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Abstract

The energy landscape or potential energy surface underlies the description of any
chemical system, ranging from molecules and crystals to polymers and metal clusters.
This concept represents the energy of a chemical system in all possible configurations
that the system can adopt. Its accurate characterization enables reliable predictions
of diverse micro- and macroscopic properties. Among the most demanding cases
for theoretical chemistry are catalytic energy profiles in metal–organic frameworks
(MOFs) and non-covalent interactions in polycyclic aromatic hydrocarbon (PAH)
dimers. Density functional theory (DFT) can be applied on extended systems but
carries systematic errors, whereas coupled cluster (CC) methods deliver benchmark
accuracy at prohibitive computational cost. The influence of the choice of method on
reaction barriers, kinetic predictions, and relative stability of weakly bound complexes
is often underestimated. I showed it through a theoretical study of two chemically
distinct systems: ethylene oligomerization in a Ni-NU-1000 MOF and non-covalent
dimers of PAH and their derivatives. In case of MOFs, a hierarchical cluster correction
scheme based on CC substantially refined the energy profiles obtained from periodic
DFT. Uncorrected periodic DFT reaction energies were found to deviate from CC-
corrected energies by up to 20 kJ/mol for the adsorption and desorption steps and
15 kJ/mol for a hydrogen transfer barrier. Moreover, a microkinetic analysis revealed
that the predicted product distribution depends markedly on both the level of barrier
description and the catalytic environment. For PAH systems, barely investigated acene
X-dimer was identified as the most stable conformer, and the origins of this stability,
together with the electronic and optical properties of this and other conformers, were
investigated.

These findings expose the limitations of standard methods for describing reaction
energies and dimer stability. The hierarchical cluster correction scheme provides a
transferable route to near-CC accuracy for periodic catalytic models at a fraction of
the cost, while the dimer study provides a quantitative basis for the computational
design of functional organic materials.
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Kurzfassung
Die Energielandschaft oder Potentialhyperfläche bildet die Grundlage für die Beschreibung
jedes chemischen Systems, von Molekülen und Kristallen bis hin zu Polymeren und Metallclus-
tern. Die Potentialhyperfläche stellt die Energie eines chemischen Systems in allen möglichen
Konfigurationen dar, die das System annehmen kann. Ihre genaue Charakterisierung ermög-
licht zuverlässige Vorhersagen verschiedener mikro- und makroskopischer Eigenschaften. Zu
den anspruchsvollsten Fällen für die theoretische Chemie zählen katalytische Energieprofile in
metallorganischen Gerüsten (MOFs) und nichtkovalente Wechselwirkungen in Dimeren poly-
zyklischer aromatischer Kohlenwasserstoffe (PAH). Die Dichtefunktionaltheorie (DFT) lässt
sich auch auf ausgedehnte Systeme anwerden, weist jedoch systematische Fehler auf, während
Coupled-Cluster-Methoden (CC) eine Benchmark-Genauigkeit bei sehr hohen Rechenkosten
liefern. Der Einfluss der Methodenwahl auf Reaktionsbarrieren, kinetische Vorhersagen und
die relative Stabilität schwach gebundener Komplexe wird jedoch häufig unterschätzt. In
dieser Arbeit wurde dies anhand einer theoretischen Untersuchung zweier chemisch unter-
schiedlicher Systeme gezeigt: der Ethylen-Oligomerisierung in einem Ni-NU-1000-MOF und
nichtkovalenter Dimere von PAH und deren Derivaten. Im Fall von MOFs führte ein auf
CC basierendes hierarchisches Clusterkorrekturschema zu einer erheblichen Verbesserung
der aus periodischer DFT erhaltenen Energieprofile. Es zeigte sich, dass die unkorrigier-
ten periodischen DFT-Reaktionsenergien um bis zu 20 kJ/mol für die Adsorptions- und
Desorptionsschritte und um 15 kJ/mol für eine Wasserstoffübertragungsbarriere von den CC-
korrigierten Energien abwichen. Darüber hinaus ergab eine mikrokinetische Analyse, dass die
vorhergesagte Produktverteilung in hohem Maße sowohl vom Grad der Barrierebeschreibung
als auch von der katalytischen Umgebung abhängt. Bei PAH-Systemen wurde das bislang
wenig erforschte Acen-X-Dimer als stabilsters Konformer identifiziert, und die Ursachen
dieser Stabilität wurden zusammen mit den elektronischen und optischen Eigenschaften
dieses und anderer Konformere untersucht.

Dies Untersuchung dieser beiden Verbindungsklassen zeigen die Grenzen von DFT zur
Beschreibung von Reaktionsenergien und Dimerstabilität auf. Das hierarchische Cluster-
korrekturverfahren bietet einen übertragbaren Weg zu einer Genauigkeit nahe der CC-
Genauigkeit für periodische katalytische Modelle zu einem Bruchteil des Aufwands, während
die Dimer-Studie eine quantitative Grundlage für das computergestützte Design funktioneller
organischer Materialien liefert.
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1 Introduction

The energy landscape (Figure 1) or potential energy surface (PES) is one of the
central concepts in the natural sciences and beyond, representing a mathematical
mapping of energy as a function of the system through all possible configurations[1,
2]. For example, these configurations can be represented as atomic coordinates[3]. Of
particular interest are stationary points at which the gradient of the energy function
vanishes[4]. Analysis of such landscapes reveals fundamental properties of the system,
as well as characteristic patterns governing its behavior and evolution[2, 5].
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Figure 1: The example of the energy landscape with two coordinates q1 and q2. This
picture represents minima and maximum for an abstract chemical system.

In chemistry, the most significant features of the energy landscape are the minima and
the pathways that connect them via saddle points. These topological features of the
landscape correspond to well-defined states of chemical systems, such as molecules[6,
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1 Introduction

7], crystals[1, 8], atomic clusters[4] and biomolecular complexes[9, 10]. Chemical
reactions can also be described in terms of energy landscapes or PES projected onto
a constrained set of degrees of freedom[11–13]. The residence of a system at a given
point may be characterized in terms of its stability.

Transitions between minima are possible, but require activation: the system must
acquire a sufficient energy to reach the saddle point that separates two minima[6].
Within the framework of transition state theory (TST), this saddle point defines the
activation energy barrier that the system must overcome through the transition state
(TS) to reach an adjacent minimum[14].

Two particularly important fields in which the well-described energy landscape plays a
crucial role are catalysis[15, 16] and non-covalent complexes[17–21]. In the theoretical
description of catalysis, the accurate characterization of minima and TSs is of direct
importance, as these features are intimately connected to macroscopic observables
measured for a reaction[22, 23]. An incorrectly determined activation energy barrier,
for example, will lead to a misinterpretation of the catalytic mechanism and the
associated reaction pathways[24]. For instance, changes in the TS energy may have
significant influences on the product distribution.

In non-covalent complexes, the energy differences between minima can be relatively
small, as are the barriers separating them, which complicates the theoretical ra-
tionalization of relative stability and conformational interconversion[17, 21, 25, 26].
The present thesis is dedicated to the theoretical investigation of both phenomena
through specific case studies: ethylene oligomerization in a Ni-NU-1000 metal-organic
framework (MOF) catalyst and non-covalent interactions in acene dimers and their
derivatives.

In the case of MOFs, many experimental and theoretical studies on Ni-NU-1000 exist
for application in ethylene oligomerization[27–29]. Consequently, both the reaction
pathway and the catalyst itself are well characterized. However, as demonstrated for
zeolites[30, 31], conventional studies employ a truncated cluster model and limited
computational methods to simulate the catalyst, which restricts the predictive power
of the modeling results. In the case of Ni-NU-1000 in particular, this can affect the
reaction kinetics in the transition from energy barriers to rate constants[24]. For non-
covalent acene dimers, various conformations have been studied in the literature[25, 32–
34]. However, some of these investigations remained unsystematic for some conformers.
Additionally, data on the influence of both the monomer structure and the dimer
conformation on electronic and optical properties were largely absent.
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The thesis is organized as follows. In Chapter 2, the theoretical background of the
quantum chemical methods employed throughout this work is presented. In Chapter 3,
the computational modeling of ethylene oligomerization is described for the Ni-NU-
1000 MOF catalyst. In Chapter 4, non-covalent dimers for acene molecules and their
derivatives are investigated through their stability, electronic and optical properties.
Within these studies, I will present four key results:

1. A correction scheme was developed for MOF catalysts to accurately describe
reaction intermediates and transition states in ethylene oligomerization, achieving
near coupled-cluster accuracy while accounting for long-range interactions.

2. The influence of energy corrections on product distribution was investigated via
microkinetic modeling.

3. The relative stability of acene conformers and their influence on electronic and
optical properties were studied.

4. The influence of size, substitution, and shape on key dimer properties was
characterized, including interaction energy, and optical and electronic properties.
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2 Theoretical Background

Overview of Chapter

In this chapter a brief introduction to the underlying theoretical principles of used
methods is provided. The chapter is divided into two main parts. In Section 2.1 selected
wave function theory methods are presented, including coupled cluster (CC) and its
local correlation modifications, complete basis set (CBS) extrapolation techniques, and
symmetry-adapted perturbation theory. In Section 2.2, the fundamentals of density
functional theory (DFT), its different levels of approximation, dispersion corrections,
and finally an extension to excited states through the time-dependent DFT (TD-DFT)
approach are described.

2.1 Wave Function Theory

2.1.1 Coupled Cluster Theory

The coupled cluster approach[35, 36] belongs to the family of post-Hartree-Fock
methods. In Hartree-Fock (HF) theory, the wave function is represented by a single
Slater determinant, that is a model where each electron interacts only with the mean
field generated by all other electrons. The Slater determinant takes the following form:

ΨHF (x1,x2, . . . ,xN) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣

φ1(x1) φ2(x1) · · · φN(x1)

φ1(x2) φ2(x2) · · · φN(x2)
...

... . . . ...

φ1(xN) φ2(xN) · · · φN(xN)

∣∣∣∣∣∣∣∣∣∣∣∣∣
, (1)

where ΨHF (x1,x2, . . . ,xN) is the Hartree-Fock wave function, xi = (ri, si) is the
spatial and spin coordinate of the electron i, φj(xi) is a one-electron spin orbital and
N is the number of electrons.
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2 Theoretical Background

Based on the variational principle, HF energy (EHF ) in an infinite basis set (complete
basis set limit) will be higher than the exact energy (Eexact):

EHF =
⟨ΨHF | Ĥ | ΨHF ⟩
⟨ΨHF | ΨHF ⟩

≥ Eexact. (2)

It means that the HF approach will have an underestimation in energy, which is called
correlation energy:

Ecorr = Eexact − EHF . (3)

There are different approaches to estimate the correlation energy, such as the Møller-
Plesset perturbation theory (typically second-order perturbation theory or MP2) or
the full configuration interaction (CI) method[37]. If the MP2 method has not enough
accuracy and the full CI method is too demanding, there is also something in between,
and it is called the coupled cluster approach.

In the CC approach, the wave function has the following form:

ΨCC = eT̂ΨHF, (4)

where eT̂ is the exponential of the cluster operator T̂ :

T̂ = T̂1 + T̂2 + T̂3 + · · ·+ T̂n, (5)

where n is the total number of electrons in the system and each T̂i generates all
possible excitations to the ΨHF reference. For example, the T̂2 operator describes
double excitations:

T̂2ΨHF =
occ∑
i<j

vir∑
a<b

tabij Ψ
ab
ij , (6)

where tabij is the double-excitation amplitude, where occupied orbitals i, j are promoted
to virtual orbitals a, b The expansion of T̂ in the exponential format is defined as:

eT̂ = Î + T̂1 + (T̂2 +
1

2!
T̂ 2
1 ) + (T̂3 + T̂2T̂1 +

1

3!
T̂ 3
1 ) + · · · , (7)

Expanding the exponential operator yields contributions from single, double, triple,
and higher excitations, allowing the correlation energy to be systematically improved
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2.1 Wave Function Theory

by retaining successively higher-order terms. This gives rise to a hierarchy of coupled
cluster approximations:

T̂ = T̂1 CC singles (CCS)

T̂ = T̂2 CC doubles (CCD)

T̂ = T̂1 + T̂2 CC singles and doubles (CCSD)

T̂ = T̂1 + T̂2 + T̂3 CC singles, doubles, and triples (CCSDT)

T̂ = T̂1 + T̂2 + T̂3 + T̂4 CC singles, doubles, triples, and quadruples (CCSDTQ)

...

The typical choice between cost and accuracy is the CCSD(T) method with a scaling of
O(M7)[38]. This method can be obtained from CCSD with adding triple excitations via
perturbation theory. This perturbation expansion yields triple amplitude corrections
to the energy in 4th and 5th order, which are then recalculated using converged CCSD
amplitudes[39]:

ECCSD(T) = ECCSD + E(4) + E(5), (8)

E(4) =
1

36

∑
ijkabc

tabc∗ijk Dabc
ijk t

abc
ijk , (9)

where Dabc
ijk is the energy denominator for the triple excitation.

E(5) =
1

4

∑
ijkabc

⟨jk∥bc⟩ ta∗i tabcijk . (10)

The CCSD(T) method becomes the most common realization of the CC theory and is
widely used in benchmarks as the reference[40–44]. It is applied in many fields, such
as catalysis[45], atmosphere chemistry[46], non-covalent interactions[42, 43] and many
others[47–49].

Unfortunately, the steep scaling of CCSD(T) precludes its routine application to
systems with more than 20-30 atoms without prohibitive computational effort[50].
However, there are approaches to circumvent this limitation by employing various
local correlation schemes based on the ideas of occupied orbital localization and
domain construction[51–56]. In these approaches, the virtual space is spanned by
projected atomic orbitals (PAOs), and all excitations from localized occupied orbitals

7



2 Theoretical Background

to PAOs are restricted to the same domain. A further development of the PAO-
based approach was the introduction of pair natural orbitals (PNOs), defined as
linear combinations of PAOs that represent the correlating virtual space orbitals
associated with a specific electron pair[57]. Building on this idea, several widely
used methods have been developed, notably pair natural orbital local CCSD(T)
(PNO-LCCSD(T)[58, 59]) and domain-based local pair natural orbital CCSD(T)
(DLPNO-CCSD(T)[60, 61] ). The differences between these two methods lie primarily
in the domain and pair approximations[62]. First, they employ different algorithms
for the construction of PAO orbital domains. In PNO-LCCSD(T), the same PAO
orbital domains are used throughout the LMP2, LCCSD, and triples calculations,
with the domain limits determined by a threshold applied to the localized molecular
orbitals (LMOs), whereas in DLPNO-CCSD(T) the PAO orbital domains are selected
on the basis of a differential overlap criterion with a specific threshold. Second, the
criteria for constructing PNO domains differ: the PNO-LCCSD(T) approach employs
both occupation number and energy completeness criteria, while DLPNO-CCSD(T)
relies solely on an occupation number threshold. Finally, an important distinction
concerns how the two methods treat different pair categories, such as distant and weak
pairs. For example, PNO-LCCSD(T) employs a higher-order multipole expansion
(p = 3) for approximating distant pair energies, while DLPNO-CCSD(T) uses only
a lower-order expansion (p = 1), which reduces computational cost but introduces
larger errors at long-range pairs[62]. Consequently, the PNO-LCCSD(T) method
provides a more accurate treatment of medium- and long-range correlation effects than
DLPNO-CCSD(T), which is especially important for non-covalent interactions[62, 63].

Finally, it is essential to note that the thresholds for domain and pair selection must
be sufficiently low to avoid significant loss of correlation energy relative to canonical
CCSD(T)[64]. For example, the "TightPNO" truncation criteria in ORCA software
are designed to retain 99.9% of the canonical CCSD(T) correlation energy in some
cases[65].

2.1.2 Complete Basis Set Extrapolation

A common challenge in WFT methods is the basis set incompleteness error (BSIE).
Although it can in principle be reduced by increasing the basis set size, this approach
quickly becomes impractical due to the increase in computational cost associated
with larger basis sets. This issue is particularly critical for the CCSD(T) method,
which scales as O(M7). It is therefore standard practice to extrapolate the results
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2.1 Wave Function Theory

obtained with a sequence of finite basis sets toward the complete basis set limit
in order to mitigate the BSIE. This procedure is known as CBS extrapolation and
is routinely applied to both energy components in WFT: the Hartree-Fock energy
and the correlation energy. In ORCA 5.0.4 quantum chemical package[66], different
extrapolation schemes are available for each of these two components. To estimate
the Hartree-Fock energy at the CBS limit, the two-point exponential extrapolation
scheme of Zhong et al.[67] was used, using basis-set-specific exponent coefficients[68].
The extrapolation formula equals:

EHF(CBS) =
EHF(X) · e−α

√
Y − EHF(Y ) · e−α

√
X

e−α
√
Y − e−α

√
X

, (11)

where EHF(X) and EHF(Y ) are the Hartree-Fock energies computed with basis sets
X and Y (where X and Y also denote the cardinal numbers of the respective basis
sets), α is the exponent coefficient, and A is the pre-exponential coefficient.

Additionally, the correlation energy can be extrapolated using a two-point scheme[69]
with basis set-specific coefficients[68], based on the expression[70]:

Ecorr(CBS) =
Xβ · Ecorr(X)− Y β · Ecorr(Y )

Xβ − Y β
, (12)

where Ecorr(X) and Ecorr(Y ) are the correlation energies computed with basis sets
X and Y , β is the exponent coefficient, and B is the pre-exponential coefficient. For
example, when extrapolating with the def2-TZVPP and def2-QZVPP basis sets[71],
the coefficients take the values α = 7.88 and β = 2.97[68].

2.1.3 Symmetry-Adapted Perturbation Theory

In the case of a non-covalent dimer system AB, for each monomer (A and B) the
Schrödinger equation can be written (X = A,B)[72]:

HXΨX = EXΨX . (13)

The total Hamiltonian of the dimer system can be formulated as:

H = HA +HB + V. (14)

9



2 Theoretical Background

That makes a problem when looking at direct wave function product of monomers
(Ψ = ΨAΨB), one can find the lack of antisymmetry with respect to electron exchange
between monomers, that results in the neglect of Pauli repulsion effects[73]. Therefore,
there is a need to restore the correct symmetry, for example, through the symmetrized
Rayleigh-Schrödinger (SRS) perturbation theory[74]. The reformulation of SAPT in
SRS form is applicable in the interpretation of contributions in non-covalent interaction.
For example, using second-order perturbation in V , the interaction energy can be
reformulated as a sum of electrostatic (elst), induction (ind), dispersion (disp), and
exchange-repulsion (exr) contributions[73]:

Eint = E
(1)
elst + E(1)

exr + E
(2)
ind + E

(2)
exr−ind + E

(2)
disp + E

(2)
exr−disp. (15)

In practice, SAPT is built on Hartree-Fock approximation or density functional theory.
For example, sSAPT0 that is used in this thesis based on Hartree-Fock level without
intramolecular correlation effect and has the following formula[75–77]:

EsSAPT0
int = E

(10)
elst︸ ︷︷ ︸

Eelst

+E(10)
exr︸ ︷︷ ︸

Eexr

+E
(20)
ind,r + pEX(α)E

(20)
exr−ind,r + δE

(2)
HF︸ ︷︷ ︸

Eind

+E
(20)
disp + pEX(α)E

(20)
exr−disp︸ ︷︷ ︸

Edisp

,

(16)
where Eexr is exchange-repulsion contribution, pEX(α) is the scale factor with empirical
α = 3.0 parameter and δE

(2)
HF is the Hartree-Fock correction. In E(20) the first

digit denotes intermolecular order and the second denotes intramolecular order of
perturbation. This scale factor is calculated using the following formula:

pEX(α) =

(
E

(10)
exr

E
(10)
exr (S2)

)α

, (17)

where S is the orbital overlap. The Hartree-Fock correction can be found as:

δE
(2)
HF = EHF

int −
(
E

(10)
elst + E(10)

exr + E
(20)
ind,r + E

(20)
exr−ind,r

)
. (18)

2.2 Density Functional Theory

Density functional theory is one of the most widely used computational approaches
in theoretical chemistry and condensed-matter physics for describing the electronic
structure of many-body quantum systems[78]. Its formal foundation is rested on the
two Hohenberg–Kohn theorems[79], which establish that the ground-state energy of

10



2.2 Density Functional Theory

an interacting many-electron system is a unique functional of the electron density
ρ(r), and that the true ground-state density minimizes this functional. Although
these theorems showed the existence of such a universal functional without explicit
form for it. The Kohn-Sham (KS) formalism[80] transformed DFT into a practical
computational tool implemented in modern quantum-chemistry packages[81].

2.2.1 The Kohn–Sham Formalism

The central idea of the Kohn–Sham formalism[80] is the introduction of an auxiliary
system of non-interacting electrons (N) whose collective behavior reproduces exactly
the same ground-state electron density (ρ(r)) as that of the fully interacting many-
electron system:

ρ(r) =
N∑
i=1

∣∣ψi(r)
∣∣2. (19)

The electron density is constructed directly from the N occupied one electron KS-
orbitals (ψi(r)). In Kohn-Sham formalism, kinetic energy is computed exactly for the
non-interacting reference system using KS-orbitals, while many-body contributions
(except of J [ρ]) implemented into the exchange-correlation functional (XC). The total
KS energy functional is formulated as:

E[ρ] = Ts[ρ] + ENe[ρ] + J [ρ] + EXC [ρ], (20)

where Ts[ρ] is the kinetic energy of the non-interacting reference system, ENe[ρ] is the
electron–nuclear attraction energy, J [ρ] is Hartree electron-electron repulsion, and
EXC [ρ] is the XC energy.

If the variational principle is applied (Eq. (2)) to the KS energy(Eq. (20)), a set of
effective single-particle equations appears (KS equations):

ĥKS ψi(r) =

[
−1

2
∇2 + vNe(r) + vJ(r) + vXC(r)

]
ψi(r) = εi ψi(r), (21)

where vNe(r) is the external nuclear potential, vJ(r) is Hartree electron-electron
repulsion, and vXC(r) = δEXC/δρ(r) is the XC potential. The challenge lies in the
unknown exact XC functional, making available only different approximations of
EXC [ρ].
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2 Theoretical Background

All effective potentials in Eq. (21) depend on the density or consequently on KS
orbitals. Therefore, KS equations must be solved in a self-consistent field cycle to
update iteratively orbitals and density by diagonalization until convergence.

2.2.2 Jacob’s Ladder of Exchange–Correlation Functionals

As mentioned above, the exact form of EXC [ρ] remains unknown. Consequently, various
approximations have been developed for the evaluation of the exchange-correlation
energy, which were subsequently classified with means of Jacob’s Ladder by Perdew
and Schmidt[82]. This classification corresponds to incorporating progressively more
complex and computationally demanding ingredients into the functional with each
ascending class, with the expectation of converging toward the “heaven” of chemical
accuracy (1 kcal/mol). However, this does not imply that a higher-class functional
will necessarily yield greater accuracy in practice compared to a lower-class functional,
as has been observed in recent years with the development of new functionals[83]. The
four selected classes of Jacob’s Ladder are summarized in Table 1.

Table 1: Jacob’s Ladder of DFT exchange-correlation approximations[82].
τ(r) = 1

2

∑
i |∇ψi|2 denotes the KS kinetic energy density.

Class Functional Components Examples

LDA / LSDA ρ(r) VWN[84], PW92[85]

GGA ρ(r), ∇ρ(r) PBE[86]

meta-GGA ρ(r), ∇ρ(r), τ(r) TPSS[87]

Hybrid GGA/meta-GGA + exact HF exchange B3LYP[88], TPSSh[89]

Local Density Approximation (LDA/LSDA)

The basic idea of the simplest approximation is to assume the homogeneity of the
density everywhere. So, it means that the XC energy can be determined as a uniform
electron gas (UEG) with the same local density[84, 85]:

ELDA
XC [ρ] =

∫
ρ(r) εUEG

XC

[
ρ(r)

]
dr, (22)

where εUEG
XC is the XC energy per particle of the UEG with the density ρ(r). LDA/LSDA

can provide a quite accurate exchange-correlation function, especially for solid-state
systems[90]. However, it systematically has inaccurate values of the XC energy for
molecules[91].

12



2.2 Density Functional Theory

Generalized Gradient Approximation (GGA)

GGA functionals modify LDA by including the density gradient (∇ρ(r)), therefore
capturing the inhomogeneity of real electron densities[86]:

EGGA
XC [ρ] =

∫
ρ(r) εXC

[
ρ(r), ∇ρ(r)

]
dr (23)

The parameter-free PBE functional[86] is among the most widely used GGAs in both
chemistry and materials science[92].

meta-GGA

meta-GGA functionals extend and improve GGA functional by additionally incorpo-
rating the KS kinetic energy density (τ(r)):

τ(r) =
1

2

∑
i

∣∣∇ψi(r)
∣∣2, (24)

and in some cases the Laplacian ∇2ρ(r). This addition to GGA allows meta-GGA
functionals[93] describe different bonding types (covalent, metallic and weak bonds).
The TPSS functional[87] was one of the first meta-GGA.

Hybrid Functionals

Hybrid functionals are based on the idea to mix a fraction of non-local exact exchange
from the Hartree-Fock method and semi-local GGA or meta-GGA functionals[88]:

Ehybrid
XC = aEexact

X + (1− a)EGGA
X + EGGA

C , (25)

where a is the mixing coefficient.This inclusion of Hartree-Fock exact exchange can
partially compensate the self-interaction error (SIE) included in pure semi-local DFT
functionals, that can improve the performance for thermochemistry, reaction barriers
and others[94–96].

2.2.3 Dispersion Corrections

Another problem of DFT is the lack of long-range dispersion interactions descrip-
tion[97], while it is very important for modeling the most of the systems in chemistry,
physics and biology[98]. For this reason different methods, mostly incorporated with
empirical components are used to describe this type of the systems. Grimme suggested
to classified dispersion corrected method it in the following three groups: density-based,
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C6-based and effective one-electron potential methods[97]. Currently, the most popular
methods are C6-based or DFT-D corrections, when the full energy of the system (Efull)
can be obtained by:

Efull = EDFT + Edisp, (26)

where EDFT and Edisp are the DFT energy and the dispersion correction energy. This
approach is called semi-classical because of atom pairwise additive treatment of the
dispersion energy that contains semi-classical isotropic nth-order dispersion coefficient
(Cn).

The general view of the Edisp is the following one:

Edisp = −
∑
AB

∑
n=6,8,10,...

snC
AB
n

Rn
AB

fdamp(RAB), (27)

where fdamp(RAB) indicates the damping function (standard D2 and D3 use zero-
damping) and sn are scaling constants fitted to specific functionals, AB is atom pair
and RAB is the interatomic distance.

D2 (DFT-D2)

The D2 dispersion energy is a purely pairwise sum over all pairs of atoms A,B[99]:

ED2
disp = −

∑
A<B

s6C
AB
6

R6
AB

· fdamp(RAB), (28)

where CAB
6 =

√
CA

6 · CB
6 (geometric mean of tabulated coefficients), and the zero-

damping function is:

fdamp(RAB) =
1

1 + e−d(RAB/Rr−1)
, (29)

where d is an empirical parameter and Rr is a sum of atomic van der Waals radii. The
importance of damping function to prevent divergence at short distance and avoid
double counting with the DFT correlation. In D2 C6 are fixed atomic coefficients,
making the same values for two atoms in a different environment.
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D3 (DFT-D3)

The D3 correction models the dispersion energy as an atom-pairwise sum using
geometry-dependent C6 and C8 coefficients[100]:

ED3
disp = −

∑
A,B

∑
n=6,8

snC
AB
n

Rn
AB

fdamp(RAB), (30)

In D3 (and also in D4) it is possible to add a three-body Axilrod–Teller–Muto (ATM)
correction E(3)[101, 102]. While the C8/R

8 term captures dipole–quadrupole dispersion,
the three-body E(3) term accounts for non-additive triple interactions via:

E(3) =
∑

A<B<C

s9C
ABC
9 (3 cos θa cos θb cos θc + 1)

(rABrBCrCA)3
. (31)

The zero-damping function is also different to D2 and now tends to zero as R → 0:

fd,n(RAB) =
1

1 + 6(RAB/(sr,nRAB
0 ))−αn

, (32)

where sr,n is the order-dependent scaling factor, RAB
0 is the cutoff radii and αn is the

“steepness” parameter.

What is important especially for D3 that CAB
6 and CAB

8 coefficients are dependent on
geometry and coordination number, making the difference, for example, in the case of
aliphatic and aromatic carbon atoms.

D3(BJ) (DFT-D3 with Becke-Johnson Damping Function)

D3(BJ) dispersion correction[103] modifies the damping function to the Becke-
Johnson[104, 105] (BJ) form for improved short-range accuracy (makes the dispersion
correction finite and non-zero at R → 0):

fd,n(RAB) =
Rn

AB

Rn
AB + (a1RAB

0 + a2)n
(33)

The BJ damping has two additional parameters (a1, a2) which are empirically specified
for each DFT functional, increasing flexibility and transferability. So, the D3 form of
expression remained the same with the BJ damping substitution.
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D4 (DFT-D4)

In D4 dispersion correction, the atomic charge-dependent dispersion coefficients
are included[106]. For example, the CAB

6 coefficient is calculated through atomic
polarizabilities (αA and αB) that depends on atomic charges (qA and qB):

CAB
6 =

3

π

∫ ∞

0

αA(iω, qA)αB(iω, qB) dω, (34)

where iω is an imaginary frequency. So, now dispersion coefficients depend on both
geometry and atomic charges, which improves the description of non-covalent interac-
tions, especially in ionized or metal-organic systems.

D4 incorporates atomic charge dependent dispersion coefficients and includes a default
three-body Axilrod-Teller-Muto term:

ED4
disp = Epairwise + E(3). (35)

Here, the pairwise coefficients Cn depend on both geometry and atomic partial charges,
improving transferability and accuracy, especially in ionized or metal-organic systems.

2.2.4 Time-Dependent DFT

If there is need to model excited states in molecules and solids, it is not possible
to do with standard Kohn-Sham DFT that can treat a system only in the ground-
state. Therefore, the extension of Kohn-Sham DFT was developed and is called
time-dependent DFT or TD-DFT[107, 108]. As was the foundation of DFT in the
Hohenberg-Kohn theoremes, originally TD-DFT also had the basis known as the Runge-
Gross theoremes[109]. Time-dependent DFT has the same Kohn-Sham formalism and
final set of effective single-particle equations has time-dependence for each term take
the form:

ĥKS ψi(r, t) =

[
−1

2
∇2 + vNe(r, t) + vJ(r, t) + vXC(r, t)

]
ψi(r, t) = i

∂

∂t
ψi(r, t).

(36)

In the end time-dependent electron density is reconstructed from the N occupied KS
orbitals:
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ρ(r, t) =
N∑
i=1

|ψi(r, t)|2. (37)

Then it is possible to use linear response formalism of TD-DFT that reduces Kohn-
Sham equations to the Casida equations[107, 110]:

A B

B∗ A∗

X
Y

 = ω

1 0

0 −1

X
Y

 , (38)

where X and Y are the excitation and de-excitation amplitude vectors, ω is the
corresponding excitation energy, and the matrices (A,B) are:

Aia,jb = δijδab(εa − εi) + (ia|jb) + (ia|fXC|jb), (39)

Bia,jb = (ia|bj) + (ia|fXC|bj). (40)

Here i, j index occupied and a, b virtual Kohn-Sham orbitals, (ia|jb) are two-electron
Coulomb integrals, and fXC(r) is the exchange-correlation kernel:

fXC(r) =
δvXC(r)
δρ(r)

. (41)
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3 Ethylene Oligomerization in Ni-NU-1000

MOF Catalyst

Overview of Chapter

In this chapter, a hierarchical cluster correction scheme for energies of reactions, based
on the DLPNO-CCSD(T) method, was developed and applied to the kinetic inves-
tigation of the MOF-based Ni-grafted NU-1000 catalyst (Ni-NU-1000) for ethylene
oligomerization. In Section 3.1.1 an introduction to the topic of ethylene oligomer-
ization are provided, covering known mechanisms and catalysts, the role of MOF-
supported catalysts within this landscape, and the current state of computational
modeling of such catalysts with respect to the thermodynamics and kinetics of the
reaction mechanism. The objectives and challenges to be addressed throughout this
chapter are also stated. In Section 3.1.2 computational details of all calculations
within this chapter are described. In Section 3.2 the DLPNO-CCSD(T)-based hier-
archical cluster correction scheme for the ethylene dimerization process is presented,
followed by a systematic benchmark of various DFT functionals and MP2 against the
DLPNO-CCSD(T) reference. These results were obtained in collaboration with co-first
author Thanh-Nam Huynh, who developed the original reaction pathway for ethylene
dimerization and conducted initial tests of various active sites and cluster models for
reaction energies[111] (Publication 3, p. 175). In Section 3.3 the implementation of
the hierarchical cluster correction scheme for the complete ethylene oligomerization
mechanism is described. Results are presented for corrected and uncorrected DFT
approaches. Subsequently, within the framework of a simplified mechanism, the three
methods and two pore types (trigonal and hexagonal) are compared on the basis of the
computed energy barriers. The microkinetic analysis was then performed using these
energy barriers. The evolution of concentration profiles of all products and the final
product distributions as results are discussed. Furthermore, the microkinetic results
are discussed in the context of available experimental selectivity data for Ni-NU-1000.
The complete and simplified reaction mechanisms for olefin oligomerization and the
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kinetic workflow were developed and published in co-authorship with Alexander Av-
doshin and Thanh-Nam Huynh[112] (Publication 2, p. 175). Unless stated otherwise,
the construction of the hierarchical correction scheme, the DFT benchmarking, the
application of the hierarchical cluster correction scheme to the complete oligomeriza-
tion mechanism, and the execution of the microkinetic simulations presented in this
chapter were performed by the author of this thesis.

3.1 Introduction

3.1.1 General Overview

Ethylene Oligomerization

The oligomerization of ethylene into linear α-olefins (LAOs) occupies a central position
in the petrochemical industry[113, 114]. LAOs serve as co-monomers in the production
of linear low-density polyethylene, as well as feedstocks for detergents, plasticizers,
and synthetic lubricants[115–118]. The global demand for these products continues
to grow, placing significant pressure on developing selective and efficient catalytic
processes[119, 120].

Historically, the industrial production of LAOs has relied on homogeneous transition-
metal catalysts[113]. Prominent examples include the Shell Higher Olefin Process,
employing Ni-based phosphine-oxide catalysts, and the Cr-based Phillips trimerization
and Sasol/Linde processes[114, 121, 122]. In these systems, the key mechanistic path-
way governing oligomer formation is the Cossee-Arlman mechanism, where ethylene
coordinates to the metal center, undergoes migratory insertion into the metal-carbon
bond, and the chain is terminated by β-hydride elimination, releasing the oligomeric
product and regenerating the active metal hydride[27]. The competition between fur-
ther insertion (chain growth) and β-hydride elimination (chain termination) determines
the distribution of oligomeric products.

Metal-Organic Framework Catalysts

Although homogeneous catalysis is widely used in various applications, there are still
practical challenges present such as catalyst separation and its recycling. The desire
for confinement-driven selectivity has motivated the transition toward heterogeneous
single-atom catalysts (SACs) and, in particular, toward MOF-supported catalytic
systems[123–125]. The deposition of catalytic metal centers within a well-defined
porous environment offers not only the predictable catalytic activity of heterogeneous
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systems but also the site isolation and structural tunability, characteristic of molecular
catalysts.

MOFs are a class of crystalline porous materials formed by the self-assembly of in-
organic metal nodes (secondary building units) and organic linkers[126, 127]. Their
well-defined porous structures provide a uniquely characterized environment for catal-
ysis. Each metal site exists in an identical coordination environment, conferring a
SAC character that is difficult to achieve on porous and mixed composition supports,
such as zeolites[128, 129]. Moreover, the modular nature of MOF chemistry, in which
linker length, functionality, and metal identity can be systematically varied, allowing
rational design of the catalytic environment and pore geometry[130].

Among zirconia-based MOFs, NU-1000 and UiO-66 have emerged as the most widely
investigated supports for ethylene oligomerization catalysts[27, 131–133]. Their ther-
mal and chemical stability, combined with large pore sizes and the availability of
under-coordinated Zr-based nodes, make them well-suited for the installation of single
active metal sites via atomic layer deposition or solvent-assisted ligand incorpora-
tion[125]. Specifically, in NU-1000 material there is the varied pore architecture:
comprising of hexagonal meso-channels (32 Å diameter) and triangular micropores
(c-pores, 12 Å diameter)[134]. This architecture creates conditions under which local
site chemistry and pore-level transport simultaneously influence the catalytic behav-
ior[135]. Structural characterization studies have confirmed that grafted metal atoms
preferentially occupy the c-pore environments, where confinement can influence both
the stability of transition states and the mobility of growing oligomeric chains[136].

A DFT-based computational screening by Ye et al. identified Ni(II) as the most
promising metal center among a series of transition-metal sites in NU-1000, which is
based on calculated free energy profiles for ethylene dimerization[29]. The experimental
catalytic performance of metal-doped NU-1000 systems has been investigated across
several groups. Goetjen et al. reported that Cr(III)-NU-1000 exhibits measurable
ethylene oligomerization activity under mild conditions, yielding products consistent
with Schulz-Flory statistics toward C8-C18 oligomers[137]. In subsequent works, the
same group characterized the product distributions and deactivation behavior of
these systems under varying conditions[138, 139]. Li et al. reported that Ni-grafted
NU-1000 (Ni-NU-1000) producing mainly C4-C8 oligomers under flow conditions
at 318 K and 2 bar ethylene pressure, consistent with predominantly dimerization
activity[131]. Importantly, the system undergoes deactivation over time through
accumulation of the oligomeric material within the pore channels, reducing accessible
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pore volume and lowering ethylene conversion. Collectively, these experimental and
computational studies have established Ni-NU-1000 as a model system in which the
Cossee-Arlman mechanism operates[27], and where the kinetics of chain propagation
versus termination govern the observed product distribution.

Despite the availability of experimental data, a quantitative computational description
of ethylene oligomerization in Ni-NU-1000 requires resolving two challenges: (i) the
appropriate choice of structural model for the catalytic active site, and (ii) the accuracy
of the electronic structure method used to compute reaction energetics.

Structural Models

The complex, extended architecture of SACs in NU-1000, comprising of inorganic
Zr-based nodes, pyrene-based organic linkers, and the grafted metal center, poses
substantial challenges for quantum-chemical modeling. Two principal approaches have
been employed: cluster models, in which a finite fragment of the MOF is carved out
and saturated with capping groups, and periodic models, which impose translational
symmetry over the full unit cell. Bernales and co-workers were the first to compute the
mechanism of ethylene dimerization in Ni-AIM-NU-1000 using DFT calculations on a
formate-cluster model, in which the pyrene linkers were replaced by formate groups[27].
They concluded that the Cossee-Arlman mechanism was energetically favored. Ye
et al. later employed analogous models to screen a series of transition metals and
demonstrated that the inclusion of partial benzoate linkers did not substantially alter
the free energy profiles[28]. Similar formate-cluster model has been applied to butene
dimerization in UiO-66-supported systems[140, 141].

The implicit assumption underlying these truncated is that the steric environment
imposed by the pore confinement is negligible for small substrates. The validity of
this approximation depends on the interplay between compound size and pore shape,
and becomes increasingly problematic for longer oligomeric chains where confinement
effects on transition-state geometries may be non-negligible[142, 143]. Motivated by
this fact, hierarchical cluster correction schemes that combine the computational
efficiency of periodic model with sufficient and applicable method and cluster model
with appropriate size and quite accurate method have been developed for extended
catalytic systems[45]. This approach was applied especially to zeolites and some
inorganic surfaces[31, 144–148].

Electronic Structure Methods

A fundamental challenge concerns the accuracy of electronic structure methods for
reaction barrier calculations. DFT method has been the primary computational
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tool in all prior studies of ethylene oligomerization in MOF-supported catalysts[27–
29], because of their favorable balance between cost and accuracy[78]. However, the
accuracy of DFT is strongly functional-dependent, and this dependence is especially
pronounced for the computation of reaction barriers, which are critical for predicting
reasonable kinetics[24, 30, 149].

Previous theoretical studies[27–29] of ethylene oligomerization in NU-1000-supported
catalysts employed either GGA functional (PBE) or meta-GGA functional (M06-L).
These functionals are known to underestimate reaction barriers due to SIE, which,
for example, artificially stabilize delocalized transition states[92]. Hybrid functionals,
which partially correct SIE by incorporating exact exchange, generally improve barrier
heights but carry a substantially higher computational cost, particularly under periodic
boundary conditions[148, 150–152].

The consequences of functional dependence for barrier heights in catalytic systems
relevant to the present work have been demonstrated concretely. Dohrmann et al.
benchmarked different DFT functionals against experimental activation energies for
ethylene hydrogenation and found that DFT methods systematically failed to repro-
duce the experimental trend, with errors spanning tens of kJ/mol across the functional
ladder[153]. While DFT benchmarks for catalytic reactions on zeolite systems are avail-
able[30, 31, 148], analogous systematic assessments for MOF-based catalysts remain
rare[153]. The magnitude of functional-induced errors is particularly consequential
for kinetic predictions, since barrier heights are exponentially incorporated into rate
constants. An error of even 5-10 kJ/mol in a rate-limiting activation barrier propagates
to an order-of-magnitude error in the predicted rate at considered temperature and
pressure, directly affecting the predicted product distributions in kinetic models[24].

Methods based on WFT provide a systematic order of approximations which are free
from SIE and can, in principle, be converged towards the exact electronic energy[37,
154–156]. Among WFT approaches, coupled cluster theory at the CCSD(T) level[155]
is widely recognized as the "gold standard" for molecular reaction energetics, providing
excellent predictions of bond dissociation energies, reaction enthalpies, and activation
barriers for systems dominated by a single electronic configuration[37, 49, 157–160].
The primary limitation of canonical CCSD(T) is its formal O(N7) scaling with system
size, which restricts its application to small chemical systems[161].

The DLPNO-CCSD(T) method overcomes this bottleneck by exploiting the locality
of electron correlation through a localized molecular orbital basis and pair natural
orbital truncation[162, 163]. DLPNO-CCSD(T) achieves relatively lower scaling with
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system size, than canonical CCSD(T), while retaining the accuracy of canonical
CCSD(T) for ground-state energies[164, 165]. Studies have demonstrated that DLPNO-
CCSD(T) with tight PNO thresholds (so-called “TightPNO” settings) agree with
canonical CCSD(T) within 1 kJ/mol for thermochemical properties[64, 166]. It is
important to employ sufficiently tight PNO thresholds. Less stringent settings can
introduce significant errors in the computed energetics, in particular to non-covalent
contributions[63, 167].

Kinetic Modeling of Catalysts

While electronic structure calculations provide the foundation for understanding
catalytic mechanisms, a direct comparison with experimental product distributions
requires kinetic modeling that translates energy barriers into predicted rates and selec-
tivities[168]. However, the literature on kinetic modeling of ethylene oligomerization in
MOF-based catalysts is minimum compared to the electronic structure literature[112].

Microkinetic analysis based on TST provides a tractable route from DFT-derived
free energy barriers to macroscopic rate constants[169, 170]. In the case of ethylene
oligomerization, its simplest form contains a network of elementary reaction steps (e.g.,
coordination, insertion, termination) as master-equations to yield predicted product
distributions as a function of temperature and pressure. There are many examples
where master-equations were implemented, but not to MOF catalysts[171–175].

In contrary, for stochastic approaches, kinetic Monte Carlo (kMC) methods provide an
alternative to the deterministic microkinetic framework, allowing explicit simulation
of individual reaction events on the catalyst surface[176, 177]. kMC can naturally
incorporate coverage-dependent adsorption and stochastic fluctuations in product
distributions[178]. However, kMC becomes computationally demanding for systems
with slow, rare events or where high statistical convergence is required. Deterministic
master-equation methods offer a computationally more efficient alternative by directly
solving the time evolution of the probability distribution over system states[172, 174].

Prior computational studies of ethylene oligomerization in Ni-NU-1000 and related
systems have generally been omitted from microkinetic analysis. The independent
studies of Bernales[27] and Ye[28, 29] provide Gibbs free energy profiles for individual
reaction steps but do not translate these into predicted product distributions under
realistic operating conditions. Le et al. explored kinetic aspects for related systems[177],
but a combination of multiscale approaches, including DFT barriers and diffusion
study for MOF-based oligomerization has been reported only once in co-authorship
with the author of this thesis[112].
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This chapter addresses the interconnected challenges of electronic structure accuracy,
structural model selection, and kinetic prediction for ethylene oligomerization in Ni-NU-
1000. The work presented here includes two complementary parts. Firstly, a hierarchical
cluster correction scheme was developed. Especially, a systematical benchmark of the
performance for different DFT functionals was performed against DLPNO-CCSD(T)
for the Cossee-Arlman mechanism of ethylene dimerization in Ni-NU-1000[111]. Then
the development of a microkinetic analysis was done and evaluated. This microkinetic
model couples a deterministic master-equation based on the corrected DFT Gibbs free
energy barriers with a microkinetic model of oligomerization, enabling quantitative
prediction of the product distribution as a function of the correction method and type
of pores.

Specifically, the objectives of this chapter are as follows:

(i) To develop the hierarchical cluster correction scheme for applying DLPNO-
CCSD(T) energies to periodic DFT calculations of ethylene dimerization in
Ni-NU-1000, and to benchmark different DFT functionals and MP2 against the
DLPNO-CCSD(T) reference.

(ii) To identify based on the benchmark, the most accurate methods for the descrip-
tion of reaction’s energetics in this system, and to validate the dependence of
results on the structural cluster model.

(iii) To map with DFT-based correction on the complete oligomerization mechanism,
including the following reaction stages: dimerization, trimerization, tetrameriza-
tion.

(iv) To construct a microkinetic model based on the corrected Gibbs free energy
barriers and to analyze how DFT functional, type of pores reshape the predicted
product distribution.

3.1.2 Computational Details

Periodic DFT Calculations

To make a periodic structure of Ni-grafted NU-1000 material, a unit cell of NU-
1000[179] with dimensions of 39.90Å×39.90Å×16.50Å, with α = β = 90◦ and
γ = 120◦, was adopted (see Figure 2a). The Ni atom was deposited as described
in the work of Bernales[27]. The optimizations and free energy calculations of the
periodic model were performed using the PBE functional[86] with Grimme’s D3(BJ)
dispersion correction[100, 103] using the VASP code[180–183]. The plane-wave cutoff
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was 520 eV, and the calculations were done at the Γ-point. All periodic calculations
were performed by Thanh-Nam Huynh from Institute of Catalysis Research and
Technology, Karlsruhe Institute of Technology. Throughout this work, the Ni center
was investigated in the +2 oxidation state [Ni(II)], which was confirmed to be the
electronic ground state. Accordingly, all subsequent references to Ni-NU-1000 denote
the Ni(II)-grafted NU-1000 catalyst.

Cluster Models Construction

For the correction scheme and its validation, two cluster models (formate- and benzoate-
cluster models), were considered, especially because of their widespread use[27, 29]
(see Figure 2b,c). These two models involved truncation of organic linkers, while the
Zr-based node with Ni was not changed. This representation of active sites is a typical
approach for investigating catalytic processes in MOFs[184]. All intermediates and
transition states of catalytic pathways in the formate- and benzoate-cluster models
were extracted from the optimized periodic structures. Then, all dangling bonds in
the clusters were terminated with hydrogen atoms. Finally, all hydrogen atoms were
optimized using the PBE-D3(BJ) functional and the def2-TZVP basis set[71] in ORCA
5.0.4[66]. The final structures were used for hierarchical cluster correction scheme
single-point energy calculations.

c)

a) b)

Figure 2: Three different models of Ni-NU-1000: (a) periodic model [pbc], (b) benzoate-
cluster model, (c) formate-cluster model. In the visualization, chemical
elements are represented by specific colors: Zr (cyan), Ni (green), O (red),
framework C (gray); molecular C (brown), and H (white). Adopted with
permission from [111]. Copyright 2025 American Chemical Society.
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The Multireference Character Investigation

Firstly, the fractional occupation number weighted electron density analysis (FOD
analysis) was performed for formate-cluster model at the B3LYP level with T = 9000 K
and the def2-TZVP basis set[185, 186] (see Figure 3). Finally, the T2-diagnostic using
DLPNO-CCSD(T) was performed, and the obtained T2 amplitudes were 0.2 or below,
on average near 0.15. Structures with T2 amplitudes below 0.2 have been shown to be
adequately treated with a single-configuration wavefunction[187, 188]. This supports
a single-configuration description for all structures in the work of Bernales[27].

Figure 3: FOD plots for Intermediate 2 at an iso-contour value of σ = 0.005 a0
−3.

In the visualization, chemical elements are represented by specific colors:
Zr (dark cyan), Ni (violet), O (red), framework C (cyan), and H (gray).
Reprinted with permission from [111]. Copyright 2025 American Chemical
Society.

The Hierarchical Cluster Correction Calculations

All calculations for the hierarchical cluster correction scheme were performed in
ORCA 5.0.4, including RI-DFT, RI-MP2 (names as DFT and MP2 later), DLPNO-
MP2, and DLPNO-CCSD(T) single-point energy calculations. Basis sets ranging from
def2-TZVP to def2-QZVPP were used in different parts of the hierarchical cluster
correction scheme[71]. Additionally, RI-MP2, DLPNO-MP2, and DLPNO-CCSD(T)
calculations were performed with CBS extrapolation. For the final DLPNO-CCSD(T)
electronic energies, tight pair natural orbital thresholds were used ("TightPNO" set-
tings). To benchmark DFT functionals, following functionals were chosen: PBE[86],
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TPSS[87], M06-L[189], TPSSh[89], PBE0[190], B3LYP[191], ωB97M[192], M06[193],
BHandHLYP[88], and M06-2X[194]. For the benchmark, the D3(BJ) dispersion correc-
tion was used[100, 103] (and D3zero for M06-family functionals) and the def2-QZVPP
basis set was utilized.

To benchmark DFT and MP2 methods two statistical descriptors were used: mean
absolute deviation (MAD), and mean signed deviation (MSD), which captures the
systematic bias of a method relative to the reference. Both descriptors are defined as
follows:

MAD =
1

N

N∑
i=1

∣∣∣EMethod
i − EReference

i

∣∣∣ , (42)

MSD =
1

N

N∑
i=1

(
EMethod

i − EReference
i

)
, (43)

where N is the number of complexes considered and i is each reaction energy.

Microkinetic Modeling

The standard harmonic oscillator approximation was used for periodic boundary
conditions (pbc) structures at T = 300 K to obtain the Gibbs free energy for each
stationary point i:

Gi(T ) = EDFT
i − kBT lnQ

PBE−D3(BJ)
pbc,i (T ), (44)

where EDFT
i is the DFT-corrected electronic energy, kB is Boltzmann constant, and

Q
PBE−D3(BJ)
pbc,i (T ) is the partition function obtained from the partial Hessian matrix

at the PBE-D3(BJ) level. All periodic calculations were performed by Thanh-Nam
Huynh from the Karlsruhe Institute of Technology. The dependence of the Gibbs free
energy on the temperature T and pressure p is calculated as:

Gg(T, p) = G◦
g(T ) + kBT ln

(
p

p◦

)
, (45)

where G◦
g(T ) is the standard state Gibbs free energy and p◦ = 1 bar is the pressure at

standard state. In this case, T = 300 K and p = 1 bar were chosen. The activation
Gibbs free energy barrier is defined as:

∆G‡
r(T, p) = GTS,r(T, p)−Greactant,r(T, p). (46)
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The reaction Gibbs free energy difference is defined as:

∆Gr(T, p) = Gproduct,r(T, p)−Greactant,r(T, p). (47)

Based on the obtained activation free energy barriers (or Gibbs free energy barriers),
the elementary rate constant for reaction i (ki(T )) can be calculated using Eyring
transition-state theory[195]:

ki(T ) =
kBT

h
exp

(
−∆G‡

i (T )

kBT

)
, (48)

where h is Planck’s constant, and ∆G‡
i (T ) is the Gibbs free energy barrier for reaction

i at T = 300 K and p = 1 bar.

The kinetic modeling framework[112] developed by Alexander Avdoshin, Thanh-Nam
Huynh and the author of this thesis was used to perform the microkinetic analysis. In
this framework, chemical transformations were treated as a unified set of ordinary
differential equations based on master-equation formalism:

dCi

dt
=
∑
j

νij rj (i = 1, . . . , Nsp), (49)

where Ci is the concentration of species i, νij is the stoichiometric coefficient in
elementary step j, and rj is the mass-action rate.

For the microkinetic analysis only concentration of ethylene is presented and limited
to a fixed amount at the initial step of the simulation. The initial concentration of
ethylene in the reactor was approximately 13 molecule per unit cell. The concentration
of catalytic centers was 10−2 per unit cell. It should be noted that this microkinetic
analysis does not account for diffusion or capacity effects (no mass-transfer), which
considerably limits the applicability of the predictions when compared to experimental
data and real operating conditions.

3.2 The Hierarchical Cluster Correction Scheme for Ethylene

Dimerization

This section addresses the first stage of ethylene oligomerization, namely ethylene
dimerization in Ni-NU-1000 catalyst. Firstly, the limitation of model and method
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choice is discussed. Using the reaction pathway given in Figure 4 as the reference, the
construction of the hierarchical cluster correction scheme based on DLPNO-CCSD(T),
along with various corrections and basis sets, is demonstrated. Additionally, the
influence of the basis set on the correlation energy in DLPNO-CCSD(T) and CBS
extrapolation values with MP2 for different structures are presented. Subsequently,
various DFT functionals were benchmarked. Their deviations are presented with
respect to DLPNO-CCSD(T). The deviations for different size of clusters of two
most accurate DFT functionals are also discussed. Additionally, turnover frequency
(TOF) values for DLPNO-CCSD(T) as well as for the best DFT functionals were
calculated and compared against the experimental data. This section is methodological,
as it establishes the foundation upon which all energy barriers will be subsequently
calculated when considered the complete mechanism of ethylene oligomerization.

but-1-ene 
desorption

C-C coupling

ethylene 
adsorption

ethylene 
adsorption

ethylene 
adsorption

but-1-ene 
desorption

TS6-1

Figure 4: The Cossee-Arlman mechanism of ethylene dimerization in Ni-NU-1000.
The scheme illustrates the truncated Ni catalytic site as the location at
which ethylene conversion directly takes place. Adopted with permission
from [111]. Copyright 2025 American Chemical Society.

3.2.1 The Reaction Mechanism of Ethylene Dimerization

The ethylene dimerization reaction mechanism illustrated in Figure 4 begins with
ethylene adsorption ([Ni-ethyl] 1 → [et-Ni-ethyl] 2), followed by a C-C coupling
reaction (TS2-3) that yields a β-H-butyl intermediate [Ni-butyl] (3). Subsequently, a
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β-H elimination reaction (TS3-4) transforms the butyl species into adsorbed but-1-ene
[H-Ni-but], which can be released via two distinct pathways: direct desorption (5)
or substitutive desorption (5a). In the case of direct desorption (4 → 5), the final
state consists of a Ni center bearing a hydrogen atom [Ni-H] (5), onto which ethylene
can subsequently be adsorbed (5 → 6). Alternatively, in the substitutive pathway,
ethylene first is adsorbed onto the [but-Ni-H] intermediate (5a, [et-Ni-but-H]), after
which but-1-ene is displaced and removed (5a → 6). Both pathways finish at the
intermediate [et-Ni-H] (6), in which both hydrogen and ethylene are coordinated to
the Ni center. Finally, ethylene hydrogenation (TS6-1) regenerates the [Ni-ethyl]
species (1), therefore closing the catalytic cycle. All intermediate and transition state
geometries for active site can be found in Figure 51 (Appendix for Chapter 3, Section
3.2).

Based on this reaction pathway, five principal activation energy barriers of ethylene
dimerization in Ni-NU-1000 can be identified:

1. C-C coupling:

[et-Ni-ethyl] → [Ni-butyl], ∆∆E‡
1 = ∆E(TS2-3)−∆E(2). (50)

2. β-H elimination:

[Ni-butyl] → [H-Ni-but], ∆∆E‡
2 = ∆E(TS3-4)−∆E(3). (51)

3. Direct but-1-ene desorption:

[H-Ni-but] → [Ni-H]+C4H8(gp), ∆∆E‡
3 = ∆E(5)+∆E(C4H8)−∆E(4). (52)

4. Substitutive but-1-ene desorption:

[H-Ni-but] + C2H4(gp) → [et-Ni-but-H],

∆∆E‡
4 = ∆E(5a)−∆E(4)−∆E(C2H4).

(53)

5. Ethylene hydrogenation:

[H-Ni-Et] → [Ni-ethyl], ∆∆E‡
5 = ∆E(TS6-1)−∆E(6), (54)

where the subscripts (gp) denote the gas-phase molecules.
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3.2.2 The Importance of Correction Scheme in Catalysis

Before describing the hierarchical cluster correction, it is important to emphasize
its necessity for the modeling of MOF catalysts. Two principal questions must be
addressed in order to correctly describe the energetics of the catalytic process: which
model to use for representing the catalytic center, and which theoretical method to
employ. This is very important because, for example, an error of 10 kJ/mol in the
rate-limiting activation barrier of a given reaction can introduce an error of 101-102 in
the theoretical rate constant relative to the experimental value[24]. Figure 2a-c shows
three different models: the periodic unit cell of the Ni-NU-1000 crystal and two clusters
cut from it, with hydrogen termination at the boundaries (see Section 3.1.2). First, all
structures relevant to the ethylene dimerization mechanism were computed using the
PBE-D3(BJ) method for two types of catalytic model: periodic and formate-cluster
models. The data and structures of the periodic model were obtained by Thanh-Nam
Huynh, while the structures of the formate-cluster model were created and computed
by the author of this thesis. The results of the comparison between the two models are
presented in Table 2. It can be seen that the deviations of the formate-cluster model
from the periodic model can reach up to 17 kJ/mol, as in the case of Intermediate 5a.
On average, the mean absolute deviation of the formate-cluster model from the
periodic model amounts to 7 kJ/mol. Thus, the absence of long-range interactions
in the formate-cluster model introduces errors in the computed energies, which may
subsequently affect the predicted kinetics of the process. It should also be noted
that PBE, and certain DFT methods in general, exhibit substantial deviations from
reference values, particularly in the description of catalytic mechanisms in related
systems[30]. Therefore, a more accurate method is required to correctly describe
the electronic structure of the catalytic center. The DLPNO-CCSD(T) method, for
instance, enables calculations on systems considerably larger than those tractable with
canonical CC, while incurring only a modest loss in accuracy (see Section 2.1.1). The
crucial limitation is that any implementation of CC is currently restricted to finite
cluster models and cannot be applied to extended periodic systems[196]. Consequently,
for porous catalysts such as MOFs, where the chemical environment plays an important
role, both long-range interactions and an accurate description of the catalytic center
must be accounted for simultaneously. There is a QM:QM embedding scheme approach,
which allows both requirements to be fulfilled.
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Table 2: Relative electronic energies (in kJ/mol) of all structures along the ethy-
lene dimerization pathway in Ni-NU-1000, computed with the periodic and
formate-cluster models using the PBE-D3(BJ) method. Finally, the differ-
ences between the periodic model and formate-cluster model electronic energy
values are also presented. Both models are uncorrected.

Structure periodic model formate-cluster model ∆ periodic/cluster

1 0 0 0

2 -107 -101 -6

TS2-3 -25 -18 -7

3 -134 -120 -14

TS3-4 -94 -83 -11

4 -101 -94 -7

5 -5 -5 0

5a -138 -121 -17

6 -98 -98 0

TS6-1 -90 -87 -3

1 + C4H8 -127 -126 -1

3.2.3 The Foundation of the Hierarchical Cluster Correction Scheme

The hierarchical cluster correction scheme is based on the idea of treating the electronic
structure in two separate parts, in this case as a QM:QM embedding scheme[31, 197,
198]. It is important to note that only electronic energies were considered. Within the
QM:QM treatment, the formula for the correction is:

Ecorrected = EMethod 1
cluster + [EMethod 2

pbc − EMethod 2
cluster ], (55)

where Method 1 has relatively higher level of theory for treating the electronic structure
of the active site than Method 2. Importantly, to replace the cluster electronic energy,
the same method must be used as for the periodic electronic energy calculations. In
this case, it is PBE-D3(BJ).

The challenge lies in selecting a model of appropriate size: it must be large enough
not to miss important electronic structure features for describing intermediates and
yet small enough to remain computationally tractable. As described previously, the
formate-cluster model used in the literature is sufficient. It comprises the full Zr-
based node with the Ni atom. Therefore this type of system was adopted for final
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electronic energy corrections. Furthermore, the benzoate-cluster model was also tested
with two DFT functionals, as will be described later. However, the formate-cluster
model was still too large to employ large basis sets and CBS extrapolation with the
DLPNO-CCSD(T) method.

As the reference method, DLPNO-CCSD(T) was selected. Accordingly, the formula of
the hierarchical cluster correction scheme for Ni-NU-1000 evolves to:

Ecorrected = E
DLPNO−CCSD(T )
cluster + [E

PBE−D3(BJ)
pbc − E

PBE−D3(BJ)
cluster ], (56)

where EDLPNO-CCSD(T)
cluster is the electronic energy of the cluster obtained at the DLPNO-

CCSD(T) level of theory. It is important to note that, in its simplest form,EDLPNO-CCSD(T)
cluster

comprises two contributions: the Hartree–Fock energy and the correlation energy. The
Hartree–Fock energy was computed separately using the CBS extrapolation based on
the def2-TZVPP/def2-QZVPP basis set pair (see Section 2.1.2), in order to minimize
the potential basis set superposition error.

However, it has been demonstrated that, due to limitations in computational resources,
even for the formate-cluster model one is constrained to a finite basis set. A common
strategy to reduce computational cost without significant loss of accuracy is the use of
hybrid (mixed) basis sets, in which a basis set with more basis functions is assigned to
the atoms or groups of atoms directly participating in the process of interest (catalytic
site), whereas the remaining spectator atoms are described with a smaller basis set[152].
It should be noted, however, that the basis set quality across different regions of the
system must be balanced: assigning an excessively large basis set to the central atom
while treating the surrounding ligands with a considerably smaller one may lead to an
imbalanced description and introduce systematic errors[199]. Specifically, the mixed
basis sets def2-TZVPP/def2-TZVP and def2-QZVPP/def2-TZVP were constructed
such that the larger basis set is placed on the atoms belonging to the small-cluster
model (Figure 5).

Firstly, different basis sets were tested, both in full and in mixed forms, by calculating
the correlation energies relative to Intermediate 1. It should be noted that this
assessment was performed before the complete set of final structures was determined;
however, it is sufficient for identifying general trends. The following basis sets were
employed: def2-TZVP, def2-TZVPP/def2-TZVP, def2-TZVPP, and def2-QZVPP/def2-
TZVP. The results are presented in Table 3. One can see that the deviations obtained
with the def2-TZVP and def2-TZVPP/def2-TZVP basis sets can be substantial,
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reaching up to 5 kJ/mol for Intermediate 5. This highlights the importance of using
the largest feasible basis set in order to minimize BSIEs. Interestingly, the difference
between the mixed def2-TZVPP/def2-TZVP and the full def2-TZVPP basis sets is
relatively small, with a maximum deviation of 2 kJ/mol, suggesting that a similar
trend is likely to persist at higher basis sets. Furthermore, for nearly all structures
the correlation energy contribution shifts in the same direction, It becomes more
negative with increasing basis set size with the exception of Intermediate 2 and
Intermediate 5. Therefore, the def2-QZVPP/def2-TZVP basis set was chosen as the
optimal compromise for the final correlation energy calculations.

Formate-cluster model
Small-cluster model

Basis set: 
def2-TZVPP/def2-QZVPP

Spectator atoms
Basis set: def2-TZVP

Figure 5: The view of the formate-cluster model and the atom selection scheme for
the mixed basis set, for example by the def2-QZVPP/def2-TZVP or def2-
TZVPP/def2-TZVP combinations, in which the small-cluster model of Ni
catalytic center is covered by def2-QZVPP or def2-TZVPP basis functions,
while the atoms belonging to the remaining part (spectator atoms) of the Zr-
based node are described with the def2-TZVP basis set. In the visualization,
chemical elements are represented by specific colors: Zr (cyan), Ni (green),
O (red), C (brown), and H (grey).

The following step was to estimate the energy corrections arising from the CBS
extrapolation that was already used in the same correction scheme[30]. First, the
CBS extrapolation correction was calculated as the difference between the MP2
energy obtained with CBS extrapolation technique (see Section 2.1.2) using the
def2-TZVPP/def2-QZVPP basis set pair and the MP2 energy computed with the
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Table 3: Relative electronic energies (in kJ/mol) of all structures along the ethylene
dimerization pathway in Ni-NU-1000, computed with the formate-cluster
model using the MP2 method with different basis sets. TZVP an TZVPP
denotes def2-TZVP and def2-TZVPP, TZVPP/TZVP and QZVPP/TZVP
denotes the mixed def2-TZVPP/def2-TZVP and def2-QZVPP/def2-TZVP
basis sets.

Structure TZVP TZVPP/TZVP TZVPP QZVPP/TZVP

1 0 0 0 0

2 -125 -121 -120 -123

TS2-3 -75 -76 -76 -77

3 -39 -42 -40 -45

TS3-4 -155 -157 -158 -163

4 -95 -97 -97 -101

5 100 95 97 99

6 -65 -66 -65 -66

TS6-1 -75 -78 -78 -81

def2-QZVPP basis set alone. The relative energies with respect to Intermediate 1
are shown in Table 4. It is important to note that the relative energies decrease
monotonically from def2-TZVPP to def2-QZVPP and further to the CBS limit.
However, the magnitude of this decrease varies across different structures. Therefore,
it is essential to account for this CBS effect, as it may have a non-negligible influence
on the final results. One can see that the difference between the CBS and def2-TZVPP
values (∆CBS/TZVPP) can reach up to 9 kJ/mol, whereas the difference between
the CBS and def2-QZVPP values (∆CBS/QZVPP) amounts to approximately 4
kJ/mol. This MP2 CBS correction was subsequently incorporated into the total
energy expression.

Additionally, to assess the effect of the DLPNO approximation, the difference between
canonical MP2 and DLPNO-MP2[200] energies with def2-QZVPP basis set was
computed and implemented in the scheme. This approach has been shown to provide
a reliable estimate of the discrepancy between DLPNO-CCSD(T) and canonical
CCSD(T)[201].

Finally, the EDLPNO-CCSD(T)
cluster equation has the following contributions (Hybrid desig-

nated hybrid basis set def2-QZVPP/def2-TZVP):
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E
DLPNO−CCSD(T )
cluster = EHF

CBS + ECCSD
Hybrid + ETriples

Hybrid +∆EMP2
DLPNO +∆EMP2

CBS , (57)

where
∆EMP2

DLPNO = EMP2
def2−QZV PP − EDLPNO−MP2

def2−QZV PP , (58)

∆EMP2
CBS = EMP2

CBS − EMP2
def2−QZV PP (59)

Table 4: Relative electronic energies (in kJ/mol) of all structures along the ethylene
dimerization pathway in Ni-NU-1000, computed with the formate-cluster
model using the MP2 method with different basis sets. TZVPP denotes
def2-TZVPP, QZVPP denotes def2-QZVPP, and CBS denotes the complete
basis set limit obtained via the two-point CBS extrapolation scheme using
the def2-TZVPP/def2-QZVPP basis set pair (see Section 2.1.2). Finally, the
differences between the CBS values and those of the two individual basis sets
are also presented.

Structure TZVPP QZVPP CBS ∆ CBS/TZVPP ∆ CBS/QZVPP

1 0 0 0 0 0

2 -145 -148 -151 -6 -3

TS2-3 -91 -94 -95 -4 -2

3 -56 -57 -58 -2 -1

TS3-4 -141 -146 -150 -9 -4

4 -130 -133 -136 -6 -3

5 129 126 123 -6 -2

5a -165 -169 -172 -7 -3

6 -82 -84 -85 -3 -1

TS6-1 -103 -106 -109 -6 -2

1 + C4H8 -35 -35 -36 -1 -1

3.2.4 DLPNO-CCSD(T) Correction of Ethylene Dimerization

All structures along the mentioned ethylene dimerization reaction pathway were
calculated using the hierarchical cluster correction scheme based on the DLPNO-
CCSD(T) method (denoted as CC) for both electronic energies and Gibbs free energies.
Thermal correction to Gibbs free energy, were calculated on the periodic model of
Ni-NU-1000 with PBE-D3(BJ) by Thanh-Nam Huynh. A comparison with periodic
PBE-D3(BJ) calculations (denoted as PBE) is presented in Figures 6,7. Figure 6 shows
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the reaction pathway for direct desorption (5), while Figure 7 shows the reaction
pathway for substitutive desorption (5a).

1

2

3

TS2-3

TS3-4 TS6-1
4

5

6

1

Figure 6: Comparisons of relative values (in kJ/mol) in electronic energy (dashed
lines) and Gibbs free energy profiles at 298.15 K (solid lines) for the ethy-
lene dimerization in Ni-NU-1000 obtained from periodic PBE and the
DLPNO-CCSD(T)-based (CC) correction scheme calculations. Reprinted
with permission from [111]. Copyright 2025 American Chemical Society.

First, the adsorption and desorption energies are overestimated by more than 20
kJ/mol at the periodic PBE level compared to the CC correction scheme. For example,
the energy of ethylene adsorption in intermediate 1 (1 → 2) is -107 kJ/mol with PBE,
while with CC this value is -86 kJ/mol. A similar situation is observed for the direct
but-1-ene desorption (4 → 5): at the PBE level, the reaction energy is 97 kJ/mol,
while with CC it is reduced to 78 kJ/mol.

Some energy barriers are nearly equal for both approaches. For instance, the PBE
activation energy barriers for C-C coupling (TS2-3) and ethylene hydrogenation
(TS6-1) are 82 kJ/mol and 8 kJ/mol, respectively. With the CC correction, these
values increase slightly to 85 kJ/mol and 13 kJ/mol, respectively.

More importantly, as has been demonstrated previously for hydrogen transfer reactions,
DFT tends to significantly underestimate the activation energy for such processes[202].
The same trend is observed for β-H elimination: periodic PBE yields an activation
energy (TS3-4) of 40 kJ/mol, whereas CC gives an activation barrier of 55 kJ/mol.
This discrepancy can significantly affect the kinetic modeling of such processes.
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1
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TS2-3

TS3-4 TS6-1
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1

Figure 7: Comparisons of relative values (in kJ/mol) in electronic energy (dashed
lines) and Gibbs free energy profiles at 298.15 K (solid lines) for the ethy-
lene dimerization in Ni-NU-1000 obtained from periodic PBE and the
DLPNO-CCSD(T)-based (CC) correction scheme calculations. Reprinted
with permission from [111]. Copyright 2025 American Chemical Society.

When thermal correction is taken into account (Gibbs free energies evaluated at
298.15 K), the relative energies of all structures with respect to intermediate 1 are
shifted upward, rendering, for instance, the adsorption of ethylene less thermodynam-
ically favorable compared to the electronic energy profile (Figure 6). This effect is
particularly pronounced for both desorption pathways - direct and substitutive. In the
case of direct desorption, the energy difference between intermediates 4 and 5 on the
Gibbs free energy surface is considerably smaller than that on the electronic energy
surface. For the substitutive pathway, the inclusion of thermal effects qualitatively
alters the character of the process: whereas the electronic energy decreases from
intermediate 4 to intermediate 5, the Gibbs free energy exhibits a slight increase along
the same step (Figure 7).

Based on the corrected Gibbs free energy profile, the ethylene insertion barrier remains
the rate-determining step, with an activation energy of 80 kJ/mol. The β-H elimination
activation energy is moderate (46 kJ/mol), while the hydrogenation barrier is readily
overcome. Furthermore, it is evident that substitutive desorption is considerably more
favorable than direct desorption from a kinetic standpoint. With the corrected energy
profile established as a reference, it is now possible to benchmark various DFT methods
and identify the most appropriate functionals on the basis of statistical deviations.
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3.2.5 DFT Functional Benchmark for Ethylene Dimerization

Firstly, to assess the performance of the different methods, the energy difference
relative to intermediate 1 was considered. Figure 8 presents the performance of selected
density functionals and of the MP2 method, assessed through the mean absolute
deviation and the mean signed deviation computed for adsorbed intermediates (top),
transition states (center), and the complete set of stationary points (bottom) along
the catalytic pathway, respectively. The PBE functional consistently overstabilizes
both intermediates (11 kJ/mol) and transition states (20 kJ/mol), resulting in an
overall MAD of 14 kJ/mol. The error is particularly pronounced for transition states,
that makes this functional artificial, because other methods do not have so large
deviation between intermediates and transition states. In contrast, the PBE-based
hybrid functional (PBE0) performs noticeably better than PBE, with an overall
MAD of 5 kJ/mol. Examining the overall trend, most of the considered functionals
(meta-GGA and hybrids) yield smaller MAD values than PBE, ranging from 5 to 10
kJ/mol. The three best-performing functionals, with overall MAD in the range of 5-6
kJ/mol, are TPSSh, PBE0, and M06-L. Interestingly, a high fraction of Hartree-Fock
exchange correlates with larger deviations, as observed for BHandHLYP (50%) and
M06-2X (54%). The MP2 method also falls outside the range of acceptable accuracy
for these relative energies (overall MAD equals 26 kJ/mol). On average, the MSD
values for GGA and meta-GGA methods are negative, indicating that these methods
tend to underestimate the relative energies, whereas hybrid functionals show positive
MSD values, meaning that they overestimate considered relative energies.

Then, as was shown before, five principal activation Gibbs free energy barriers were
considered, and the deviation for each of them is additionally shown in Figure 9 for
the selected methods (BHandHLYP, M06-2X, and MP2 were excluded due to their
excessively high MAD values). As discussed previously, C-C coupling is one of the
highest barrier among five, making it the rate-determining step. Therefore, the accurate
prediction of this barrier is one of the most important. For C-C coupling (TS2-3),
except for the M06-L and TPSS functionals, the other methods underestimate this
activation energy. While most of the functionals show deviations within 10 kJ/mol,
ωB97M, PBE0, and M06 exhibit deviations in the range of 10-20 kJ/mol. The β-H
elimination reaction (TS3-4) was challenging for most methods, except for TPSSh and
B3LYP, which show a maximum deviation within 5 kJ/mol. Overall, PBE and meta-
GGA functionals yield lower values for this energy barrier, whereas hybrid functionals
overestimate it. The hydrogenation barrier (TS6-1) is rather small, making any
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a)

b)

c)

intermediates

transition states

stationary structures

Figure 8: Performance of the MP2 method and a range of density functionals for
ethylene dimerization in the Ni–NU-1000 catalyst, estimated via the mean
absolute deviation (MAD) and mean signed deviation (MSD) relative to the
CC reference (in kJ/mol); a) and b) show the deviations in the energies of
intermediates and transition states, respectively, referenced to intermediate
1; c) presents the overall deviations aggregated across all intermediates and
transition states. The value above each bar indicates the corresponding
MAD (in kJ/mol). Reprinted with permission from [111]. Copyright 2025
American Chemical Society.
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deviation negligible, so all methods are on average in good agreement with the CC
reference.

Desorption activation Gibbs free energy barriers are also important for describing
the overall kinetic behavior of the catalysts. In the case of direct desorption, the
best-performing functionals are M06-L, PBE, and PBE0, with deviations within
approximately 7 kJ/mol. TPSS and TPSSh also do not show large deviations from the
CC reference. In contrast, for substitutive desorption the best-performing functionals
are TPSSh and B3LYP, which show deviations within 5 kJ/mol. PBE, M06-L, and
TPSS underestimate this energy barrier, while ωB97M, PBE0, and M06 functionals
overestimate the substitutive desorption barrier.
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Figure 9: Activation free energies (in kJ/mol) for five principal energy barriers com-
puted using selected DFT functionals within the hierarchical cluster correc-
tion scheme. Adopted with permission from [111]. Copyright 2025 American
Chemical Society.

Finally, the overall MAD and MSD for the five principal steps and for the TS-related
steps only are shown in Figure 10. The three best-performing functionals are TPSSh
(with an MAD of 3 kJ/mol), M06-L (4 kJ/mol), and B3LYP (4 kJ/mol). This means
that these three functionals, especially TPSSh and M06-L, accurately predict the
activation energy barriers relative to the CC reference. This is supported by previous
studies where M06-L was used for cluster-based modeling of Zr-based catalysts[27, 28,
131].

Based on the benchmark presented above, two methods, TPSSh and M06-L, showed
the best performance both for the relative energies (Figure 8) and for the five principal
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Figure 10: Performance of MP2 and DFT functionals assessed via MAD and MSD
relative to the CC reference (in kJ/mol). MAD∗ and MSD∗ account ex-
clusively for barriers involving transition states, whereas MAD and MSD
reflect the deviations computed over the five principal energy barriers.
The value above each bar indicates the corresponding MAD (in kJ/mol).
Adopted with permission from [111]. Copyright 2025 American Chemical
Society.

steps in ethylene dimerization (Figure 10). Therefore, these two methods were selected
for the hierarchical cluster correction scheme applied to the complete mechanism of
ethylene oligomerization.

However, before proceeding to the complete mechanism, the hypothesis of a sufficient
size of the modeled system was additionally verified. To this end, for both the TPSSh
and M06-L functionals, calculations within the hierarchical cluster correction scheme
were performed using two different models: the benzoate- and formate-cluster models.
The benzoate-cluster model was cut out from the periodic structure in the same way,
with the edges terminated by hydrogen atoms that were subsequently optimized (see
Section 3.1.2). The relative energies with respect to intermediate 1 were computed
for all the remaining structures. The results are presented in Table 5. In all cases
relative energy was slightly lower for benzoate-cluster model than for formate-cluster
model. It can be seen that, in the case of M06-L, noticeable deviations were observed,
particularly for intermediate 3 (a difference of 4 kJ/mol) and intermediate 5a (6
kJ/mol). In contrast, for TPSSh the difference between the two model sizes does not
exceed 2 kJ/mol (intermediate 5a), while the other structures either coincide or differ
by only 1 kJ/mol. However, in the case of M06-L, these differences in the relative
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3 Ethylene Oligomerization in Ni-NU-1000 MOF Catalyst

energies will partially cancel each other out, which on average decreases the effect of
employing a different cluster model.

Table 5: Relative electronic energies (in kJ/mol) of all structures along the ethylene
dimerization pathway in Ni–NU-1000, computed with the formate-cluster
and benzoate-cluster models in hierarchical cluster correction scheme using
the M06-L and TPSSh functionals.

Structure M06-L TPSSh

formate benzoate formate benzoate

1 0 0 0 0

2 -104 -106 -99 -100

TS2-3 -13 -16 -16 -17

3 -127 -131 -128 -128

TS3-4 -71 -73 -78 -78

4 -89 -92 -90 -91

5 -3 -4 -8 -8

5a -132 -138 -128 -130

6 -85 -87 -86 -86

TS6-1 -69 -71 -73 -73

1 + C4H8 -117 -117 -119 -119

Therefore, it can be concluded that the formate-cluster model provides, on average,
a qualitatively correct description of the active site, since increasing the size of the
model leaves the relative energies essentially unchanged. Consequently, the methods
and the model selected above can now be used for the calculations of the complete
ethylene oligomerization mechanism.

3.2.6 Discussion

In summary, the hierarchical cluster correction scheme for the Ni-NU-1000 catalyst was
developed based on the DLPNO-CCSD(T) method using the formate-cluster model.
Subsequently, a range of DFT functionals and MP2 were benchmarked. Based on the
MAD and MSD values for the relative energies of all structures along the reaction
pathway, as well as for the five principal reaction barriers, the best-performing func-
tionals were identified. TPSSh and M06-L emerged as the top candidates, exhibiting
MADs of approximately 3–4 kJ/mol relative to the DLPNO-CCSD(T) reference.
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3.3 Ethylene Oligomerization in Ni-NU-1000

In the absence of direct experimental data, it is difficult to unambiguously judge
which method is the most accurate. Nevertheless, a comparison based on the turnover
frequency, which reflects the rate-determining process is possible, using the following
formula for the energetic span approximation[22]:

TOF =
kBT

h
exp

(
−δG
kBT

)
, (60)

where δG is the energetic span, which is the activation free energy of the rate-
determining state (C-C coupling reaction), kB is the Boltzmann constant, h is the
Planck constant, and T is the temperature. TOF shows that TPSSh reproduces the
experimental order of magnitude (612 h−1), whereas M06-L underestimates it (25
h−1). The TOF in 260 h−1 for the DLPNO-CCSD(T) method almost exactly matches
the experiment value of 252 h−1[131]

Finally, two different models of the Ni-NU-1000 catalytic site were tested: the formate-
cluster and the benzoate-cluster models. The results demonstrated that the two models
yield nearly identical relative energy values. The largest deviation was observed for
M06-L at 6 kJ/mol, while for TPSSh the maximum discrepancy was only 2 kJ/mol.

On the basis of the findings described above, appropriate DFT methods have been
identified that enable the calculation of the complete mechanism of ethylene oligomer-
ization with an accuracy pretending to the DLPNO-CCSD(T) method. These results
will serve as a foundation for obtaining the reaction barriers required to gain insight
into the kinetics of the oligomerization process in the Ni-NU-1000 catalyst.

3.3 Ethylene Oligomerization in Ni-NU-1000

In this section, the complete mechanism of ethylene oligomerization in Ni-NU-1000
up to the formation of oct-1-ene is presented for periodic PBE-D3(BJ) calculations
(shortly, PBE), as well as for hierachical cluster corrections calculated with TPSSh
and M06-L functionals. Two types of pores were considered — hexagonal and trigonal.
The results for both pore types were analyzed. Based on the energy barriers of
all oligomerization reactions, a simplified model was employed that includes only
four stages. These four reactions were analyzed with respect to variations in the
computational method as well as the types of pores. Finally, a microkinetic analysis
was carried out for the simplified mechanism over a one-hour reaction time. The
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3 Ethylene Oligomerization in Ni-NU-1000 MOF Catalyst

changes in the concentrations of reactants and products, as well as their distribution
for three methods and two pores, were examined and analyzed.

3.3.1 Overview of the Catalytic Cycle and Reaction Network

All Gibbs free energy barriers for ethylene oligomerization mechanism were computed
using the same hierarchical cluster correction scheme proposed in the previous section.
The periodic PBE calculations were conducted by Thanh-Nam Huynh and based
on these structures again the correction with TPSSh and M06-L were performed by
the author of this thesis. The same formate-cluster model extracted from periodic
model was used (see Figure 11A). The computed Gibbs free energy profile (shown
schematically as the complete mechamism in Figure 11B and the energy profile for
TPSSh correction in Figure 12) describes ethylene oligomerization proceeding through
the Cossee-Arlman mechanism in the Ni-NU-1000 catalyst.

The catalytic cycle proceeds through the following elementary steps: (I) ethylene
adsorption on the Ni site, forming a π-complex; (II) coupling of the coordinated
ethylene to the Ni site, yielding the first Ni–alkyl species (β-agostic complex); (III)
adsorption of a second ethylene molecule to the Ni–alkyl intermediate, producing the
[et-Ni-ethyl] π-complex, taken as the reference initial structure for consistency with
the kinetic model discussed later; (IV) C-C coupling of ethylene and ethyl species,
generating a longer Ni–alkyl species and completing one propagation step of the
Cossee-Arlman mechanism; (V) repetition of steps (III)–(IV) via further ethylene
adsorption and C-C coupling, leading to continued chain growth and the formation of
higher α-olefins; (VI) alternatively, chain termination via β-H elimination from the
Ni–alkyl intermediate, generating a [H-Ni-but] species with a coordinated α-olefin (e.g.,
but-1-ene); (VII) direct desorption of the coordinated olefin from the Ni site, releasing
the product and leaving a highly unstable [Ni-H] species that is subsequently stabilized
later by adsorption of an ethylene molecule; (VIII) alternatively, adsorption of ethylene
to the post-elimination [but-Ni-H], promoting displacement of the coordinated α-olefin
and forming the [et-Ni-but-H], thereby enabling re-entry into the propagation manifold;
(IX) desorption of the coordinated α-olefin, regenerating the initial structure and
completing the catalytic cycle. The full equations of each reaction can be found in
Appendix for Chapter 3, Section 3.3.

The complete mechanism in Figure 11B leads to numerical instabilities when combined
with the Eyring equations in a kinetic model because of barrierless and near-barrierless
elementary steps yielding in nonphysically large rate constants[112]. To make it
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Figure 11: A Visual representation of the formate-cluster model within periodic
structure of Ni-NU-1000. Atom colors in the cluster model are as follows:
Zr (cyan), Ni (green), O (red), C (brown), and H (white). B Complete
and C simplified catalytic reaction network for ethylene oligomerization in
Ni–NU-1000. The complete network extends up to C8H16 (C8 or oct-1-ene)
product formation. The simplified network includes olefin chains of up to
oct-1-ene. In both B and C, solid arrows indicate chain growth reactions
and dashed arrows indicate chain termination reactions. Reprinted with
permission from [112]. Copyright 2026 Nature Publishing Group UK.
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Figure 12: The Gibs free energy profile of the ethylene oligomerization pathway up
to the tetramerization step (C8) for TPSSh-corrected method in trigonal
pore, computed at 300 K and 1 bar. For clarity, branching pathways are
shown exclusively for the dimerization step. Reprinted with permission
from [112]. Copyright 2026 Nature Publishing Group UK.

stable, Alexander Avdoshin from Institute of Nanotechnology in Karlsruhe Institute
of Technology suggested a simplified reaction mechanism which contains two main
steps as shown in Figure 11C:

(i) Chain growth via ethylene insertion and its reverse reaction (reverse migratory
insertion or de-insertion), with rate constants rins and rde-ins, respectively

(ii) Chain termination and its reverse reaction (de-termination), with rate constants
rter and rde-ter, respectively.

Additionally, rter was determined by selecting the highest Gibbs free energy transition
state (i.e., the lower effective Gibbs free energy barrier) among the two competing
pathways connecting the chain-growth and termination manifolds. Based on this
approach, the microkinetic analysis was performed using Alexander Avdoshin’s and
Thanh-Nam Huynh’s workflow[112].

3.3.2 Comparison of Activation Energy Barriers in the Simplified Mechanism

Before performing the microkinetic analysis, the four reaction steps of the simplified
mechanism were analyzed for three methods for the trigonal pore. Figure 13a shows
the barriers of the simplified mechanism obtained with three methods (PBE, TPSSh-
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3.3 Ethylene Oligomerization in Ni-NU-1000

corrected, and M06-L-corrected) for the three product reactions: dimerization (C4),
trimerization (C6), and tetramerization (C8). The insertion barriers obtained with
PBE and TPSSh are very close, with TPSSh yielding slightly higher values, whereas
M06-L predicts the highest insertion barriers for all three product sizes. For reverse
insertion, PBE behaves similarly to M06-L and remains close to the TPSSh values.
Termination shows the largest deviation among the methods: M06-L lies clearly outside
the range of the other two, predicting much higher barriers, while PBE and TPSSh
are in close agreement. Interestingly, TPSSh values exceed those of PBE only starting
from C6. The de-termination barriers follow the same size trend for TPSSh and M06-L,
with M06-L values being higher than TPSSh by about 5 kJ/mol. PBE yields values
close to TPSSh for all product sizes except for C4.

The comparison between the two different pores (trigonal and hexagonal) was carried
out using TPSSh-corrected activation free energy barriers. It is shown in Figure 13b.
For the insertion barrier, the trigonal pore is slightly higher for C4, but for C6 and C8

the hexagonal pore exhibits larger barriers, making it less favorable for chain growth. A
similar trend is observed for reverse insertion, although the difference between the two
pores is smaller in this case. The termination barriers for C4 and C6 are considerably
higher in the hexagonal pore, while for C8 the two pores reach nearly the same value,
with the hexagonal pore being only marginally lower. For the de-termination barriers,
the values in the trigonal pore are close to each other and consistently lower than in
the hexagonal pore, where the C6 and C8 barriers are higher than that of C4.

Overall, these results with TPPSh indicate that longer chains preferentially grow in
the trigonal pores due to the lower insertion barriers, even though the corresponding
reverse-insertion barriers are on average substantially higher. In addition, the termi-
nation barriers in the trigonal pore are lower than in the hexagonal pore for C4 and
C6, and comparable for C8. For C4 and C6, the de-termination barriers are higher
in the trigonal pore, whereas in the hexagonal pore only the C4 termination barrier
lies below the corresponding de-termination barrier. Similar observations have been
reported in the literature for NU-1000[131, 134], supporting our finding that long
olefin chains preferentially reside in the trigonal pores, as this pore type effectively
traps the olefins within its confined environment.

3.3.3 Microkinetic Analysis of Product Distribution

As already mentioned above, the microkinetic analysis was carried out using the
framework developed and described in previous study[112]. For simplicity, the con-
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(a)

(b)

Figure 13: Activation free energies (in kJ/mol) at 300 K and 1 bar for the simplified
ethylene oligomerization mechanism in Ni–NU-1000, comparing pathways
with growing carbon chains corresponding to dimerization (C4), trimer-
ization (C6), and tetramerization (C8), all corrected values were obtained
within the hierarchical cluster correction scheme.
(a) for trigonal pore with different methods: periodic PBE values are shown
as blue points and serve as the baseline reference. Other energy barriers
were obtained with the TPSSh (orange points) and M06-L (green points)
functionals.
(b) for trigonal (orange points) and hexagonal (blue points) pores with
TPSSh functional.
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ditions T = 300 K and p = 1 bar were chosen. Under these conditions, the kinetic
evolution of the reactants and products was simulated over a reaction time of 1 hour
(3600 s). For further simplification, no additional reactants are introduced during the
microkinetic simulation. The initial concentrations of all species except ethylene were
set to zero, while the initial ethylene concentration was approximately 13 mol per unit
cell. After 1 hour of simulated reaction time, the product distributions are reported
as percentages, representing the relative formation probabilities.

The first comparison was performed between the different methods for the trigonal
pore. As discussed above, PBE and TPSSh are expected to behave similarly, since
their barriers are comparable for most steps, with the exception of some termination
and de-termination barriers. In contrast, olefin formation with M06-L is expected
to be hindered, owing to its substantially higher termination barriers as well as its
slightly higher insertion barriers.

Figure 14a-c shows the results of the kinetic modeling for the three methods. PBE
(Figure 14a) predicts an almost complete conversion of ethylene: in the final product
distribution only about 2% of the total distribution remains as ethylene. But-1-ene
reaches its peak concentration at around 500 s and then gradually decreases toward
a limiting value of approximately 1 mol per unit cell. Hex-1-ene reaches its plateau
at about 1000 s and remains essentially unchanged until the end of the simulation.
In the final mixture, these two products account for roughly one quarter of the total
mass each (25% and 23%, respectively). The dominant product is oct-1-ene, which
grows steadily throughout almost the entire reaction time and reaches its plateau only
toward the end. It accounts for nearly half of the final product distribution (49%).

In line with the high activation barriers discussed earlier, the kinetic modeling with
M06-L shows that ethylene is barely converted into longer α-olefins (Figure 14b). The
combined fraction of C4–C8 products in the final mixture amounts to only about 11%.
It is worth noting, however, that under these conditions a significantly longer reaction
time would be required to reach the corresponding concentration plateaus.

Finally, the results obtained with TPSSh were examined (Figure 14c), which turned
out to lie in between those of PBE and M06-L. For instance, the conversion of ethylene
proceeds much faster and reaches its plateau by the end of the 1 hour simulation
in contrast to M06-L. The final ethylene concentration is about 2 mol per unit cell,
corresponding to 37% of the final product distribution. The but-1-ene concentration
reaches its maximum at around 1000 s and then slowly decreases, accounting for only
15% in the final distribution. Hex-1-ene approaches its plateau slowly and represents
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(a)

(b) PBE

(b)

(c)

M06-L

TPSSh

Figure 14: Time evolution of α-olefin concentrations: ethylene (C2), but-1-ene (C4),
hex-1-ene (C6), and oct-1-ene (C8) (molecules per unit cell) at T = 300 K
and p = 1 bar in a Ni-NU-1000 catalyst model over 1 hour (3600 s),
and product distribution (mol%) after 1 hour of reaction. Reaction rates
are derived from activation Gibbs free energy barriers computed using
(a) periodic PBE, (b) M06-L-corrected, and (c) TPSSh-corrected methods.
Only the trigonal pore is considered.
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11% of the final mixture. By contrast, oct-1-ene grows faster than the other products
starting from approximately 600 s and ultimately accounts for as much as 37% of the
final mixture, which is in line with the behavior observed for the PBE functional.

In summary, even the relatively small differences in the activation barriers between
PBE and TPSSh, compared to M06-L, lead to substantial differences in the simulated
reaction kinetics. M06-L, in particular, deviates markedly from the trends observed
with the other two methods. The choice of correction was guided by the available
reference data, and that the two correction methods are in fact rather close to each
other (TPSSh and M06-L show a mean absolute deviation of about 3–4 kJ/mol), with
only minor discrepancies in the dimerization barriers. The differences accumulated for
the subsequent oligomerization steps then translate into much larger differences in
the final product distributions.

(a) (b)Trigonal pore Hexagonal pore

Figure 15: Time evolution of α-olefin concentrations: ethylene (C2), but-1-ene (C4),
hex-1-ene (C6), and oct-1-ene (C8) (molecules per unit cell) at T = 300 K
and p = 1 bar in a Ni-NU-1000 catalyst model over 1 hour (3600 s), and
product distribution (mol%) after 1 hour of reaction. Reaction rates are
derived from activation Gibbs free energy barriers computed at the TPSSh-
corrected level of theory. Two types of pore are considered: (a) trigonal
pore, (b) hexagonal pore.

The following step was to investigate, using the two different pore types, their influence
on the time evolution of the product distribution. The same conditions as in the
previous kinetic simulations were employed. The results are shown in Figure 15. The
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behavior of the trigonal pore, obtained at the TPSSh level, was already discussed
above (Figure 14c and Figure 15a are the same). It is characterized by an incomplete
conversion of ethylene, mainly into oct-1-ene, whose concentration has not yet reached
its plateau by the end of the simulation (indicating that further growth is possible
beyond 1 hour of reaction time).

When compared with the hexagonal pore (Figure 15b), the differences in the barrier
heights discussed earlier become clearly visible (Figure 13b): the insertion barriers
are considerably higher starting from C6, and the termination barriers for C4 and
C6 are also higher than those in the trigonal pore (Figure 15a). Looking at the time
evolution of the concentrations, almost all ethylene is consumed in the hexagonal
pore, so that at the end of 1 hour it accounts for only about 3% of the total product
distribution. But-1-ene reaches its plateau at around 1500 s and remains essentially
constant afterwards, representing 27% of the final distribution. Interestingly, owing to
the high barriers in the hexagonal pore, oct-1-ene is not formed at all (0% in the final
distribution). Instead, hex-1-ene, which becomes the dominant product of the reactor
already after approximately 500 s, accounts for 70% of the mixture after 1 hour of
reaction. Experimental studies have reported the formation of products heavier than
hex-1-ene, which clearly supports the conclusion that the hexagonal pores are not
catalytically active for the formation of α-olefins larger than hex-1-ene[131, 203].

3.3.4 Discussion

The complete mechanism was computed using several methods: periodic PBE, TPSSh-
corrected, and M06-L-corrected methods. Based on the simplified mechanism, all
insertion and termination barriers (as well as their reverse reactions) were compared
across the three methods and two distinct pore types. It was demonstrated that
M06-L deviates substantially from the other methods, owing to considerably higher
insertion and termination barriers, which is expected to result in lower yields of heavier
olefins. Mostly, TPSSh performed comparably to periodic PBE, with the notable
exception of the de-termination reaction. A comparison of the two pore types using
TPSSh-corrected values revealed that nearly all barriers in the hexagonal pore were
higher than those in the trigonal pore, particularly, for the termination reaction,
suggesting that olefin formation would likewise be hindered in this pore geometry.

Subsequently, microkinetic analysis was performed on the basis of these barriers using
automated workflow, simulating reactions at T = 300 K and p = 1 bar over the course
of one hour, for all three methods and both pore types. The results showed that in the
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case of M06-L, virtually no ethylene conversion takes place. With periodic PBE, nearly
complete conversion of ethylene to olefins was observed, with C8 being the dominant
product (49%), whereas with TPSSh, only slightly more than half of the ethylene
was converted, with a C8 fraction of 37%. A comparison of the two pore types using
TPSSh indicated that in the hexagonal pore, ethylene was almost entirely converted
to C4 (27%) and C6 (70%) with no C8 detected. This result is clearly inconsistent
with literature data[131, 134, 203], whereas in the trigonal pore, C8 accounted for 37%
of the final product mixture. It is important to note that this microkinetic analysis
was conducted solely for the formation mechanism of α-olefins up to C8, and does not
account for diffusion of components within the reactor.

3.4 Chapter Conclusions

This chapter was devoted to the development of the hierarchical cluster correction
scheme for periodic DFT energies, aimed at achieving a more accurate description
of all intermediates and transition states of the Ni-NU-1000 active site in ethylene
dimerization reactions. The scheme was subsequently applied to the complete ethy-
lene oligomerization mechanism up to oct-1-ene formation in order to perform the
microkinetic analysis.

First, the hierachical cluster correction scheme based the DLPNO-CCSD(T) method
was constructed as the reference and shown to yield energetics that differ significantly
from uncorrected periodic PBE results (i.e., the transition state MAD equals 20
kJ/mol). A subsequent benchmarking of various DFT functionals identified the best-
performing methods with the smallest deviations from the DLPNO-CCSD(T) reference
— TPSSh and M06-L. A comparison of different cluster sizes was also carried out,
revealing minimal sensitivity to cluster size, particularly for TPSSh.

Then these two methods were employed to compute the corrected complete ethylene
oligomerization mechanism. Using a simplified mechanistic scheme, reaction barriers
were calculated and compared across different computational methods and pore
types in Ni-NU-1000. Microkinetic simulations of the reaction over one hour were
subsequently performed on the basis of these barriers, and the resulting product
distributions were compared. It was found that M06-L predicts essentially no ethylene
conversion, whereas periodic PBE leads to complete conversion to α-olefins, and
TPSSh to partial conversion; notably, both PBE and TPSSh show a predominance
of the C8 product. A separate comparison of the two pore types revealed that no
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products beyond C6 are formed in the hexagonal pore, whereas in the trigonal pore
oct-1-ene is the dominant product in the distribution. It should be noted that the
present microkinetic model is restricted to the formation of linear α-olefins up to
C8 and does not account for adsorption capacity and diffusion or competing side
reactions, which may affect quantitative predictions.

To discuss the final results of corrected values, TPSSh yielded MADs for five energy
barriers in ethylene dimerization of approximately 3 kJ/mol relative to the DLPNO-
CCSD(T) reference, with a maximum cluster-size sensitivity of 2 kJ/mol. Microkinetic
simulations with TPSSh predicted 50% ethylene conversion with 37% C8 selectivity
in the trigonal pore.

These results are of considerable significance, as they demonstrate the extent to which
the choice of computational method and active site model can ultimately influence the
observable outcomes in a kinetic simulation. For instance, the product distribution
changes drastically depending on the method employed. Furthermore, the predicted
difference in pore reactivity aligns with experimental and theoretical evidence for
preferential chain growth within the trigonal pores of Ni-NU-1000[131, 134]. In future
work, the availability of experimental data could enhance the predictive power of the
simulations and guide hypothesis selection for the computational modeling of the
complete catalytic cycle of Ni-NU-1000 and other catalytic materials.
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their Derivatives

Overview of Chapter

In this chapter, a theoretical study of PAHs and their derivatives non-covalently bound
dimers is presented. In Section 4.1 an introduction to polycyclic aromatic hydrocarbons
and their binding via non-covalent interactions is presented, along with the main
objectives of the chapter and the open questions to be addressed. In Section 4.2
the results for acene dimers are presented, with a detailed analysis of their various
properties. The stability for unique acene dimer type and acene dimer properties were
obtained in collaboration and published together with the co-first author Mikhail
Kalinin[77], where the author of this thesis performed quantum chemical investigation
of acene non-covalent complexes (Publication 1, p. 175). In Section 4.3, the study of
acene dimers is extended to the case of F- and BN-substituted anthracene monomers,
with particular emphasis on dimer stability and the effects of substitution on optical
properties. In Section 4.4, the trends in relative stability and other properties that
were observed for acene dimers are extended to larger acenes with the number of
linearly fused rings ranging from five up to ten (decacene). In Section 4.5, different
geometries of cata-condensed polybenzoids are investigated to identify trends in the
strength of π− π stacking and its connection with electronic and structural properties
of the monomer.

4.1 Introduction

4.1.1 General Overview

Non-covalent interactions (NCIs) play a significant role in determining the structural,
thermodynamic, and dynamic properties of molecular[204, 205]. NCIs are forces, such
as dispersion or electrostatics, which collectively define the stability and function of
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supramolecular architectures[206]. These forces dictate, for example, the aggregation
of polycyclic aromatic hydrocarbons in soot particles[207], organic semiconductor
structures[208], DNA interactions[209, 210], and other phenomena[211, 212]. Their
subtlety makes them pivotal in supramolecular chemistry and materials design[208,
213, 214]. Therefore understanding the nature and strength of these interactions is
essential for rationalizing how molecular organization can be tuned[215, 216].

PAHs constitute prototypical systems for exploring π− π interactions because of their
extended π-system conjugation and mostly planar geometry[217, 218]. In PAHs, NCIs
govern processes ranging from molecular recognition, self-assembly, and crystal packing
to charge transport phenomena[219–226]. The interplay between NCI forces, such as
dispersion attractions and electrostatics in PAHs drives their aggregation behavior in
solution[227–231] and in the condensed phase[232–235]. Moreover, in materials science
and catalysis, controlled π− π interactions between PAH motifs dictate the electronic
coupling and charge transferability within organic semiconductors and molecular
surfaces[236–238].

π − π stacking can be easily found in the crystal packing of PAHs and their deriva-
tives[239, 240], where parallel-displaced or herringbone geometries minimize steric
clashes while maximizing orbital overlap and dispersion energies[241, 242]. In organic
field-effect transistors (OFETs), these interactions enhance charge carrier mobility
by facilitating tight π-stacked arrangements, as seen in pentacene thin films[243].
Similarly, in organic light-emitting diodes (OLEDs), π − π contacts between emissive
PAH cores promote efficient exciton migration and energy transfer, boosting device
efficiency[244]. Moreover, MOFs with aromatic linkers, such as those incorporating
naphthalene[245], anthracene[246, 247], pyrene[248, 249], or pentacene[250] motifs,
leverage interlayer π − π stacking to tune porosity, guest adsorption, mechanical
stability, and optical properties.

Figure 16: General view of an acene structural formula for n+2 fused rings.

Acenes (Figure 16) occupy a special place among PAHs and are of great interest
as tunable materials for applications in organoelectronics and spintronics[251–254].
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These molecules serve as ideal model systems for analyzing π − π interactions from
naphthalene to pentacene and beyond[251, 255]. This is due to their structural
simplicity and rigidity, connection of fused benzene rings and tunable size, which
systematically varies HOMO-LUMO gaps and stacking energetics[251, 256–258]. Most
acene crystals adopt a herringbone structure[259–262], and only functionalized acenes
exhibit other motifs[240, 263–271], such as glike-, cross-shaped, and parallel-shaped
(Figure 17). Headen et al.[272] showed that in the liquid phase the parallel-displaced
configuration is dominant for naphthalene. All these crystal packing types can be
represented as dimer structure.

(a) (b)

(c) (d)

Figure 17: Abstract view of various crystal packing types for acenes and their deriva-
tives: (a) herringbone; (b) glike; (c) cross-shaped; (d) parallel-shaped.

From a theoretical perspective, different dimers of acene molecules have been explored,
including glike-, cross-[270], and parallel- or stacked-dimers[26, 32, 273–277] (Figure 18).
One of the theoretical studies in this area was carried out by Cabaleiro-Lago et
al.[32], who provided a systematic investigation of various dimers of aliphatic and
aromatic polycyclic hydrocarbons. They also offered insights into the contributions
of σ − σ, σ − π, and π − π interactions to the dimer formation using SAPT[32], and
demonstrated that the glike-dimer is the most stable with increasing size. Importantly,
different acene dimers and their derivatives can exhibit unique electronic and optical
properties[278, 279]. While dimers, such as parallel-, glike-, and slipped- configurations,
are commonly studied in a systematic way[26, 32, 273–277], one particular type of
dimer (hereafter referred to as the X-dimer) has received limited attention and has
been limitedly reported in some studies[20, 25, 33, 34, 280–284]. Its stability trends
with acene size remain unexplored. Most calculations carried out at the DFT level with
dispersion corrections[25, 282–284], some employing semi-empirical[282, 284] methods.
Naphtalene is the only one molecule for which a CCSD(T) reference for dimers is
available[20, 281]. The energy differences between different dimers are small, which
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renders methods such as DFT and semi-empirical approaches insufficiently accurate.
Regarding optical properties, mostly monomeric acenes have been studied[285–287],
while dimers have received only limited attention[284, 288].

glike slip Xcrossparallel

Figure 18: Top view on selected dimer structures for pentacene system.

However, with increasing acene size, the reactivity of this class of compounds also
increases, and the open-shell configuration becomes energetically more favorable
compared to the closed-shell one, leading to rapid chemical decomposition[254, 255,
289–291]. Several approaches have been employed to improve stability, including the
attachment of side fused rings to block the radical centres of the molecule[292–294],
the incorporation of different substituents[295–297], and the incorporation of het-
eroatoms into the acene core[298–301]. Consequently, all of these strategies inevitably
perturb the electronic structure of the molecule, thus altering its properties and
behavior in non-covalent complexes[302]. Indeed, several studies have demonstrated
that substitution of acenes with BN or fluorination systematically modulates the
stacking geometry, interaction energies, and frontier orbitals, thereby affecting the
optical gaps, exciton character, and thermodynamic stability of non-covalent dimers
and crystalline assemblies[303, 304]. Varying the orientation of fused rings within the
acene framework gives rise to a broad range of structural isomers, which may exhibit
distinctly different electronic properties and non-covalent interaction characteristics
in their complexes[293, 305, 306].

This chapter aims to address the following questions:
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(i) Which dimer type (the glike-dimer against the X-dimer) is more stable for
acenes.

(ii) How does dimer interaction scale with the acene size and does it correlate with
the contact surface area of the NCI. What the effect is on the electronic and
optical properties.

(iii) How do chemical modifications (fluorination and BN-substitution) affect dimer
stability and optical properties.

(iv) Up to what acene size do the established trends of electronic and thermodynamic
properties hold (extended acenes).

(v) Do the observed trends satisfy to cata-condensed polybenzoids, and which
monomeric properties can help to estimate the stability of the most stable
non-covalent dimers.

4.1.2 Computational Details

Geometry Optimization and Interaction Energy Calculations

The DFT geometry optimization and single-point energy calculations have been
carried out using ORCA 5.0.4 quantum-chemical package[66, 307] with the B3LYP
exchange-correlation functional[191] with Grimme’s D3 dispersion correction with
Becke-Johnson damping[100, 103] and the def2-TZVP basis set[71]. The same method
was used for electronic properties calculation.

The interaction energy (Eint = Edimer − 2Emonomer) of a non-covalent dimer is defined
as the energy difference between this dimer and its isolated constituent molecules,
providing a quantitative measure of the strength of non-covalent binding. The interac-
tion energy must be negative. A dimer with a smaller values of interaction energy is
more stable than one with a larger values of interaction energy. The CP-correction
formula[308] was used in all calculations of the interaction energy to reduce the effect of
the BSSE[309]. The counterpoise (CP)-corrected interaction energy has the following
formula:

Eint = Edimer − Eunrelaxed
monomer 1,ghost − Eunrelaxed

monomer 2,ghost, (61)

where Edimer is the total energy of considered dimer and Eunrelaxed
monomer 1,2,ghost is the total

energy of considered monomer in its structure in the dimer as obtained with the basis
of that monomer and the ghost basis of the other monomer.
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To calculate the interaction energy and analyze the different interaction energy
contributions of dimers the sSAPT0/jun-cc-pVDZ method[76] was used in Psi4[310,
311] through the perturbative SAPT approach (see Section 2.1.3). The SAPT analysis
contains the exchange-repulsion (Eexr), the induction (Eind), the electrostatic (Eelst),
the dispersion (Edisp) contributions, and the total interaction energy (Eint). It was
shown that for a system the size of pentacene, it is not feasible to increase the level of
SAPT calculations due to the complexity of computational scaling. The interaction
energy calculations for naphthalene, anthracene and tetracene dimers were done by
Andrea Buchwald and Professor Reinhold F. Fink from the University of Tübingen.

Coupled Cluster Calculations

To validate the results of DFT and SAPT calculations, the calculations were done
using PNO-LCCSD(T*)-F12[59, 62, 63, 312–315] level of theory in Molpro code[316,
317]. A composite basis set was used, composed of aug-cc-pVTZ for C atoms and
cc-pVTZ for H atoms[318]. All calculations of the CP-corrected interaction energy
of acene dimers with the PNO-LCCSD(T*)-F12 method have been performed by
Professor Hans-Joachim Werner of the University of Stuttgart.

Performance of Electronic Structure Methods for Interaction Energy Bench-
marking

To benchmark different methods, especially DFT functionals, interaction energy
calculations of selected acene dimers have been done to compare with reference values
(PNO-LCCSD(T*)-F12) for the interaction energy. Primarily, an objective was to
benchmark the performance of different DFT methods with dispersion correction,
using ORCA 5.0.4, ranging from GGA to meta-GGA and hybrid functionals. The
following functionals were employed: PBE[86], M06-L[189], TPSS[87], TPSSh[89],
CAM-B3LYP[319], B3LYP[191], PBE0[190], M06[193], and M06–2X[194]. Almost all
functionals have been used with the D3 dispersion correction including Becke–Johnson
damping function[104, 105], M06-family functionals have been used with D3zero
dispersion correction[100]. Moreover, for two functionals TPSS and B3LYP, calculations
were performed not only with D3(BJ) but also with D4 dispersion correction[106]. In
addition, calculations were performed with the functional ωB97M-V[320] and semi-
empirical GFN2-xTB[321], both using ORCA 6.1.0 code[322]. All DFT calculations
for benchmarking were performed with the def2-TZVP basis set[71]. In addition to
the DFT and semi-empirical methods, two neural network potentials (NNPs) were
also used for interaction energy calculations: the small-conserving NNP based on
Meta’s equivariant Smooth Energy Network (eSEN) architecture, trained on the
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Open Molecules 2025 dataset (OMol25’s eSEN Cons.Sm.)[323–325], and the “small”
version of the NNP “Universal Model for Atoms”, also trained on OMol25 (UMA Small
(OMol))[326]. Unlike DFT methods, for the NNP-based methods a correction for
BSSE is not needed. For these methods and semi-empirical GFN2-xTB, the interaction
energy is defined as:

Eint = Edimer − Eunrelaxed
monomer 1 − Eunrelaxed

monomer 2, (62)

where Edimer is the total energy of the considered dimer and Eunrelaxed
monomer 1 and Eunrelaxed

monomer 2

are the total energies of the respective monomers in the structure of the dimer.

To quantitatively assess the performance of the tested methods, two statistical descrip-
tors were used: the mean absolute deviation, which measures the average magnitude
of the errors regardless of sign, and the mean signed deviation, which captures the
systematic bias of a method. A negative MSD indicates a systematic overestimation of
the interaction energy (EMethod

int,i ) relative to the reference (EReferenece
int,i ), while a positive

MSD indicates overestimation. Both quantities are defined as follows, where N is the
number of complexes considered and i is each acene system:

MAD =
1

N

N∑
i=1

∣∣∣EMethod
int,i − EReference

int,i

∣∣∣ , (63)

MSD =
1

N

N∑
i=1

(
EMethod

int,i − EReference
int,i

)
. (64)

UV-Vis Spectra Calculations

TD-DFT calculations[108, 109] without Tamm-Dancoff approximation using the
CAM-B3LYP functional[319] with the def2-TZVP basis set[71] were performed using
ORCA 5.0.4[307] to simulate the UV-Vis spectra and first excitation energy (Eexc).
To validate the reliability of this approach, calculations with the TD-CAM-B3LYP
level of theory were additionally carried out using many-body Green’s function theory
(evGW/BSE)[327–332], RI-ADC(2)[333], and RI-CC2[334, 335] in Turbomole 7.6[336].
The experimental measurements of fluorescence and UV-Vis spectra have been executed
by Mikhail Kalinin from the Martin-Luther-University Halle-Wittenberg to compare
with theoretical results and give an interpretation of anthracene spectra in solution.

Evaluation of Database with cata-Condensed Polybenzoid Dimers
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Finally, conformational searches were performed using the CREST 3.0.1 code[337]
with default parameters and NCI mode for a series of cata-condensed polybenzoid
dimers to identify candidate structures for the most stable dimer geometries with
GFN2-xTB for the COMPAD Project database. As the initiation structure, a dimer
in a parallel-stacked configuration, separated by a distance of 3.4 Å, was used. The six
lowest-energy conformers obtained from each search were subsequently re-optimized
at the B3LYP-D3(BJ)/def2-SVP level of theory, after which the most stable structure
was selected and further re-optimized at the higher B3LYP-D3(BJ)/def2-TZVP level
of theory. The final properties were obtained with B3LYP-D3(BJ)/def2-TZVPP and
the first vertical excitation energy with TD-CAM-B3LYP/def2-TZVP.

4.2 Non-Covalent Interactions in Acene Dimers

This section constitutes the methodological foundation of this chapter, establishing all
baseline results upon which subsequent sections build. The focus is on acene molecules
and two distinct dimer configurations: the glike-dimer, which has been extensively
studied in the literature, and the X-dimer, which has received comparatively less
and no systematic attention. Using SAPT, the individual contributions to dimer
stabilization are systematically decomposed and analyzed. The relative stability of the
two dimer types has established for pentacene and then traced across the acene series,
from naphthalene to pentacene, revealing clear trends in both the total interaction
energy and the preferential stabilization of one motif over the other. Beyond the
energetics of dimer formation, this section also provides a comparative analysis of
the electronic and optical properties of both dimers relative to the corresponding
monomer. Changes in the HOMO–LUMO gap (EH−L), frontier orbital character and
other electronic properties, as well as UV-Vis excitation energies upon dimerization
are examined using DFT and TD-DFT methods.

4.2.1 SAPT Interaction Energy Surface Screening of Selected Pentacene

Dimers

To verify the existence of the X-dimer configuration reported in the literature[25,
33, 34, 280, 282–284], the interaction energy surface as an analogue of PES was
explored for pentacene system to determine whether this configuration corresponds
to an interaction energy minimum and to evaluate its stability relative to the glike-
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dimer, reported as the most stable dimer by Cabaleiro-Lago et al.[32]. The glike-dimer
structure was constructed using the following procedure:

(i) The geometry-optimized pentacene monomer at the B3LYP-D3(BJ)/def2-TZVP
level of theory was used as the starting structure.

(ii) The second pentacene monomer was placed in parallel at an intermolecular
distance of 3.49 Å (Z-axis).

(iii) it was then displaced by 1.45 Å along the X- and Y-axes to repeat the glike-dimer
structure from [32].

Then, a screening of the sSAPT0 interaction energy surface with respect to the rotation
and translation of one monomer relative to the other was performed for the pentacene
dimer (see Figure 19). A total of 100 points were sampled: 10 points corresponding
to the translational displacement of one monomer relative to the other (from 0 Å to
1.45 Å along the X- and Y-axes), and 10 points corresponding to the rotational angle
about the axis perpendicular to the molecular plane (from 0° to 90°). The boundary
points of the surface correspond to distinct dimers: the parallel or stack-dimer (0°;
0 Å), the glike-dimer (0°; 1.45 Å), and the cross-dimer (90°; 0 Å) (structures and
their corresponding rotation angles and displacements are shown in Figure 20). As
was shown in [32], the stack-dimer is the most unstable one that confirms with
current interaction energy surface (maximum). Importantly, an X-dimer minimum was
identified. This screening indicates that the most stable orientations, corresponding
to the lowest Eint, are the glike-dimer and the X-dimer (see Figure 19). While the
glike-dimer lies at the boundary of the interaction energy surface, the X-dimer is
located in the region of the second Eint minimum, with the second minimum at a
rotation of 20° and a displacement of 1.13 Å (Figure 20). It is a highly constrained
geometry optimization procedure and only grid points without exact minima, but the
glike-dimer has slightly lower Eint than the X-dimer (-110.70 versus -109.15 kJ/mol).

It is important to note that the induction energy (Eind) follows the same trend as the
total interaction energy. However, its magnitude does not significantly contribute to the
total interaction energy, as the variation in Eind across the surface is approximately 10
kJ/mol. The electrostatic (Eelst) and dispersion (Edisp) contributions exhibit opposite
trends to that of the exchange-repulsion (Eexr). Eexch reaches its repulsion maximum
at small rotational angles due to increased orbital overlap between the monomers,
while Eelst and Edisp reach their minimum values at the same geometry. The effect of
translational displacement on these contributions (Eexr, Eelst, and Edisp) is considerably
smaller.
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Figure 19: The screening of the interaction energy surface for pentacene dimers with
sSAPT0/jun-cc-pVDZ method. The different contributions to the inter-
action energy (Eint) are represented: the exchange-repulsion (Eexr), the
induction (Eind), the electrostatic (Eelst), the dispersion (Edisp) contribu-
tions. Additionally, EvdW = Eexr +Edisp was added to this screening of the
interaction energy surface.
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(0°, 0 Å) (0°, 1.45 Å) (20°, 1.13 Å)(90°, 0 Å)

stack-dimer glike-dimer cross-dimer X-dimer

Figure 20: Top view on four selected dimer structures on the interaction energy surface
for pentacene system. Adopted with permission from [77]. Copyright 2026
AIP Publishing.

The sum of dispersion and exchange-repulsion contributions, the van der Waals
interaction energy (EvdW = Edisp + Eexr) is additionally provided[218, 338]. EvdW is
attractive across the entire surface, with the exception of the stack-dimer region. The
most attractive energy region of the surface corresponds to geometries with a specific
rotational angle (from 10°) and/or large translational displacement (more than 0.16
Å), as in the glike-dimer configuration. However, without the inclusion of Eelst, the
EvdW contribution alone does not correctly reproduce the behavior of the interaction
energy surface. Therefore, Eelst also plays a role in determining the minima of the
interaction energy surface.

While the X-dimer and the glike-dimer were identified as the most stable dimers on this
interaction energy surface, this fact does not imply that other dimer configurations
are unstable. For example, the cross-dimer corresponds to an boundary point on
this interaction energy surface has been reported as a stable local minimum in the
literature[32].

In summary, the X-dimer represents an additional minimum of the interaction energy
surface, comparable in stability to the glike-dimer, with a similar Eint magnitude. In
the following section the relative stability of these dimers using fully DFT optimized
geometries, along with a SAPT analysis of the energy contributions is shown.
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4.2.2 The SAPT Analysis of the glike-dimer and the X-dimer Trajectory

Firstly, the X-dimer and glike-dimer geometries were optimized for pentacene system
with the B3LYP-D3(BJ) method. To further characterize the nature of the intermolec-
ular interactions in pentacene dimers and insights into relative stability, the NCI-plot
method[339] was applied, which provides a visual representation of weak NCIs, such as
hydrogen bonds and van der Waals interactions, by mapping their spatial distribution
and distinguishing their attractive or repulsive character. This approach is widely
used to analyze and compare intermolecular interactions in molecular systems. The
reduced density gradient function s(r) lies at the core of NCI-plot analysis:

s(r) =
|∇ρ(r)|

2 (3π2)1/3 ρ(r)4/3
, (65)

where ∇ρ(r) and ρ(r) are electron density gradient and electron density at point r.

Figure 21: NCI-plot for the X-dimer and the glike-dimer of pentacene. Red zones
correspond to strong repulsion, blue zones to strong attraction, and green
zones to weak van der Waals interactions. Reprinted with permission from
[77]. Copyright 2026 AIP Publishing.

The results for the pentacene dimers are shown in Figure 21. Unfortunately, in the
case of the pentacene dimers, no qualitative difference in the non-covalent interaction
regions between the X-dimer and the glike-dimer could be observed.
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To investigate the relationship between the X-dimer and the glike-dimer, nudged elastic
band (NEB) calculations with DFT were performed to estimate the energy barrier of
interconversion between the two dimers. This method generates a series of intermediate
geometries (images) along the transformation pathway. The NEB trajectory comprised
10 intermediate structures or images. The potential energy surface along this pathway
was found to be relatively flat, making it difficult to unambiguously identify an exact
transition state. Nevertheless, the DFT-based NEB calculations yielded an energy
barrier of approximately 4 kJ/mol.

Figure 22: The sSAPT0/jun-cc-pVDZ analysis of the interaction energy contribu-
tions in pentacene dimers as a function of the rotation angle between the
monomers long axes. The SAPT energy contributions: exchange-repulsion
(Eexr), induction (Eind), electrostatic (Eelst), total interaction energy (Eint),
dispersion (Edisp), and van der Waals (EvdW ). Adopted with permission
from [77]. Copyright 2026 AIP Publishing.

Based on the geometry of each image, a SAPT analysis was performed for the
transformation from the glike-dimer to the X-dimer. The sSAPT0 decomposition of
Eint allows identification of which energy components contribute most significantly
to the changes in Eint along the transformation pathway. The cross-dimer was also
included as an additional reference point, representing the fully rotated configuration.
The transformation between the X-dimer and the glike-dimer predominantly involves
rotation, with the glike-dimer representing a near-parallel arrangement of the acene
monomers. therefore the sSAPT0 analysis was performed for the full transformation
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from the glike-dimer to the X-dimer, and subsequently from the X-dimer to the
cross-dimer. The resulting curves are shown in Figure 22.

In Figure 22 the different Eint contributions are presented: the exchange-repulsion
(Eexr), the induction (Eind), the electrostatic (Eelst), the dispersion (Edisp), and the
total interaction energy (Eint) that mapped as a function of the rotation angle between
the two monomers. The glike-dimer corresponds to a rotation angle of 0.1°, while the
X-dimer is located at approximately 24.2°.

Moving along the curves from the glike-dimer to the X-dimer, Eexr increases while the
other contributions decrease, particularly Eelst and Edisp. In the region between the
glike-dimer and the X-dimer, a minimum in Eexr and maxima in the other contributions
are observed. The stability of the X-dimer can be attributed to its orientation, which
provides additional contributions to Eint from Edisp and Eelst. These contributions
not only compensate for the increase in Eexr, but overcome it, resulting in a total
decrease of Eint.

Upon further rotation toward the cross-dimer, Eexch reaches its minimum among all
three dimer configurations, while the other contributions are slightly more repulsive
relatively to the X-dimer and glike-dimer orientations, rendering the cross-dimer less
stable than the other two. EvdW = Edisp + Eexr[338] is attractive across the entire
rotational range and follows the same trend as Eexr, with maxima at the glike-dimer,
the X-dimer, and the cross-dimer orientations.

The analysis shows that at each dimer all energy components exhibit a local extremum,
most notably Eexr. However, the dispersion and electrostatic contributions compensate
for the increase in Eexr, particularly in the X-dimer, rendering it more stable than
the glike-dimer.

Having established the nature of the stabilizing interactions in the pentacene dimers,
it is possible to study the trends in dimer stability across the acene series.

4.2.3 DFT and SAPT Interaction Energies for Acene Molecules

In this subsection, acene molecules from naphtalene to pentacene and their correspond-
ing glike-dimer and X-dimer configurations were investigated using DFT and SAPT
(see Figure 23). As a first step, all dimer and monomer geometries were optimized at
the B3LYP-D3(BJ) level of theory, which was also used to compute the CP-corrected
interaction energies (Eint). Furthermore, sSAPT0 calculations were performed on
all optimized structures to obtain the SAPT interaction energies. Calculations for
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acene dimers from naphtalene to tetracene were perfomed by Andrea Buchwald and
Professor Reinhold F. Fink (University of Tübingen). The interaction energies for
both methods are compiled in Table 6.

Figure 23: (a) The view of studied acene molecules: naphthalene, anthracene, tetracene
and pentacene; (b) The geometries of considered dimeric conformers for
the pentacene system.

Table 6: The interaction energy (Eint) and difference (∆Eint) for acene dimers cal-
culated with B3LYP-D3(BJ), sSAPT0 and PNO-LCCSD(T*)-F12 methods.
All values are given in kJ/mol. Adopted with permission from [77]. Copyright
2026 AIP Publishing.

Method B3LYP-D3(BJ) sSAPT0 PNO-LCCSD(T*)-F12

System glike X ∆Eint glike X ∆Eint glike X ∆Eint

Naphthalene -29.59 -30.51 -0.92 -34.57 -36.08 -1.51 25.97 -26.63 -0.66

Anthracene -47.26 -49.96 -2.70 -60.05 -62.68 -2.63 -41.79 -43.30 -1.51

Tetracene -65.14 -70.48 -5.34 -86.99 -93.42 -6.43 -58.02 -60.92 -2.90

Pentacene -83.15 -91.42 -8.27 -115.35 -124.29 -8.94 -74.42 -78.01 -3.59

Due to the increase in the size of the conjugated π-system, the stacking interaction
energy increases across both methods. For the naphthalene dimers, the DFT interaction
energies for the glike- and X-dimers are -29.59 and -30.51 kJ/mol, respectively. For
pentacene dimers values are below -83 kJ/mol. The same trend is observed for the
sSAPT0 method. However, in all cases it overstimates the interaction energy relative
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to DFT. For example, pentacene dimers Eint are -115.35 and -124.29 kJ/mol for the
glike- and X-dimers, respectively.

Insight into this trend is provided by the buried surface area (BSA) analysis (see
Figure 24)[340]. This quantity describes the molecular surface area buried upon
complex formation, or, in the present case, upon non-covalent dimer association. BSA
was calculated using the following formula:

BSA = ASAA + ASAB − ASAAB (66)

where ASAA is the solvent-accessible surface area of molecule A in isolation, ASAB

is the solvent-accessible surface area of molecule B in isolation, and ASAAB is the
solvent-accessible surface area of the complex formed by A and B. ASA is usually
computed with a solvent probe, typically water with radius about 1.4 Å, rolling over
the van der Waals surface of the molecule. Both ASA were calculated in Orca 5.0.4
with GEOPOL algorithm[341–343]. In the case of acene dimers ASAA = ASAB and is
called the monomer surface area (Smono). Consequently, BSA provides a quantitative
measure of the contact surface area between the two monomers in the dimer.

Figure 24: The interaction energy (Eint in kJ/mol) as a function of the buried surface
area (BSA in a20). Each color corresponds to a different acene molecule and
the marker shape denotes the dimer type (the glike-dimer or the X-dimer).

The BSA increases with acene size, from approximately 640Å2 for naphthalene dimers
to approximately 1150Å2 for pentacene dimers (Figure 24). These results demonstrate
that the buried surface area is strongly correlated with the interaction energy in
these dimers across the acene series (R2 = 0.99). It is well established that London
dispersion forces scale with the number of interacting atom pairs across the contact

72
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interface, rendering them inherently proportional to the contact surface area. Larger
PAHs with greater molecular surface area present more C–C and C–H pairs in van
der Waals contact, thereby amplifying the cumulative dispersion interaction[344, 345].
Electrostatic interactions also increase with the size of the π-system, though their
magnitude is more sensitive to the relative orientation of the monomers[218].

∆Eint, defined as the difference between the X-dimer and the glike-dimer interaction
energies, indicates that the X-dimer is more stable compared to the glike-dimer for all
studied acenes. Furthermore, ∆Eint becomes increasingly negative with an increasing
number of fused rings (Nrings). ∆Eint reaches -8.27 and -8.94 kJ/mol for pentacene
dimers, while for naphthalene the difference amounts to only approximately -1.0 and
-1.5 kJ/mol for the DFT and SAPT methods, respectively.

However, no systematic trend is observed in the BSA difference (∆BSAX−glike) between
the glike- and X-dimer values. For naphthalene, BSA difference is 1.99 a20, while
for anthracene, tetracene, and pentacene the values are 13.08, 9.15, and 7.42 a20,
respectively.

Overall, the transformation from the glike-dimer to the X-dimer resulted in a more
stable configuration, with the interaction energy difference ranging from approximately
1–2 kJ/mol for naphthalene to 8–9 kJ/mol for pentacene, consistently for SAPT and
DFT methods.

Under equilibrium conditions, assuming that the vibrational and entropic contributions
are approximately equal for both dimers, the difference in their relative stability can
be attributed to ∆Eint, as determined from the electronic energies of the optimized
structures. Furthermore, the difference is less than 10 kJ/mol that could easily fall
within the method’s error. Nevertheless, at this moment it is possible to assume that
such a difference in values is indeed genuine. It is also permissible to assume the
absence of state degeneracy. Under these assumptions, the relative population of each
dimer can be estimated using the Boltzmann distribution:

Pi =

exp

(
− Ei

kBT

)
Z

, (67)

where the partition function is defined as:

Z =
∑
j

exp

(
− Ej

kBT

)
. (68)
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The ratio of populations of the two dimer conformations can therefore be written as:

Pglike

PX

= exp

(
−∆Eint

RT

)
, (69)

where T = 298 K, R = 8.314 Jmol−1K−1, and ∆Eint = 9 kJ/mol.

Substituting the numerical values yields:

Pglike

PX

= exp

(
− 9000

8.314× 298

)
= exp(−3.63) ≈ 2.6× 10−2. (70)

Consequently, at room temperature, the glike-dimer contributes only approximately
2-3% to the equilibrium population in the gas-phase, while the X-dimer accounts for
approximately 97-98%, indicating a strong thermodynamic preference for the more
stable configuration.

Both methods show consistent trends in ∆Eint and Eint. However, numerous bench-
mark studies have highlighted known limitations in the accuracy of DFT and SAPT
methods for non-covalent interactions[21, 76, 346, 347]. To reduce these uncertainties,
additional single-point calculations were performed at the PNO-LCCSD(T*)-F12 level
of theory.

4.2.4 Theoretical Insights from PNO-LCCSD(T*)-F12

In this subsection the results obtained in collaboration with Professor Hans-Joachim
Werner (the University of Stuttgart) are presented. First, the quality of the optimized
dimer geometries was validated by examining the intermolecular distances as a
structural descriptor. The trends in the interaction energy and the relative stability
of the X-dimer with respect to the glike-dimer were then calculated. In the end,
B3LYP-D3(BJ) and sSAPT0 results were compared with the PNO-LCCSD(T*)-F12
reference.

Geometry Optimization

To validate the geometry of the glike-dimer optimized at the B3LYP-D3(BJ) level,
PNO-LCCSD(T*)-F12 single-point energy calculations were performed by Professor
Hans-Joachim Werner for a series of structures with systematically varied intermolec-
ular distances (the step is 0.05Å). A potential energy curve was constructed from
these calculations and is shown in Figure 25. Based on polynomial fit of data points,
the PNO-LCCSD(T*)-F12 energy minimum occurs at an intermolecular distance only
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Figure 25: Potential energy curve (in kJ/mol) as a function of the displacement of
the monomer intermolecular position from its value in the DFT-optimized
glike-dimer geometry (in Å). The energy of the DFT-optimized glike-dimer
geometry is taken as the reference point (0 kJ/mol at zero displacement).
Adopted with permission from [77]. Copyright 2026 AIP Publishing.

0.027Å larger than that obtained from the DFT geometry optimization (corresponding
to the unshifted glike-dimer geometry in Figure 25), with an energy difference of only
approximately 0.12 kJ/mol between the two minima. These results indicate that the
B3LYP-D3(BJ) geometry closely approximates the PNO-LCCSD(T*)-F12 minimum.

This result is in line with a series of studies previously reported in the literature.
Herman et al. demonstrated its reliability for the benzene dimer[348], while Janowski
and Pulay showed that it accurately reproduces CCSD(T) geometries for both σ − σ

and π − π dimers of aromatic and non-aromatic hydrocarbons[273]. Furthermore, in a
systematic benchmark against the S66 and S66x8 datasets, Goerigk et al. found that
B3LYP-D3(BJ) performs well for dispersion-dominated complexes and intermolecular
distances[347].

Interaction Energy

The DFT and SAPT interaction energies can thus be compared with the PNO-
LCCSD(T*)-F12 values to assess the magnitude of the deviations and whether the
trends are preserved.

Table 6 reports the interaction energies and their differences for the PNO-LCCSD(T*)-
F12 method. The PNO-LCCSD(T*)-F12 results show the same trends in Eint and
∆Eint as observed for B3LYP-D3(BJ) and sSAPT0: increasing acene size leads to more
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negative interaction energies, and the X-dimer is more stable than the glike-dimer
in all cases. However, the increase in magnitude of Eint and ∆Eint with acene size
is smaller than predicted by DFT and SAPT. Whereas for DFT the Eint values for
the naphthalene and pentacene X-dimer structures are approximately -30 kJ/mol and
91 kJ/mol, respectively, the corresponding PNO-LCCSD(T*)-F12 values are -27 and
-78 kJ/mol. Similarly, the increase in ∆Eint from naphthalene to pentacene is more
pronounced with DFT (-0.92 to -8.27 kJ/mol) than with PNO-LCCSD(T*)-F12 (-0.66
to -3.59 kJ/mol).

Consequently, comparing the equilibrium populations of the pentacene dimers at room
temperature (see Eq. 70), and with ∆Eint = 4 kJ/mol, yields the following expression:

Pglike

PX

= exp

(
− 4000

8.314× 298

)
= exp(−1.614) ≈ 0.199. (71)

At the PNO-LCCSD(T*)-F12 level of theory, the glike-dimer accounts for approxi-
mately 20% of the equilibrium population, with the remaining 80% attributed to the
X-dimer. This differs notably from the DFT result, where the X-dimer population
exceeded 97%.

In summary, DFT-optimized geometry are in good agreement with PNO-LCCSD(T*)-
F12 single-point interpolated minimum, particularly with respect to the intermolecular
distances in the dimer structures. All three methods show consistent trends across
two interaction energy descriptors: the total interaction energy and the interaction
energy difference, indicating that DFT and SAPT reliably describe the energetics of
non-covalent interactions in acene dimers.

4.2.5 Comparison of Different Methods to PNO-LCCSD(T*)-F12

A key question in any theoretical study is how accurately different methods reproduce
the reference trends and values. To address this, single-point interaction energy
calculations were performed on the B3LYP-D3(BJ)-optimized geometries with different
DFT-based, semi-empirical and NNP-based methods (see Section 4.1.2). The mean
absolute deviations and the mean signed deviations from the PNO-LCCSD(T*)-F12
reference interaction energies were evaluated. In addition, the ability of each method
to reproduce the correct trend in the relative stability of the two dimer types was
checked.
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A comparison of the absolute interaction energies across all tested methods shows that
they can be broadly classified into three categories based on their MAD values (see
Figure 26). The first category exhibits the poorest performance, with MADs exceeding
10 kJ/mol. This category includes B3LYP-D4 (10.2 kJ/mol), M06-D3 (10.7 kJ/mol),
and sSAPT0 (25.6 kJ/mol), all of which systematically overestimate the interaction
energy relative to the PNO-LCCSD(T*)-F12 reference values (MSDs are negative).

Figure 26: Mean absolute deviations (MAD, white boxes) and mean signed devia-
tions (MSD, red boxes) of the interaction energy (in kJ/mol) for each
tested method with respect to the PNO-LCCSD(T*)-F12 reference values,
averaged over all studied complexes. Adopted with permission from [77].
Copyright 2026 AIP Publishing.

The second category demonstrates intermediate accuracy, with MAD values in
the range of 5–8 kJ/mol, comprising NNP’s UMA Small (8.3 kJ/mol), TPSS-D4
(7.8 kJ/mol), OMol25 eSEN Cons. Sm. (7.7 kJ/mol), B3LYP-D3(BJ) (7.3 kJ/mol),
GFN2-xTB (6.6 kJ/mol), TPSSh-D3(BJ) (5.1 kJ/mol), and ωB97M-V (5.0 kJ/mol),
all of which tend to overestimate the interaction energy.

The third and most accurate category comprises methods with MAD values in the
range of 1–5 kJ/mol, including PBE-D3(BJ) (4.4 kJ/mol), M06-L-D3 (3.0 kJ/mol),
TPSS-D3(BJ) (2.9 kJ/mol), M06-2X-D3 (2.1 kJ/mol), CAM-B3LYP-D3(BJ) (1.2
kJ/mol), and PBE0-D3(BJ) (1.1 kJ/mol). Unlike the previous two categories, these
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methods do not only overestimate the interaction energy; in certain cases, a slight
underestimation is observed (PBE, M06-L, CAM-B3LYP, PBE0).

Interestingly, the fraction of Hartree–Fock exchange incorporated into the functional
does not exhibit a consistent trend with respect to accuracy. For instance, the inclusion
of HF exchange reduces the MAD when going from PBE to PBE0, whereas the opposite
trend is observed in the TPSS family, where TPSSh yields a higher MAD than pure
TPSS. In the M06 family, a non-monotonic behavior is observed: the MAD increases
from M06-L to M06, but decreases again for M06-2X, falling below the M06-L value.

An additional question is how dispersion corrections behave in terms of deviations.
Dispersion correction D3(BJ) provides a more accurate description of the interaction
energy than D4 for both TPSS (2.9 and 8.7 kJ/mol) and B3LYP (7.3 and 10.2 kJ/mol).
The ωB97M-V method with VV-10 dispersion correction[349] also showed relatively
good results for MAD (5.0 kJ/mol).

To assess the contribution of each benzene ring in the acene to the deviation of the
interaction energy from the reference method, the MAD and MSD were additionally
computed on a per ring basis (e.g., naphthalene contains two fused rings, while
pentacene contains five fused rings). The resulting MAD and MSD per ring are
presented in Figure 52 (see Appendix for Chapter 4, Section 4.2). It is important to
note that, with the exception of sSAPT0, whose MAD per ring reached 7 kJ/mol,
all other methods remained within 3 kJ/mol per ring. This suggests that the large
deviations observed for certain methods are driven primarily by the size of the system
itself, rather than solely by the treatment of the electronic effects within the dimer.
For example, the deviation for pentacene X-dimer and glike-dimer in Eint are 41 and
46 kJ/mol, respectively with sSAPT0.

While MAD and MSD values provide valuable insight into the accuracy of the
tested methods for reproducing absolute interaction energies, a more critical question
concerns their ability to correctly reproduce the relative stability of the two dimer
types. Specifically, it is important to estimate whether the methods correctly identify
the X-dimer as the ground state and whether they reproduce the trend of increasing
stability difference with acene size. To address this, ∆Eint was evaluated for each
acene system considered (see Table 7).

The NNP methods predict the glike-dimer to be slightly more stable than the X-dimer
in some cases, with small differences and no clear trend across the acene series. In
contrast, all other methods correctly identify the X-dimer as the ground state for each
acene. The trend of increasing ∆Eint with the size of the acene, reflecting the increasing
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stabilization of the X-dimer, is reproduced by sSAPT0 and all DFT functionals except
semi-empirical GFN2-xTB and M06-D3. A separate analysis of the effect of dispersion
correction revealed that the choice between D3(BJ) and D4 has a negligible effect on
these trends for both TPSS and B3LYP, with ωB97M-V producing similar results.

Table 7: The energy difference between the X-dimer and the glike-dimer interaction
energies (in kJ/mol) of all studied acenes for each tested method. First row
is the PNO-LCCSD(T*)-F12 reference. Reprinted with permission from [77].
Copyright 2026 AIP Publishing.

Method Naphthalene Anthracene Tetracene Pentacene

PNO-LCCSD(T*)-F12 -0.66 -1.51 -2.90 -3.59

OMol25 eSEN Cons. Sm. 0.14 0.71 -0.60 -1.82

UMA Small (OMol) -0.24 0.42 0.35 1.53

GFN2-xTB -1.57 -0.91 -2.51 -2.75

PBE-D3(BJ) -0.49 -2.46 -4.93 -8.55

M06-L-D3 -0.69 -2.28 -3.01 -5.42

TPSS-D3(BJ) -0.88 -2.68 -5.81 -9.68

TPSS-D4 -1.11 -2.54 -6.17 -10.10

TPSSh-D3(BJ) -0.88 -2.63 -5.46 -8.87

ωB97M-V -0.96 -1.80 -4.28 -5.58

B3LYP-D3(BJ) -0.92 -2.70 -5.34 -8.27

B3LYP-D4 -1.13 -2.31 -5.19 -7.90

CAM-B3LYP-D3(BJ) -0.49 -1.98 -3.00 -4.36

PBE0-D3(BJ) -0.49 -2.34 -4.41 -7.18

M06-D3 -0.48 -3.80 -2.89 -4.38

M06-2X-D3 -0.63 -1.29 -3.40 -5.06

sSAPT0 -1.51 -2.63 -6.43 -8.94

In conclusion, B3LYP-D3(BJ) performed within the average category in terms of
mean absolute deviation; however, all trends were consistent with the reference data,
as was the case for most other DFT functionals and sSAPT0. This indicates that
B3LYP-D3(BJ) and sSAPT0 are suitable for an adequate description of such systems
and can provide a qualitative assessment of the relative stability of the dimers.
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4.2.6 Electronic Structure and Optical Properties

Having established the relative stability of the dimers, in this subsection the effect
of non-covalent interaction on the electronic and optical properties of the dimers
is investigated. Specifically, the frontier molecular orbitals (HOMO and LUMO),
HOMO-LUMO gap, ionization potential, electron affinity, and UV-vis absorption
spectra are analyzed.

Some of these features are defined as following:

EH−L = ELUMO − EHOMO, (72)

vIP = E+1 − E0, (73)

vEA = E0 − E−1, (74)

vFG = vIP − vEA, (75)

where EH−L is the HOMO-LUMO gap, ELUMO and EHOMO are the energies of the
lowest unoccupied and highest occupied molecular orbitals, respectively, vIP is the
vertical ionization potential, vEA is the vertical electron affinity, vFG is the vertical
fundamental gap, and E+1, E0, E−1 are the total energies of the cationic, neutral,
and anionic states, respectively.

Electronic Properties

First, changes in the HOMO and LUMO orbitals of the monomer and the two dimers
for anthracene were examined (see Figure 27). These orbitals were calculated with the
B3LYP-D3(BJ) level of theory. Upon formation of a non-covalent dimer from PAH or
acene molecules, a fundamental reorganization of the frontier orbitals occurs: each
molecular orbital of the monomer splits into two, one bonding and one antibonding,
analogously to the interaction of atomic orbitals upon chemical bond formation.
This overlap arises because the π-electron clouds in PAHs and acenes are oriented
perpendicular to the molecular plane and, in a co-facial arrangement, directly face
one another, as demonstrated for the benzene dimer[350].

As can be seen upon dimer formation in the case of anthracene, for the glike-dimer only
the LUMO exhibits overlap, whereas for the X-dimer both the HOMO and LUMO
π-orbitals overlap between the monomers. For instance, the HOMO and LUMO orbital
energies of the anthracene monomer are -5.4 and -1.9 eV (Literature values are 5.7 and
1.7 eV[351]), respectively. For the glike-dimer HOMO and LUMO orbital energies are
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Figure 27: The view of HOMO and LUMO orbitals for (left) anthracene monomer
(top and side view) and (right) two dimers (side view, top is the glike-dimer,
bottom is the X-dimer) at an iso-contour value of σ = 0.03 a0

−3. Method:
B3LYP-D3(BJ)/def2-TZVP.

-5.2 and -1.8 eV, and for the X-dimer -5.3 and -1.8 eV, respectively. The energy of both
orbitals are decreased within dimers. It is well established that the HOMO-LUMO gap
generally decreases with increasing number of molecules in PAH clusters, consistent
with the behavior of an indirect band gap material[352]. It is therefore expected that
this trend should also hold for non-covalently bound acene dimers. Indeed, this is
observed for the anthracene glike-dimer (EH−L = 3.35 eV). However, for the X-dimer
EH−L remains nearly unchanged relative to the monomer (3.52 eV).

It is well established in the literature that across the acene series from naphthalene to
pentacene, the following trends are observed with increasing Nrings: the HOMO–LUMO
gap decreases, the ionization potential decreases, the electron affinity increases, and
the fundamental gap decreases. These trends arise from the progressive delocalization
of the acene π-system, which lowers the barrier for oxidation and reduction, reduces
the stability of the system due to a decrease in the excitation energy of low-lying
excited states, and increases the polarizability of the system[351, 353, 354].

To confirm these trends and to compare the electronic properties of the monomers
with those of the corresponding dimers, the following properties were calculated
for monomers and dimers of all acenes considered in this work: HOMO–LUMO gap
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(EH−L), vertical ionization potential (vIP), vertical electron affinity (vEA), and vertical
fundamental gap (vFG). These data can be found in Table 8.

Table 8: Comparison of selected electronic properties trends for the monomer, the
X-dimer, and the glike-dimer across the acene series: HOMO–LUMO gap
(EH−L), vertical ionization potential (vIP), vertical electron affinity (vEA),
and vertical fundamental gap (vFG). Every feature is in kJ/mol. Method:
B3LYP-D3(BJ)/def2-TZVP.

Feature Type
System

Naphthalene Anthracene Tetracene Pentacene

EH−L

monomer 456.19 339.08 261.04 206.43

glike-dimer 438.41 324.13 253.42 200.54

X-dimer 439.39 339.43 263.69 211.68

vIP

monomer 757.82 679.57 626.87 589.04

glike-dimer 695.56 627.88 581.87 548.36

X-dimer 695.94 636.39 588.43 554.04

vEA

monomer -49.12 31.79 87.86 128.48

glike-dimer -21.86 54.24 106.69 143.84

X-dimer -21.85 51.76 102.87 139.60

vFG

monomer 806.94 647.78 539.01 460.56

glike-dimer 717.42 573.64 475.19 404.51

X-dimer 717.79 584.63 485.56 414.43

All observed trends for the monomer are consistent with those reported in the literature.
Notably, the same trends are observed for both dimers: the HOMO–LUMO gap and the
ionization potential decrease, the electron affinity increases, and the fundamental gap
decreases. However, the dimers exhibit certain distinctions relative to the monomer.
For instance, while the HOMO–LUMO gap of the glike-dimer is consistently lower
across all acenes, the X-dimer gap gets values closest at anthracene monomer and then
gets bigger. The ionization potential of both dimers is lower than that of the respective
monomers across the acene series. Similarly, the electron affinity is significantly higher

82



4.2 Non-Covalent Interactions in Acene Dimers

for both dimers compared to the monomer. Both effects indicate a stabilization of
charged states in the dimer relative to the isolated monomer. This is consistent with
previous report on positively charged acene dimers, where a stabilization relative
to the neutral system[25], that can be attributed to the stabilization with charge-
transfer[355]. Therefore charge delocalization can decrease the energy. Furthermore,
the reduction in the vertical fundamental gap from the monomer to the dimers may
indicate intermolecular polarization effects. That is, the creation of a charge-hole pair
in the non-covalent dimer is energetically less costly than in the isolated molecule.

Optical Properties

Previous studies have demonstrated that the acenes in both crystalline and thin-film
phases undergo a pronounced bathochromic shift[228–230], which suggests that dimer
formation may similarly induce a red shift in the absorption spectra. However, before
an investigation of acene non-covalent complexes can be conducted, it is important to
understand the quality of proposed method. Therefore, the validation of TD-CAM-
B3LYP/def2-TZVP was performed on several acene monomers and compared against
other methods, experimental data, and previously reported theoretical results in the
literature.

Table 9: Comparison of different computational methods for excited-state calculations
(first four excited states) with literature data[285] for the pentacene monomer.
All values are in eV. TD-CAM-B3LYP is denoted as TD-DFT. The basis set
for TD-DFT is def2-TZVP; the basis set for TD-DFT/GW+BSE, CC2, and
ADC(2) is def2-TZVPPD. Adopted with permission from [77]. Copyright
2026 AIP Publishing.

Exc. st. TD-DFT TD-DFT/GW+BSE CC2 ADC(2) CC2[285] Exp.[285]

1 2.22 2.00 2.32 2.31 2.32 2.21

2 3.40 3.28 3.26 3.26 3.24 -

3 3.50 3.29 4.62 4.68 3.50 -

4 3.87 3.65 4.80 4.87 4.41 -

The first validation was performed for the pentacene monomer using the following
methods: TD-CAM-B3LYP, TD-CAM-B3LYP/GW+BSE, CC2, and ADC(2). The
first four excited states and the energies of these excitations in eV are reported in
Table 9 and compared against gas-phase literature values[285] (experimental and CC2).
The most relevant for UV-Vis spectra is the first excitation. CC2 and ADC(2) methods
yield results consistent with the CC2 literature data (2.32, 2.31 eV), whereas the
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experimental first excitation energy is 2.21 eV. TD-CAM-B3LYP/def2-TZVPPD and
GW+BSE performs qualitatively worse (2.00 eV), while TD-CAM-B3LYP/def2-TZVP
yields a value nearly equal to the experimental one (2.22 eV). Of course, there is
extensive literature discussing the limitations of TD-DFT[356–358], various bench-
marks[359–363], and methods such as TD-DFT/GW+BSE[364] or CC2/ADC(2)[365,
366] may provide higher accuracy. However, in the case of pentacene, TD-CAM-
B3LYP/def2-TZVP demonstrates good accuracy.

Table 10: Comparison of calculated first excited state with experimental data for
studied acene monomers, from naphthalene to pentacene. All values are in
eV. TD-CAM-B3LYP is denoted as TD-DFT. Basis set is def2-TZVP.

Acene Molecule TD-DFT Experiment

Naphthalene 4.62 4.45[367]

Anthracene 3.47 3.43[368]

Tetracene 2.76 2.77[369]

Pentacene 2.22 2.21[285]

Then a comparison was performed for the studied acenes and benchmarked against
gas-phase experimental data (see Table 10). It can be seen that the TD-CAM-B3LYP
method reproduces the experimental values reasonably well, with the largest deviation
observed for naphthalene: 4.62 eV versus 4.45 eV. For the remaining acenes, the
deviations are well below 0.1 eV. Nearly identical values are obtained for tetracene
and pentacene, with a difference of only 0.01 eV.

Table 11: Comparison of different computational methods for excited-state calculations
(first four excited states) for the anthracene monomer. All values are in
eV. Method: TD-CAM-B3LYP. Implicit solvent model calculations were
performed using the COSMO method[370] for tetrahydrofuran (THF) and
dichloromethane (DCM). The def2-TZVP basis set is denoted as TZ; The
def2-TZVPPD basis set is denoted as TZPPD. Adopted with permission
from [77]. Copyright 2026 AIP Publishing.

Exc. st. TZ TZPPD TZPPD/GW+BSE TZPPD/THF TZPPD/DCM

1 3.47 3.52 3.33 3.47 3.47

2 3.55 4.03 3.90 4.03 4.03

3 3.81 5.15 4.99 5.11 5.11

4 3.87 5.35 5.15 5.13 5.13
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4.2 Non-Covalent Interactions in Acene Dimers

The third validation test of TD-DFT methods was done for the anthracene monomer.
Typically, procedure for UV-Vis spectroscopy is carried out in solution[371]. Therefore,
it is important to investigate the effect of solvent models on excitations. For this reason,
TD-CAM-B3LYP with def2-TZVP and def2-TZVPPD basis sets was compared, as
well as TD-CAM-B3LYP/GW+BSE and TD-CAM-B3LYP/def2-TZVPPD with the
COSMO implicit solvent model[370] for tetrahydrofuran (THF) and dichloromethane
(DCM). The results are presented in Table 11.
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Figure 28: Intensity of UV-Vis absorption (red diamonds) and of fluorescence (blue
circles) as functions of anthracene concentration in dichloromethane (DCM).
Intensities are given in arbitrary units, and scaled in a way that the tangent
to the fluorescence parabola at zero concentration overlaps with the UV-Vis
linear trend-line. Adopted with permission from [77]. Copyright 2026 AIP
Publishing.

Neither a larger basis set nor the inclusion of GW and BSE corrections improves the
accuracy, since TD-CAM-B3LYP with the smaller basis set (def2-TZVP) and with
the larger basis set (def2-TZVPPD) combined with implicit solvent models yield the
same first excitation energy (3.47 eV). This indicates that, for the systems under
consideration, there is no need to employ solvent models or higher-level corrections. A
full benchmark of TD-DFT is beyond the scope of this work, as the primary goal is

85



4 Non-Covalent Interactions of PAHs and their Derivatives

to obtain a qualitative picture of the UV-Vis spectra, specifically, how the spectral
features change upon π−π-stacking and how the peak positions shift. This qualitative
understanding is what is relevant within the scope of this thesis.

Consequently, the TD-CAM-B3LYP/def2-TZVP method can be considered validated
for acene-type molecules. Therefore, this method was chosen for all subsequent cal-
culations to provide theoretical insights into the optical properties of non-covalent
complexes. To investigate the effect of stacking (or aggregation) in different dimers on
optical properties, fluorescence and UV-Vis spectra were measured for anthracene. The
UV-Vis spectra (280–900 nm) and the fluorescence spectra were recorded, with the
fluorescence excitation wavelength set to 375 nm for anthracene. Due to the limited
solubility of higher acenes (tetracene and pentacene), it was not possible to access a suf-
ficient window of concentrations in solution. Experiments were carried out by Mikhail
Kalinin from the Martin-Luther-University Halle-Wittenberg. Tetrachloromethane
and dichloromethane (DCM) were used as solvents in the experiments to prevent
π − π stacking of anthracene with solvent molecules. First, two types of anthracene
spectra were compared in the low-concentration regime. Intensities of UV-Vis and
fluorescence spectra were compared at different concentrations of anthracene in DCM
solution (Figure 28). The concentration was varied from 0 to 70 µmol/L in steps of
2.5 µmol/L.

Although the positions of the UV absorption peaks did not change (Figure 29) and
their intensity scales linearly with concentration, the intensity of fluorescence clearly
deviates from linear behavior with increasing concentration. This can be considered
evidence for the formation of anthracene aggregates, including dimer structures.
Fluorescence quenching is well established during the aggregation process[238, 372].
In Figure 29, theoretical UV-Vis spectra are also shown for the two dimer conformers
and the monomer in the low-concentration regime. The difference between the dimer
peaks is only a few nanometers, close to the monomer peak position. This confirms
why, experimentally, when the concentration is increased from 27.5 to 67.5 µmol/L,
no shift of the UV-Vis peak is observed. Overall, there is good agreement between the
first peak position of the experimental and simulated UV-Vis spectra.

To investigate why no significant shift was observed, the natural transition orbital
(NTO) analysis was performed to examine the nature of the electronic transition
upon excitation. This approach allows one to establish the underlying physics of the
process—namely, whether the transition corresponds to a local excitation (LE) or a
charge transfer (CT), when applied to acene aggregates[373]. Figure 30 presents the
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Figure 29: Low-concentration regime: UV-Vis spectra of anthracene measured at
concentrations of 27.5 and 67.5 µmol/L in dichloromethane (upper left),
as well as simulated spectra for the monomer and two dimer structures
(bottom left). The simulated spectra are shifted by 25 nm to the right so
that the monomer peak aligns with the experimental peak in solution.
High-concentration regime: UV-Vis spectra of anthracene measured at
concentrations of 10 and 0.05 mmol/L in tetrachloromethane (upper right),
as well as simulated spectra for the monomer, the herringbone tetramer,
and the herringbone dimer extracted from the tetramer (bottom right).
The simulated spectra (bottom right) are shifted by 26 nm to the right so
that the monomer peak aligns with the experimental peak in solution.
Adopted with permission from [77]. Copyright 2026 AIP Publishing.
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(a) (b)

(X)

Figure 30: Natural transition orbitals analysis at an iso-contour value of σ =
0.0025 a0

−3 for the X-dimer of anthracene system: (a) side view, (b) top
view. The red color is denoted to positive and blue to negative transition
density regions. Method: TD-CAM-B3LYP/def2-TZVP.

natural transition orbitals analysis for the X-dimer of anthracene (the glike-dimer
exhibits a qualitatively similar picture, that can be found in Appendix for Chapter 4,
Section 4.2). One can observe that the positive (red) and negative (blue) transition
density regions are localized on the same fragment of the molecule, indicating that
the excitation occurs within a single molecule. In conclusion, this excitation is a LE
process and the non-covalent interaction does not change the resulted LE qualitatively.

For high concentrations, tetrachloromethane was used as the solvent. Two experimental
concentrations were measured: 0.05 mmol/L and 10 mmol/L. As one can see in
Figure 29 for the high-concentration regime, the peak exhibits a bathochromic shift
at higher concentration. Since no changes in the UV-Vis peaks were observed for the
π − π-stacked dimers, additional structures of the herringbone type were considered
for anthracene. As discussed previously, the herringbone motif is the most common
crystal structure packing for acene molecules in the solid state[260, 261]. Therefore,
a herringbone tetramer and a herringbone dimer were selected for calculations (see
Figure 31). First, the anthracene tetramer was optimized using the same method as for
the X-dimer and glike-dimer. Subsequently, the herringbone dimer was extracted from
the optimized tetramer structure without further optimization, and UV-Vis spectra
were calculated for both structures at the TD-CAM-B3LYP/def2-TZVP level. Indeed,
the simulation of the anthracene tetramer in the herringbone arrangement showed a
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4.2 Non-Covalent Interactions in Acene Dimers

Figure 31: Examples of structures for the (a) dimer and (b) tetramer herringbone
stacking of anthracene system (Top view and side view).

strong bathochromic shift, relatively to the glike- and X-dimers. By simulating a dimer
extracted from such a tetramer (a structure that does not correspond to a minimum
by itself), resulted in UV-Vis spectra demonstrating that it is not the cluster size but
the relative orientation in space that is the origin of the observed shift (see Figure 29).
Thus, larger aggregates such as the tetramer, or structural motifs derived from it,
can qualitatively alter the UV-Vis peaks in high-concentration regime, whereas the
glike-dimer and X-dimer cannot.

4.2.7 Discussion

In summary, two minima were identified on the interaction energy surface by screening
different rotations and shifts of pentacene monomers relative to each other using the
sSAPT0 method. Both minima were then separately analyzed in terms of the different
contributions to their stabilization. It was shown, using pentacene as an example, that
the X-dimer is more stable than the glike-dimer owing to a reduction in dispersion
and electrostatic contributions that outweigh the contribution of exchange-repulsion.
Subsequently, both dimers were systematically investigated for systems with varying
numbers of benzene rings, from naphthalene to pentacene, using the B3LYP-D3(BJ)
and sSAPT0 methods. Two trends were established: a growth in the interaction
energy and an increase in the relative stabilization of the X-dimer with respect to the
glike-dimer. These trends were confirmed with the reference PNO-LCSSD(T*)-F12
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4 Non-Covalent Interactions of PAHs and their Derivatives

method and were also shown for the most of considered DFT functionals and the
semi-empirical GFN2-xTB. Furthermore, some insights of the electronic properties of
anthracene dimers were demonstrated, which lead to changes in the HOMO–LUMO
gap through orbital modifications. It was also shown that, as in the monomer, many
electronic properties follow the same trends. However, unlike the monomer, the dimers
exhibited enhanced stability toward changes in charge (as illustrated by vIP and
vEA). Finally, it was demonstrated that non-covalent dimers can, in principle, shift
the positions of UV-Vis peaks, as exemplified by the unstable herringbone dimer;
however, the stable X-dimer and glike-dimer showed no changes in the UV-Vis peak
positions. Only certain changes in fluorescence were observed, which can be interpreted
as possible evidence for the onset of acene aggregation. This process should logically
begin with dimer formation.

4.3 Chemical Substitution Effects on Anthracene Dimers

Looking ahead, it is of interest to examine, using anthracene as a model system, how
various atomic substitutions within the molecular structure affect dimer formation
and their stability. And which properties reflect the strength of the intermolecular
interaction in the dimer. Such phenomena will be explored through two examples
involving the carbon skeleton and hydrogen atoms of anthracene: fluorine substitution
(F-substitution) of hydrogen atoms and boron-nitride substitution (BN-substitution)
at different carbon positions.

In this section the effects of two chemical modifications on monomeric and dimeric
properties of anthracene are examined: (i) BN-substitution, replacing carbon pairs
with boron–nitrogen (BN) units, and (ii) peripheral fluorination, replacing all hydrogen
atoms with fluorine. For the monomers, key electronic properties: the HOMO–LUMO
gap, dipole moment (µ), polarizability (α), vertical ionization potential (vIP), and
vertical electron affinity (vEA). The analysis is extended to non-covalent dimers in two
stacking orientations (X-dimer and glike-dimer), where the influence of substitution
on the intermolecular interaction energy is compared. Finally, changes in the UV-
Vis absorption spectra for selected systems are discussed. s The functionalization
of hydrocarbon molecules (through peripheral substitution or internal heteroatom
doping) constitutes a versatile strategy for modulating non-covalent interactions and
the associated electronic properties of π-conjugated systems[374–377]. For example, a
clear correlation between the vertical ionization energy and the change in molecular
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dipole moment has been established for substituted benzene dimers, demonstrating
that even simple substituent variations produce quantifiable shifts in the electrostatic
landscape governing intermolecular binding[378]. Importantly, the classical picture in
which substituents influence π-stacking by globally polarizing the ring π-density has
been challenged by Wheeler and Houk, who showed that substituent effects are better
rationalized as direct, local through-space interactions between the substituent and
second monomer[379].

Heteroatom doping introduces additional complexity. Nitrogen substitution into PAHs,
red-shifts the UV absorption bands, reflecting a systematic perturbation of the frontier
orbital energetics[380]. At the intermolecular level, Do et al. demonstrated that the
influence of a heteroatom on stacking energetics is governed by the coupling of its
local bond dipole with the electric field generated by the opposing aromatic system:
alignment of the heteroatom dipole along the field lines stabilizes the complex, whereas
anti-alignment leads to destabilization[377]. Furthermore, heteroatom incorporation
can open competing interactions. Experimental and theoretical studies of benzene–
pyridine, pyridine–pyridine and benzene–pyrimidine dimers revealed that nitrogen
atoms create hydrogen-bond acceptor sites that compete with π-stacking, thereby
reshaping the potential energy surface and altering the preferred dimer geometries[381–
383].

It is also noteworthy that different classes of NCIs respond to substitution in qualita-
tively distinct ways. In contrast to parallel-displaced π-stacking, C–H· · · π interactions,
exemplified by benzene-acetylene complexes, exhibit an opposite substituent trend:
electron-donating groups strengthen the binding, while electron-withdrawing groups
weaken it, consistent with the dominant role of electrostatics between the partially
positive hydrogen atom and the π-electron cloud of the acceptor[384]. Together, these
findings underscore that a unified description of substituent effects on NCIs must
account for the specific interaction topology, the local electrostatic environment of the
substituent, and the possible emergence of competing binding motifs upon chemical
modification.

In this work, two types of chemical modifications were investigated using anthracene
as a representative model system: (i) complete peripheral fluorination, which yields
perfluoroanthracene and (ii) substitution with BN, in which a pair of carbon atoms
is replaced by a pair of boron-nitrogen at various positions within the aromatic
framework.

Fluorination
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4 Non-Covalent Interactions of PAHs and their Derivatives

The synthesis of perfluorinated acenes is well established, and a substantial body
of research has been devoted to their structural modifications and applications[385–
388], including perfluoroanthracene in particular[389–391]. It is well known that the
introduction of the strongly electronegative substituent effectively converts organic
p-type semiconductors into n-type materials[385, 387, 392], and, unlike their parent
hydrocarbons benzene and naphthalene, perfluorinated analogues exhibit positive
electron affinities[393]. Beyond the electronic effects, comprehensive computational
screenings of the stability and properties of fluorinated PAHs[394–397] have revealed
that perfluorination can drastically alter the relative stability of PAH isomers, in some
cases completely reversing the stability ordering[397]. The effect of fluorination on
π − π stacking has also been investigated in the context of mixed fluorinated/non-
fluorinated aromatic pairs[397]. Such interactions exhibit enhanced binding affinity
compared to conventional π − π contacts and can be tuned for selected self-assembly
processes for functional materials fabrication.

Hetero BN-Substitution
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Figure 32: Atom numbering system of carbon atom positions for BN-substitution in
anthracene monomer.

For convenience, a systematic labeling scheme for the BN-substitution positions
within the anthracene skeleton was adopted from [398]. The scheme of positions is
represented in Figure 32). Among the structures considered, the types of (9,10)-BN[399]
and (2,3)-BN[400, 401] have been previously synthesized and modified. For example,
the analogues of [1,4]azaborines have been prepared with various substituents and
explored as electronic components[399, 402], in particular spintronic materials[403]
and UV-emissive organic luminophores[404]. While the remaining BN-anthracene
isomers have not yet been reported experimentally, the rapid progress in the chemical
synthesis of BN-substituted PAHs is encouraging[405–407]. Furthermore, a growing
body of theoretical studies and computational screenings[408–410] indicates significant
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4.3 Chemical Substitution Effects on Anthracene Dimers

potential for BN-doped acene-based molecules in organic electronics[411] and as
bright singlet-fission chromophores[398]. Notably, it has been shown theoretically for
the case of pentacene that the electronic singlet-fission coupling in BN-pentacene
is approximately five times stronger than in its pristine carbon analogue. Moreover,
thermal distortions affect singlet fission differently in doped and undoped crystals,
suggesting that BN-substitution could facilitate the multiplication of photogenerated
excitons and thereby enhance the efficiency of photovoltaic devices[398].

4.3.1 Monomer Properties of Substituted Anthracenes

F-substitution

Anthracene

Perfluoroanthracene 

(perF-anthracene)

(BN)1-substitution

(1,5)-(BN)1-anthracene (9,10)-(BN)1-anthracene

(1,4)-(BN)1-anthracene (2,3)-(BN)1-anthracene

N

B

F

Figure 33: All considered anthracene substitutions: (left) F-substition; (right) BN-
substitution: four types.

The full F-substitution and BN-substitution positions were selected to systemati-
cally probe the effect of the relative placement of boron and nitrogen atoms on the
monomeric properties and, more importantly, on the non-covalent interactions in the
corresponding dimers. The chosen configurations represent a progressive variation
of the B and N positions within the anthracene framework: first, the two atoms are
placed in separate rings at the (1,5) positions ((1,5)-BN-anthracene). Next, they
occupy the central ring at the (9,10) positions, analogous to [1,4]azaborines ((9,10)-
BN-anthracene). Then, both atoms are located within the same outer ring at the
(1,4) positions ((1,4)-BN-anthracene). Finally, they are placed at the peripheral (2,3)
positions ((2,3)-BN-anthracene).The selection of positions is determined by their
placement on one or more rings of the molecule, in order to illustrate trends in the
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4 Non-Covalent Interactions of PAHs and their Derivatives

arrangement of substituents. All resulting structures are shown in Figure 33. The
perfluorinated counterpart is straightforward—all hydrogen atoms are replaced by
fluorine. Following the selection of the target systems, geometry optimizations were
performed using the same computational approach as for anthracene in the preceding
section (see Section 4.1.2). The vertical ionization potential, vertical electron affinity,
as well as vertical fundamental gap, HOMO-LUMO gap, dipole moment, and isotropic
polarizability were evaluated for each monomer; the resulting values are summarized
in Table 12.

Table 12: Calculated electronic properties of the anthracene monomer and its deriva-
tives. Short description of BN-substituted monomers is (X,Y)-BN. Proper-
ties: HOMO–LUMO gap (EH−L, kJ/mol), vertical ionization potential (vIP,
kJ/mol), vertical electron affinity (vEA, kJ/mol), vertical fundamental gap
(vFG, kJ/mol), dipole moment (µ, D), isotropic polarizability (α, a.u.).

System Structure EH−L vIP vEA vFG µ α

Anthracene 339.08 679.57 31.79 647.78 0.00 176.11

perF-
anthracene 315.77 757.79 130.51 627.27 0.00 184.94

(1,5)-BN 183.23 591.94 109.00 482.94 8.83 203.05

(9,10)-BN 388.25 704.44 12.74 691.70 2.83 168.73

(1,4)-BN 358.70 689.26 26.99 662.27 3.32 173.09

(2,3)-BN 264.64 635.66 66.34 569.32 2.78 183.26

Anthracene and perfluoroanthracene (perF-anthracene) both possess zero dipole
moment based on their symmetry, and their isotropic polarizabilities are comparable,
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differing by only 9 a.u. However, the HOMO–LUMO gap is somewhat larger for
anthracene than for its perfluorinated counterpart (339 vs 316 kJ/mol). The situation
is different for the BN-substituted anthracene isomers. All four structures exhibit
non-zero dipole moments: (9,10)-BN-anthracene, (1,4)-BN-anthracene, and (2,3)-BN-
anthracene have values of approximately 3 D, whereas (1,5)-BN-anthracene stands out
with a significantly higher dipole moment of roughly 9 D. The HOMO-LUMO gap of
(1,5)-BN-anthracene is also substantially reduced relative to other species. Additionally,
(1,5)-BN-anthracene displays the highest isotropic polarizability among all monomers
(203 a.u.). Among the remaining BN-substituted isomers, (2,3)-BN-anthracene is also
noteworthy, possessing the second smallest HOMO–LUMO gap at 265 kJ/mol. The
isotropic polarizability scales in the following order: (1,5)-BN > perF-anthracene >
(2,3)-BN > anthracene > (1,4)-BN > (9,10)-BN. Given the established correlations
between dipole moment and polarizability on the one hand and the strength of NCI on
the other[98, 412–414], (1,5)-BN-anthracene is expected to exhibit the most distinct
behavior in the dimer configurations, and all BN-substituted dimers are anticipated
to show stronger interaction energies compared to both perfluoroanthracene and
anthracene.

4.3.2 Dimer Construction

For F-substituted anthracene, the geometries of the X-dimer and glike-dimer for
anthracene were taken and reoptimized. Both dimers are stable; their structures can
be found in Figure 34, and there is no significant difference in orientations compared
to the unsubstituted case. The intermolecular distances between monomers for the
anthracene X-dimer and glike-dimer are approximately 3.32 Å and 3.36 Å, while
for perfluoroanthracene the values are 3.32 Å and 3.29 Å, respectively. However, for
perfluoroanthracene, the angle of rotation in the X-dimer is larger (51.22◦ versus
34.13◦ for anthracene X-dimer).

BN-Substituted Anthracene

For BN-substituted monomers, the situation is more complex. To identify all possible
combinations, four types of dimers were considered (Figure 35). The first type is called
translation (N): this second monomer is translated from the plane of the first by a
distance of approximately 3.4 Å along the Z-axis without any additional operations.
The rotated (R) dimer is obtained when the translation is combined with a rotation
around the X-axis (180°). The twisted (T) dimer is formed when the translation
is accompanied by a rotation around the Z-axis. Finally, the combination of both
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Figure 34: Anthracene and perfluroanthracene dimers: glike-dimer (Ci point group)
and X-dimer (C2 point group) structures.

rotation and twisting yields the twist-rotated (TR) dimer, where the monomer is first
translated, then rotated around the X-axis, and subsequently around the Z-axis.

Following this, a geometry optimization of the initial dimer structures was performed.
Unfortunately, not all combinations yielded successful optimizations. Some structures
were unstable. Based on these results, Table 13 summarizes the stable and unstable
cases. Ranked from the highest to the lowest number of stable dimers, the order
is as follows: (1,4)-BN (6 dimers) > (2,3)-BN (5 dimers) > (1,5)-BN (4 dimers) >
(9,10)-BN (3 dimers). The most populated category is Twisted (T) (6 dimers), while
the remaining three categories each contain the same number of dimers (4 species).
The structures of all dimers for each monomer are shown in Figure 36. Out of all 18
stable dimers, 12 belong to the X-dimer type and 6 to the glike-dimer type, yielding a
ratio of 2:1.

4.3.3 Dimer Interaction Energies

For all aforementioned dimers of F-substituted and BN-substituted anthracene molecules,
Eint and BSA were calculated for comparison with unsubstituted anthracene. The
results of their correlation are shown in Figure 37 and all values are presented in
Appendix for Chapter 4, Section 4.3. in Table 17. It can be seen that the majority of
dimers of different types are located in approximately the same region, with Eint rang-
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Figure 35: Schematic representation of four types of dimer for BN-substituted an-
thracene and their short abbreviations.

Table 13: Stability of dimer conformers for BN-substituted anthracene structures. ✓ —
stable minimum; ✗ — unstable (different minimum found).

Structure Dimer type Configuration

Translation Rotated Twisted Twist-rotated

(1,5)-BN X-dimer ✓ ✓ ✗ ✓

glike-dimer ✗ ✗ ✓ ✗

(9,10)-BN X-dimer ✗ ✓ ✗ ✓

glike-dimer ✗ ✗ ✓ ✗

(1,4)-BN X-dimer ✓ ✓ ✓ ✓

glike-dimer ✓ ✗ ✓ ✗

(2,3)-BN X-dimer ✓ ✗ ✓ ✓

glike-dimer ✗ ✓ ✓ ✗

ing from -40 to -70 kJ/mol and BSA from 800 to 870 a20. Both anthracene dimers and
most of the BN-substituted dimers fall within this region. The majority of BN-dimers
in this area exhibit lower Eint values, indicating greater thermodynamic stability. The
perF-anthracene dimers stand out separately: their Eint is approximately -60 kJ/mol,
but the BSA is considerably higher, around 1050 a20. Two additional outliers belong
to (1,5)-BN-anthracene, which possesses the highest dipole moment and polarizability
among the studied monomers. Only two out of four existing dimers of (1,5)-BN-
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(a) (1,5)-BN dimers.
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(b) (9,10)-BN dimers.
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(c) (1,4)-BN dimers. (d) (2,3)-BN dimers.

Figure 36: The view of dimers for all BN-substituted monomers: (a) for (1,5)-BN-
anthracene monomer; (b) for (9,10)-BN-anthracene monomer; (c) for (1,4)-
BN-anthracene monomer; (d) for (2,3)-BN-anthracene monomer. Each case
has four types of dimers and stable dimers are represented inside them.

anthracene have Eint below -100 kJ/mol: one is the X-dimer (TR) and the other is the
glike-dimer (T). Presumably, the enhanced stability of these dimers arises from the
inherent instability of the monomer itself, which has the smallest HOMO-LUMO gap.
As can be seen from the dimer structures (Figure 36a), only in these two dimers do
the B and N centers of the interacting molecules converge geometrically. This explains
the significant difference in Eint compared to other molecules, where the B and N
centers are located within the same ring, rendering the monomers more stable.

To examine how the average Eint values compare across the studied substitutions,
one can refer to Figure 38, which shows the beeswarm distributions of Eint. For
unsubstituted anthracene, the mean value is approximately -50 kJ/mol. For the
fluorinated derivative, the mean is lower, around -60 kJ/mol. On average, all BN-
substituted derivatives exhibit lower Eint values compared to pure anthracene. Among
them, (1,5)-BN stands out with a mean around -80 kJ/mol. The remaining three
sets of BN-dimers fall within the range of -55 to -65 kJ/mol. Both (9,10)-BN and
(1,4)-BN have lower average Eint than unsubstituted anthracene, but slightly higher
than the fluorinated derivative. The (2,3)-BN derivative is lower in energy than both
the fluorinated derivative and unsubstituted anthracene. Thus, ranking the species
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Figure 37: The interaction energy (in kJ/mol) as a function of the buried surface area
(BSA in a20). Each color corresponds to a different substitution of anthracene
monomer and the marker shape denotes special monomer of BN-substituted
anthracene. Filled and empty marker shows the type of dimer. The type of
BN-substituted dimer is also considered with N/R/T/RT abbreviation.

in order of increasing average Eint yields the following sequence: (1,5)-BN < (2,3)-
BN < F-subst < (1,4)-BN < (9,10)-BN < pure anthracene. This ordering does not
fully coincide with the trends observed for isotropic polarizability or dipole moment.
However, the prediction based on isotropic polarizability that F-subst and (2,3)-BN
should exhibit lower Eint values is confirmed.

It is also necessary to examine how the stabilities of the X-dimer and the glike-
dimer compare for each monomer. As shown above, both types of dimer were found
to be stable for the fluorinated derivative. For the BN-substituted molecules, the
situation is different: only in certain cases the same operations yielded two stable
dimer types, namely for (1,4)-BN-anthracene (N), (1,4)-BN-anthracene (T), and (2,3)-
BN-anthracene (T). Therefore, for anthracene, fluorinated anthracene, and selected
BN-substituted monomers, it is worth examining how the relative stability varies
depending on the monomer. The Eint and BSA values for the glike-dimer and the
X-dimer pairs are presented in Table 14. As discussed above, fluorinated anthracene
dimers exhibited lower Eint and larger BSA values than unsubstituted anthracene.
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Table 14: The interaction energy (Eint in kJ/mol) and the buried surface area (BSA
in a20) for X-dimer and glike-dimer orientations for anthracene, perfluoroan-
thracene and selected BN-substituted anthracene molecules.

Molecule Eint, kJ/mol BSA, a20
glike-dimer X-dimer ∆Eint glike-dimer X-dimer

Anthracene −47.26 −49.96 −2.70 807.62 820.69

Perfluroanthracene −58.11 −58.82 −0.71 1039.70 1056.05

(1,4)-BN-anthracene (N) −43.07 −53.38 −10.31 825.53 826.74

(1,4)-BN-anthracene (T) −49.25 −58.21 −8.96 813.84 827.37

(2,3)-BN-anthracene (T) −62.28 −60.53 1.75 820.11 826.93

The interaction energy is lower by approximately 10 kJ/mol for both dimer types.
At the same time, the difference between the X-dimer and the glike-dimer is only
-0.71 kJ/mol. For (1,4)-BN, (N) dimers have higher Eint than anthracene, but the
difference between the X-dimer and the glike-dimer is to -10.31 kJ/mol. (T) dimers
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4.3 Chemical Substitution Effects on Anthracene Dimers

exhibit lower Eint than anthracene, and the difference between the two dimer types is
approximately 9 kJ/mol. For (2,3)-BN (T), Eint is the lowest among the pairs, and
the glike-dimer is more stable than the X-dimer (by 1.75 kJ/mol). The BSA values
for the BN-substituted and anthracene dimers are nearly identical, falling within the
range of 800–830 a20.

It can be concluded that substitutions within the anthracene structure alter both
monomeric and dimeric properties. Furthermore, a correlation between these two
sets of properties is not consistently observed. Although some dimers were found
to be higher in energy than those of unsubstituted anthracene dimers, on average
substitution enhances the interaction energy. In addition, the X-dimer configuration
remains the most stable.

4.3.4 Optical Properties of Substituted Dimers

To address the question of substitution effect on optical properties of dimers, TD-
CAM-B3LYP calculations of UV-Vis spectra were performed for all monomers and
dimers. Four different cases of UV-Vis spectra are presented in Figure 39: (a) an-
thracene monomer and dimers, (b) F-substituted anthracene and dimers, (c) (1,4)-
BN-anthracene, the X-dimer and the glike-dimer (N), and (d) (1,5)-BN-anthracene,
X-dimer (TR), and the glike-dimer (T).

As discussed in Section 4.2.6, there is no significant change in peak positions going
from monomer to dimers, all appear near 350 nm for anthracene. The F-substituted
systems exhibit a bathochromic shift. The monomer shows two closely spaced peaks,
while both dimers share the same first peak position as the monomer. For (1,4)-BN-
anthracene, all structures display a peak near 340 nm, slightly blue-shifted compared
to anthracene. What is particularly interesting is the behavior of (1,5)-BN-anthracene.
Both the monomer and dimers deviate significantly from the peaks observed in the
other cases. The (1,5)-BN-anthracene monomer peak appears near 700 nm, while both
dimers are equal to each other but blue-shifted by approximately 100 nm relative to
the monomer.

With the exception of (1,5)-BN-anthracene, all other systems exhibit nearly the same
first excitation peak. Only (1,5)-BN-anthracene shows a distinct optical response. As
discussed before this monomer is also the most exceptional in terms of interaction
energy, dipole moment, polarizability, and HOMO–LUMO gap. Therefore, these sub-
stitutions do not produce unique spectral shifts for each dimer. However, substitution
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Figure 39: The UV-Vis spectra for selected monomers and dimers of anthracene
calculated with TD-CAM-B3LYP/def2-TZVP. The following colors and
lines are chosen: for the monomer is solid red, for the X-dimer blue solid
line and for the glike-dimer blue dotted line in each case. (a) anthracene
monomer and dimers; (b) F-subsituted anthracene and dimers; (c) (1,4)-
BN-anthracene monomer and dimers; (d) (1,5)-BN-anthracene monomer
and dimers.

polarizing the molecules yields a significant shif the UV-Vis absorption peak for
both monomer and dimers, simultaneously, as shown for (1,4)-BN-anthracene and
fluorinated anthracene.

102



4.4 Extended Linear Acenes

4.3.5 Discussion

In this section, the influence of F- and BN-substitutions on the strength of π − π

stacking was investigated, along with the relative stability of the X-dimer and the glike-
dimer orientations and the effect on UV-Vis spectra. It was shown that the presence
of a large dipole moment and high polarizability in the monomer is reflected in the
exceptionally high stability of the (1,5)-BN dimer relative to its monomers. Although
some individual dimers exhibit higher Eint values than unsubstituted anthracene,
on average both BN- and F-substitutions lower Eint, resulting in stronger π − π

interactions. The BSA values for BN-substituted dimers largely fall in the same range
as unsubstituted anthracene (near 820 a20), whereas fluorinated dimers possess a
notably larger BSA (near 1000 a20) due to the larger van der Waals radius of fluorine.
It is worth noting that among the BN-substituted dimers considered, the majority
of the more stable structures adopt the X-dimer orientation; pairwise comparison of
BN-substituted X-dimers and the glike-dimers shows that in two out of three cases
the X-dimer is more stable. For the fluorinated derivative, the difference between the
two dimer orientations is -0.71 kJ/mol, which is negligibly small.

Subsequently, the influence of substitution on the UV-Vis spectra of monomers and
dimers was examined. With the exception of (1,5)-BN-anthracene, all other cases,
including the fluorinated derivative, show that the dimer absorption peak coincides
with that of the monomer, and any spectral shift originates from the monomer itself.
Fluorine substitution induces a bathochromic (red) shift, while (1,4)-BN-anthracene
causes a hypsochromic (blue) shift. For (1,5)-BN-anthracene, the monomer exhibits a
strongly red-shifted peak (near 700 nm), whereas both dimers are blue-shifted relative
to the monomer (near 600 nm).

While substitution offers one route to tuning dimer properties, another dimension is
extension of the π-system. It is possible to explore how far these trends extend beyond
pentacene.

4.4 Extended Linear Acenes

π − π stacking in acene dimers ranging from naphthalene to decacene (Figure 40a),
with the aim of establishing how the interaction trends evolve with increasing system
size are examined in this section. Already within the naphthalene-to-pentacene series,
a progressive narrowing of the HOMO–LUMO gap is observed as the number of fused
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4 Non-Covalent Interactions of PAHs and their Derivatives

rings increases[415]. Recent theoretical studies have demonstrated that beyond a
hexacene length, DFT treatments based on a closed-shell reference fail to capture the
correct physics[416–418].

Figure 40: Studied (a) acene monomers up to 10 fused rings (decacene) and (b) dimer
types.

The extremely small singlet–triplet gaps and low ionization potentials of higher acenes
give rise to pronounced chemical reactivity, manifested in their susceptibility to
photoinduced oxidation and spontaneous dimerization. These limitations restricted
for a long time the study of such systems to matrix-isolation conditions[255, 291,
419]. However, advances in on-surface synthesis and hydrogen-protected precursor
strategies have not only confirmed the existence of acenes up to fifteen fused rings, but
also enabled detailed visualization of their electronic resonances by means of atomic
force microscopy[420]. The combination of exceptional charge-transport properties,
relevant to field-effect transistors, and the capacity for efficient singlet-fission renders
longer acenes as a promising platform for next-generation organic optoelectronics and
quantum materials with tunable magnetism[255, 291].

In this context, several questions naturally arise:

(i) Does π − π stacking scale with increasing acene length.

(ii) How adequately can systems beyond pentacene be described within standard
DFT-based methods.

(iii) Which dimer configurations continue to exhibit linear trends in their interaction
energies and which deviate.
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4.4 Extended Linear Acenes

(iv) What happens to the spin-state in both monomers and dimers as the chain
grows.

These questions are addressed in the present section.

To provide a comprehensive picture, a third dimer configuration, the slip-dimer, was
included alongside the two geometries discussed above. This arrangement, identified as
the second most stable stacking motif in the systematic study by Cabaleiro-Lago and
co-workers[32], differs from the the glike-dimer in that the displacement of the second
monomer relative to the first occurs along a single direction only (see Figure 40b).

4.4.1 Interaction Energy Trends

First, interaction energy calculations were performed for the three dimer configurations
across systems containing 2 to 10 fused rings. The resulting dependence of the
interaction energy on the number of fused rings is presented in Figure 41a. A common
trend is immediately apparent: the interaction energy decreases steadily with increasing
system size. This effect is most pronounced for the X-dimer. Whereas for naphthalene
the energy differences among the three configurations are small, the curves diverge
progressively as the acene chain grows. The X-dimer consistently exhibits the strongest
binding, followed by the glike-dimer and the slip-dimer, respectively. More importantly,
beyond seven fused rings (heptacene) this trend breaks down. The deviation is
particularly evident for the slip-dimer, while the X-dimer curve also begins to depart
from the near-linear behavior that persists for the glike-dimer. On the basis of these
observations, a linear and predictable scaling of the interaction energy can be identified
for all three dimer types within the range of 2 to 7 fused rings; beyond this point, the
trend can no longer be considered systematic. This raises a natural question: what is
the origin of this breakdown?

To address this question, the interplanar distance of the inner six carbon atoms in
the middle ring, denoted o6, was calculated. This parameter describes the distance
between the centroids of the six central carbon atoms (or near center) measured along
the direction of the plane normal (i.e., the direction normal to the molecular plane).
The script for computing o6 of dimers was provided by Andrea Buchwald and Professor
Reinhold F. Fink from the University of Tübingen. The resulting curves are presented
in Figure 41b. Interestingly, the onset of the trend breakdown identified in the 7-to-10
ring range is already apparent for the heptacene X-dimer, which exhibits a substantial
variation of o6 from approximately 3.2 to 2.9 Å. By contrast, the glike-dimer and
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Figure 41: (a) The interaction energy (in kJ/mol) as a function of the number of
fused rings. Normal trend shows linearity of Eint, broken trend shows non-
linear behavior of the interaction energy. (b) The interplane distance of
the inner six carbon atoms (o6 in Å) as a function of the number of fused
rings. (c) and (d) Energy components of B3LYP-D3(BJ) interaction energy
in kJ/mol: (c) B3LYP (DFT) energy (repulsion); (d) D3(BJ) dispersion
energy component (attraction). Each color and marker shape denotes the
dimer type (the glike-, slip-, and X-dimers).
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slip-dimer show a modest decrease in o6 with increasing system size. For the slip-
dimer, a large o6 distortion is observed only upon going from heptacene to octacene,
whereas the glike-dimer maintains a linear trend up to decacene. Unfortunately, for
the slip-dimer at the decacene size and for the X-dimer at the nonacene and decacene
sizes, several geometrical distortions of the molecular planes preclude a meaningful
determination of o6 (examples are provided in Appendix for Chapter 4, Section 4.4).
Consequently, these data points are absent from the diagram.

A further question arises: given the geometrical distortions observed in the larger
acenes. And which contributions to the interaction energy are more significantly
affected, the dispersion component (attractive effect on Eint) or the DFT energy
(repulsive effect on Eint). Both contributions are plotted in Figure 41c,d. Notably,
the X-dimer and the glike-dimer exhibit linear changes in both energy components
across the entire size range. In particular, although variations in o6 for the X-dimer
were already evident from heptacene onward, no signatures of non-linear behavior are
found in either the B3LYP or the dispersion component D3(BJ) of the B3LYP-D3(BJ)
energy. Only the slip-dimer displays a deviation from linearity in both components
beyond heptacene: the B3LYP energy increases and the dispersion contribution D3(BJ)
decreases upon going from heptacene to octacene. Beyond this point, however, the
slip-dimer recovers a linear trend that persists from octacene through decacene.

Comparing BSA with the interaction energy reveals several noteworthy observations
(Figure 42). First, despite the geometrical distortions and the breakdown of regular
trends beyond the heptacene size, the linearity of the interaction energy with respect
to BSA is preserved across all three dimer types (R2 = 0.92). This suggests that
that BSA serves as a universal feature for the considered systems. Second, while
the interaction energy trends of the three dimer configurations are nearly identically
monotonic for acenes up to heptacene, they diverge beyond this point into two distinct
branches: one corresponding to the glike-dimer and the other to the X-dimer and the
slip-dimer. Third, after heptacene size the X-dimer and the slip-dimer follow a nearly
coincident trend of increasing interaction energy, with only minor deviations between
the two configurations.

4.4.2 Electronic Structure Evolution in Extended Acenes

The following aspect to be addressed is the evolution of the electronic structure
with increasing acene size. To this end, the following properties were systematically
evaluated: the singlet–triplet gap (∆ES−T ), vIP, vEA, vFG, and EH−L. As discussed
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Figure 42: The interaction energy (Eint in kJ/mol) as a function of the buried surface
area (BSA in a20). Each color corresponds to a different number of fused
rings (Nrings).

in the preceding sections, both theoretical and experimental evidence point to the
emergence of open-shell character and possible polyradical ground states in higher
acene homologues. Accordingly, the singlet–triplet energy gap was computed for all
dimer configurations as well as for the isolated monomers, enabling a direct comparison
of the trends.

The resulting curves are presented in Figure 43. Across the entire size range, monomer,
the glike-dimer, and the X-dimer exhibit monotonic trends up to decacene. The
slip-dimer deviates from regularity beyond heptacene. Notably, at the heptacene size
the singlet–triplet gap is near or above 50 kJ/mol for all systems. For the glike-dimer
and the monomer, the singlet–triplet gap becomes positive beyond octacene, while for
the slip-dimer and the X-dimer it does not change, a consequence of the geometrical
distortions discussed above.

Trends in vIP and vEA were also examined and compared with the corresponding
monomer values (see Figure 44a,b). For all dimer configurations up to heptacene, the
difference in vIP relative to the monomer remains approximately constant. Beyond
heptacene, the slip-dimer and X-dimer exhibit higher vIP values than the glike-dimer,
and by decacene the vIP of the slip-dimer approaches that of the isolated monomer.
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Figure 43: Singlet-triplet energy gap (∆ES−T = ES − ET in kJ/mol) for different
dimers and monomers based on the number of fused rings.

Regarding vEA, all three dimers display higher values than the monomer up to
heptacene. Within this range, the glike-dimer and the X-dimer follow nearly identical
trends, while the slip-dimer consistently shows a somewhat higher vEA. Beyond
heptacene, the regular trend breaks down. For instance, vEA values of the slip-dimer
and X-dimer converge toward those of the monomer, effectively erasing the dimer
stabilization observed for shorter acenes.

Finally, the HOMO-LUMO gap and vFG were examined (see Figure 44c,d) as these
quantities provide direct insight into the electronic stability of the systems and their
potential suitability as organic semiconductors. Up to heptacene, the monomer, the
glike-dimer, and the X-dimer exhibit nearly identical HOMO–LUMO gaps with minor
deviations, whereas the slip-dimer falls outside this trend, displaying consistently
lower values. Beyond octacene, the behavior of the slip-dimer and the X-dimer deviate
from the preceding trend. Their HOMO–LUMO gaps become larger than those of
the glike-dimer. Monomer and the glike-dimer, in turn, remain so close that they are
practically indistinguishable.

Regarding the vFG, the monomer consistently exhibits higher values than all dimer
configurations. The X-dimer and the glike-dimer behave nearly identically up to
heptacene, while the slip-dimer again shows lower values. This is a consequence of its
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higher vEA, given that vIP was approximately the same for all three dimers in this
size range (Figure 44a,b).
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Figure 44: Different electronic features for dimers and monomers of the acene series
( in kJ/mol): vIP (a); vEA (b); EH−L (c); vFG (d). vIP (left) and vEA
(right) for dimers and monomers of the acene series ( in kJ/mol).

4.4.3 Discussion

The results presented above reveal a consistent pattern: nearly all electronic and
structural properties of acene dimers undergo a qualitative change around heptacene.
This threshold likely marks the point beyond which a closed-shell hybrid DFT de-
scription becomes inadequate, and more sophisticated multireference approaches, such
as CASSCF/CASPT2 or DMRG-based methods, would be required to capture the
correct properties of these systems[418].
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Importantly, this breakdown in regularity is observed only for the X-dimer and the slip-
dimer, whereas the glike-dimer exhibits considerably more predictable behavior, with
no significant deviations in the property trends even for the largest acenes considered.
Probably, the displaced geometry of the glike-dimer is inherently less susceptible to
the emerging open-shell character than the geometries of the X-dimer and slip-dimer
(see Appendix for Chapter 4, Section 4.4). Notably, despite the geometrical distortions
observed for the latter two orientations, the linearity of the interaction energy with
respect to BSA is preserved, implying that even geometrically distorted dimers retain
a well-defined interaction energy for a given molecular size, a finding that underscores
the robustness of BSA as a transferable descriptor.

The observation that the HOMO–LUMO gap, vIP, vEA, and vFG of certain dimers
converge toward the corresponding monomer values at large acene sizes is physically
significant. This convergence suggests a progressive increase in the cooperative elec-
tronic stabilization within the dimer, possibly linked to the localization of frontier
orbitals driven by the increasing polyradical character of the ground state.

In conclusion, the breakdown of regular trends beyond heptacene may partially reflect
intrinsic limitations of the B3LYP-D3(BJ) framework when applied to systems with
a substantial multireference character. These findings motivate future investigations
employing multiconfigurational methods and, equally importantly, help delineate
the acene size range within which B3LYP-D3(BJ) can be reliably applied for the
description of π − π stacking interactions.

4.5 cata-Condensed Polybenzoid Isomers

The following section is devoted to the most stable dimers of acene isomers, examining
how their properties are correlated with one another. In particular, the question
of whether dimer properties can be predicted from monomer descriptors alone, or
whether certain dimer properties are interdependent. This issue will be addressed,
along with related aspects of structure–property relationships across the isomer series.

In the era of big data in chemistry, the preparation of specific datasets that can be
further applied to screen properties and structures, as well as to develop new research
methods, for example those based on machine learning, has become increasingly
important[421–424]. This trend has naturally extended to non-covalent complexes. To
date, numerous databases have been developed and are widely used for benchmarking
various ab initio methods, training modern machine-learned potentials[425], and
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screening specific properties of complexes[293]. Among the most well-known are
NCIE[426], S22[40, 427], GMTKN30[41], A2ID[428], S66[429], S12L[430], L7[431, 432],
A24[433], as well as NENCI-2021[434] (a database of non-equilibrium interactions).
The atlas of some of NCI databases is available[435]. But mostly they don’t touch π−π
stacking interaction. Given the above, there is a clear need for new databases of non-
covalent interactions, particularly in the domain of polycyclic aromatic compounds,
where π − π stacking is the dominant interaction[436].

It is worth noting separately that PAH species are relevant not only for potential ap-
plications in organic electronics but also for their presence in cosmic environments[207,
437, 438]. For instance, it has been demonstrated that PAHs are the carriers of the
unidentified infrared emission bands observed in astronomical spectra[437–440]. Entire
databases, such as NASA PAHdb[441], have been created for PAH identification, and
the presence of non-covalent complexes would further complicate the picture in the
absence of reference databases for comparison.

Building upon the publicly available COMPAS Project database[293], originally
designed for screening cata-condensed polybenzoid topologies with the aim of enabling
rational design of functional aromatic molecules for organic electronics. This section
introduces its extension: The COMPAD Project (COMputational database of
Polycyclic Aromatic Dimers: the cata-Condensed Polybenzenoid Hydro-
carbons Case). The primary objectives of this new database are to enable screening
of the properties of π − π dimers of cata-condensed polybenzenoid hydrocarbons, to
serve as a benchmark for various ab initio methods, and to facilitate the training of
new machine learning (ML) approaches. In this section, a new database is presented,
that database contains only the most stable dimers for each monomer, ranging in size
from benzene to all isomers of hexacene. However, it will continue to be expanded over
time to increase its scope and utility. This chapter provides the analysis of existed
trends and correlations between monomer and dimer properties.

4.5.1 Construction of the COMPAD Project Database

Initially, all monomers and their geometries for the range of one to six fused rings were
taken from the COMPAS Project database[293]. This yielded a total of 58 monomers.
The distribution of the number of monomers as a function of size is presented in
Table 15. For example, all monomers of tetracene are shown in Figure 45.

The construction of this database involved the following steps:
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4.5 cata-Condensed Polybenzoid Isomers

Table 15: The number of cata-condensed polybenzoid hydrocarbon monomers as a
function of the number of fused rings.

Number of Fused Rings Number of Monomers

1 1

2 1

3 2

4 5

5 12

6 37

Total 58

(i) Generation of initial dimer structures. Initial structures were generated by dupli-
cating the monomer coordinates with a translation along the axis perpendicular
to the monomer plane.

(ii) Conformational search and filtering. The initial dimers were subjected to meta-
dynamics-based conformational sampling using CREST with GFN2-xTB for
non-covalent complexes under default parameters. The six most stable conformers
from the sorted CREST output were selected for further optimization.

(iii) Two-stage geometry optimization. The six selected conformers were first opti-
mized at the B3LYP-D3(BJ)/def2-SVP level of theory. The most stable structure
among them was then reoptimized using the larger def2-TZVP basis set.

(iv) Single-point energy calculations. For each final dimer geometry, two single-point
calculations were performed: one at the TD-CAM-B3LYP/def2-TZVP level
to obtain the first excitation energy, and another at the B3LYP-D3(BJ)/def2-
TZVPP level to compute the remaining monomer and dimer properties.

The complete data preparation workflow is shown in Figure 45.

4.5.2 Monomer and Dimer Electronic Properties

The following electronic properties were obtained for monomers and their dimers: the
HOMO–LUMO gap, first excitation energy, vertical ionization potential, vertical elec-
tron affinity, dipole moment, and isotropic polarizability. As previously demonstrated
for acene molecules, dimeric electronic properties differ only slightly from monomeric
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4 Non-Covalent Interactions of PAHs and their Derivatives

Figure 45: The full scheme of the COMPAD database with main steps: (left) con-
sidered monomer sizes that taken for database and examples of tetracene
isomers; (center) two main steps of preparation final dimer geometries - con-
formational search and DFT optimization; (right) all features of database
for monomers (blue left) and dimers (orange right). Some of them exist for
both structures.

ones while following the same trends. Therefore, the correlation between monomer
and dimer properties was examined first, as shown in Figure 46.

The HOMO–LUMO gap, consistent with earlier findings for acenes, is slightly reduced
for dimers relative to monomers, but otherwise the two sets of values are strongly
correlated, that well observed in Figure 47. For vIP and vEA, a clear linear relationship
is also observed. However, dimers exhibit lower vIP and higher vEA compared to
monomers, suggesting that the charge in ionized states is more effectively delocalized
over the larger system, thereby stabilizing both positively and negatively charged
species. In the case of Eexc, perfect agreement between dimer and monomer values
is observed, with negligibly small deviations. Isotropic polarizability shows also a
linear correlation, with dimer values approximately twice those of the corresponding
monomers. The dipole moment, however, displays no discernible trend: the data points
are widely scattered, likely owing to the small magnitudes involved, with a large
fraction of monomer values equal or close to zero.

In summary, most electronic properties of monomers are well correlated with those of
dimers, differing primarily by a scaling coefficient, as exemplified by α, which roughly
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Figure 46: The correlation between monomeric and dimeric electronic properties
for all isomers composed of 3-6 fused rings. On axis X are monomeric
electronic properties, on axis Y are dimeric electronic properties. There
are the following features: (a) HOMO–LUMO gap EH−L (eV); (b) vertical
ionization potential vIP (eV); (c) vertical electron affinity vEA (eV); (d)
first excitation energy Eexc (eV); (e) isotropic polarizability α (a.u.), (f)
dipole moment µ (D).
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Figure 47: The view of (top) Pearson Correlation (linear), (bottom) Spearman Corre-
lation (non-linear) matrices. Two correlation matrices between the dimeric
(columns) and monomeric (rows) features, including interaction energy
(Eint), buried surface area (BSA) of dimers and surface are of monomers
(Smono): HOMO–LUMO gap (∆EH−L), first excitation energy (Eexc), ver-
tical ionization potential (vIP), vertical electron affinity (vEA), isotropic
polarizability (α), dipole moment (µ).
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doubles, and by vIP and vEA, which shift systematically toward greater charge-state
stability.

4.5.3 Interaction Energy Correlation with BSA and Isotropic Polarizability

The examination of properties unique to dimers is of particular interest. Especially, the
interaction energy (Eint) and BSA. How do they correlate with each other? Whether
do and to what extent they correlate with individual monomer properties? These
questions are discussed here.

To address these questions, Pearson and Spearman correlation heatmaps[442] were
computed, as presented in Figure 47. Both matrices include all electronic and structural
properties of the monomers alongside two dimer-specific properties, Eint and BSA.
Also, two matrices look identical, that means the connection between features is
near linear. It can be concluded that, to varying degrees, all properties correlate
with Eint and BSA, with the exception of the dipole moment. Eint and BSA are
strongly correlated with each other (-0.98 by Pearson), consistent with earlier findings
for extended acenes: the larger the BSA, the lower the Eint and the stronger the
interaction in the case of π–π stacking. The dependence of Eint on BSA for number
of fused rings in monomer Nrings = 3− 6 is shown in Figure 48, yielding R2 = 0.93.
The mean absolute error (MAE) and the root mean square error (RMSE) are 3.41
and 4.26 kJ/mol, respectively. A clear shift along the regression line is observed with
increasing number of fused rings, toward lower Eint and larger BSA, as each additional
ring participates in the stabilization of the non-covalent interaction.

Notably, several outlying points deviate from the general trend, lying further toward
the upper left of the plot. These correspond to three isomers with five and six fused
rings: one tetracene isomer, one pentacene isomer and one hexacene isomer. All three
points exhibit higher Eint (i.e., weaker interaction) and lower BSA values compared
to other members of their respective families. Inspection of their structures, shown
in Figure 49 and their properties in Table 16, reveals that all three isomers possess
a pronounced structural curvature, which can reasonably be expected to hinder
dispersion and electrostatic interactions, thereby reducing the overall interaction
energy due to a smaller contact surface area.

Returning to the monomer properties correlated with Eint, isotropic polarizability also
exhibits a very strong correlation (-0.96 in Pearson correlation). It is well established
that polarizability is one of the most fundamental molecular descriptors governing
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Figure 48: The interaction energy (Eint in kJ/mol) as a function of the buried surface
area (BSA in a20) for all isomers composed of 3-6 fused rings. Each color
corresponds to a different number of fused rings (Nrings).

Figure 49: The examples of helicene molecules with four, five and six fused rings. (From
the left to the right is the order of how they are located in Figure 48).

Table 16: Interaction energy (Eint in kJ/mol), buried surface are (BSA in a20) and
isotropic polarizability (α in a.u.) for helicene molecules with four, five and
six fused rings.

Molecule Eint, kJ/mol BSA, a20 α, a.u.

[4]helicene -65.56 960.45 221.75

[5]helicene -77.48 1085.71 270.95

[6]helicene -80.19 1103.43 315.77
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4.5 cata-Condensed Polybenzoid Isomers

the strength of non-covalent interactions, particularly van der Waals forces[345]. It
is therefore logical that these two quantities are strongly correlated: the higher the
polarizability, the stronger the interaction and the lower the value of Eint. Plotting
Eint against monomeric isotropic polarizability yields R2 = 0.86 (see Figure 50). The
MAE and the RMSE are 4.70 and 5.82 kJ/mol, respectively. Remarkably, within each
group the highest polarizability and the more linear-dependent Eint correspond to the
acene dimers (from anthracene to hexacene, inclusive). In every case, the most stable
configuration was the previously studied X-dimer, which did not stand out notably in
terms of BSA but ranked first in isotropic polarizability among all cata-condensed
polybenzoids of the same ring count.
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Figure 50: The interaction energy (Eint in kJ/mol) as a function of the isotropic
polarizability (α in a.u.) for all isomers composed of 3-6 fused rings. Each
color corresponds to a different number of fused rings (Nrings).

As demonstrated above, Eint correlates with many monomer properties, particularly
structural descriptors and isotropic polarizability. The correlations with vIP and
vEA were also relatively high (0.76 and -0.75, respectively). A natural follow-up
question arises: can this results of interaction prediction be systematically improved
by considering the combination of different features? And how will different subset of
parameters perform in this prediction? To address this question, a machine learning
study was carried out to establish which set of features is most predictive. This study
is presented in the Appendix for Chapter 4, Section 4.5. as a supplementary addition
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to the thesis. It is not reflected in the conclusions, but provides additional insight into
how an ML-based analysis can be performed on this dataset.

4.5.4 Discussion

The resulting dataset was analyzed by constructing correlation matrices and training
ML methods with different feature subsets. Several previously proposed ideas were
reaffirmed, including the universality of BSA as a descriptor reflecting Eint. The
relationships between monomer and dimer electronic properties were also examined,
revealing strong correlations and, in the case of Eexc, near-exact agreement between
monomer and dimer values. Separately, monomer polarizability was shown to be very
strongly correlated with Eint.

4.6 Chapter Conclusions

In this chapter, different aspects of non-covalent dimers across a wide range of struc-
tures, including acenes, their derivatives, and isomers were systematically investigated.
The main methodology was first implemented for acene dimers and subsequently
expanded to encompass different substitution patterns, system sizes, and topologies.

Firstly, unexplored systematically the X-dimer was investigated with different methods
for four acene molecules. The SAPT analysis revealed the dominant components of the
interaction energy that render the X-dimer more stable than the glike-dimer. For acene
dimers, the relative stability of the glike-dimer and the X-dimer was examined, and
the trend of increasing stability with system size was explored. The buried surface area
was identified as a suitable descriptor associated with the interaction energy, though
not with the relative stability of different dimer configurations. The geometries and
interaction energies obtained at the B3LYP-D3(BJ)/def2-TZVP level were validated
against the CC values. A comparison of several NNP-based, semi-empirical, and
DFT-based methods was alsoperformed using PNO-LCCSD(T*)-F12 as a reference.
The results indicate that most DFT methods reproduce the correct stability trends for
dimers, suggesting that they provide a qualitatively accurate picture. The electronic
properties of dimers follow the same trends as those of the corresponding monomers,
albeit with systematic shifts that stabilize the charged states. The UV-Vis spectra of
the acene dimers were shown to be essentially identical to those of the monomers due
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to the local excitation character of the transitions. Only sophisticated aggregates as
herringbone one can induce bathochromic shifts in the UV-Vis spectra.

Subsequently, it was shown that substitutions with BN and F have a favorable effect
on the interaction energy, lowering it further. The strength of the interaction was
associated with certain monomeric electronic properties, such as polarizability and
dipole moment. The X-dimer was found to be more stable orientation compared to the
glike-dimer for nearly all cases. The monomers of substituted acenes exhibited unique
UV-Vis spectral features, whereas the spectra of their dimers, with the exception of
(1,5)-BN-anthracene, were indistinguishable from those of the monomers.

Extension to larger acene sizes confirms that open-shell and polyradical effects become
increasingly pronounced with system size. For example, the singlet-triplet energy gap
of octacene falls below 50 kJ/mol for all dimers and the corresponding monomer. As
a consequence, the DFT electronic structure description becomes unreliable beyond
heptacene at the B3LYP-D3(BJ) level. Significant geometry distortions, manifested as
out-of-plane deformations and central pinching of the monomers, are observed starting
from heptacene-sized systems for the X-dimer and the slip-dimer. This affects the final
interaction energy and other electronic properties, breaking the visible trends observed
for acenes smaller compared to heptacene. The interaction energy trends remain
consistent with those found in the naphthalene-pentacene range for the glike-dimer
and for the X-dimer and the slip-dimer up to heptacene. The interaction energy
decreases and BSA increases linearly with size. The X-dimer becomes increasingly
more stable relative to the glike-dimer and the slip-dimer.

The database of cata-condensed polybenzoids was compiled and analyzed. The buried
surface area was shown to be a universal descriptor for non-substituted cata-condensed
polybenzoids that reliably captures the ordering of interaction energies for geometri-
cally distinct acene isomers. In addition, the monomer polarizability was identified as
an effective feature for describing the interaction energy. Most monomeric and dimeric
electronic properties are well correlated, with the exception of the dipole moment.

Overall, this chapter demonstrates the unique dimer type for acene systems. The
stability of dimers was investigated and confirmed with different substitutions and
molecule sizes for acene systems. Then the strong correlation between the interaction
energy and different monomeric properties are shown on different acene isomers. Also,
it was shown that B3LYP-D3(BJ) and other DFT methods correctly reproduce the
stability trends up to certain size of dimers and can adequately describe additional
properties such as UV-Vis spectra. The results provide well-founded answers regarding
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the relative stabilities of selected dimers and how non-covalent interactions affect
electronic and optical properties. These insights can guide future investigations and
serve as a basis for screening molecular structures and tuning them toward desired
properties.
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5 Summary and Conclusion

In the present work, the energy landscapes associated with catalytic systems and non-
covalent complexes were investigated using various quantum chemical methods. The
selected cases served not only to demonstrate the capabilities of modern computational
approaches, but also to critically examine their limitations and define the boundaries
of their applicability in the context of chemical modeling.

In the first part, a particular emphasis was placed on the role of using a QM:QM em-
bedding scheme in catalysis. The hierarchical cluster correction scheme was illustrated
in the context of ethylene dimerization in the Ni-NU-1000 MOF catalyst. An accurate
description of the reaction energy profile was first established at the DLPNO-CCSD(T)
level and subsequently used to validate DFT methods for the hierarchical cluster
correction scheme, suitable for modeling the full ethylene oligomerization mechanism.
Crucially, the CC-corrected TOF of 260 h−1 was found to be close to the experimental
value of 252 h−1, providing direct experimental support for the predictive power of
the scheme. Uncorrected periodic DFT using the PBE functional was found to deviate
from the CC-corrected reference by more than 20 kJ/mol for adsorption and desorption
steps and by up to 15 kJ/mol for energy barriers, underlining the necessity of such a
correction in the first place. Among the tested functionals within the hierarchical clus-
ter correction scheme, TPSSh and M06-L emerged as the most reliable, reproducing
the coupled cluster reference for ethylene dimerization with a mean absolute deviation
of 3–4 kJ/mol. The ability to extend validated methods to larger and more complex
systems is central to the practical value of this approach. Ultimately, this correction
scheme provided kinetic insights for the olefin oligomerization in the Ni-NU-1000
catalyst.

Kinetic analysis across different computational methods revealed substantial differences
in product distribution, further highlighting the necessity of such benchmarking studies.
For instance, with M06-L no ethylene conversion was observed, whereas with TPSSh
more than half of the ethylene was converted (63%), yielding oct-1-ene as the primary
product with 37% selectivity in the trigonal pore. Complete ethylene conversion
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was predicted using the PBE functional, illustrating how uncorrected DFT can lead
to qualitatively misleading conclusions. Furthermore, the experimentally observed
catalytic activity of specific pore types toward the formation of products heavier than
hex-1-ene was confirmed and rationalized by microkinetic analysis based on TPSSh.
The trigonal pore was found to have a chain growth up to oct-1-ene, while the hexagonal
pore did not produce olefins beyond hex-1-ene, that confirms an experimental evidence
for preferential chain growth in the trigonal pore.

In the second part of the work, focused on non-covalent PAH dimers, the relative
stability of the previously unexplored X-dimer was established for acene systems
and their derivatives. The SAPT analysis identified the dominant interaction energy
components, such as dispersion and electrostatics, that render the X-dimer more stable
compared to the competing glike-dimer, providing a physically grounded rationale
for its preference. It was shown how the choice of computational methods critically
affects the predicted stability of the complexes. Most benchmarked DFT methods
were nevertheless able to reproduce the correct stability trends. Beyond energetics,
particular attention was to the influence of molecular conformation on both the
electronic structure and the optical properties of the non-covalent complexes. The
UV-Vis spectra of anthracene-based dimers were found to closely match those of the
corresponding monomers, in agreement with experimental data, while anthracene
substitutions were shown to enhance the interaction energy and to modulate electronic
and optical properties. The interplay between molecular geometry, system size, and
substitution pattern was analyzed in terms of their individual effects on dimer stability
and on the electronic and optical response, with the buried surface area and the
monomer polarizability emerging as universal descriptors of the interaction energy
across the studied set, providing a rational basis for future computational screening
and materials design. The limitations of the DFT description were also identified,
with open-shell effects becoming significant beyond heptacene and rendering a reliable
DFT-based description of larger acene dimers unfeasible.

In summary, the hierarchical cluster correction scheme offers a transferable framework
that can be applied to related catalytic systems to improve the reliability of kinetic
modeling, as illustrated quantitatively by the shift from complete (uncorrected) to more
than half (corrected) ethylene conversion and by the recovery of the experimentally
observed pore-dependent product distribution in the Ni-NU-1000 catalyst. Similarly,
the methodological insights gained for non-covalent acene-based systems lay the
groundwork for the computationally guided design of functional organic materials.
The results can help with quantified stability and tailored electronic and optical
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properties. Especially, this design patterns can be supported by compact universal
descriptors and a clearly defined DFT applicability domain extending up to heptacene.
In the end, these two case studies lead to the same conclusion: reliable predictions of
chemical observables require an accurate energy.
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A.1 Appendix for Chapter 3, Section 3.2

The Ethylene Dimerization Mechanism
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Figure 51: The ethylene dimerization mechanism representation as key stationary
structures calculated at the PBE-D3(BJ)/def2-TZVP level using the
formate-cluster model. In the visualization, chemical elements are rep-
resented by specific colors: Zr (cyan), Ni (green), O (red), C (brown), and
H (light pink). The bond length and interatomic distances are represented
in pm. Reprinted with permission from [111]. Copyright 2025 American
Chemical Society.
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A.2 Appendix for Chapter 3, Section 3.3

Reaction Equations for Olefin Oligomerization Catalytic Reaction Network

This section presents the main reactions within the catalytic reaction network operative
on Ni-NU-1000 for olefin oligomerization (from Figure 11B and Figure 12). (gp)
subscript denotes the gas-phase molecule.

1. Dimerization Process:

a) First ethylene adsorption

[Ni-H] + C2H4(gp) → [et-Ni-H] (76)

b) Ethylene hydrogenation (β-agostic intermediate formation)

[et-Ni-H] → [Ni-ethyl] (77)

c) Ethylene adsorption (Initial structure formation)

[Ni-ethyl] + C2H4(gp) → [et-Ni-ethyl] (78)

d) C-C coupling (Dimerization)

[et-Ni-ethyl] → [Ni-butyl] (79)

e) β-H elimination
[Ni-butyl] → [but-Ni-H] (80)

2. Trimerization Process:

a) Ethylene adsorption on [Ni-butyl]

[Ni-butyl] + C2H4(gp) → [et-Ni-butyl] (81)

b) C-C coupling (Trimerization)

[et-Ni-butyl] → [Ni-hexyl] (82)
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c) β-H elimination
[Ni-hexyl] → [hex-Ni-H] (83)

3. Tetramerization Process:

a) Ethylene adsorption on [Ni-hexyl]

[Ni-hexyl] + C2H4(gp) → [et-Ni-hexyl] (84)

b) C-C coupling (Tetramerization)

[et-Ni-hexyl] → [Ni-octyl] (85)

c) β-H elimination
[Ni-octyl] → [octyl-Ni-H] (86)

4. Desorption Process:

a) Direct but-1-ene desorption

[but-Ni-H] → [Ni-H] + C4H8(gp) (87)

b) Substitutive but-1-ene desorption (1)

[but-Ni-H] + C2H4(gh) → [et-Ni-but-H] (88)

c) Substitutive but-1-ene desorption (2)

[et-Ni-but-H] → [et-Ni-H] + C4H8(gh) (89)

d) Direct hex-1-ene desorption

[hex-Ni-H] → [Ni-H] + C6H12(g) (90)

e) Substitutive hex-1-ene desorption (1)

[hex-Ni-H] + C2H4(gh) → [et-Ni-hex-H] (91)
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f) Substitutive hex-1-ene desorption (2)

[et-Ni-hex-H] → [et-Ni-H] + C6H12(gh) (92)

g) Direct oct-1-ene desorption

[oct-Ni-H] → [Ni-H] + C8H16(gp) (93)

h) Substitutive oct-1-ene desorption (1)

[oct-Ni-H] + C2H4(gh) → [et-Ni-oct-H] (94)

i) Substitutive oct-1-ene desorption (2)

[et-Ni-oct-H] → [et-Ni-H] + C8H16(gh) (95)
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A.3 Appendix for Chapter 4, Section 4.2

Statistical Deviations for Acene Dimers per Ring

Figure 52: Mean absolute deviations (MAD, white boxes) and mean signed deviations
per ring of the system (MSD, red boxes) of the interaction energies (in
kJ/mol) for each tested method with respect to the PNO-LCCSD(T*)-F12
reference values, averaged over all studied complexes.

Natural Transition Orbital Analysis

(a) (b)

(glike)

Figure 53: Natural transition orbital analysis at an iso-contour value of σ = 0.0025 a0
−3

for the glike-dimer of anthracene system: (a) top view, (b) side view. The
red color is denoted to positive and blue to negative transition density
regions. Method: TD-CAM-B3LYP/def2-TZVP.
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A.4 Appendix for Chapter 4, Section 4.3

Interaction Energy and Buried Surface Area for Different Acene Dimers and

Their Derivatives

Table 17: Interaction energy (in kJ/mol) and buried surface area (in a20) for studied
anthracene and its derivatives dimers.

System Substitution Dimer Type Operation Eint BSA

Pure X -49.96 820.70

Pure glike -47.26 807.62

F X -58.82 1056.05

F glike -58.11 1039.70

BN (1,5) X N -43.68 818.74

BN (1,5) X R -49.78 863.32

BN (1,5) X TR -139.48 851.64

BN (1,5) glike T -113.37 876.84

BN (9,10) X R -57.36 815.02

BN (9,10) X TR -55.71 814.17

BN (9,10) glike T -50.01 823.33

BN (1,4) X N -53.38 826.74

BN (1,4) X R -63.33 811.65

BN (1,4) X T -58.21 827.37

BN (1,4) X TR -62.55 817.71

BN (1,4) glike N -43.07 825.53

BN (1,4) glike T -49.25 813.84

BN (2,3) X N -55.81 815.45

BN (2,3) X T -60.53 826.93

BN (2,3) X TR -63.17 826.13

BN (2,3) glike R -65.84 827.85

BN (2,3) glike T -62.28 820.11
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A.5 Appendix for Chapter 4, Section 4.4

Distorted Geometries of Selected Acene Dimers

Hexacene(a)

(b)

(c)

Heptacene

Octacene

Figure 54: Side view of X-dimers for hexacene, heptacene, and octacene. As the
number of fused rings increases, the planarity of the dimer is progressively
distorted, with one monomer beginning to wrap around the other.

(a)

(b)

Heptacene

Octacene

Figure 55: Side view of slip-dimers for heptacene and octacene. For the octacene dimer,
a progressive distortion of planarity is observed, accompanied by central
pinching of the two monomers toward each other.
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A.6 Appendix for Chapter 4, Section 4.5

Machine Learning Study of Interaction Energy Prediction with Different

Methods

Features of Dataset

Two categories of monomer features were considered: (i) structural features, including
the number of aromatic ringsNrings and the monomer molecular surface area Smono; and
(ii) electronic features, including the HOMO–LUMO gap (EH−L), first excitation energy
Eexc, vertical ionization potential (vIP), vertical electron affinity (vEA), isotropic
polarizability (α), and dipole moment (µ). The interaction energy Eint of dimer was
chosen as a feature that can be predicted through monomer properties.

Three models

To systematically assess the relative contributions of structural and electronic descrip-
tors to the prediction of Eint, three feature subsets were defined (Table 18). Model
A serves as the full baseline. Models B and C are ablation studies that isolate the
predictive power of structural against electronic features.

Table 18: Definition of the three models (A, B, C), their feature subsets and purpose.
The subset with structural and electronic features denotes baseline.

Model Feature subset Purpose

A Structural + Electronic (8 features) All properties (baseline)

B Structural only (2 features) Evaluate role of electronic properties

C Electronic only (6 features) Evaluate role of structural properties

Regression Algorithms

Four regression algorithms spanning different method families were employed to ensure
that conclusions are not algorithm-specific:

Ridge Regression

An L2-regularized linear model that minimizes the sum of squared residuals plus
a penalty term α||ω||2 on the coefficient magnitudes. The regularization parameter
was set to α = 1.0. Ridge regression provides a linear baseline and is robust to
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multicollinearity among features, which is relevant given the correlation between
structural and electronic descriptors in the cata-condensed polybenzoid data.

Support Vector Regression (SVR)

A kernel-based method that constructs an ϵ-insensitive tube around the regression
function, penalizing only predictions outside this margin. A radial basis function kernel
was employed (C = 10, ϵ = 0.1), enabling the capture of nonlinear structure–property
relationships.

Random Forest (RF)

An ensemble of 200 decision trees, each trained on a bootstrapped subsample with
random feature subsets. Predictions are averaged across trees, reducing variance. The
maximum tree depth was restricted to 5 to mitigate overfitting on the limited dataset.

Gradient Boosting (XGBoost)

A sequential ensemble of 200 shallow decision trees (max depth = 3), where each
successive tree corrects the residual errors of the preceding ensemble. A learning rate
of 0.1 was used to prevent overfitting by limiting the contribution of each individual
tree.

All ML methods were implemented in Python using scikit-learn (version ≥ 1.3).

Feature Preprocessing

All features were standardized to zero mean and unit variance using z-score normal-
ization (StandardScaler). The scaler was fitted exclusively on the training set and
applied to the test set to prevent information leakage. Standardization is critical for
Ridge Regression and SVR which are sensitive to the scale of input features, and do
not affect tree-based methods.

Validation Strategy

Given the limited dataset size (n = 58), a repeated random sub-sampling validation
strategy was adopted. The data were split into training (60%) and test (40%) sets,
with stratification by Nrings to ensure that all molecular sizes were represented in
both subsets. Groups with fewer than three members (Nrings ≤ 3) were merged into
a single stratum for stratification purposes. This procedure was repeated 50 times
with different random seeds, yielding distributions of performance metrics rather than
single point estimates.

This approach offers several advantages over a single train/test split or standard k-fold
cross-validation: (i) it provides robust estimates of model performance with associated
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uncertainty (mean ± standard deviation); (ii) it ensures that conclusions are not
artifacts of a particular data partition; (iii) the 40% test set (near 23 samples) is large
enough to yield meaningful test-set metrics while retaining sufficient training data
(near 35 samples) for model fitting.

Performance Metrics

Three complementary metrics were computed on the held-out test set for each of
the 50 repetitions: The coefficient of determination, R2, quantifies the proportion of
variance in Eint explained by the model. A value of R2 = 1 indicates perfect prediction;
R2 = 0 indicates that the model performs no better than predicting the mean value.
Negative values indicate predictions worse than the mean.

The mean absolute error (MAE) provides an interpretable measure of average predic-
tion error in the same units as the target variable (kJ/mol). The root mean square
error (RMSE) places greater emphasis on large deviations, serving as a diagnostic for
outlier sensitivity.

Feature Importance Analysis

Permutation importance was used to assess the contribution of individual features to
model predictions. For each feature, its values in the test set were randomly shuffled
while keeping all other features unchanged, and the resulting decrease in R2 (∆R2)
was recorded. This procedure was repeated 30 times per feature to obtain stable
estimates with associated standard deviations. A large ∆R2 indicates that the model
relies heavily on that feature. A value near zero suggests redundancy or irrelevance.

Permutation importance was chosen over model-specific alternatives because it is
model-agnostic, computed on the held-out test set (avoiding optimistic bias), and
widely established in the literature. The analysis was performed on the median-
performing repetition among the 50 splits to avoid selection bias.

Performance of ML Methods

Initially, four methods were trained on three feature subsets to identify the best-
performing model in terms of R2. The resulting values of R2, MAE, and RMSE
are summarized in Table 19. Ridge Regression consistently outperformed the other
methods across all metrics for each task. For models A, B, and C, the R2 values were
0.946, 0.949, and 0.945, respectively.
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Table 19: Comparison of regression method performance (R2, MAE, RMSE) across
three models. R2, MAE, RMSE values are represented in mean and std
species (MAE, RMSE in kJ/mol).

Model Method R2
mean R2

std MAEmean MAEstd RMSEmean RMSEstd

A Ridge 0.946 0.019 3.555 0.545 4.849 0.822

A SVR 0.533 0.152 7.831 1.510 14.661 3.804

A RF 0.863 0.037 5.307 0.824 7.914 1.607

A XGBoost 0.891 0.051 4.970 0.930 6.943 1.897

B Ridge 0.949 0.023 3.299 0.560 4.673 0.980

B SVR 0.693 0.112 5.984 1.149 11.884 3.327

B RF 0.894 0.042 4.830 0.872 6.954 1.945

B XGBoost 0.881 0.037 5.284 0.949 7.332 1.581

C Ridge 0.945 0.019 3.769 0.583 4.936 0.749

C SVR 0.475 0.162 9.091 1.439 15.537 3.848

C RF 0.844 0.035 5.684 0.838 8.440 1.470

C XGBoost 0.851 0.064 5.649 0.937 8.075 1.697

Examining the performance of each method separately on the test set over 50 repeti-
tions for each feature subset reveals that Ridge Regression exhibits the lowest standard
deviation across all reported metrics, including R2 (see Figure 56). The second-best
performer was XGBoost for subsets A and C, while Random Forest ranked second
only for model B. The SVR method consistently showed the weakest performance,
with R2 below 0.7 across all feature subsets. The mean MAE and RMSE values for
Ridge Regression did not exceed 4 and 5 kJ/mol, respectively.

It is worth emphasizing once more that for Ridge Regression all three feature subsets
yielded approximately equal performance in terms of R2, whereas for SVR the results
varied considerably, with subsets A and B performing notably worse. Random Forest
and XGBoost exhibited roughly comparable performance across all subsets (see
Figure 56).

In the end, the best method was Ridge Regression. Surprisingly, Model B exhibits
noticeably higher mean performance metrics than Models A and C, with the exception
of the standard deviations (Table 19). This is noteworthy because, from the perspective
of the ML method, the inclusion of electronic properties slightly worsens the mean val-
ues of R2, MAE, and RMSE while simultaneously increasing their standard deviations.
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(a)  Model A: All properties → Eint
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(b)  Model B: Structural properties → Eint
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(c)  Model C: Electronic properties → Eint

Figure 56: The performance of three different models (A, B, C) for four ML methods
based on R2 for test set. These values were calculate after 50 repeats. Each
box represents the inter-quartile range (IQR), with the horizontal line
denoting the median. Whiskers extend to 1.5 × IQR; values falling outside
this range are displayed as individual data points (open circles), and the
mean is indicated by a filled circle.

Probably, the unnecessary features introduce noise that cannot be compensated easily.
Ultimately, it follows that Eint can be predicted using either structural descriptors,
electronic properties, or a combination of both, with only minimal differences in
performance.

Permutation Importance of Features

What underlies the comparable performance across three different feature subsets?
This question was addressed through permutation importance analysis, presented in
Figure 57. For the full monomer feature set (Model A), the most important descriptors
were Eexc, monomer surface area, vEA, and polarizability. For Model B (structural
features only), the dominant descriptor was monomer surface area (Smono), while for
Model C (electronic features only), polarizability and vEA were the leading contrib-
utors. Since the correlation matrix has shown that nearly all monomer properties,
with the exception of the dipole moment, correlate with Eint, the absence of any
single feature is readily compensated by the remaining ones. Notably, the inclusion
of structural descriptors diminishes the contribution of polarizability in Model A,
whereas in Model C polarizability becomes the dominant feature, with vEA playing
only a minor role.
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Figure 57: Permutation Importance heatmap (normalized ∆R2) of three models for
all considered monomeric features (from top to bottom): number of fused
rings (Nrings), monomer surface area (Smono), HOMO–LUMO gap (EH−L),
first excitation energy (Eexc), vertical ionization potential (vIP), vertical
electron affinity (vEA), isotropic polarizability (α), dipole moment (µ).
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Acronyms and Abbreviations

ADC(2) Algebraic-diagrammatic construction to second order

ASA Accessible surface area

BSA Buried surface area

BSE Bethe-Salpeter equation

BSIE Basis set incompleteness error

BSSE Basis set superposition error

CAM Coulomb-attenuating method

CASPT2 Complete active space with second-order perturbation theory

CASSCF Complete active space self-consistent field

CBS Complete basis set

CC Coupled cluster

CC2 Approximate coupled cluster singles and doubles

CCSD(T) Coupled cluster singles, doubles, and perturbative triples

CI Configuration interaction

CP Counterpoise correction

CT Charge transfer

D3(BJ) Grimme’s dispersion correction with Becke-Johnson damping

DCM Dichloromethane

DFT Density functional theory

DLPNO Domain-based local pair natural orbital

DMRG Density matrix renormalization group
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Acronyms and Abbreviations

DNA Deoxyribonucleic acid

evGW Eigenvalue-only self-consistent GW method

F12 Explicitly correlated F12 method

FOD Fractional occupation number weighted electron density

GGA Generalized gradient approximation

HF Hartree-Fock theory

HOMO Highest occupied molecular orbital

kMC Kinetic Monte Carlo

KS Kohn-Sham

LAO Localized atomic orbital

LDA Local density approximation

LE Local excitation

LUMO Lowest unoccupied molecular orbital

MAD Mean absolute deviation

MAE Mean absolute error

meta-GGA Meta-generalized gradient approximation

ML Machine learning

MOF Metal-organic framework

MP2 Møller-Plesset perturbation theory of second order

MSD Mean signed deviation

NCI Non-covalent interaction

NEB Nudged elastic band

Ni-NU-1000 Nickel-grafted NU-1000 metal-organic framework

NNP Neural network potential

NTO Natural transition orbital

PAH Polycyclic aromatic hydrocarbon

142



Acronyms and Abbreviations

PAO Projected atomic orbital

PBC Periodic boundary conditions

PES Potential energy surface

PNO Pair natural orbital

RF Random forest

RI Resolution of identity (density fitting)

RMSE Root mean square error

SAC Single atom catalyst

SAPT Symmetry-adapted perturbation theory

SIE Self-interaction error

SVR Support vector regression

TD-DFT Time-dependent density functional theory

THF Tetrahydrofuran

TOF Turnover frequency

TS Transition state

TST Transition state theory

UEG Uniform electron gas

UV-Vis Ultraviolet-visible

vdW van der Waals

vEA Vertical electron affinity

vFG Vertical fundamental gap

vIP Vertical ionization potential

WFT Wave function theory

XC Exchange-correlation

XGBoost Extreme gradient boosting
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