

B.3. 2PA Properties in H;TBAPy Linker
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Table B.24. Summary of the electronic transitions involved in 1PA and 2PA for the H4TBAPy monomer in implicit
DMFE.

1PA | 2PA Osc. 2PA L. . . . -
Exc tnm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition

1 368 | 737 | 1.1962 | 0.006646 LOLIOSLURS 94.4% IntraCT

HOMO-1->LUMO 37.5%

2 326 | 652 | 0.0009 | 0.000853 | HOMO->LUMO+4 26.8%
HOMO->LUMO+2 | 26.8%

-DD: 1%t excitation

HOMO->LUMO+3 63.7%
3 | 280 | 561 | 0.0003 | 125.1374 | youostumoss | 15 49 c .% :

HOMO->LUMO+2 49.2% IntraCT

4 | 277 | 554 | 1.7058 | 1.429650 | ouc™Smo | a0 20 L

5 276 | 553 | 0.0033 | 744.0011 | HOMO->LUMO+1 87.2%

HOMO-4->LUMO 28.3%

6 | 258 | 517 | 0.0000 | 39.75893 | [ouoT Mo | o300,

EDD: 4* excitation

HOMO->LUMO+6 30.8%

7 | 256 | 513 | 0.0007 | 78.05637 | Louoasiumo | o000 ™ .& &.
.
8 | 252 | 505 | 0.0219 | 0.085925 | HOMO->LUMO+4 | 65.5% }32:3 ﬁ °%
HOMO

9 249 | 499 | 0.1910 | 0.881616 | HOMO->LUMO+5 66.4%

10 246 | 492 | 0.0002 | 41.34335 - - j‘zg

HOMO 1* LUMO
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Table B.25. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA extracted from MOF

NU-1000.

Exc [:::] [zr::] 2::: [2GPI\I:] Transition Contrib Type Orbitals main transition
1| 357 | 715 | 22137 | 0.0715 | emeii 2;2;‘: L,'Z;T
2 | 353 | 707 | 0.0053 | 0.0163 :Z:Z:Lf:,::: 2;:322
3 | 319 | 638 | 0.0000 | 0.0261 | e 2?222
4 | 319 | 638 | 0.0009 | 0.0208 :Z';Z:::::: 22:;22 ﬂ %

EDD: 1%t excitation

5 | 271 | 543 | 0.0135 | 38.9812 . -
6 | 271 | 542 | 0.0003 | 13.5656 . -
7 | 270 | 541 | 0.0000 | 0.6477 | HoMosLuMo 91.1%
8 | 270 | 541 | 0.0173 | 91.4504 | HoMo-1>LuMo+s | 47.9%
9 | 269 | 538 | 0.0017 | 78.9781 . -

10 | 268 | 537 | 0.0976 | 112.712 - -
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Table B.26. Summary of the electronic transitions involved in 1PA and 2PA for the DimerB extracted from MOF

NU-1000.
Exe [:1:?] [iF:,?] c;:: [i;Pp‘:] Transition Contrib Type Orbitals main transition
1 | 359 | 718 | 0.0000 | 0.1238 H:::?:S:Zﬂ 2;:2:2
2 | 353 | 706 | 1.8204 | 26029 | oo aoe | HE
3 | 319 | 638 | 0.0006 | 0.0305 | HOMO3>LUMO*1 | 19 g
4 | 319 | 638 | 0.0016 | 0.1684 | HOMO-3>LuMO | 19.0% EDD: 2 excitation
5 | 273 | 547 | 0.1331 | 37.4975 HZ‘:::?:E:::S ;g:g:ﬁ w w
6 | 272 | 545 | 0.1578 | 94.1417 - - ' \ﬁ%
7 | 270 | 541 | 0.0212 | 15.0051 - - HOMOLL Lomo
8 | 270 | 541 | 0.0789 | 54.4503 : - w w
9 | 268 | 537 | 0.0017 | 9.8734 . - . v . "
10 | 268 | 537 | 0.0026 | 114.436 - - ' '
HOMO LUMO+1
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Table B.27. Summary of the electronic transitions involved in 1PA and 2PA for the DimerC extracted from MOF

NU-1000.

Exc [:‘I::‘:'\] [f::\] (;:: [ipl\‘:] Transition Contrib Type Orbitals main transition
S OUOLEl S 52.1% LE+Intr

1 355 | 711 | 2.0259 | 0.6129 OO 42.2% aCT
HOMO->LUMO+1 52.1% A

2 355 | 711 | 0.0056 | 0.0110 HOMO-1->LUMO 42.2%
HOMO-3->LUMO 38.7%

3 319 | 638 | 0.0010 | 0.0249 HOMO-1->LUMO+8 28.2%
HOMO-2->LUMO+1 38.7%

4 319 | 638 | 0.0010 | 0.0288 HOMO.>LUMO+9 28.5% EDD: 1%t excitation
HOMO-1->LUMO+2 7% e

5 271 542 | 0.1090 | 80.6817 36.7% :'-5,
HOMO-1->LUMO+6 20.4% N
HOMO->LUMO+3 9 ,

6 | 271 | 542 | 0.1432 | 94.2598 cLuMos3 ) 25.4% N
HOMO->LUMO+7 21.8% P ;

7 | 269 | 538 | 0.0030 | 61.1885 . . HoMo-1

8 | 268 | 537 | 0.0011 | 93.2961 | HOMO-14->LuMO+2 | 21.2% 7% N

?‘-"-’5 A‘%“ﬁ
9 267 | 535 | 0.0084 | 52.4627 | HOMO-15->LUMO+3 18.5% ﬁf-“gr jﬁ%
HOMO LUMO+1
10 267 | 535 | 0.0094 | 32.2651 - -
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Table B.28. Summary of the electronic transitions involved in 1PA and 2PA for the DimerD extracted from MOF

NU-1000.
1PA | 2PA Osc. 2PA . . . . .
Exc [nm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transitiot
HOMO->LUMO+1
35.2%
1 357 714 | 0.0000 0.0189 HOMO-1->LUMO 35.0% '
HOMO-1->LUMO 42.6% LE+
2 354 708 | 1.9427 0.0932 HOMOSLUMO+1 42.4% InterCT
3 318 637 | 0.0013 0.0218 -
4 318 637 0.0005 0.0610 HOMO-3->LUMO 22.3% EDD: 2"excitation
2 7
5 273 547 | 0.0287 3.8393 - ?%Y Q%Y
6 273 547 | 0.0106 1.7809 -
LY N
7 270 540 | 0.0838 | 132.5116 - HOMO-1 LUMO
8 269 539 | 0.0146 | 146.2211 - ?ggé
\ -
o | 267 | 535 | 0.0494 | 47.6994 - ’ﬁ{,\ ealie e (“c(*
77N YN
10 267 535 0.0045 16.1086 - - HOMO LUMO+1
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Table B.29. Summary of the electronic transitions involved in 1PA and 2PA for the Trimer extracted from MOF

NU-1000.
1PA | 2PA Osc. 2PA . . . . -
Exc [nm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition
HOMO->LUMO+1
33.6%
1 | 360 | 720 | 0.0000 | 0.23438 | yomo.1stumorz | 31606 F Y
HOMO-2->LUMO+2 3
30.4% ¥
2 360 | 720 | 0.0000 | 0.23472 HOMO->LUMO 29.8% gi
HOMO-2->LUMO 31.4% LE E A )
3 | 351 | 702 | 2.4859 | 8.16298 | HOMO-1>LUMO+1 | 34 305 | +IntraC EDD: 3" excitation
HOMO->LUMO+2 31.1% T v, j}‘ f&
4 319 638 | 0.0000 | 0.00257 - - %"\ ’é%
¥ 9
4 T L ) &
g SN e
5 319 638 | 0.0016 | 0.11503 HOMO-5->LUMO 12.8%
HOMO-2 LUMO
B R
6 319 | 638 | 0.0016 | 0.11482 | HOMO-3>LUMO+2 | 12.4% f& f “%
DA G S -
7 | 275 | 551 | 0.0000 | 0.06171 | HoMo->LUMO+3 | 20.0% ){m ﬁ*ﬁ*’r
HOMO-1 LUMO+1
8 | 273 | 547 | 0.2901 | 86.5636 | HOMO-2>LUMO+3 | 16.5% fr %\ é‘*%
9 | 273 | 547 | 0.2902 | 86.6264 | HOMO-1->LUMO+3 | 16.2% .aal g I L%,
H’% OB,
10 | 271 | 543 | 0.0001 | 0.76958 - - HOMO tuMOs2
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Table B.30. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA extracted from MOF
NU-901.

1PA | 2PA Osc. 2PA

Exc nm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition
HOMO-1->LUMO 54.0%
1 378 757 | 2.2077 0.4995 HOMO->LUMO+1 40.6% IntraCT
HOMO->LUMO+1 0
2 373 747 | 0.0107 0.0795 HOMO-1->LUMO 22'2(;2

HOMO-1->LUMO+8 39.3%

3 331 | 663 | 0.0022 | 0.0099 HOMO-3->LUMO 25.3% EDD: 1% excitation

HOMO-2->LUMO+1 28.6%
4 | 331 | 663 | 0.0030 | 0.0249 | WUCTILCOT | S o

5 292 | 585 | 0.0109 | 3.8006 HOMO-5->LUMO+9 15.3%

6 292 | 584 | 0.0010 | 13.5820 - -

7 291 582 | 0.0000 | 8.1285 HOMO->LUMO 90.7%

8 290 | 581 | 0.0072 | 33.552 HOMO-1->LUMO+4 29.1%

HOMO->LUMO+16 21.8%

9 | 289 | 579 | 0.0420 | 27.5037 | ‘oucTiumor | 18 6%

10 289 | 578 | 0.0001 75.622 HOMO-23->LUMO+4 19.5%
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Table B.31. Summary of the electronic transitions involved in 1PA and 2PA for the DimerB extracted from MOF
NU-901.

1PA | 2PA Osc. 2PA - . . . I
Exc inm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition

HOMO->LUMO 48.5%

1| 381 | 763 | 0.0001 | 0.1041 | ovorsiumMont | 45 oo

HOMO-1->LUMO 47.6% LE+

2 | 372 | 744 | 1.7610 | 15968 | omoswumont | 48706 | IntraCT

3 331 | 663 | 0.0019 | 0.0014 HOMO->LUMO+10 19.2%

4 331 663 | 0.0035 | 0.1594 HOMO-1->LUMO+10 19.1%

EDD: 2™ excitation

5 310 | 621 | 0.0187 | 0.1283 - -

6 298 | 596 | 0.0092 | 0.4274 - - f f }”([
7 293 | 587 | 0.0294 | 6.6952 - - Pl N )X‘) (k)\

HOMO-1 LUMO

8 293 586 | 0.0481 43.919 - B \ﬁc’f \A)”(
" o,

9 290 | 581 | 0.0057 | 9.0456 - -

HOMO '
10 | 290 | 580 | 0.0145 | 29.049 - - LUMO+1

Table B.32. Summary of the electronic transitions involved in 1PA and 2PA for the DimerC extracted from MOF
NU-901.

Exc [‘::::] [zn::] Osc. Str. [ipl::] Transition Contrib Type Orbitals main transition
) 0,
1 | 376 | 752 | 1.9859 | 0.190 | HoMOTmuMe 50.7% LE
HOMO->LUMO+1 43.9%
= 0,
2 | 375 | 751 | 0.0026 | 0.021 | HovoztuMon °0.7% LE
HOMO-1->LUMO 43.9%
HOMO-1->LUMO+10 40.0%
3 331 663 | 0.0028 | 0.006
HOMO-3->LUMO 29.9%
0,
4 331 663 0.0024 | 0.007 HOMO->LUMO+11 40.1%
HOMO-2->LUMO+1 30.0%
HOMO->LUMO+7 14.6% L
5 291 582 | 0.0269 | 16.609 | |;5mo>LuMo+13 13.0% 1st and 2" excitation
HOMO-1->LUMO+12 18.8% ) ots g
6 290 581 0.0214 | 35.959 | | oMo-1->LUMO+4 18.3%
et W
7 290 580 | 0.0328 | 18.366 - - s
HOMO-1 LUMO
8 289 579 | 0.0018 | 48.216 HOMO->LUMO+4 10.6% )
o W
9 288 577 | 0.0282 | 52.877 | HOMO-20->LuMO+4 11.6% P P
: : HOMO-1->LUMO+2 10.9% < 7 ,
10 288 577 | 0.0501 | 26.096 - - " Homo I:UM(;+1
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Table B.33. Summary of the electronic transitions involved in 1PA and 2PA for the DimerD extracted from MOF
NU-901.

Exc [1'1??] [iF::] Osc. Str. [iPI:I\] Transition Contrib Type Orbitals main transition
HOMO->LUMO 38.9%
1 77 7 . .02
3 55 0.000 0.023 HOMO-1->LUMO+1 38.9%
HOMO-1->LUMO 45.6% LE+Low
2 374 748 1.887 1 0.017 HOMO->LUMO+1 45.6% IntraCT / 5
- 0,
3 331 663 0.004 0.004 HOMO->LUMO+10 16.8%
HOMO-1->LUMO+11 16.7%
-1- 0,
4 331 663 0.001 0.082 HOMO-1->LUMO+10 17.7%
HOMO-1->LUMO+11 17.6%
J
d . .
5 | 295 | 590 | 0.029 | 1.367 - - 2"¢ excitation
4
6 295 590 0.007 2.014 - - 3 Eiﬁ
A 9":1'\ » Jr‘ ;’L
7 291 582 0.003 | 24.174 - - *({fn \ ,zf;? .*:‘,,
H ' LUMO
8 290 581 0.000 | 37.635 - - ; W
9 289 579 0.047 | 23.782 - -
*’«L H,
10 289 579 0.008 | 17.590 o
HOMO LUMO+1
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Table B.34. Summary of the electronic transitions involved in 1PA and 2PA for the TrimerA extracted from MOF
NU-901.

1PA | 2PA Osc. 2PA - . . . .
Exc nm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition

HOMO-1->LUMO+1
42.1% .
1 | 381 | 763 | 0.0138 | 0.1111 | Lomozsiumo iy W

39.7% 3
2 376 | 753 | 0.1707 | 0.1430 HOMO->LUMO+2 80.5% %:

HOMO-1->LUMO+1 43.0% LE+Intr
HOMO-2->LUMO 37.6% aCT

3 371 743 | 2.4460 | 1.0257

EDD: 3" excitation

Yo e

4 331 663 | 0.0020 | 0.0470 HOMO-2->LUMO+13 27.1%

5 331 663 | 0.0037 0.0433 HOMO-1->LUMO+9 27.7% m )3(
HOMO->LUMO+16 38.0% ;‘gi,\f‘.‘ M w
6 331 663 | 0.0025 0.0436 HOMO-4->LUMO+2 20.8% \(v =< wj’ W ’Yj’
HOMO-1 LUMO+1
7 310 621 0.0180 0.1385 - - .
N Nasl
8 298 596 | 0.0100 0.4058 - - FE ~-\\\
V&Y VE—
9 295 591 0.0279 1.4636 - - HOMO-2 LUMO

10 | 294 | 589 | 0.0142 | 1.7364 - -
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Table B.35. Summary of the electronic transitions involved in 1PA and 2PA for the TrimerB extracted from MOF
NU-901.

1PA | 2PA Osc. 2PA o, . . . -
Exc [nm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition
HOMO-2->LUMO 42.3% » )
1 383 | 766 | 0.0451 | 0.2602 | yomo.tsiumost | 90 99
HOMO->LUMO+1 46.0%
2 | 377 | 755 | 0.0002 | 0.0451 | youo.tsiumMosz | 41 49 §oe. &8
HOMO-2->LUMO 39.6% LE W{
3 | 370 | 741 | 2.4638 | 3.5556 | HOMO-1->LUMO+1 | 56 205 | IntraCT # N
HOMO->LUMO+2 | 26.0% | InterCT EDD: 3" excitation
‘\8% \
4 | 331 | 663 | 0.0024 | 0.0110 | HOMO-2->LUMO+13 | 25.9% Va=nN ;gg{
/ AN
HoMo->LuMo+15 | 17.7% % T 4
5 | 331 | 663 | 0.0002 | 0.1351 | Lomoi>iumMorta | 17 50 «:« B,
oy .
Paad ;23{
6 | 331 | 663 | 0.0054 | 0.0392 | HOMO-1->LUMO+15 | 17.6% HOMO-2 Lumo’
7 | 310 | 621 | 0.0428 | 0.2426 - - M \383(
N s N, e
/17“‘{\ /ﬁk“‘{{x\
8 | 310 | 620 | 0.0000 | 0.0545 - - , / \)”i
9 | 298 | 596 | 0.0144 | 0.0493 - - HOMO-1 L\;Mfz,l
v N
el iy ean
10 | 298 | 596 | 0.0014 | 0.8785 - - m( }m:
‘HOMO' LUMO+2
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Table B.36. Summary of the electronic transitions involved in 1PA and 2PA for the TetramerA extracted from

MOF NU-901.
1PA | 2PA Osc. 2PA .. . . . -
Exc nm] | (nm] Str. [GM] Transition Contrib Type Orbitals main transition
HOMO->LUMO 20.9%
1 | 382 | 764 | 0.0000 | 01019 | Lomo.rstuMont | 90 99 § - /%
HOMO-1->LUMO 0 R s
2 | 380 | 760 | 0.0002 | 0.0000 | omosLuUMOsT 322;’ % W
.6% s TS
YN~ \/\ ¢
HOMO-2->LUMO 20.5% e
3 | 374 | 749 | 0.0000 | 0.0459 | yomossiuMost | o0 5o EDD: 4™ excitation
. 0
HOMO-3->LUMO 23.1% é)} %“\ *‘v\ %‘:""
4 | 370 | 740 | 3.3034 | 1.4843 | \oMoaoiuMort | 93 104 LE g A g e
HOMO-3 LuMo
5 331 | 663 | 0.0000 | 0.0028 . - ] .‘d;? 4,;,\\ »#p* %\\
Sl e i g
6 331 663 | 0.0033 0.0000 - - HOMO-2 LUMO+1
7 331 663 | 0.0069 0.0350 - -
8 331 663 | 0.0013 0.0258 - -
9 310 621 0.0002 0.0962 - -
10 310 621 0.0338 0.1929 - -
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Table B.37. Summary of the electronic transitions involved in 1PA and 2PA for the TetramerB extracted from
MOF NU-901.

1PA 2PA Osc. .. . . . o,
Exc tnm] | [nm] Str. 2PA [GM] Transition Contrib Type Orbitals main transition

HOMO-2->LUMO 35.4%

1 384 | 768 | 0.0000 | 0.39767 W
HOMO-3->LUMO+1 32.2%
HOMO-1->LUMO+2 26.5% ,

2 380 | 761 | 0.1108 | 0.02585

HOMO->LUMO+3 24.9%
HOMO->LUMO+2 0 Y
3 375 | 750 | 0.0002 | 0.00502 31.6% ﬂ
HOMO-1->LUMO+3 30.5% )
LE +
HOMO-3->LUMO 30.7%
4 369 | 739 | 3.1382 | 5.71641 AT G 29.4% low \
’ intraCT

EDD: 4th excitation

5 | 332 | 664 | 0.0029 | 0.00134 | HOMO-2>LUMO+18 | 16.0% \ 5 ( x (
£ \ £ g \

6 | 331 | 663 | 0.0020 | 0.03162 | HOMO-3>LuMO+18 | 15.8% Q“M SO,
e i

7 | 331 | 663 | 0.0015 | 0.00181 | HOMo->LuMO+1s | 15.9% /\ /\\

HOMO-3 LUMO

S

8 | 331 | 663 | 0.0043 | 0.17362 | HOMO-1>LUMO+19 | 16.3% 5
AN
o, Heares,

/!

9 | 311 | 622 | 0.0668 | 0.39717 . - o e
Nyvd
10 | 310 | 621 | 0.0000 | 0.00868 - - /TN /N
HOMO-2 LUMO+1
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Table B.38. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA extracted from MOF

SrTBAPy.
1PA 2PA Osc. 2PA . . . . .
Exc tnm] | [nm] str. [GM] Transition Contrib Type Orbitals main transition
HOMO-1->LUMO 50.9% | LE+Intr
1 340 | 681 | 0.0037 2.1097 HOMO->LUMO+1 41.7% aCT
HOMO->LUMO+1 50.2% | LE+Intr
2 333 | 666 | 1.4422 0.2320 HOMO-1->LUMO 20.8% aCT
HOMO->LUMO+2
33.4%
3 321 642 | 0.0023 0.9348 HOMO-2->LUMO+1 31.4%
HOMO-3->LUMO 31.4%
4 320 | 641 | 0.0096 0.3933 HOMO-1->LUMO+2 24.6%
5 276 | 553 | 0.0000 0.0071 HOMO->LUMO 99.3% EDD: 2™ excitation
i T 8l 7
6 275 | 551 | 0.0014 0.0625 HOMO-4->LUMO+9 32.8% :,"5 P’K‘:[: ; 2,«\;?7[
< K L et NN
HOMO LUMO+1
7 275 | 550 | 0.1672 | 98.6116 HOMO-1->LUMO+2 48.8%
A BT RFE T
8 271 543 | 0.2487 | 30.3391 HOMO->LUMO+7 29.3% Eg:{ bodg é
P, % E ,
HOMO-1 LUMO
9 266 | 533 | 0.0013 | 14.1566 -
10 266 | 533 | 0.0484 2.6717 - -

Table B.39. Summary of the electronic transitions involved in 1PA and 2PA for the DimerB extracted from MOF

SITBAPy.
Exc 1PA 2PA Osc. Str. 2PA[GM] Transition Contrib Type Orbitals main transition
[nm] [nm]
HOMO->LUMO+1 42.7% Low intraCT +
1 338 676 1.893 1.0141 HOMO-1 ->LUMO 42.6% LE
HOMO-1 ->LUMO 45.8%
2 334 669 0.000 0.0568 HOMO >LUMO+1 45.7%
HOMO-1->LUMO+2 221%
3 321 642 0.000 0.0379 HOMO-3->LUMO 17.1%
HOMO->LUMO+3 13.9%
HOMO->LUMO+3 19.9%
HOMO-2 ->LUMO+1 19.9%
4 321 642 0.010 2.2419 HOMO-3 ->LUMO 12.9%
HOMO-1 ->LUMO+2 12.3%
5 279 559 0.027 0.0443
6 275 551 0.073 2.7044
HOMO-5->LUMO+11 21.3%
7 274 549 0.001 0.0362 HOMO-5->LUMO+7 15.9%
HOMO-7->LUMO+6 16.1%
8 2n 543 0.003 0.1421 HOMO-7->LUMO+10 13.3%
HOMO ->LUMO+3 20.5%
9 271 542 0.058 25.0487 HOMO —>LUMO+7 20.1%
HOMO-1 ->LUMO+6 27.4%
10 270 541 0.211 121.974 HOMO ->LUMO+7 13.2%
HOMO -1->LUMO+2 11.2%
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Table B.40. Summary of the electronic transitions involved in 1PA and 2PA for the DimerC extracted from MOF
SrTBAPy.

Exc 1PA 2PA Osc. Str. 2PA[GM] Transition Contrib Type Orbitals main transition
[nm] [nm]
HOMO-1->LUMO 52.1%
1 337 675 0.007 1.6697 HOMO - LUMO+1 39.9%
HOMO-> LUMO+1 52.0% Low intraCT +
2 335 671 1.591 0.0820 HOMO-1=>LUMO 39.8% LE
HOMO-3->LUMO 33.0%
3 321 642 0.007 0.7899 HOMO-1-> LUMO+2 32.1%
HOMO-2->LUMO+1 33.2% 4
4 320 641 0.004 1.1958 HOMO-> LUMO+3 29.0% : )
EDD: 2" excitation
5 281 563 0.011 0.0186 HOMO-11->LUMO+5 14.4%
HOMO-4->LUMO+11 32.5%
6 277 555 0.005 0.1390 HOMO-43 LUMO+7 18.9%
7 275 551 0.119 2.1869 HOMO-10-> LUMO+2 11.1%
HOMO->LUMO+6 26.9%
8 271 543 0.503 53.711 HOMO->LUMO+3 24.3%
HOMO-1->LUMO+7 27.9%
9 271 542 0.186 97.9861 HOMO-1-> LUMO+2 21.3%
10 269 538 0.006 1.3731 HOMO-8->LUMO+9 22.6% 7
HOMO-1 LUMO+1

Table B.41. Summary of the electronic transitions involved in 1PA and 2PA for the DimerD extracted from MOF
SrTBAPy.

Exc 1PA 2PA Osc. Str. 2PA[GM] Transition Contrib Type Orbitals main transition
[nm] [nm]
HOMO->LUMO+1 50.1% Low intraCT + %
1 337 674 1.7089 1.5457 HOMO-1=> LUMO 40.7% LE E
HOMO-1->LUMO 50.2%
2 336 673 0.0042 0.0015 HOMO=> LUMO+1 40.7%
HOMO-2->LUMO+1 33.4%
3 321 642 0.0059 1.1801 HOMO->LUMO+2 30.7%
HOMO-> LUMO+5 11.1%
HOMO-3->LUMO 33.3%
4 320 641 0.0052 0.7918 HOMO-1-> LUMO+3 31.8%
5 275 550 0.1052 4.7629 - -
HOMO->LUMO+2 18.3%
6 272 545 0.3590 52.874 HOMO-> LUMO+6 14.5%
HOMO-7->LUMO+11 20.6%
7 271 543 0.0063 0.2030 HOMO-7-> LUMO+6 18.5%
HOMO-1-> LUMO+7 32.2%
8 271 542 0.1889 87.5601 HOMO-1-> LUMO+3 18.8%
9 270 540 0.0367 51.969 HOMO->LUMO+6 20.0%
HOMO-9->LUMO+10 13.9%
10 267 535 0.0779 10.924 HOMO-9-> LUMO+7 13.8%
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Table B.42. Summary of the electronic transitions involved in 1PA and 2PA for the TrimerA extracted from MOF
SrTBAPy.

Exc [:::1\] [il::] C;::: [ZGP:] Transition Contrib Type Orbitals main transition

1 341 683 | 0.0455 | 0.72033 HOMO-2->LUMO+1 18.6%

HOMO-1->LUMO+2 30.9%

2 337 | 675 | 0.0038 | 1.17607 HOMO->LUMO 27 4%

3 331 | 663 | 1.9703 | 0.5298 O O e e 21.8% | InterCT

4 320 | 641 | 0.0036 | 0.92602 | HOMO-2->LUMO+5 25.2%

5 320 | 641 | 0.0077 | 0.19765 HOMO->LUMO+3 21.6%

6 320 | 641 | 0.0058 | 0.38450 | HOMO-1->LUMO+4 26.6%

7 276 | 552 | 0.0017 | 0.0506 HOMO-6->LUMO+17 27.9%

8 275 | 550 | 0.1785 | 81.6169 HOMO->LUMO+3 49.4%

9 270 | 541 | 0.0351 7.0119 - -

HOMO-1->LUMO+1 36.2%

10 | 270 | 540 | 0.0023 | 0.4212 | "GNNGS | S0 h,
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Table B.43. Summary of the electronic transitions involved in 1PA and 2PA for the Monomer+SBU(Sr) extracted

from MOF SrTBAPy.
Exc [LF:::I [?::] OS:: [épp?] Transition Contrib Type Orbitals main transition
IntraCT
1 339 | 679 | 0.8255 | 10.8425 LIOHIOS SLURS 90.1% +
0.45%
LMCT
2 321 642 | 0.0050 3.0070 HOMO->LUMO 32.7%
t
3 | 321 | 642 | 0.0120 | 0.85237 | HOMO>LUMO | Hg qo4 EDD: 1" excitation
HOMO-1->LUMO « »
57.5%
4 | 301 | 603 | 0.0000 | 0.0437 | LovoqsiumMont | og 5o % é M g
HOMO-2->LUMO 55.9% gy D R
5 | 296 | 592 | 0.0011 | 0.51509 | LomosiumMost | og 7o —— Lomo”
6 285 570 | 0.0190 1.7546 HOMO-8->LUMO+3 22.9%
7 283 | 566 | 0.3209 | 199.116 HOMO-3->LUMO+1 64.5%
8 271 543 | 0.0001 0.0520 HOMO-4->LUMO 36.3%
9 270 541 0.0002 | 1.04045 HOMO-5->LUMO 54.9%
HOMO->LUMO+6 54.9%
10 | 269 | 539 | 0.0005 | 0.2744 HOMO--LUMO+8 21.3%
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Table B.44. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA+SBU(Sr) extracted

from MOF SrTBAPy.
1PA 2PA Osc. 2PA . . . . .
Exc tnm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition
HOMO-3->LUMO 58.5%
1 342 | 685 | 0.0379 | 3.8424 HOMO-4-5LUMO+1 31.2%
LE+Inte
HOMO-4->LUMO+1 56.0% rCT+
2 335 | 670 | 1.4064 | 7.0511 HOMO35LUMO 27.8% 0.21%
LMCT
HOMO->LUMO 60.4%
3 323 | 647 | 0.0007 1.4406 HOMO-SLUMO+2 31.7%
4 321 642 | 0.0165 1.2868 HOMO-9->LUMO 28.0% ¥
EDD: 2" excitation
5 321 642 | 0.0050 | 0.34987 HOMO-8->LUMO+1 30.4%
HOMO->LUMO+3 49.4% s M :
6 305 | 610 | 0.0022 | 3.44603 HOMO->LUMO+1 36.3% 7 HOMOJ  Lumodd
- 4.8%
7 | 304 | 608 | 0.0001 | 0.06519 | tHOMO-1>LUMO 28‘ 10 g f M g ;
HOMO-2->LUMO 53.4% %N ¥
-2->| . Al LUMO
8 299 | 598 | 0.0006 | 0.3631 HOMO-2->LUMO+2 27.7% HOMO 3%
9 289 | 579 | 0.0071 | 0.16712 | HOMO-10->LUMO+7 20.4%
0.0004 HOMO-1->LUMO+3 48.0%
10 285 | 570 0 1.5973 HOMO-1->LUMO+1 39.8%
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Table B.45. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA+2SBU(Sr) extracted
from MOF SrTBAPy.

1PA 2PA Osc. 2PA -, . . . .
Exc nm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition
HOMO->LUMO 60.5% X
1 391 783 | 0.0008 | 1.69588 HOMO->LUMO+2 29 702 LA §
HOMO->LUMO+1 o,
2 364 728 | 0.0027 | 4.40234 HOMO->LUMO+4 gg?ojo X
. 0 .
HOMO-1->LUMO 61.0% -
3 358 716 | 0.0000 | 0.04727 HOMO-1->LUMO+2 29.3%
+ Low
HOMO-12->LUMO 46.2% | interCT sy JN
.10% whs
4 343 | 687 | 0.0036 | 5.14536 HOMO-105LUMO*1 34.5% | +0.34% . Homo-10¥, N LMo 1]
b % ;2 N v ¥
LMCT ag,;f ¥ ;x5
HOMO-3->LUMO 57.4% £°% X
5 340 681 0.0035 | 0.80947 ANl AR thel
HOMO-3->LUMO+2 28.1% IR ¢ IR -
HOMO-12 LUmo
Low
interCT
HOMO-10->LUMO+1 43.3% +
6 336 672 | 1.4369 | 0.23626 HOMO-12-5LUMO 39.3% intraCT
+0.33%
LMCT

HOMO-1->LUMO+1 43.2%

7 333 | 666 | 0.0024 | 0.99488 HOMO.-1.5LUMO+4 29.5%

HOMO-2->LUMO+1 51.2%

8 331 662 | 0.0032 | 1.42893
HOMO-2->LUMO+3 27.1%
HOMO->LUMO+1 9
9 327 | 654 | 0.0004 | 0.55646 g 47.1%
HOMO->LUMO+4 23.1%
HOMO->LUMO+2 0
10 322 | 644 | 0.0003 | 0.07089 g i 31.5%
HOMO->LUMO 25.6%
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Table B.46. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA extracted from MOF

BaTBAPy.
Exc [:_:1'\] [2;:'\] Os::: [2GPI\I:] Transition Contrib Type Orbitals main transition
1 | 366 | 732 | 0.7331 | 0.61299 | ,onmoniome EZ;Z‘; LEangm
2 | 366 | 732 | 0.6972 | 0.5540 | [OMO-T=LIMO 32:2:2
3 | 332 | 664 | 0.0042 | 0.4169 | [oHO=LUNO: 22222

HOMO-1->LUMO+1 54.0%
4 | 329 | 659 | 0.0176 | 0.7200 HOMO->LUMO 26.5% EDD: 1% excitation
5 | 326 | 653 | 0.0052 | 0.1490 | oo iil0 :fli//‘; g g
6 | 325 | 650 | 0.0026 | 0.1767 | hHomooruMo« 12?22 HOMO  LUMOQ.
7 | 314 | 629 | 0.0022 | 0.0148 | HoMO-9->LuMO+2 | 12.3% g g
8 | 303 | 607 | 0.0044 | 0.04231 | HOMOs->LuMOs6 | 13.0% romo towert
9 | 285 | 571 | 0.0828 | 54.580 | HOMO>LUMO+3 | 28.6%
10 | 282 | 565 | 0.0240 | 91.895 | HomMO>lUMOe fj;;ﬁ
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Table B.47. Summary of the electronic transitions involved in 1PA and 2PA for the DimerB extracted from MOF

BaTBAPy.
Exc 1PA 2PA Osc. Str. 2PA[GM] Transition Contrib Type Orbitals main transition
[nm] [nm]
HOMO-1 >LUMO 55.1% Low intraCT +
1 362.4 724 2.47739 0.754 HOMO > LUMO 38.4% LE
HOMO - LUMO+1 55.0%
2 357.7 715 0.01978 0.494 HOMO-1 > LUMO 38.3%
HOMO-3->LUMO 36.6%
HOMO-1->LUMO+8 18.4%
3 3254 650 0.00114 0.006 HOMO-1->LUMO+3 15.5%
HOMO-1-> LUMO+2 14.7%
HOMO-2 > LUMO+1 36.0%
HOMO > LUMO+4 18.1%
4 3254 650 0.00019 0.201 HOMO - LUMO+9 17.0%
HOMO - LUMO+6 15.9%
5 296.0 592 0.00518 0.089 HOMO-7->LUMO+3 22.8%
HOMO-9-> LUMO+4 42.8%
6 292.6 585 0.00815 0.041 HOMO-9-> LUMO+1 12.1% HOMO LUMO#1
HOMO-1->LUMO+5 34.2%
7 280.4 560 0.02112 165.45 HOMO-1->LUMO+2 19.4%
HOMO->LUMO+7 33.5%
8 279.6 559 0.13346 135.29 HOMO= LUMO+4 28.7%
9 278.8 557 0.01232 7.0309 HOMO-10->LUMO+7 18.7%
HOMO-1->LUMO+5 18.9%
10 276.7 553 0.12911 118.87 HOMO-3->LUMO 18.9%
HOMO-1->LUMO+2 13.9%

Table B.48. Summary of the electronic transitions involved

in 1PA and 2PA for the DimerC extracted from MOF

BaTBAPy.
Exc 1PA 2PA Osc. Str. 2PA[GM] Transition Contrib Type Orbitals main transition
[nm] [nm]
HOMO-1 > LUMO 50.8%
1 361 722 0.00417 0.0097 HOMO- LUMO+1 42.6%
HOMO > LUMO+1 50.8% Low intraCT +
2 357 715 2.13846 0.1075 ErE] SN 42.6% LE
HOMO-3->LUMO 36.5%
3 325 650 0.00000 0.0928 HOMO-1->LUMO+3 26.1%
HOMO-1->LUMO+8 19.7%
HOMO-2 - LUMO+1 35.6%
HOMO - LUMO+5 20.2%
4 325 650 0.00002 0.0424 HOMO = LUMO+10 18.2%
HOMO ->LUMO+6 14.5%
HOMO-4-> LUMO+6 21.5%
5 296 592 0.00741 0.0476 HOMO-6-> LUMO+6 20.2%
6 293 587 0.00952 0.0096 HOMO-11->LUMO+3 33.2%
HOMO-1->LUMO+4 28.9%
7 280 560 0.02112 228.57 HOMO-1->LUMO+2 23.9%
HOMO-1->LUMO+12 12.8%
HOMO-> LUMO+7 28.6%
8 279 558 0.01237 43.115 HOMO->LUMO+6 15.2%
HOMO->LUMO+16 13.5%
HOMO-7-> LUMO+7 23.6%
9 278 557 0.09647 7.7216 HOMO-7->LUMO+11 16.3%
HOMO-7->LUMO+1 11.3%
HOMO-3->LUMO 17.9%
10 276 553 1.67326 1.0273 HOMO-1-> LUMO+3 16.5%
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Table B.49. Summary of the electronic transitions involved in 1PA and 2PA for the DimerD extracted from MOF
BaTBAPy.

Exc 1PA 2PA Osc. Str. 2PA[GM] Transition Contrib Type Orbitals main transition
[nm] [nhm]
HOMO-1 > LUMO 48.0% Low intraCT +
1 360 720 2.33452 0.1500 HOMO= LUMO+1 45.4% LE
HOMO - LUMO+1 48.0%
2 359 718 0.00049 0.5496 HOMO-1 > LUMO 45.4%
HOMO-3->LUMO 36.4%
HOMO-1->LUMO+8 17.2%
3 325 650 0.00029 0.0090 HOMO-1-> LUMO+2 17.1%
HOMO-1->LUMO+5 14.9%
HOMO-2 -> LUMO+1 35.4%
4 325 650 0.00022 0.1122 HOMO ->LUMO+3 31.3%
HOMO —>LUMO+9 18.6%
HOMO-4->LUMO+4 26.5%
5 305 611 0.00659 0.3793 HOMO-4-> LUMO+7 1.7%
HOMO-9-> LUMO+2 40.9%
6 292 585 0.00930 0.0292 HOMO-9-> LUMO 11.6%
HOMO-1->LUMO+6 39.2%
HOMO-1 LUMO
7 279 559 0.09993 109.74 HOMO-1-> LUMO+2 23.9%
HOMO->LUMO+7 45.7% . .
8 279 558 0.00084 170.409 HOMO= LUMO+13 15.7% X}{,;‘f{j - {V}X{f
i FTR
HOMO-10-> LUMO+5 14.5% ‘(e
9 277 555 0.00671 0.1557 HOMO-10-> LUMO+6 13.3% “{:a“{ M
()
HOMO-3->LUMO 11.4% 84
10 276 552 1.65880 55.356 HOMO-2-> LUMO+1 11.0% HOMO LUMO+1
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Table B.50. Summary of the electronic transitions involved in 1PA and 2PA for the DimerE extracted from MOF
BaTBAPy.

Exc [‘:\':l:l [2n|:111\] (;::: [zpl\:ll\] Transition Contrib Type Orbitals main transition
LE+Intr
+
1 | 367 | 734 | 0.7035 | 3.96317 | HOMO-1>LUMO | gg 194 acIv lo N
InterCT
2 364 | 728 | 0.6900 | 0.4457 HOMOSLUMO+1 82.8% T
3 | 344 | 688 | 0.0286 | 0.62132 HOMO->LUMO 81.0% EDD: 1° excitation
HOMO-3->LUMO 32.8% 2% 3 e
4 | 327 | 654 | 0.0019 | 0.3401 | ouorsiumons | 19 504 1};: i i
ol > X
HOMO-2->LUMO+1 31.0% HOMO-1 LUMO

5 | 326 | 653 | 0.0002 | 0.10241 | YUCTLCNT | 1o g0

6 316 | 633 | 0.0061 1.2700 HOMO-1->LUMO+1 90.9%

7 294 | 589 | 0.0122 | 0.6212 - -

8 285 | 571 | 0.4634 | 254.355 HOMO-1->LUMO+2 59.1%

9 283 | 567 | 0.0199 | 0.62268 - -

10 | 282 | 565 | 0.0281 | 19.6371 HOMO-1->LUMO+3 38.7%
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Table B.51. Summary of the electronic transitions involved in 1PA and 2PA for the Trimer extracted from MOF

BaTBAPy.
1PA 2PA Osc. 2PA - . . . .

Exc [nm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition

HOMO-1->LUMO 44.4%
1 370 | 740 | 0.0003 | 7.5574 T — 35.3% InterCT
2 368 | 736 | 0.4699 | 0.0035 HOMO-SLUMO+2 65.8%
EDD: 1texcitation
HOMO-1->LUMO+1 42.7% Intra+l | . -
3 364 | 729 | 1.2812 | 0.0005 BRI 36.0% nterCT &Eli ;"g_, ik
$< s b, 3
4 339 | 679 | 0.0004 | 1.5748 HOMO->LUMO+1 75.6% " HOMO_;D . -
5 338 | 677 | 0.0262 | 0.02296 HOMO->LUMO 59.7% :’%{; ?,A\ %Hm
“ womo?” ¢
6 328 | 657 | 0.0012 | 0.0000 HOMO-3->LUMO+2 24.0%
7 327 | 654 | 0.0006 | 0.61442 - -

EDD: 3" excitafion )

8 | 327 | 654 | 0.0036 | 0.09715 . - K gé m §7

Loas wmg.é

9 322 | 644 | 0.0000 | 2.31530 | HOMO-1->LUMO+2 88.1% ) oW \ ,
10 320 | 641 | 0.0136 | 0.00067 | HOMO-2->LUMO+2 72.2% g
LUM_O
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Table B.52. Summary of the electronic transitions involved in 1PA and 2PA for the Monomer+SBU(Ba) extracted
from MOF BaTBAPy.

1PA 2PA Osc. 2PA - . . . .
Exc tnm] | [nm] Str. [GM] Transition Contrib Type Orbitals main transition
HOMO->LUMO+1 49.3%
1 386 773 | 0.0013 | 1.24477 HOMO->LUMO 42.6%
LE+Intr
HOMO-2->LUMO 0 aCT+
2 363 726 | 1.2022 | 1.29766 86.2% 0.04%
LMCT

HOMO-7->LUMO 36.2%

3 | 326 | 652 | 0.0002 | 0.82748 | ,omozstuMoss | o3 79

HOMO-1->LUMO+1 0,
4 | 323 | 647 | 0.0146 | 6.8613 48.7%

HOMO-1->LUMO 39.7%

_ 40.9%

5 | 314 | 628 | 0.0004 | 0.15616 | omossiumont | 10,00,
.0% HOMO-2 LUMO

= 29.1%

6 | 307 | 614 | 0.0002 | 0.07101 | fiomo-3=L0MO 22 5%

. 0

_ 49.9%

7 | 306 | 612 | 0.0007 | 0.25014 | fiomoimer | 0.9

8 287 | 574 | 0.2983 | 369.505 | HOMO-2->LUMO+1 57.3%

0,

o | 286 | 572 | 0.0007 | 0.35001 | fouoziMers | 7127
" 9%

10 | 281 | 562 | 0.0115 | 8.05966 | oorocn oMo i? ?OA‘:
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Table B.53. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA+SBU(Ba) extracted

from MOF BaTBAPy.
1PA 2PA Osc. 2PA . . . . -
Exc tnm] | [nm] str. [GM] Transition Contrib Type Orbitals main transition
IntraCT
+low
1 369 | 739 | 0.6524 | 13.788 ORI TERTO 82.5% | InterCT
+0.01%
MLCT
HOMO-2->LUMO
68.3% Ast ot
2 368 | 737 | 0.7521 | 1.9488 HOMO-1->LUMO 16.3% EDD: 1% excitation
3 352 | 705 | 0.0571 | 0.9220 HOMO->LUMO 81.4% é &, % §
b HOMO h LUMO+1
4 328 | 657 | 0.0006 | 0.1742 HOMO->LUMO+9 20.1%
HOMO-1->LUMO+2 35.7% &
5 | 328 | 657 | 0.0003 | 0.1097 | “omoasiumo | 30.60% %« : a%"
HOMO LUMO
HOMO-9->LUMO 32.1%
6 327 | 655 | 0.0025 | 0.4983 HOMO-2.5LUMO+8 17.7%
HOMO-2->LUMO+1 74.8%
7 313 | 627 | 0.0140 | 0.7419 HOMO-1-5>LUMO+1 16.8%
HOMO-1->LUMO+1 23.9%
8 302 | 605 | 0.0076 | 2.6786 | LoMO-1-5LUMO+19 13.4%
HOMO->LUMO+2 25.3%
9 297 | 594 | 0.0669 | 5.4284 HOMO-3-5LUMO 22.6%
HOMO-2->LUMO+2 31.4%
10 291 583 | 0.3056 | 106.00 HOMO-SLUMO+2 14.5%
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Table B.54. Summary of the electronic transitions involved in 1PA and 2PA for the DimerA+2SBU(Ba) extracted
from MOF BaTBAPy.
1PA 2PA Osc.

Exc [nm] | [nm] Str. 2PA[GM] Transition Contrib Type Orbitals main transition

LE +
Low
intraC
T+0.18
%
LMCT

1 372 | 745 | 0.6579 | 29.5991 LORCSEUHOLS 78.9%

2 369 | 738 | 0.8007 | 0.31699 HOMO-3->LUMO 83.2%

3 353 | 707 | 0.0600 | 1.60884 HOMO->LUMO 80.8%

HOMO-2->LUMO 36.0%

4 | 330 | 661 | 0.0001 | 0.55071 | omozsiumorz | 90 90

5 330 | 660 | 0.0018 | 1.26410 HOMO->LUMO+9 16.7%

HOMO-15->LUMO 28.2%

6 | 327 | 655 | 0.0022 | 0.06622 | omossiumoss | 1g.5%

7 315 | 631 | 0.0194 | 1.94932 HOMO-3->LUMO*1 87.3%

HOMO-1->LUMO 46.6%

8 | 307 | 615 | 0.0000 | 0.05558 | Lomosiumors | o5 400
. 0

HOMO-2->LUMO+1 30.0%

9 305 | 610 | 0.0093 | 3.91181 HOMO-25LUMO+22 14.1%

10 | 300 | 600 | 0.3286 | 95.5379 HOMO->LUMO+3 47.0%
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Table B.55. Summary of the electronic transitions involved in 1PA and 2PA for the DimerE+2SBU(Ba) extracted

from MOF BaTBAPy.
Exc [:‘l:nA] [iF::] c;:: [ipl::] Transition Contrib Type Orbitals main transition
102 HOMO->LUMO 63.5%
1| 511 | 7| 0.0000 | 0.0329 | omosiumorz | g o0 T,
HOMO->LUMO+1 46.4% Q{
2 484 968 | 0.0000 | 0.0457 HOMOSLUMO+3 20.6% G
HOMO-1->LUMO 64.2% /
3 | 409 | 818 | 0.0014 | 26352 | AoMOtmuMO | )
HOMO->LUMO+2 64.7% Qﬁ
4 396 792 | 0.0000 | 0.0505 HOMO->LUMO o . K
25.9% — LN
( I
HOMO-1->LUMO+1 46.9% . oth axcitati
5 | 391 | 782 | 0.0005 | 0.8025 | oMo.1oLUMOSE ° EDD: 9" excitation
20.5% “5 .
»S L%
HOMO->LUMO+1 39.4% 8 S Y
6 387 774 | 0.0000 | 0.0225 HOMO->LUMO+5 boy Y
17.7% ;
HOMO-2->LUMO 52.3% x e
7 386 772 | 0.0003 0.2137 HOMO-2->LUMO+2 ORS O
20.1% HOMO-5  LUMO
17.722 HOMO-5->LUMO 30.5% X L%
8 | 376 | 753 | 0.3962 o HOMO-2.LUMO+1 16‘60/2 . . \};
Low i %’
intraCT s ’e
24.914 HOMO-5->LUMO 24.1% i I ’i\
9 376 | 753 | 0.2875 8 HOMO-2->LUMO+1 19.6% +InterC HOMO-2 LUMO*1
T+4%
MLCT
HOMO-7->LUMO+1 2.9%
10 368 736 | 0.7990 | 2.1700 HoMo-s-:LUMo:1 52.9%
29.0%
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Figure B.11. Comparison of two stacking motifs extracted from the BaTBAPy MOF. In panel a), DimerA is shown
in the upper row and DimerE in the lower row. The highlighted circles indicate different viewing orientations:
in one view (yellow/pink), DimerE appears different from DimerA, whereas after rotating the view (blue), the
relative arrangement in DimerE becomes analogous to that of DimerA. Panel b) shows the corresponding 2PA
absorption spectra for the extracted systems; the insets display the electron density difference (EDD) plots of the

first excitation.
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Table B.56. Summary of the inter-fragment charge transfer (IFCT) analysis performed for the characteristic ex-
citations contributing to the 2PA response of the BaTBAPy and StTBAPy MOFs, as discussed in the main text
and identified in the tables above, in Table B.38-Table B.55. All values are given in % and were calculated using
molecular fragments (moll and mol2) defined as the complete H4TBAPy linkers. H and E denote the contribution
of each fragment to the hole and electron, respectively, in the charge-transfer matrix, while 1 -2 and 2— 1 indicate
the % of electron transfer between the fragments. The intrinsic charge-transfer percentage (ICTP) and apparent
charge-transfer percentage (ACTP) corresponding to the CT contribution are also reported. The local excitation
(LE) contribution can be estimated as 100% — CT. For clarity, the ACTP between the dimer and the SBU (i.e.,
CTdimer-sBu, mainly indicating LMCT) is also provided. CT contributions arising from dimer-dimer interactions
were calculated for the extracted dimers and under the influence of the SBU (indicated with an asterisk, *). Al-
though SBU fragments were not explicitly included in the IFCT analysis, they were present in the EDD analysis.
The corresponding 2PA cross-section values are also listed. The corresponding excitation in the isolated monomer
exhibits a purely LE character.

ICTP | ACTP
Hmol1 Hmolz Emol1 Emolz 1->2 | 2->1 CcT CcT CTdimer-SBUa 2PA
Ba-based MOF
dimerA| 37.37 [62.63(37.21(62.79(23.46|23.31|46.77| 0.15 - 0.61
dimerE| 3.25 |[96.75| 2.33 |97.67| 3.17 | 2.25 | 5.42 | 0.92 - 3.96
dimerA 0.18 and
. 1. .97 7 . 1.4 N 2.2 29.
_2SBU* 98.30 53 | 95.9 3.76 | 3.69 6 | 5.16 3 0.01b 9.60
Sr-based MOF
dimerA| 45.04 |54.96 | 45.06 (54.94(24.75|24.76|49.51| 0.02 - 2.11
dimerA 0.20 and
_2SBU* 44.55 | 55.10|44.45|52.20|24.59(24.49(49.08| 0.10 0.14¢ 5.14

2 - calculated considering SBU explicitly using a dimer as a single fragment
b-0.04 % in the monomer-1SBU case (2PA of 1.30 GM) and 0.01 % for the dimer-1SBU (2PA of 13.80 GM)

¢-0.45 % in the monomer-1SBU case (2PA of 10.84 GM) and 0.21 % for the dimer-1SBU (2PA of 7.05 GM)
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Schematic overview of the structural and chemical diversity of MOFs and their repre-
sentative applications in functional devices. Adapted from Ivo Stassen et al.,!'>! with
permission from the Royal Society of Chemistry, licensed under CCBY 3.0. . . . . . . .
Schematic illustration of a photoswitchable framework showing reversible light-induced
modulation of charge transport. Upon irradiation (4v), the molecular photoswitches
in the material convert from an OFF state with low conductivity (left) to an ON state
with enhanced charge transport (right). The reverse process restores the initial low-
conductivity state. Reproduced from Pacheco Hernandez et al.,'>?! Adv. Funct. Mater.
(2025). Licensedunder CCBY 4.0. . . . . . . . . . . . . . . . . . . ... .o
Photoswitchable molecules are commonly incorporated into framework materials in three
different ways: (i) as backbone linkers, (ii) guest molecules, and (iii) attached to the
linker. In this figure, azobenzene, spiropyran, and diarylethene are depicted as examples,
but diverse photoswitches can be incorporated. Reproduced from Pacheco Hernandez et
al.,2 Adv. Funct. Mater. (2025). Licensed under CCBY 4.0. . . .. .. ... .....
Schematic representation of excited state energy splitting for different molecular aggre-
gate types (J-, H-, X-aggregates, and AIE). Reproduced from Ma et al.,['%7! with permis-
sion from John Wiley & Sons, 2021. Licensedunder CCBY. . . . . . . ... ... ...

Schematic illustration of a) band-like and b) hopping transport mechanisms. Left: in
the adiabatic regime with strong electronic coupling (solid curves), charge carriers are
delocalized over multiple sites and move coherently through extended electronic states,
as indicated by the blue arrows. Right: hopping between the diabatic potential energy
surfaces (dashed curves) of the initial and final localized sites is shown. The microscopic
parameters governing the charge-transfer rate in the weak-coupling regime are included
for clarity and discussed in the text. The energy difference between hopping sites is
neglected. Green arrows schematically indicate hopping within the MOF material. Re-
produced from Pacheco Hernandez et al., 1521 Adv. Funct. Mater. (2025). Licensed under
CCBY 4.0. . . . e
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Profile of the many-dimensional potential energy surface of reactants plus surrounding
medium (R) and products plus medium (P). Points A and C denote equilibrium nuclear
configurations of reactants and products, respectively; B denotes the nuclear configura-
tion at the intersection of the two surfaces. Dotted lines indicate the splitting due to elec-
tronic coupling between reactants. Reproduced from Marcus and Sutin, '8! Biochim.
Biophys. Acta 811, 265-322 (1985), with permission from Elsevier. . . . . . . . ... ..
Simplified Jablonski diagram illustrating one-photon absorption (1PA, left) and two-
photon absorption (2PA, right). In the 2PA process, two photons are absorbed simul-
taneously via a virtual intermediate state. The accessible excited states differ depending
on the molecule’s centrosSymmetry. . . . . . . . . . . . ...
Perdew’s Jacob’s ladder of DFT exchange-correlation functionals, illustrating the hier-
archy from the simplest LDA at the lowest rung to fully non-local (Earth), to “heaven”
which represents the limit of chemical accuracy. . . . . . .. ... ... ... ......
General flowchart of a classical MD simulation. *Step 2 is not always required. For
instance, if a simulation is continued from a previously equilibrated system. In principle,
a simulation started from scratch could also proceed if the initial structure happens to
be close to the equilibrium geometry of the chosen force field, but this is rarely the case
in practice, since initial structures are typically constructed from experimental data, ab
initio calculations, or prior MD simulations performed under different conditions. Figure

based on reference [141]. . . . . . . . . e

HOMO visualization of SP to MC photoisomerization: SP to MC under UV (Ayv); MC
to SP thermally or under visible light (4yis). Atom colors: C brown, O red, N light
blue, H white. Reproduced from Mostaghimi ez al.,!''%) Commun. Chem. 6, 275 (2023).
Licensedunder CCBY 4.0. . . . . . . . . . . . e
Graphic representation of the studied systems. Dabco and bipy act as pillar linkers,
which regulate the interlayer distances of SP and MC layer linkers. This figure was
adapted from Mostaghimi ez al.,!''%! Commun. Chem. 6, 275 (2023). Licensed under CC
BY 4.0. . . .
SimStack workflow to generate, optimize, and analyze MOF materials for automated
structure—property prediction and design. The modules in the workflow are referred as
WaNos and perform a specific type of calculation. Adapted from Mostaghimi et al.,!!10]
Commun. Chem. 6,275 (2023). Licensed under CCBY 4.0. . . ... .. .. ... ...
Graphic representation of the 4 x4 x4 MC-MOF supercell (left). The analyzed systems
were extracted from the central region of the supercell. Molecular dynamics analysis
revealed that, in some cases, stacking occurred in dimer or trimer arrangements (right).

Interaction distances givenin A. . . . . . . . . ... L
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3.6

3.7

3.8

4.1

SP dimer extracted from the 4 x 4 x4 SP-MOF supercell. The analyzed systems were
extracted from the central region of the supercell. Molecular dynamics analysis revealed
that SP linkers remain rigid with long interaction distances of 8.6 A, which prevent
molecular orbital overlap. Adapted from Mostaghimi et al.,!''% Commun. Chem. 6, 275
(2023). Licensedunder CCBY 4.0. . . . . . . . . . . . . . . ... . .. .o
Representative snapshots of layer linker dimers from MD at 298 K. SP (top row) and MC
(bottom row) of Cu;(SP),(dabco) and Cu,(MC),(dabco), respectively. Time stamps (ns)
are shown at the upper right of each panel. Dabco pillar linkers are omitted for clarity
(red arrow represents DABCQ’s position). Carbon, oxygen, nitrogen, and hydrogen are
colored cyan, red, blue, and white, respectively. Reproduced from Mostaghimi ez al.,[!19]
Commun. Chem. 6,275 (2023). Licensed under CCBY 4.0. . . ... ... . ... ...
Time evolution of the electronic coupling during the last 5 ns of a 10 ns MD trajectory.
The left panel shows the HOMO and LUMO results of the direct EC between dimers,
with SP-SP in red and MC-MC in blue. The central panel presents the EC when su-
perexchange is considered, where charge transfer occurs from the initial to the final state
through an intermediate one. The right panel shows the electronic coupling calculated
for a bipy-based MOF, which exhibits noticeably lower values due to the larger interlayer
separation compared to the dabco-based MOF, where shorter interlayer distances are pos-
sible. Adapted from Mostaghimi et al.,'''%! Commun. Chem. 6, 275 (2023). Licensed
under CCBY 4.0. . . . . . . L e
Representative snapshots of layer linker dimers from MD at 298 K. SP (top row) and
MC (bottom row) of Cu,(SP),(bipy) and Cuy,(MC),(bipy), respectively. Time stamps
(ns) are shown at the upper right of each panel. Bipy pillar linkers are omitted for clarity
(red arrow). Carbon, oxygen, nitrogen, and hydrogen are colored cyan, red, blue, and
white, respectively. Reproduced from Mostaghimi ef al.,"''% Commun. Chem. 6, 275
(2023). Licensed under CCBY 4.0. . . . . . . . . . . . . . e

Schematic representation of the monomer (left) and dimer (right) systems for the H4yTCPE
molecule. Fixed carbon atoms, to preserve specific intra- and inter-molecular distances,
are shown in black. For the monomer, intramolecular distances (dc_c) were scanned
from 13 to 19 A. For the dimer, carbon atoms were fixed to preserve the initial inter-
molecular stacking distances of 4 and 5 A. After geometry optimization, the converged
stacking distances resulted in intermolecular separations of 5.12 and 5.13 A, as indicated
by the blue arrows. Reproduced from Pacheco Hernandez and Kozlowska,!'””! Front.

Chem. (2026). Licensedunder CCBY 4.0.. . . . . . . . . . .. .. ... ... .....

44

49

173



174

4.2
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4.5
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4.7

4.8

Representation of the three different dimer models. The different molecular planes are
shown in green and orange. a) Book-like opening along the longer (LA) and shorter (SA)
axes, the variation of the opening angle is marked as 6. b) Stacking-plane displacement
along the x and y directions are defined as A, and A, respectively, and c) parallel-stacked
dimers subjected to in-plane rotational scans, with the rotation angle 8. For b) and c) sys-
tems the variation in the sampled intermolecular distances are marked as A,. Reproduced
from Pacheco Hernandez and Kozlowska, '””! Front. Chem. (2026). Licensed under CC
BY 4.0. . . .
Calculated absorption spectra of the different sampled arm separation of the H4yTCPE
monomer. Adapted from Pacheco Hernandez and Kozlowska,'””! Front. Chem. (2026).
Licensedunder CCBY 4.0. . . . . . . . . . .
Calculated absorption spectra of the different sampled arm separation of the HyTCPE
monomer. Adapted from Pacheco Hernandez and Kozlowska,!!””! Front. Chem. (2026).
Licensedunder CCBY 4.0. . . . . . . . . . . e
Schematic representation of the H4 TCPE linker and the four carbon atoms used to define
the dihedral angle w are highlighted in red. Reproduced from Pacheco Hernandez and
Kozlowska,!!””! Front. Chem. (2026). Licensed under CCBY 4.0. . . . . ... ... ..
EDD visualization for the first and second excitations. The corresponding 1PA and 2PA
results for each sampled monomer are shown at the top in blue. For each monomer, the
1PA oscillator strength (a.u.) is reported together with the excitation wavelength (nm)
in brackets. The 2PA cross sections are given in GM, and the corresponding excitation
wavelength (nm) is reported in brackets. Blue EDD isosurfaces denote electron-deficient
regions upon excitation, whereas green sections indicate electron-rich regions. Repro-
duced from Pacheco Hernandez and Kozlowska,!'””! Front. Chem. (2026). Licensed
under CCBY 4.0. . . . . . . oL e
2PA cross sections (0, GM) as a function of the book-opening angle 8. The short-axis
(SA) opening scan is shown in the left panel and the long-axis (LA) opening scan in
the right panel. Values corresponding to the first excitation are indicated by stars, and
those for the second excitation by dots. Colors denote the intramolecular distance of
the monomers within each dimer, dc—c =16 A (blue), 17 A (black), and 18 A (green).
Insets show representative geometries for selected configurations. Adapted from Pacheco
Hernandez and Kozlowska,"7! Front. Chem. (2026). Licensed under CC BY 4.0. . . . .
Electron density difference (EDD) comparison for the Sy —S; transition in monomer and
dimer systems across the dc_c = 16-18 A range. For each structure, the excitation wave-
length (nm), oscillator strength, and 2PA cross section o» (GM) are reported. Multiwfn

indices are also shown: S, (dimensionless) and D and H (A) ................
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4.9

4.10

4.11

4.12

4.13

Stacking-plane displacement scan for H4TCPE dimers. The 2PA cross section o is plot-
ted against the in-plane displacement (+5 and £10 A) at two initial stacking distances,
Az=4 A (left) and 5 A (right). Markers correspond to the transition considered (stars:
first excited state; circles: second excited state). Line colors indicate the intramolecular
distance dc_c (16, 17, and 18 A). Adapted from Pacheco Hernandez and Kozlowska, (177
Front. Chem. (2026). Licensedunder CCBY 4.0. . . . . .. ... .. ... ... ....
Representative geometry with dc_c =17 A at Ay = -5 A. EDD maps and the domi-
nant orbital transitions are shown for the first and second excitations, together with the
corresponding 1PA/2PA responses and CT indices. Results are compared for two initial
stacking separations, Az =4 A (left) and 5 A (right). The analogous dc—c = 16 and 18 A
conformations are provided in Figure B.9). In the EDD maps, blue regions indicate elec-
tron depletion (donor), while green regions indicate electron accumulation (acceptor)
upon excitation. Adapted from Pacheco Hernandez and Kozlowska,!!””! Front. Chem.
(2026). Licensed under CCBY 4.0. . . . . . . . . . . . . . . ... .o
Effect of stacking-plane rotation on the 2PA response of H4TCPE dimers. The 2PA o is
shown as a function of the stacking-plane rotation angle for initial separations of Az =4 A
(left) and 5 A (right). Stars and circles denote the first and second excited-state transi-
tions, respectively. Line colors indicate the intramolecular distance dc_c (16 A in blue,
17 A in black, and 18 A in green). Insets show representative geometries for selected
configurations. Reproduced from Pacheco Hernandez and Kozlowska, '””! Front. Chem.
(2026). Licensed under CCBY 4.0. . . . . . . . . . . . . . . . . . .
EDD and main orbital contribution for a representative geometry dc_c = 17A. Compar-
ison of the initial separations Az =4 A (left) and 5 A (right). Adapted from Pacheco
Hernandez and Kozlowska,'””! Front. Chem. (2026). Licensed under CC BY 4.0. . . . .
Representative assemblies extracted from the HyTBAPy-based MOFs NU-901, NU-1000,
SrTBAPy, and BaTBAPy. For each framework, contiguous dimers (DimerA-DimerD)
were considered along the different closely packed directions; where applicable, the cor-
responding trimers were also analyzed, and for NU-901, a tetramer was additionally
included. Adapted from Deger et al.,!"¥ Adv. Funct. Mater. (2025). Licensed under CC
BY 4.0. . . . e
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4.14

4.15

4.16

4.17

4.18

4.19

Representative SBU-containing fragments extracted from the STTBAPy and BaTBAPy
crystal structures. a) S'TTBAPy-extracted dimer, illustrating the larger intermolecular sep-
aration (6.86 A). b) BaTBAPy-extracted dimer, showing a much shorter stacking contact
(3.41 A). The gray highlighted region indicates the portion of the periodic structure used
to define the extracted cluster. To preserve the coordination environment of the SBUs
and avoid dangling bonds, terminal oxygen atoms were capped with methyl groups. In
addition to the representative fragments shown here, monomer-1SBU, dimer-1SBU, and
dimer-2SBU cluster models were considered for the analysis. Adapted from Deger et
al.,"4 Ady. Funct. Mater. (2025). Licensed under CCBY 4.0. . . . . .. .. ... ...
One-photon absorption (1PA) spectra of HyTBAPy monomers extracted from the crys-
tal structures of NU-901 (black), NU-1000 (blue), SrTTBAPy (orange), and BaTBAPy
(green), computed at the single-point level. The wavelengths of the main absorption max-
ima are shown in the corresponding colors. The inset shows an overlay of the extracted
monomer geometries to highlight subtle framework-dependent distortions. Adapted from
Deger et al.,'"% Adv. Funct. Mater. (2025). Licensed under CCBY 4.0. . . . . ... ..
One-photon absorption (1PA) spectra of HyTBAPy monomers extracted from the crys-
tal structures of NU-901 (black), NU-1000 (blue), StTTBAPy (orange), and BaTBAPy
(green), and further optimized in DMF. The wavelengths of the main absorption maxima
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