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1. Introduction

Compounds that contain metal centers are chemically important for their properties that
can be used in catalysis or in optical devices.!'® Many different experimental techniques
can be used to study the optical and structural properties of metal containing complexes
in the gas-phase including UV /Vis spectroscopy, mass spectroscopy, and ion mobility spec-
troscopy. Complexes with metal centers also represent challenging compounds for the elec-
tronic structure theory due to their unfilled d-shell (in the case of transition metals) and
f-shell (in the case of lanthanides and actinides).

The main goals of this thesis, which focuses on the theoretical description of mono- and
multi-nuclear complexes with transition metal and lanthanide centers, can be divided into
three parts (cf. structure of this thesis at the end of this introduction). First is the def-
inition and theoretical investigation of cooperativity in transition metal complexes. The
cooperativity in metal complexes is the key topic of the Collaborative Research Center "Co-
operative Effects in Homo- and Heterometallic Complexes (3MET)" which funded this PhD
project. Even though the term cooperativity seems familiar it is often difficult to define
what exactly is meant by that.[l The many-body expansion, which is a general approach
usually used for obtaining accurate energies of large systems,!” is used in this thesis to
define the cooperativity in complexes with metal centers.

The second goal is to carry out a detailed theoretical investigation and to understand how
the molecular structures of complexes containing lanthanides influence the optical proper-
ties (most usually luminescence) that can take place either at the lanthanide center or in
its close vicinity from one of the coordinating ligands. The investigations focus particularly
on compounds containing one or several europium ions Eu®*. Due to its unique optical
properties europium (and also other lanthanide) compounds are used in various fields rang-
ing from electroluminescence, optical fibers and quantum cutters to memory devices. For

example Tbh-tris-(acetylacetonate) was used as an emitting layer in organic light-emitting
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diodes (OLEDs). ¥l In another OLED with bright red electroluminescence a tris-(dibenzoyl-
methanato)-phenanthroline-Eu®t complex served as an emitting material.[’) Other devices
with specific luminescence properties were constructed as well.['% Complexes of different
lanthanide ions were also used in plastic optical fibers (POFs) as signal amplifiers!™! and
a complex of Eu?t was one of them.["? Complexes of lanthanides can also be used in
memory devices, e.g. OLED devices that exhibit two different conductivity states — the
high-conductance (ON state) and the low-conductance state (OFF state). It is possible
to switch between these states by applying different voltages; different complexes of Sm3*,
Eu*t, and Gd®t were employed in these devices.!™ Lanthanide compounds can also be
used in photon conversion either in upconversion!'*'® where a device absorbs two photons
of low energy and emits one photon of high energy or in quantum cutters that work in the
opposite way. '8l This short list of applications illustrates the need for the understanding
of the optical properties of lanthanide complexes on a very fundamental level.

The third goal of this thesis is to develop auxiliary basis sets for lanthanides that facili-
tate the use of high level ab initio calculations for mid-sized molecular systems containing
lanthanides. More specifically, auxiliary basis sets are needed to employ the resolution-of-
identity approximation (sometimes called density fitting) to second-order Mgller-Plesset [7}
and coupled-cluster methods. Auxiliary basis sets for a large portion of the periodic system
have been around for a long time, "8 however the corresponding auxiliary basis sets for
lanthanides were not available up till now.

This thesis is structured as follows: after this introductory chapter the most important
methods of quantum chemistry that are used in this thesis are described shortly in chap-
ter 2. The most important results are presented in chapters 3 — 6, which describe a new
application of the differential many-body decomposition scheme to the optical properties
of complexes with transition metal centers (chapter 3), the detailed theoretical investiga-
tion of Eu*t luminescence in various gas-phase complexes (chapter 4), the study of the
phosphorescence of organic ligand molecules in different complexes containing lanthanide
ions (chapter 5), and the development of auxiliary basis sets for lanthanides, which can be
used in efficient computations at high levels of theory (chapter 6), respectively. In the last

chapter (chapter 7) the main conclusions of this thesis are summarized.



2. Theoretical Methods

This introductory chapter describes the methods used in quantum chemistry. It is of course
impossible to describe all the methods one can use, all their advantages and disadvantages,
and all the pitfalls one should avoid. This is also not the purpose of this chapter as
in my work I was mainly concerned with applying these methods rather than with their
development or implementation. There are many textbooks, some of which are proved with
time, that describe the theoretical methods better and in more detail than I ever could*?22
and there is no need to copy them here. Nevertheless, I will shortly present the key ideas
and equations behind the methods I used in my computations. I will try to focus on things
that were new to me during my PhD study in the hope that some of them may be new to
the reader as well.

The main quantity one tries to compute in theoretical chemistry is the energy of the molec-
ular system under study. The energy is one of the important quantities that helps us
understand e.g. what is the equilibrium distribution of two conformers or which possible
reaction product is more stable and therefore more possible to obtain. The derivative of
the energy with respect to the nuclear coordinates gives us the gradient that we can follow
to find important points on the potential energy surface (PES) — minima that correspond
to the stable molecules and saddle points (of first order) that correspond to the transition
states in chemical reactions. Geometry optimizations are arguably the most common use
of computational chemistry. Optical properties can be typically modeled by calculation of
excited states — the absorption spectrum can be predicted from energies of electronic exci-
tations, we can obtain information about the phosphorescence spectrum of a molecule by
calculating the properties of states of different electron multiplicity, the nuclear magnetic
shielding constants in nuclear magnetic resonance (NMR) spectroscopy can be computed
as second order derivatives of energy. All these examples show that a reliable method for

the calculation of molecular energies is required.



Chapter 2. Theoretical Methods

2.1. Hartree-Fock Theory

The physical problem we try to solve is the stationary Schrodinger equation
HU, = E, Uy, (2.1)

which is a differential equation and its solution is the wave function W, that describes the
properties of state k of the molecular system of interest. The wave function depends on
the positions of all nuclei and electrons in the system. A major simplification is obtained
by applying the Born-Oppenheimer approximation[?®l that separates the motion of nuclei
and electrons — instead of the molecular Schrodinger equation we only solve the electronic
Schrodinger equation that takes into account the positions of nuclei only parametrically as
they create a potential for electrons to move in. The electronic Schrédinger equation then

reads

HyV, = E, U, (2.2)

¥, is the electronic wave function describing state «, F,, is the energy of this state and H,

is the electronic Hamiltonian. The electronic Hamiltonian takes the form (in atomic units):

H61:T6+Vne+17ee=—Z—V?+Zv(ri)+zi, (2.3)

where the first term is the kinetic energy of the electrons and the last term is the electron—
electron repulsion. The second term is the external potential due to the nuclei v(r;) =
— >4 TZTA (A denotes all nuclei).

We are interested in the lowest energy solution of equation (2.2), which corresponds to
the ground state of the system under study. We can therefore drop the subscript o and
express the many-electron wave function W(1,2,...n) as an anti-symmetrized product of

one-electron wave functions ; called molecular orbitals (MOs; C' is a normalization con-

stant):
e1(1)  »1(2) ¢1(n)
U(L,2,...n) = |prpa- ) = C @2:(1) %:@) QD?:(")_ (2.4)
Wn(l) Spn(Q) Spn(n)
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The anti-symmetry of the determinant is needed to fulfill the Pauli principle for fermions
and this type of wave function is called Slater determinant. We then try to solve the
electronic Schrédinger equation variationally and obtain in the process the so-called Fock

equations:

Foj = ¢jp;, (2.5)
where ¢; are orbital energies and the Fock operator Fis given by

A A

F=h+J-K, (2.6)

where h =), h; denotes the core Hamiltonian with h; = —VZI->", Z—g (¢ is the electron
index while A is the index of respective nucleus) and J , K are Coulomb and exchange
operators, respectively, constituting of J = > J,, K = > K; that are defined by their

action on an arbitrary function f(1):

JfQ) = | E2e B f(), (2.7)
Kif(1) = [[ 820005 o,(1), (2.8)

where 715 is the distance between electrons 1 and 2 and dr, stands for the increment in
all variables of electron 2 (including spin). This just very briefly sketched approach is the
Hartree-Fock (HF) method.

In practice the Fock equations are solved iteratively employing the self-consistent field
(SCF) approach. We first express the MOs as a linear combination of spatial atomic

orbitals (AOs) x,:

i(r) =D Crixy(r) (2.9)

and then arrive at the Roothaan—Hall equation in its matrix form:
FC = SCl, (2.10)

where C' is the matrix of molecular orbital coefficients Cj;, € is the diagonal matrix of

orbital energies and the matrix elements of the Fock matrix F' and the overlap matrix S
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are given in the usual bra-ket notation by (see also Appendix A):

Foy = (6lFlxa), (2.11)

Spe = (XolXa)- (2.12)

Detailed derivations and discussions of the HF-SCF method are given by Refs. [20, 24].
The HF method and the methods based on it (so called post-HF methods) have been
and still are used extensively. The main problem is that they suffer from relatively high
computational demands (cf. section 2.4). Some of the post-HF methods are popular for their
efficiency of retrieving the correlation energy (in case of MP2)['7l and overall accuracy (in
case of CCSD(T)).!12”l Their high computational demands are, however, somewhat limiting
especially in applying them to large molecules. These methods will be briefly sketched in

the following section.

2.1.1. Mgller-Plesset Perturbation Theory

The above described HF method only takes into account the average field created by all
electrons and the movement of electrons is not correlated any further. The HF results
therefore cannot be exact even in a complete basis. It is common to denote the difference
between the HF complete basis set limit and the exact solution of the (nonrelativistic)
Schrodinger equation as the correlation energy FE.o.. The post-HF methods use the HF
wave function as starting point for their estimates of the correlation energy.

One of the simplest post-HF methods is Mgller-Plesset (MP) perturbation theory '™ where

the Hamiltonian H is obtained as a perturbation of the zeroth-order Hamiltonian:
H=Hy+ \V, (2.13)

where Hy = > i F (7), A is the perturbation parameter, and V is the perturbation operator.
The wave function and energy can be expanded into first-, second-, and higher orders of
perturbation in the parameter A. The first-order energy correction is zero (i.e. Exp1 = Fyr)

so the first estimate of the correlation energy is obtained from second-order perturbation
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theory (MP2 method; for the notation see Appendix A):[17:18:26:27]

By = 1 3 Ll o

)
4 ~ € +¢€ —€ — 6
Z?“”]’b

where 7, 7 denote occupied orbitals while a, b denote unoccupied orbitals. MP2 is the most

popular of the MP perturbation approaches but higher-order methods of MP kind exist as

well. 1261

2.1.2. Coupled-Cluster Theory

Another way of computing correlation energies is provided by coupled-cluster (CC) the-

ory. (22 The main idea is to express the coupled-cluster wave function |CC) by applying

the exponential of a cluster operator 7 on the HF wave function |HF):[3

|CC) = 7 |HF), (2.15)

where the exponential of a cluster operator T is:
Nmax Nmax
T=> T=> > tum. (2.16)

=1 =1 p;

where t,,, are so-called amplitudes and 7,, are excitation operators for which 7, [HF) = |u;).

We need to solve the Schrédinger equation for the CC wave function:
H|CC) = Ecc|CC). (2.17)

This is usually solved by projecting on the reference determinant (HF| and its excited

determinants to obtain the CC energy and so-called CC-equations:

Ecc =(HF|He” [HF), (2.18)

0 =(u;|e”" He |HF). (2.19)

Different methods can be obtained by truncating the cluster operator in equation (2.16),

e.g. the coupled-cluster singles and doubles (CCSD) method®!l is obtained for 7 = T; + T5.
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Very popular is the CCSD(T) method!®! where the triple excitations are included in a
perturbative manner.

As already mentioned the main disadvantage of the post-HF methods is their high compu-
tational demand. There are however other cheaper methods that are referred to as density
functional theory (DFT) which are described in the following section.

All MP2 and CC computations (as well as all other computations unless explicitly stated

otherwise) were performed using the TURBOMOLE program package. 3234

2.2. Density Functional Theory

Density functional theory methods are nowadays the most popular approaches in the field
of quantum chemistry® and in some sense they became synonymous to ‘computational
chemistry’ for some people. The foundations of DFT, however, are derived in a different
way than HF theory just described. DFT method will be described in more detail here
since it is the main method used for geometry optimizations in this thesis.

The main idea of DFT is that the electronic energy can be expressed as functional of the
electron density, i.e.

E = Elp(ry)], (2.20)

where the electron density is given by

p(ry) = N/ W (x1,Xo, ... Xy)|2ds1dXsy - - - dX . (2.21)

The integration of the N-electron wave function W(xy,Xs,...xy) is carried out over all
space—spin coordinates of electrons other than 1 and over the spin coordinate of electron 1.
It is clear that the wave function that depends on 4N variables (positions and spins of N
electrons) is a more difficult object to handle than an electron density function depending
on 3 variables (x, y, z). The theory should be therefore appealing for its simplicity.

An important advancement was made in the mid-1960s due to two so-called Hohenberg-
Kohn theorems. [?®l The first theorem states and proves that the electron density determines
the external potential up to an additive constant. Since the density also trivially determines

the number of electrons ([ p(r)dr = N) the whole Hamiltonian (cf. equation (2.3)) is
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determined by the density and we can write the energy as:

Bl = Vadlpl + Tl + Vil = [ pte)ote)ae + Flg, (2.2
Flol = Tlo)+ Vielp] = (W[T + Ve W), (2.23)

where T'[p], Vaelp], and Vie[p] are kinetic, nuclear—electron attraction, and electron—electron
repulsion energies, respectively, and F[p] is a universal functional of p.

The second Hohenberg-Kohn theorem states that the problem of finding the correct electron
density obeys the variational principle, i.e. for a trial electron density p(r) and therefore

trial wave function ¥ we get

<®m®=/mmmmm+Fm=Mﬂzmm (2.24)

In equation (2.24) the lowest energy is obtained for the true density (and therefore the true
wave function). To find the correct density one needs to minimize the energy with respect
to density variations. One can make use of the minimization using Lagrange multipliers to

obtain the Euler-Lagrange equation!®”!

OF[p]
p= o) + o2 (2.25)
dp(r)
where gf—([p)] is a functional derivative of F[p] and p is the Lagrange multiplier identified as

the chemical potential p = aE

The practical approach to solve the minimization problem is given by the Kohn—Sham (KS)

ansatz. [*8! The functional F[p] is reformulated as

Flp] = Tlp] + Jlp] + Exclpl, (2.26)

where J[p] is the Hartree (Coulomb) repulsion of the density with itself given by J[p] =
5 L[S p(rl rz’)alr 1dry and Ti[p] is the kinetic energy of the non-interacting system of N
particles Wlth density p. Comparing equations (2.23) and (2.26) we can write

Exclpl = Tlp] — Tslp] + Veelp] — J(p] (2.27)
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and we call Fxc[p| exchange—correlation energy. Inserting (2.26) into (2.22) and minimizing

as before we obtain for the Lagrange multiplier

wo= Ueff( ) 5T p)]7 (228)
o SExcl)
ver(r) = w(r)+ Sp(r) T op(r) (2.29)

Comparing equations (2.25) and (2.28) one can see the main advantage of the KS approach:
the density of the interacting system with the external potential v(r) is the same as the
density of the non-interacting system with the external potential veg(r). We can make use
of this and solve the problem for non-interacting electrons using a Slater determinant to

obtain the desired electron density p(r):

(—%VQ + veff(r)> pi(r) = €pi(r), (2.30)

p(r) = Z @i (r). (2.31)

With the expression for the kinetic energy of a non-interacting system

N

Tilp) =) (il — %V%» (2.32)

%

we can insert the density into the energy expression

Ez/mmmmw+ﬂw+Jm+&dm (2.33)

and obtain the final energy. The problem of this otherwise exact approach is the form of the
exchange-correlation functional Exc[p|, which is unknown. Different approaches to model
Exc|p] exist, some of which will be described in the following paragraphs.

The derivation of DFT together with more detailed descriptions is covered well in many

textbooks; see e.g. Refs. [21, 37, 39].

10
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2.2.1. Approximations of the Fxc[p] Functional

There are many different approximations to the exchange-correlation functional Ex¢[p] and
it is common to sort them according to their complexity into a so-called Jacob’s ladder. 0]
The different rungs of the ladder include (going from less complicated to more complicated

functionals):

e the local density approximation (LDA) functionals that depend only on the density —
Exc = [ G(p)dr,

e the generalized gradient approximation (GGA) functionals that depend on the density
gradient as well —

Exc = [ G(p,Vp)dr,

e the meta GGA functionals that depend on higher order derivatives of the density —
e.g. Exc = [ G(p,Vp,V?p)dr,

e the hybrid functionals that combine GGAs with some portion of HF exchange —
Exc = [ G(p, Vp)dr + {EX,

e the double hybrid functionals that also depend on the virtual KS orbitals —
EXC = f G(p, vp7 %)dr + ng)(

The detailed discussion of all different exchange-correlation functionals is well beyond the
scope of this thesis (or even a specialized review article) so I will only focus on three
functionals that were frequently used in the projects of this thesis.

Usually there are two separate parts in the exchange-correlation functional that correspond
to the exchange (Ex) and correlation (Eg), respectively. It is also common (but not neces-
sary) to name the functional after its author/inventor. If more authors were involved (e.g.
for different parts of the exchange-correlation functional) a combination of names is used
as we shall see.

The first functional used in this thesis is the Becke-Perdew (BP) functional which is of
GGA type. For a general GGA functional the exchange part of the energy Fx depends on

the dimensionless quantity z(r) = ;/’)3((?)?

Exlp) = / o3 (0) f ((x)dr (2.34)

11
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and Becke proposed the form of function f as!*!
f = COx + B2*/(1 + 63z arcsinh ), (2.35)

with Cx = 0.7386 and [ is the only adjustable parameter determined by a fit to atomic
exchange energies of the noble gas atoms. The correlation part of the functional was given
by Vosko, Wilk, and Nusair (VWN) 2l and Perdew. [4’!

The second functional used in this thesis more often is the (arguably most famous and
popular) hybrid functional called B3LYP.*!l The main idea behind hybrid functionals comes
from the analysis known as adiabatic connection!***! where the interaction is turned on
gradually when one moves from the non-interacting towards the fully interacting system.
From this analysis it follows that a portion of exact exchange £y = —1 [ [ %drldrg
needs to be included in the exchange-correlation functional (where p;(ry,rs) is the one-
particle density matrix).®” The correlation part of the B3LYP functional comes from the
work of Lee, Yang, and Parr!6l (LYP) and the explicit expression of the B3LYP exchange-

correlation reads:
B3LYP = (1 — A)EQ™ + AEY + BAER + (1 — O)EEWYN + CEE'Y, (2.36)

with ER"¢ = Cx [ p*3(r)dr and A, B, and C are empirically fitted parameters.

The last important functional used in my thesis is the double-hybrid B2PLYP functional. 47!
It calculates the correlation energy in the perturbative way much like it is done in the MP2
method but with KS orbitals instead of the HF ones. The expression for the exchange-

correlation functional reads:
EB2PWYP = (1 — A)ER + AEY + (1 — C)ER® + CEE™ (2.37)

with two parameters A = 0.53 and C' = 0.27. The perturbative expression E§'? is the
same as in the MP2 method (cf. equation(2.14)).

12
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2.2.2. Dispersion Corrections to Density Functional Theory

One of the problems of HF and DFT is the description of weakly bounded systems, e.g.
complexes that mainly interact via long range correlation (dispersion, London, or van der
Waals) interactions that have the famous 1/R5 behavior. A special attention needs to be
given to their treatment in the framework of DF'T. There exist different methods to account
for dispersion in DFT and probably the most straightforward and most popular is called
DFT-D.!8 The current third generation!*®l (denoted DFT-D3) computes the energy as

Eprr.p3 = Eprr + Faisp, (2.38)

where Eppr is the energy obtained from a regular DF'T computation and Egigp, is a dispersion

correction that consists of two- and three-body contributions:
Egip = E® + E®. (2.39)

The expressions for £ and E® include interatomic distances, atom pair specific dispersion
coefficients, carefully calibrated damping functions, and cutoff radii.[*>*° A more detailed
discussion of the method is beyond the scope of this thesis.

Since the D3 correction does not depend on the electronic structure itself but only on the
molecular geometry (i.e. on the positions of the atoms), it is an inexpensive way to include

dispersion interactions in a computation and it is therefore generally recommended for DFT.

2.2.3. Excitation energies: Time-Dependent Density Functional

Theory

Density functional theory has been very successful in computing ground state energies of
molecular systems. It is possible also to compute excitation energies using DFT (the so-
called ASCF approach), where two “ground state” energies for the system are determined —
these states need to be either of different multiplicity (e.g. Sp vs. T states) or, in symmetric
molecular systems, they need to have different distribution of electrons in their respective
irreducible representations. The ASCF approach is therefore somewhat limited. DFT also

gives the framework for time-dependent density functional theory (TDDFT) which can

13
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be used for the efficient computation of excitation energies without the restrictions of the
ASCEF approach. The TDDFT method will be described in this section.

The formal justification of TDDFT was given in the mid-1980s by the so-called Runge-
Gross theorems, ®! which are the time-dependent analogs of the Hohenberg-Kohn theorems
of DF'T. The first Runge-Gross theorem proves that the time-dependent charge density and
the initial wave function Wy = W(¢ = ;) determine the time-dependent external potential

and therefore time-dependent Hamiltonian up to an additive function of time:

(p(r,t), W) — H(t) + C(t). (2.40)

In analogy to equation (2.30) we can write a time-dependent Kohn-Sham equation: 2

o(r,t)

(5J[p((r,t)]+5Exc[P(r,t)])¢(r’t):i o (2.41)

op(r,t) op(r,t)

1
<—§V2 + UeXt<r7 t) +

The exchange-correlation potential vx¢ = 5E§;fc is usually approximated within the adiabatic
approximation (i.e. assuming that the external potential changes only slowly in time) with

the time-independent exchange-correlation potential:

vxclp(r, )] = vkelpo(r)] " (2.42)

In practice one does not solve the time-dependent KS equations but instead uses a linear
response theory to get the excitation energies of the system. The external potential in the

system v(r,t) is of the form
Vext (T, 1) = vo(r) + v1(r, 1), (2.43)

where v (r,t) is some time-dependent perturbation that was turned on at some point .

The density-density response function for the system is defined as
0p[Vext] (r, 1)

r,t, 0, ) = e ,

X( ’ ) 5Uext(r/7t/)

Vext [PO]

(2.44)
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which is needed for the linear density response function p;:

pi(r,t) = /dt'/d?’r'x(r,t,r’,t’)vl(r’,t’). (2.45)

The density-density response function can also be written for the non-interacting system of

electrons:

_ Oploxs](r, 1)

tx' ) = 2.4
XKS(r7 Iy ) (3@}(3(1",25’) ( 6)

vks|[po]

and an expression analogous to equation (2.45) for the linear response of the non-interacting
system can be written. After a Fourier transform the linear response function depends on
the frequency w. The useful property of the linear response function is that it has poles at
the frequencies corresponding to the excitation energies of the unperturbed system (i.e. the
ground state system of interest). The positions of the poles can be calculated (much like
in the case of DFT) by first calculating the poles of the non-interacting system. The shift

between poles of the real and non-interacting system can be calculated using the so-called

time-dependent exchange-correlation kernel fxc: [l
5@){@(1‘ t)
t,r't) = —"—22 2.47
fXC[p](ra I ) 5p(r’,t’) ( )

Having derived the above equations the last step is to express the density-density response
of the non-interacting system in terms of molecular orbitals and the problem of computing

the spectrum of excitation energies w transforms into a pseudo-eigenvalue problem also

known as the Casida’s equation: 2!
A B)\ (X 1 0\ (X
] =w . (2.48)
B* A* Y 0o -1 Y
Aai,bj :(Sijéab(ea - 67;) + (al‘jb) - ax(ab|jl) + (1 - ax)(ai|fxc|jb), (249)
Buip; =(ailbj) — ax(ajlbi) + (1 — ax)(ai| fxc|bj). (2.50)

As usually® indices ij ... denote occupied orbitals while ab. .. denote virtual orbitals and

pq ... denote any general orbitals; ax represents the amount of HF exchange (ax = 1 for
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TDHF). The two-electron integrals are written here in Mulliken’s notation which reads (see

also Appendix A):

(uv|RN) ://wZ(rl)w,,(rl)rimw:(rg)w)\(rg)dr1 dr,. (2.51)

An interesting alternative to the TDDFT is the so-called Tamm-Dancoff approximation [°4

(TDA) that follows directly from equation (2.48) by neglecting the B matrix and solving
AX =wX. (2.52)

The advantage of TDA over TDDFT lies in its reduced complexity as clearly a smaller
problem needs to be solved. Note that in the TDHF case the TDA approach is equivalent
to the configuration interaction singles (CIS) method.

TDDFT can provide good results but it has also some shortcomings: the dependence on
the exchange-correlation functional used® (which is the problem it shares with classical
DFT) or the difficulties with the description of charge transfer excitations.®® The latter is
somewhat improved by using hybrid functionals or functionals specially designed to treat
charge transfer states.®”8! In general TDDFT results agree with experimental excitations
within few tenths of eV. More reliable but also more computationally demanding methods
are based on coupled-cluster theory. *!

Because of its efficiency TDDFT has become a method of choice for computing excitation
energies and hence absorption spectra of large molecules.?? The method, however, still
scales as O(N*), which makes it (while still being much more usable than more expensive
wave function based methods) difficult to apply for calculating absorption spectra of very
large molecules. For that reason a simplified method was developed first for the TDA
method that is denoted sTDA (simplified TDA).!1% It introduces two new approximations.
First the four-index two-electron integrals in equation (2.49) are replaced with a monopole

type approximation:

N N
pq‘rs Z Zq qqr57 A B (253)
A B

where A, B are atom labels, q;‘q is a transition density charge obtained from a Loéwdin

population analysis!®!! q;‘q = Z%A C,Cly and y(A, B) is a damped Coulomb law that
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has a different form for Coulomb and exchange type integrals. The approximation (2.53)
is quite severe but was shown to work quite well for the computation of absorption spectra
in large molecules.[%! One can say it is a resolution-of-identity (RI) type of approximation
(the RI approximation will be discussed in detail in section 2.4).

The second approximation made in the development of the sSTDA method is the truncation
of the excitation space. This is based on the assumption that the state of interest consists
of so-called primary configuration state functions (P-CSF) and only interacts strongly with
a small number of secondary configurations (S-CSF). The P-CSF are determined by an
ordered set of single excitations with energy lower than a user defined energy FE..... The
set is ordered according to their diagonal Hamiltonian matrix elements. There is a different
threshold of perturbative energy contributions to P-CSFs that defines which configurations
will be included into S-CSF. The contribution of other configurations is taken into account
in a perturbative way. 6

From a practical point of view the converged KS orbitals, the information about the amount
of HF exchange (ax), and the energy threshold E.. are required to apply the sTDA
method. An analogous approximation to the full TDDFT method called STDDFT was
developed as well.[%? In a typical application of an absorption spectrum of oligonuclear
metal complex that is discussed in chapter 3 the computational time is reduced from ~ 10
days (for TDDFT with B3LYP functional using 8 cores) to ~ 15 minutes (for sTDDFT
using only 1 core on the same compute server). The appeal of the sSTDDFT /STDA approach
is not difficult to see.

All sSTDA and sTDDFT computations were performed with a program called sTDA. 6]

2.3. Calculations of Metal Containing Molecules

The main focus of this thesis is on the computations of complexes that contain heavy metals
— either one or more transition metals or one or more lanthanides. The electronic structure
of metals is more complicated than the electronic structure of atoms that usually constitute
organic molecules (say the first three rows of the periodic table) and therefore some special
procedures are needed to perform computations on molecular systems containing metals.
In this section I will describe two main tools that are used heavily in this thesis. The first

are effective core potentials (ECPs) that are used to simplify the calculation of atoms with
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many electrons. While they are certainly not limited to metal atoms and can be used for
any atom, they are of great use especially in lanthanide complexes computed in this thesis
and also for the basis set development described in chapter 6. The second tool is an effective
ligand field Hamiltonian that is used to compute optical properties of lanthanide ions in

complexes and plays a key role in chapter 4.

2.3.1. Effective Core Potentials

Up to this point we were always considering all electrons in our models. Valence electrons
are the most important for chemical bonding while the core electrons are shielded and
remain (almost) unchanged when the atom is part of a molecule. For this reason it would
seem reasonable to take into account only the chemically relevant valence electrons. The
core electrons provide mostly shielding of the nuclear charge, which affects the valence
electrons: this is the main idea behind effective core potentials (ECPs).

The advantage of ECPs is twofold: firstly, the replacement of core electrons with a potential
reduces the number of electrons that have to be described by our method making the com-
putation less demanding and therefore faster, and secondly, ECPs provide the most efficient
inclusion of relativistic effects for core electrons as the potentials are usually obtained by a
fit to results obtained with a relativistic method. Relativistic effects can play an important
role in (but not only) heavy elements such as lanthanides. (6364

To construct an ECP a valence-only Hamiltonian H, is constructed as!67)

n n n N

~ 1 <« 2 ~ 1 - Q)\ OV ’

H, = ~3 E Vi + E Z + E E {_T_M + A‘/CV(Z):| + Vepp + Vee, (2.54)
i i<j i A

where indices ¢ and v denote core and valence electrons, respectively. The number of valence
electrons n, from the total number of electrons n is deduced by taking the difference between
the nuclear charge Z, and core charge @), for every core A (in this part nucleus describes

only the protons and neutrons in the atom while core is the nucleus together with the core

electrons; total number of nuclei is N):1%
N
nV:n—nC:n—Z(Z,\—Q,\). (2.55)
By

The other terms in equation (2.54) represent the core-polarization potential chp, the re-
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pulsion between cores and nuclei of the system V.. and atom-specific contributions to core-
valence interactions AV (i).

The repulsion between cores and nuclei can be expressed vial%!

N
Ve [QAQ’“‘ + AV ()] (2.56)
A<p

Txu

The aim of ECPs is to model accurately the unknown quantities AV (i), AV, and Vipp.
There are four main approximations used during the derivation of ECPs: first is the sepa-
ration of the core and valence electrons, which can be done exactly for a mean-field model
of particles (HF theory) but only approximately when electron correlation is taken into ac-
count. Second is the assumption that the cores remain unchanged regardless of the chemical
environment in molecules, which corresponds to the frozen-core (FC) approximation in an
atom. As a third approximation the contribution of core electrons to the all electron Hamil-
tonian is replaced by an ECP modeling the HF potential and finally the cores are assumed
to interact with other cores only via the Coulomb interaction which may be problematic
for some large core ECPs. %]

The ECPs used in computations with lanthanide atoms, which are the most important for

this thesis are discussed in detail in section 6.1.

2.3.2. Splitting of the f-shell Levels

In chapter 4 one of the main problems is to compute the splittings of Eu®* ion levels in the
presence of a ligand field. We will use this ion as an example to discuss the computation
of energy level splittings in lanthanides. The electronic ground state configuration of Eu?*t
is [Xe]4f%. The 6 f-electrons can be distributed — fulfilling the Pauli exclusion principle
— into the 7 f-orbitals (with [; = —3...3). Each configuration will have its own orbital
angular momentum My, = > my(;) and its total spin angular number Mg = " my;). This
gives rise to the so-called SL matrix and the corresponding states derived from this matrix
are labeled 29t L .19 These terms appear due to the Coulomb interaction between the f-
electrons. Hund’s rule can be applied to determine the ground state term — the ground
state is the state with the greatest spin multiplicity; in case of a tie the one with largest L.

For Eu®t the ground state term is “F' — the only septet.
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N 7 /,/’ -7 P my =
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SL terms SLJ terms SLJM terms

Figure 2.1: Schematic representation of splitting of Eu®* energy levels into SL, SLJ, and
SLJM terms. Splitting is not in scale.

The second kind of interaction to be taken into account is the spin—orbit coupling that
stems from the interaction between the magnetic moment of the electron with the magnetic
field created by its motion. The spin—orbit interaction is especially important for heavy
elements (like lanthanides) as its magnitude increases with the nuclear charge as Z4.191
The amount of splitting due to the spin—orbit interaction is comparable to the Coulomb
splitting in the so-called intermediate coupling scheme which is usually appropriate for
lanthanides (e.g. for light elements the Coulomb splitting is much larger than spin—orbit
coupling). The SL terms split due to spin—orbit coupling to the so-called SLJ terms with
J=1|L—-S|,|L—-S+1],...,|L+ S| which are labeled 2T1L;. In our example the "F
ground state splits to (since S =3, L = 3) "F,, "Fy, TFy, "Fy, "Fy, "Fs, and T F; states.
When the lanthanide ion is put into a crystal or ligand field an additional (and energetically
much smaller) splitting takes place. The splitting depends on the symmetry of the ligand
field and in the case of very low symmetry (C}) the splitting into (2J + 1) so-called SLJM
terms occur. The states are labeled with the corresponding value of m; = —J, —J+1, ..., J,
e.g. the TF, state splits into five states with m; = —2...2. The total splitting of f-electron
levels is shown schematically in Figure 2.1.

The final number of SLJM states to be calculated depends on the number of f electrons n

in the ion
14!

Nsaes = a4\
rat n!(14 — n)!

(2.57)

i.e. for Eu* there are 3003 microstates. It is very demanding to calculate these energy levels

that often differ only by about a hundred wave numbers within one multiplet even for small
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molecules (see Ref. [68] and references therein) using relativistic configuration interaction
(CI) methods. However, we need to do these computations routinely for relatively large
molecules and we want to compare our results to the experiment. Therefore we need an
efficient and reliable method to compute these states. Effective ligand field Hamiltonians
were used for a long time for exactly these reasons so it is natural to use them. I describe

a construction of an appropriate effective Hamiltonian in the next section.

2.3.3. Effective Ligand Field Hamiltonian

Generally speaking a complete Hamiltonian describes the molecular system perfectly and
its spectrum consists of the true eigenstates of interest. In comparison the effective Hamil-
tonian tries to reproduce some part of the spectrum of eigenstates of the complete Hamil-
tonian, e.g. only a ground state or few lowest lying excitations, states without external
magnetic and electric field and so on. Many different effective Hamiltonians exist that are
applied to specific problems, e.g. the spin-Hamiltonian for NMR, the Hiickel Hamiltonian
for aromatic systems, or (in some sense) the HF Hamiltonian which describes electrons
in a mean-field generated by other electrons. The disadvantage of effective Hamiltonians
is their limited applicability; their advantage is their very much reduced complexity and
computational demand compared to the complete Hamiltonian. In this section the effective
Hamiltonian describing the multiplets of f-shell electrons will be described.

Following the discussion of state splittings in the previous section the effective Hamiltonian

used for the f-splittings H.g has three parts:
Heg = He + Hso + Hyp, (2.58)

where ﬁc, ﬁso, and Hip correspond to Coulomb, spin—orbit, and ligand field interactions,
respectively. This effective Hamiltonian needs to be diagonalized to which end one needs to
compute the corresponding matrix elements. The corresponding theory of many electron
spectra was first described by Racah. 697!

The Coulomb Hamilton operator is given as a sum of tensor operators He = Y k0246 CikC]"-C

and the matrix elements for states with total spin angular momentum S and total orbital
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angular momentum L are given by (for a general lanthanide ion Ln?" with N electrons):

(4fNSLICECHAfNS'L) =b55/61,1,49(—1)"
2

3 k 3 3 3 k

X }71€7 (259)
k:og,;;@ 000 3 3 L

where F}, are the Slater integrals and < . ) and { . } represent Wigner 3-j and Wigner 6-j
symbols, respectively.[™ The Slater integrals are material specific parameters and are ob-
tained from fits to solid state experimental data. Two different notations for Slater integrals

exist where: [66]

Fy =F°,

Fy, =F?/225,

F, =F*/1089,

Fy =25F/184041. (2.60)

Matrix elements of equation (2.59) can then be tabulated in the form: ™l

3
(AfNSLIHCAfNS'L) =) " enEY, (2.61)
k=0

where e, are tabulated coefficients of fractional parentage and parameters E* can be com-

puted from Slater integrals via: (™!

E° =F, — 10F, — 33F, — 286 F,
E' =(70F, + 231F, + 2002F%) /9,
E?* =(Fy, — 3F; +7F;)/9,

E? =(5F, + 6F;, — 91F;)/3. (2.62)

The F° Slater integral is usually omitted when relative energies of multiplets are to be
computed (like it is in this thesis) as it only creates a uniform shift of all multiplets. The
key message here is that we have three empirical parameters — F?, F*, and F° in our

effective Hamiltonian.
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The spin-orbit part of the effective Hamiltonian is given by: 6!

(AfNSLJ|Hgo|AfNS'L' Ty =C(—=1)" 55" /11 + 1) (20 + 1)

S S 1
X (INSL||[VAY|IN s LY, (2.63)
L L J
where ( is a spin—orbit coupling parameter and (---||---||---) is a reduced matrix element

that can be computed using the tabulated coefficients of fractional parentage. 9674

Last part of the effective Hamiltonian, the ligand field (or crystal field) Hamiltonian, is
determined from the charge surrounding the rare earth ion of interest. It is responsible for
the final splitting of the f-electron levels into SLJM levels. The formalism was described
by Stevens. [

The most important part for the discussion in this thesis is that the effective Hamiltonian
has four adjustable parameters in total — the Slater integrals F?, F*, and F% and the
spin—orbit coupling scaling parameter (. The computations with this effective Hamiltonian

presented in this thesis were performed using the McPHASE program. 76!

2.4. Efficiency in Quantum Chemical Computations

One of the main limitations of quantum chemical computations is their computational
demand, i.e. the demand on processing speed and memory of a computer. It is common
to talk about scaling of quantum chemical methods to describe how much time (since
the time is usually the main limitation) it takes to complete a calculation for a given
system. The size of the system is denoted N and is related to the number of atoms (and
therefore the size of the basis set used). The scaling in most cases is polynomial and is
written as O(N*) where X is some number. For example a quadratic scaling is denoted
as O(N?) and means that if it takes ¢y time to run a computation for a given molecule
of size Ny then it would take 22ty = 4ty to compute a molecule of size 2Ny (which could
be realized approximately as a dimer of the original molecule). This seems already quite
unfavorable and it gets only worse. The HF or DFT methods described at the beginning
of this chapter have (in their straightforward formulation) a scaling of O(N?), the cheapest

post-HF method that recovers some part of electron correlation, the MP2 method, has a
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scaling of O(N®), and the famous highly accurate CCSD(T) method (notoriously referred
to as gold standard of computational chemistry) has a scaling of O(N7). To put this into
perspective in chapter 5 computations at the CCSD(T)/def2-TZVPP level of theory are
presented for the [Lu(PLN),]™ molecule that took (for the triplet state, using 8 cores in
parallel) about 73 days so roughly 2.5 months (on a compute node featuring two 10 core
Intel(R) Xeon(R) E5-2687W v3 (3.10 GHz) processors, 768 GB DDR4 main memory, and
eight striped 4TB SATA3 hard disks). If the same computations were to be performed e.g.
on the [Eu(PLN),Ca]™ molecule that is discussed in chapter 4, a molecule roughly twice the
size of [Lu(PLN)y]™, it would have taken more than 25 years (which makes it way beyond
the time-span of a typical PhD project). The problem of scaling is ubiquitous in quantum
chemistry and different approaches were taken to tackle it.

Much research was done to develop methods with reduced scaling, ideally linear scaling
approaches. 782 These methods include composite schemes where the molecule is parti-
tioned into subparts and approaches that exploit the idea that electron correlation is a local
property and only localized orbitals will contribute significantly. Thresholds are usually set
up that define the distance to which the correlation will be computed. This reduces the
scaling of the method at hand and also introduces an error that is (hopefully) small. Re-
duced scaling approaches are one of the ‘hot topics’ in the field of quantum chemistry and
will be surely developed extensively in the near future.

Another way to tackle the scaling problem (up to a certain degree as the ‘scaling wall” will
always win) is the use of parallel computing. If more cores of a multi-core computer are used
to run the computation the results are obtained faster. In an ideal case the computation is
sped up N times (compared to the computation with one core) if N cores are used. In some
favorable cases the speed-up can be even larger but usually it is lower. Special programs
need to be developed to run a quantum chemical computation in parallel. Some parts of
the code (such as, e.g. a direct SCF approach) can be parallelized very well while others
are problematic. As an example the graph of speed-ups recorded for a typical computation
at the DFT level of theory with the TURBOMOLE program package!®?-34 is presented in
Figure 2.2.

Yet another way to reduce the time that it takes to run a computation is the use of the so-
called resolution-of-identity (RI) approximation that will be described in detail in the next

section. Note that all computations presented in this thesis (DFT, HF, MP2, and CC) were
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Speed-up

Number of cores

Figure 2.2: Speed-up with respect to the number of cores used measured for 20 iterations of
a SCF cycle in the computation of a valinomycin molecule at the (RI)BP /def2-
TZVPP level of theory (= 3700 basis functions). Three different types of
parallelization of the TURBOMOLE program package are presented. These
benchmark computations were performed on a compute node featuring two 10
core Intel(R) Xeon(R) E5-2687W v3 (3.10 GHz) processors, 768 GB DDR4 main
memory, and eight striped 4TB SATA3 hard disks.

performed using the RI approximation unless explicitly stated otherwise (cf. chapter 6).

2.4.1. Resolution of the Identity in Post-HF Calculations

The resolution-of-identity (RI) approximation!®! (sometimes also called density fitting)
does usually not reduce the scaling of the computation but reduces the pre-factor in the
scaling making it faster. The main idea behind the RI approximation is to express the

four-center integrals (uv|kA) in terms of three-center integrals:

(uv]eA) = Y (uv|P)(PIQ)~H(QlrA), (2.64)
PQ

where P and @) are functions from some auziliary basis set. Equation (2.64) is a formal
insertion of the identity operator which gave this approximation its name. The advantage

is that the number of three-center integrals is much lower than the number of four-center
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integrals which can therefore speed up the computation (up to the factor of 10 for large
basis sets). The RI approximation can be used (and is used) in various computational
methods — HF, DFT, and post-HF but its advantages are seen best in the correlated post-
HF computations where many integrals need to be evaluated. For example the MP2 energy

can be expressed as (with respect to an unrestricted HF reference): '8l

Eyps = Z Z Z t(iajb), (2.65)

01,02 ,a€071 j,bE0a

where o1 and o, represent the two spins and the amplitudes t%’ are given by:

(ialjb)—(iblja) _
P —— if oy = 09
tab = § g (2.66)

ij
(ialjb) :
P — if o1 # 0.

As previously a, b refer to spin dependent virtual MOs and ¢, j denote the occupied MOs.
We can apply the RI approximation to the four-center integrals (ia|jb) to obtain: 'l

(ia|jb) ~ (ialjb)p = Y _ "B, 7B, (2.67)
P
where BY is defined as
Bl =) (alQ)(QIP)~*. (2.68)
Q

The energy of the new approximate method - RIMP2 is given by:

ERivpe = Z Z Z “ri(ialjb)r1 (2.69)

01,02 1,a€01 j,bEo2

The method would be exact (e.g. the same as the full MP2 method) if the auxiliary basis set
of functions P and () in expansion (2.64) would span the same space as the direct product
of the original basis set. In practice the auxiliary basis set is smaller and a small error is
introduced making the RI approach approximate.

The accuracy of the RI approximation for RIMP2 is given naturally by the value ARI:

ARI = ’EMP2 — ERIMP2|7 (270)
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where Fyps and Egrpypo stand for the full MP2 and approximate RIMP2 energies, respec-
tively. The development of an auxiliary basis set for lanthanide atoms for computations at

post-HF levels of theory is given in chapter 6.

2.5. Vibrational Spectroscopy: Franck-Condon Factors

There are different ways one can model broadening in electronic spectra theoretically. Since
the computations provide us with a single energy for each excitation the easiest way to do it
is to use broadening by an appropriate Gaussian for each excitation. A more rigorous treat-
ment is obtained via the reflection principle. ¥ In this approach the phase space of possible
geometries for the studied molecule is sampled first (with molecular dynamics or Monte
Carlo methods) and the excitation energies are then computed for many representative
geometries. Another option is to use the so-called Franck-Condon principle.

In chapter 5 the phosphorescence spectra of the 4,8,12-trioxa-12cH-dibenzo[cd,mn|pyrene-
12¢-ylium molecule (from now abbreviated only as TOTA) and lanthanide complexes are
discussed. The vibrational structures of the states involved need to be taken into ac-
count when computing these spectra. We can therefore make use of the Franck-Condon
principle, ¥ which states that the major contribution to the spectrum comes from the
vibrational states involved that overlap the most with the initial state.

The Franck-Condon principle is based closely on the Born-Oppenheimer approximation and
can be deduced from considerations about the transition dipole moment . If we denote
the positions of electrons in a molecule with r;, the electron charge —e, and the nuclear
positions and charges R; and Zje, respectively, we can write the transition dipole moment

as sum of its electronic and nuclear contributions:
f=—eY ri+ted ZR;=j.+fiy. (2.71)
i J

Since the vibronic state |ev) is described (within the Born-Oppenheimer approximation)
as a product of electronic and vibrational wave function |ev) = 1.(r; R)9,(R) (note the

parametrical dependence of the electronic wave function on nuclear coordinates R) we can
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express the transition moment between two different states |ev) and |¢/v') as:1®7]

Vi) = [ v ®) [ / @/)Z(r;R)ﬁewa(r;R)dTe] b (R)dry

+ / by (R)jin [ / wif(;;/aR)%(r;R)dTe} Uy (R)dr, (2.72)

N /
-~

=0

where the term in the first bracket can be replaced with a constant ji.. that does not
depend on the positions of nuclei, which represents an additional approximation. The term
in the second bracket is zero due to the orthogonality of electronic states. The transition

moment then can be rewritten as:

(£ |filev) = fi / U5 (R),(R)dry = fioe FO(V, v), (2.73)

where F'C(V/,v) is the overlap integral between the vibrational wave functions, the so-
called Franck-Condon factor. The intensities of vibronic transitions are proportional to
|FC(V,v)]? and the vibrational wave functions are usually approximated as harmonic os-
cillators.

In this thesis the HOTFCHT program package!®® is used to compute the Franck-Condon

factors and to simulate vibronic spectra.

2.6. Symmetry Measure

The last concept I would like to describe in this chapter is the symmetry characterization of
molecules. It is very common in chemistry to describe the coordination sphere of an atom
by comparison to an ideal coordination geometry. The basic description of coordination
symmetries is an integral part of any introductory general chemistry course. For example
we know that compounds of the form ML, (where M is a metal and L is ligand) are usually
of either tetrahedral shape (e.g. [MnO];) or a square planar shape (e.g. [PdCl4]*7). The
ideal ‘polyhedra’ for four coordinated structures are therefore a tetrahedron and a square.
The notion of ideal polyhedra is very useful since it gives us pictures that we are used to work

with facilitating our communication. It is however rather seldom that an actual structure
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(either experimentally determined or computed) would have exactly the ideal symmetry.
Sometimes the structure lies somewhere in between two ideal symmetric geometries and it
would be useful to quantify this: e.g. ‘how much octahedral’ or ‘how much prismatic’ is
the given coordination sphere. In my thesis I used the quantification by calculating the
symmetry measure (or shape factor) S that will be explained in the following.

For each possible ideal polyhedron P the value of shape measure S(P) is evaluated as: [39]

S(P) = S({A} {B:}) =min | | — Z(Ai —B)? |, (2.74)

where m is the number of all possible edges in the polyhedron. A; is the dihedral angle (i.e.
angle between normals of adjacent faces) along the ith edge of the observed (experimental
or computed) polyhedron and B; is the dihedral angle along the same edge in the ideal
polyhedron. In practice the minimization is carried out by trying all possible orientations
for the given (experimental or computed) structure. The result of this procedure is a value of
S(P) (in degrees of arc). We can asses the degree of agreement with a given ideal geometry
by comparing the calculated shape measures. For example, if we have an experimental
geometry and want to compare it to two different ideal polyhedra P; and P, and calculate
values S(P;) = 5° and S(P2) = 30° we can conclude that the experimental structure is
closer to the ideal structure P;.

The exact forms of the ideal polyhedra depend on the repulsive potential used to opti-
mize them.[%% In computations presented in this thesis the shape factors for sixfold-
coordinated and eightfold-coordinated atoms were calculated. The ideal polyhedra for
sixfold-coordinated atoms were the octahedron (Op) and the trigonal prism (Ds), while
for the eightfold-coordinated atoms the ideal shapes were those of the trigonal dodecahedron

(Dyq), the square anti-prism (Dyg), and the bicapped trigonal prism (Cy,)."
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3. Many-body Effects in Complexes

Containing Transition Metals

The electronic structure of transition metals and lanthanides is much more complicated
than the electronic structure of main group elements. The unfilled d- and/or f-shells enable
the realization of different states for the atoms and also various coordination motives for
complexes containing these atoms. This makes them both computationally challenging, as
the open shells are much more difficult to model compared to closed shells, and rewarding,
as the complex electron structure enables useful properties of these complexes in many
applied fields like magnetism, optical devices and catalysis just to name a few.[%2%4 Even
more functionality can be achieved by incorporating more than one or two metal atoms
into the system of interest. If the metal centers work together well better properties may
be obtained in terms of higher performance catalysts or more efficient optical devices. The
communication and synergy between several metal centers by means of cooperativity is the
main topic of this chapter. In the first part the term cooperativity is defined; in the later
parts this definition is used to quantify the effects of respective metal centers on optical

properties.

3.1. Definition of Cooperativity

In a common sense cooperativity would manifest between two entities (molecules, processes,
people ete.) if the final effect of the two entities is more than just the sum of the individual
effects.

In chemistry a prominent example from a biochemistry textbook would be the allosteric
effect in enzymes: 199! Enzyme F has two binding sites S4 and Sp. First substrate A would

bind to S4 forming complex P; inducing structural changes of the substrate and the binding
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A
SA E SB

Figure 3.1: An example of cooperativity between substrates A and B in an allosteric cat-

alyzed reaction of an enzyme. See the text for further explanation.

site Sp in particular. The second substrate B could then bind with P, forming the final
product P. It is straightforward to see that the reaction would not occur if only substrate A
or only substrate B would be present; the reaction shows therefore cooperativity between A
and B (where the aforementioned sum of effects in this extreme case is zero as no reaction
would occur). The whole mechanism is shown schematically in Figure 3.1. With this
reasoning one can easily imagine catalysis in general being a highly cooperative process.

These natural definitions are however not always sufficient for our purposes especially if we
would like to quantify these effects. It is therefore useful to have a mathematical definition
of cooperativity. Let us have two systems — an initial system A and a target system B each
of which consists of several subsystems A; and B;. We are interested in the cooperativity
in system A (i.e. between different parts A;); we want to see how much the properties differ
when subparts of A are replaced by subparts of B which are chemically similar but not
identical. Since we want to know how a part contributes to the whole system we make use

of a differential many-body expansion:

AO =3 "AO+ > AOu+ > AOm+ -+, (3.1)
k

k<l k<l<m

31



Chapter 3. Many-body Effects in Complexes Containing Transition Metals

where AQ is a difference in some property between systems A and B. This definition is
general and O can stand for any property, e.g. energy, dipole moment, polarizability, or
anything else. According to equation (3.1) we can expand this difference as a sum of one-
body contributions AOy, two-body contributions AQy,, three-body contributions AOy,,,,
and higher-body contributions. The one-body contributions AQ; can be calculated from
mixed systems where the kth subsystem of A is substituted by the kth subsystem of B (see
also section 3.2). Two-body contributions stem from mixed complexes where the kth and
the [th subsystems are substituted and so on. A detailed calculation of different n-body
contributions to AQO for a complex with three metal centers is shown in section 3.2.
Cooperativity is involved if a property of a system is determined by more than pairwise
contributions®”! and is therefore expressed by the three- and higher-body contributions
(cf. equation (3.1)). At this point it is useful to note that the many-body expansion is
often used to reduce computational costs in partitioning schemes, i.e. higher order terms
are calculated at lower level of theory.”® This is, however, not the case here; we use the
expansion only for a consistent definition of cooperativity.

With this definition at hand we can now turn to different metal containing complexes and

try to analyze whether the metal centers act cooperatively or not.

3.2. Cooperativity in Complexes with Three Metal

Centers

In this section two trinuclear metal complexes will be studied. To apply the differential
many-body expansion to trinuclear metal complex we first define a parent complex XXX
and a target complex YYY where X and Y denote different metals. One can obtain the
target complex from the parent complex by replacing all X metal centers by Y metal centers.
Of course one can also make a mixed complex with one X and two Y metals and vice versa.

In general (i.e. unless the metals are equivalent due to symmetry) six mixed complexes

can be made (XXY, XYX, YXX, XYY, YXY, YYX). We can now expand the difference
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between parent and target complex in any given property AO according to (3.1) as:

AO = O(YYY)— O(XXX)

3 1-1

3
= Y A0+ Y A0y + A0
k=1

=2 k=1

- AOl + AOQ + AO3 + AOlg + AOlg + A025 + AOlgg, (32)

where the one-body terms are given by:

AO; = O(YXX) — O(XXX), (3.3)
AO, = O(XYX)— O(XXX), (3.4)
AO; = O(XXY) — O(XXX), (3.5)

the two-body terms are given by:

AOp, = O(YYX) — O(XXX) — AO; — AO,, (3.6)
AOy = OXYY)— O(XXX) — AO, — AOs, (3.8)

and the three-body term is given by:

3

3 -1
AOpps = AO =) AOy—=> ) AOy

k=1 =2 k=1

= O(YYY) — O(XYY) — O(YXY) — O(YYX) +
O(YXX) + O(XYX) + O(XXY) — O(XXX). (3.9)

Equation (3.9) allows us to calculate cooperativity in different trinuclear complexes. One
just needs to calculate the property of interest (e.g. the energy) for the parent, the target,
and all mixed complexes and evaluate AQOj93. Its size then directly determines the extent

of cooperativity between metal centers in the complex.

33



Chapter 3. Many-body Effects in Complexes Containing Transition Metals

3.2.1. Cooperativity in a Pd/Pt Complex

First we apply this procedure to a homotrinuclear Pd complex [Pd3{Si(mt™¢)3},] where
mtMe is methimazole. This complex has D symmetry and its photophysical properties in
the ground and excited states have already been studied extensively both experimentally
and theoretically.[*>1% The structure of the complex is shown in Figure 3.2. The coopera-
tivity between the metal centers can be investigated by sequentially replacing the Pd atoms
by Pt atoms (an element from the same group in the periodic table). We define the Pds

complex as the parent complex and the Ptz complex as the target complex.

Figure 3.2: Structure of [Pd3{Si(mt™°)3}5] where mtM® is methimazole calculated at the

BP /def2-TZVPP level of theory: Pd — magenta, H — white, C — black, N — blue,
S — yellow, Si — tan.

The structures of all necessary complexes were optimized using DFT with the BP func-
tional " using the def2-TZVPP basis set 1?1102 a5 implemented in the TURBOMOLE pro-
gram package. The resolution-of-identity was used in all calculations and the convergence
criteria were 1078 F}, and 107° E},/ag for the SCF energy and Cartesian gradient respec-
tively. After optimization a single point energy calculation at the B3LYP/def2-TZVP 44
[103]

level was performed.

The properties of interest are the electronic energy, the UV /vis spectrum, and the transition
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Table 3.1: Differential many-body decomposition of the energy of the Pds/Pts complex.
All geometry optimizations have been performed at the BP/def2-TZVPP level
of theory. Energies are given in kJ/mol. Data taken from Ref. [103].

Method Geometry AOD AO® | AO;q3
BP/def2-TZVP Optimized 67.1 x 103 6.2 0.9
B3LYP /def2-TZVP Optimized 67.4 x 103 7.4 1.3
B3LYP/def2-TZVP | Fixed at Pt3 geometry | 67.4 x 103 | 6.8 0.1

density. For clarity one can define a sum of one-body and two-body terms of equation (3.1):

3
AOW = 3" A0y, (3.10)
k=1

3

-1
AO® = 3N A0y (3.11)

=2 k=1

The results of the differential many-body decomposition of the electronic energy are summa-
rized in Table 3.1. We investigated both the effect of method by comparing two functionals
and the effect of geometry by taking the complexes either optimized in their respective
minimal structure or fixed at the geometry of Pts complex minimum. In all cases the one-
body part dominates, i.e. the major difference in electron energy comes directly from the
difference between electron energies of Pd and Pt — the difference of absolute electronic
energies of Pd and Pt at the B3LYP/def2-TZVP level is about 22.6 x 103kJ/mol. Given
the fact that both two-body and three-body effects are very small, one can conclude that
there is no cooperativity in terms of energy in these complexes. This is not surprising as
the energy difference between electronic energies of different elements will always play the
most important role. More chemically relevant information could be obtained from the
decomposition of i.e. atomization energies.

The cooperative effects in the UV /Vis spectrum of the complex can also be studied. In
order to simulate the absorption spectrum it is necessary to first calculate excited states
of the molecule which can be done in different ways. For this relatively large molecule the
simplified TDDFT method (% was the best choice. One needs to keep in mind that we are
primarily interested in differences between spectra of similar molecules and the agreement

with experimental spectra (if they are available at all) is not the primary goal of these
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computations. The pragmatic way of calculating the spectra at the same level of theory for
all complexes was therefore the use of the B3LYP /def2-TZVP molecular orbitals as inputs
for STDDFT computation.

Pd; + up to 1-body terms
Pds + up to 2-body terms
Pd; + up to 3-body terms

0.0003

0.0002 -

0.0001 -

Oscillator Strength

-0.0001 b . 4
10000 15000 20000 25000 30000 35000 40000

Wavenumber [cm'1]

Figure 3.3: Computed UV /Vis spectrum of the Ptz complex (red curve) compared to when
three-body terms (green curve) and two- and higher-body terms (blue curve)
are omitted. The calculations were performed with the STDDFT method using
B3LYP/def2-TZVP molecular orbitals and orbital energies. Reprinted with
permission from Ref. [103|. Copyright 2016 John Wiley and Sons.

Absorption spectra obtained from such computations are presented in Figure 3.3. It is pos-
sible to get the spectrum of the target complex (Pts, red curve) by adding the one-, two-
and three-body terms to the spectrum of the parent complex (Pd3). If three-body terms are
omitted (green curve) the first absorption band around 25000 cm™' is reproduced and so is
the second band around 35000 cm ™! even though the intensity already differs. Furthermore,
many additional features appear in the spectrum without three-body term making it quali-
tatively different from the full spectrum. If only one-body terms are taken into account (or
from the opposite perspective also two-body terms are omitted) the spectrum differs even
more (blue curve); the maxima are shifted and differences in the intensities are significant.
As just concluded there is a substantial difference between the full spectrum and a spectrum
omitting the three-body term. Hence the three-body term is also important and coopera-

tivity between the metal centers plays a major role in the UV /Vis spectrum of the Pd3/Pts
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complexes. The metal atoms are quite close to each other — the distance between them in

the computed structures is ~ 2.8 A - and can therefore interact strongly.

3.2.2. Cooperativity in a Rh/Ir Complex

The second trimetallic complex that was studied is the tritopic triphenylene-based N-
heterocyclic carbene with three Rh atoms (parent complex) or three Ir atoms (target com-
plex). Its structure is depicted in Figure 3.4. The chlorine atoms can be either above or
below the plane of the central condensed aromatic system and the tert-butyl groups on
the nitrogen atoms prevent the cycloocta-1,5-diene groups from rotating. The structure is
therefore fixed in the up — up — down configuration with respect to the chlorine atoms. The
metals are much further away from each other (= 13.5A) than in the case of the Pd/Pt

complex and can only interact via the aromatic center of the molecule.

%5,27\ [
Y

-
— /

‘/ /,’4 ] ;_3 ‘/‘\Jp\x
Figure 3.4: Structure of the tritopic triphenylene-based N-heterocyclic carbene with three

Rh atoms obtained at the BP/def2-TZVPP level of theory: Rh — magenta, H —
white, C — black, N — blue, CI — green.

At first one can again apply the differential many-body expansion to the energy. The
results, presented in Table 3.2, show again that the largest contribution to the electronic
energy can be attributed to the one-body terms. Two- and higher-body terms are very
small and negligible especially when the geometry is fixed at the target complex geometry.

Comparing the results obtained for the electronic energies for Pd/Pt and Rh/Ir complexes
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Table 3.2: Differential many-body decomposition of the Rhsz/Irs complex. All geometry
optimizations were performed at the BP/def2-TZVPP level of theory. Energies
are given in kJ/mol. Data taken from Ref. [103].

Method Geometry AOD AO® AOq93
BP /def2-TZVP Optimized 48.6 x 103 -0.24 0.05
B3LYP/def2-TZVP Optimized 48.9 x 103 -0.21 0.04
B3LYP/def2-TZVP | Fixed at Irz geometry | 48.9 x 103 | < 0.5 x 1073 | < 0.5 x 1073

one may expect the latter to have smaller cooperativity than the former even in the UV /Vis
spectra. This is in agreement with purely geometrical considerations — communication in
the Rh/Ir complex is only possible via the central part of the ligand and not directly as
in the Pd/Pt complex. Indeed, lower cooperativity in the spectra is observed in this case
as one can see in Figure 3.5. In the case of the Rh/Ir complex even one-body terms are
enough to capture the two main absorption bands the only difference being in intensity.
If two-body terms are included the spectrum is reproduced almost perfectly. This shows
then again that little to no cooperativity is found between the metal centers in the Rh/Ir
complex.

This may also have some exploitable implications. If we are in a situation that we had
already calculated the spectrum of the Rhs complex and wanted to calculate the spectrum of
the Irz complex we could only replace one metal atom in the (almost symmetric) structure,
do the calculation and would have a very good estimate of the desired spectrum. The
calculation with only one different metal could be arguably cheaper than a calculation of a
fully substituted complex because the number of electrons involved would be lower.

The parent (Rhsz) and target (Irz) complexes were also synthesized and their spectra mea-
sured experimentally. 1% Figure 3.6 shows how the experimental spectra compare to the cal-
culated ones. First one notes that in the experiment both peaks — the first at ~ 27000 cm™!
and the second at ~ 33000cm™! — are shifted to lower energies in the Irs spectrum com-
pared to the Rhjz spectrum. The calculated spectra reproduce qualitatively the peak around
~ 33000 cm™! and in the case of Irs even the lower energy peak. The earlier offset of the
calculated spectrum of the Ir3 complex with respect to the calculated spectrum of the Rhj
complex is also in agreement with experiment. The agreement of the computations and

experiment is not excellent, the main differences stemming from solvent effects (the exper-
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Figure 3.5: Computed UV /Vis spectrum of the Ir3 complex (red curve) compared to when
three-body terms (green curve) and two- and higher-body terms (blue curve)
are omitted. The calculations were performed with the STDDFT method using
B3LYP/def2-TZVP molecular orbitals and orbital energies. Reprinted with
permission from Ref. [103|. Copyright 2016 John Wiley and Sons.

imental spectrum was recorded in a solution, while the computations are performed on an
isolated complex in the gas-phase), dynamical effects (only one conformer of the molecule
is taken into account in the calculation) and, of course, the (rather severe) approximations
made for the computation of excited states with the sSTDDFT method itself. Neverthe-
less the accordance is satisfactory enough to justify the use of the many-body expansion
computations for these systems.

Another interesting property one can look at is the transition density. For each excitation
the natural transition orbitals (NTOs) can be determined and a transition density matrix

p can be constructed: [193:104

p=VN?*V' - ON?07, (3.12)

where V' and O matrices contain the particle and hole NTOs, respectively, and, together
with the diagonal matrix IV, they can be calculated via a singular-value decomposition

of the excitation vector X. I will look into the three lowest excitations in our complexes,
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Figure 3.6: Experimental UV /Vis spectra of Rhs and Irs complexes with the respective
calculations. The calculations were performed with the sSTDDFT method using
B3LYP/def2-TZVP molecular orbitals and orbital energies. Calculated spectra
are scaled in order for the highest peaks of experimental and calculated spectra
of Rhs complex to have the same intensity. Reprinted with permission from
Ref. [103]. Copyright 2016 John Wiley and Sons.

which yield the total transition density matrix piotar:

3
Protal = »_, p(wi). (3.13)
i=1

Due to (3.13) it is possible to apply the differential many-body expansion to the difference
of total transition densities for the Rhs and Irs complexes using a grid representation of
the density. The visualization of such a procedure is shown in Figure 3.7. Similarly to the
case of the UV /Vis spectrum the total transition density is very well reproduced already by
including the one-body terms and the error in this case is small (see Figure 3.7 center, note
the two orders of magnitude difference of the displayed isovalue). The three-body term and
therefore the cooperativity in this case is again very small.

In this chapter two pairs of complexes were studied. For the first time the differential many-
body expansion was used to study trinuclear metal clusters. We saw one example of strongly

interacting cooperative metals in the case of the Pds/Pt; complexes and one example of
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Figure 3.7: Transition densities of the Ir3 complex obtained for the lowest three excitations
using the sSTDDFT method (B3LYP/def2-TZVP). Yellow corresponds to a gain
and blue to a loss of electron density. The total transition density (left; isovalue
+1 x 1073a4?). Error in the total transition density when only one-body terms
are taken into account (center; isovalue +1x107°a5?). Three-body contribution
to the total transition density (right; isovalue &5 x 10~7a;?). Reprinted with
permission from Ref. [103|. Copyright 2016 John Wiley and Sons.

weakly interacting metals in the Rhs/Irg complexes with almost no cooperative effects. The
difference between the two cooperativities was best seen in the UV /Vis absorption spectra
calculated for the complexes. The reason for different cooperativities is the proximity or
the remoteness of the metal atoms with respect to each other with closer Pds/Pt; atoms

displaying much higher cooperativity.
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4. Fluorescence of Complexes

Containing Europium

The last chapter focused on a theoretical concept applied to a real complex to retrieve
some highly abstract quantity such as cooperativity. The methods of theoretical chemistry
can however also be used more directly, e.g. to estimate geometries, reaction or excitation
energies, dipole moments, magnetic properties, and many other quantities. In the end of
the day it is the combined effort of theory and experiment that helps us understand the
world around us. Thus, one of the main ways theoretical chemistry can contribute is to help
to interpret the results of experiments and it is important to bear in mind that both theory
and experiment are of key importance here. They can both answer different questions, have
different advantages and weaknesses and it is the combination of the two that shows the
most complete picture. In this chapter I will show an example of such a combined effort in
investigating a group of europium containing complexes. We will see how both theory and
experiment contribute with interpretations and new suggestions to research.

As it was already mentioned in the introduction lanthanide ions in organic complexes can
have very interesting and useful optical properties which make them suitable materials for
optical devices. In the framework of cooperativity presented in the previous chapter an
interesting device could be a quantum cutter — a device able to ‘cut’ an absorbed photon of
high energy (in UV range) into two photons of lower energy (in Vis or IR range) that would
be emitted. Such devices could be used in conventional lighting devices or photovoltaics. 19l
The work presented in this chapter is concerned with molecular properties and studies in
detail the structure, energy levels, energy transfer, and luminescence in complexes that
contain europium. The experiment is performed in the gas-phase so that environment
effects (such as stacking in crystals or solvent effects in solutions) are eliminated and the

direct comparison to the computational results is facilitated. This work is also part of a
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series of studies that deal with structurally different lanthanide complexes. 1]

4.1. Systems of Interest

This chapter is concerned with complex molecules that contain at least one europium atom
and several 9-oxo-phenalen-1-one (PLN) ligands. The PLN ligand is a fS-diketonate of
phenalene, an aromatic hydrocarbon consisting of three condensed benzenes. The structure
of PLN is shown in Figure 4.1. This ligand is chosen for structural and energetic reasons
— the (-diketonates in general have the ability to bridge different metal centers which is
important for the stability of the complex; the energetic reasons and its importance are

apparent from the process that we want to describe.

SN N
N N N

Figure 4.1: Illustrative structure of 9-oxo-phenalen-1-one (PLN).

The process itself may be summarized as follows:['%! first the ligand is excited to the
singlet S; state by irradiation with UV light; then an intersystem crossing in the ligand
takes place and the lowest lying triplet T, state is populated; then energy transfer occurs
from the ligand to the europium center (i.e. the metal center) and the excited Dy level of
europium is populated; finally the luminescence from the °Dy state to the F ground state
manifold of europium is measured. Note that the f-shell of Eu* is localized due to the
effective shielding by 5s and 5p electrons which allows the use of the atomic term symbols
in the process description. The whole process is shown schematically in Figure 4.2. The
experimental evidence of this process, which is measured, is the final luminescence of the
europium atom. From this description it is obvious that the ligand needs to have suitable

energetic properties namely the triplet state T; needs to lie just above the Dy state of
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Figure 4.2: The sensitization of europium in the complexes studied. The process takes place
partly in the ligand (blue) and partly in the europium ion (red). The steps
include excitation (1), inter-system crossing (2), energy transfer from ligand to
metal (3) and the experimentally measured and calculated luminescence (4).
The Eu®* f-shell is well localized due to the effective shielding by 5s and 5p
electrons which allows the use of atomic term symbols in the graphic. The

figure is illustrative and not in scale.

europium (which has an energy of about 17250 cm™")[1% in order to allow efficient energy
transfer to take place. Since PLN has both desired properties — it forms stable complexes
with europium and its Ty state is of favorable energy['%7l — it is a suitable ligand for this
kind of study. I will however also briefly discuss some other possible ligands in section 4.1.1.
There are two types of complexes that we will be concerned with in this chapter. First is the
nonanuclear complex [Eug(PLN);6(OH);0)* 1% that is referred to simply as ‘nonanuclear
europium complex’ in the following. The second type of complexes are adducts of europium,
four PLN ligands and an alkaline earth metal AE: [Eu(PLN),AE]", 1'% where AE = Mg,
Ca, and Sr. I will call this series of structures ‘four ligand systems’. The motivations for
studying these two systems are a bit different and will be explained later. At this point let
us only stress that the general sensitization and luminescence process as described in this

section is the same for both of them.
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4.1.1. Alternative Ligands

Apart from the PLN molecules I also performed a screening of other possible ligands. I
focused on computing So—T; energy differences for these molecules by different methods
including CIS and ASCF (i.e. computation of the two states of different multiplicity and
making a difference of the energies) of DFT states with the BP and B3LYP functionals.
None of the methods I tried provided, however, reliable data for the So—'T; energy difference
which, together with the lack of experimental data, proved to be limiting for drawing
conclusions and suggesting ligands for our application other than PLN.

I tested a set of 36 molecules — 17 of them were derivates of PLN and 8 were derivates of
anthracene or its heterocyclic analogs. The rest of the set studied were smaller aromatic
organic molecules usually containing two benzene rings. In the desired application in the
europium centered complex the ligands should be negatively charged to compensate for the
positive charge of the Eu®" ion. In most cases, the suggested molecules create anions upon
loosing the acidic hydrogen of the alcohol OH group. The complete list of molecules tested
is given in Appendix B.

An ideal ligand for our application would have the Sy—T; gap slightly larger than PLN
(which is also ligand labeled 1 in this set of molecules) as the efficient energy transfer to the
europium center would still be possible. Additionally such a ligand could also be used in
complexes with different lanthanides, e.g. Th3*. The results for the ASCF computation at
the B3LYP /def2-TZVPP level of theory are presented in Figure 4.3. As one can see many
ligands have excitation energies close to those of PLN which is especially true for derivates
of PLN and only a few ligands have higher excitation energies. For example tropolone
(ligand 19) would be a good candidate, the synthesis of the corresponding complex was
however not attempted.

Additionally the simplified TDA method!® was compared with the full TDA approach
in the computation of the first excitation energies of the possible ligands. Both singlet
excitation and triplet excitation were computed. The results presented in Figure 4.4 show
that the sTDA method always underestimates the singlet excitation by ~ 0.2eV. The
triplet excitations however are overestimated and generally the agreement between the
two methods is worse. We can conclude that even though the sTDA/STDDFT method

was primarily developed to compute absorption spectra of large molecules the individual

45



Chapter 4. Fluorescence of Complexes Containing Europium

15 15
© 16 16
=7 17
18 18
519 19
=20 20
(/23] 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36 ﬁ
I T I I I I T I I I I T I T T T ] I I I I I
0 03 0.6 0.9 1.2 15 18 21 24 27 3 3.3 0 03 0.6 0.9 12 15 1.8 241 24 27 3
Excitation energy [eV] Excitation energy [eV]

Figure 4.3: Excitation energies in possible ligand molecules calculated as a difference of
the Sp—T; states using the B3LYP/def2-TZVPP method computed at the T4
equilibrium geometry. The results for neutral structures (left) and anions (right)
are presented. The values for PLN (structure 1) are highlighted with the red
line. The list of structures is given in Appendix B. Note that no suitable anion

structures were found for structures 27, 28, and 29.

excitations also agree reasonably well with the full TDA computation especially in the case
of singlet excitations.

Given the lack of experimental data and the general uncertainties in computations of DFT
excitations we concluded the best option is to use the original PLN ligand. Having men-
tioned possible alternatives to PLN in europium complexes we turn our attention now to

how we can describe the luminescence of such complexes theoretically.

4.2. Computational Protocol

The procedure that was used to calculate the energies of transitions in europium contain-

ing complexes can be divided into two main blocks that are described in the following
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Figure 4.4: The error AE = Erpa — Espa for the neutral structure of alternative ligands
computed at the B3LYP /def2-TZVPP level of theory for the first singlet S; (left)
and triplet T (right) excited states. Note that the singlet excitation energies
are underestimated while the triplet excitation energies are overestimated by

the sTDA method. The list of structures is given in Appendix B.

subsections.

4.2.1. Geometry Optimization

In order to calculate the splitting of f-electron energy levels in Eu?t in a given complex
the geometry of the complex needs to be determined first. The complexes of interest are
quite large with 381 and 90 atoms for the nonanuclear europium complex and the four
ligand system, respectively, which translates to ~ 10300 and 2400 valence basis functions,
respectively (with a def2-TZVPP basis set). The geometry optimization with DFT is
therefore the only viable option in this case. In principle one should optimize the excited
molecule where europium is in the emitting °D state. It was shown however that the latter

state has a strong multi-reference character; moreover the difference in geometry between
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the °D state and the "F ground state is quite small.['®®! Since the ground state can be
described well with a single determinant the geometry optimizations were carried out in
the ground state.

Following the experience from the study of adducts of the form [Eu(PLN)3A]", where A =
Li, Na, K, Rb, or Csl'®l (*three ligand systems’) the initial structures were obtained using
the PM6-SPARKLE method.!™% These were subsequently optimized in TURBOMOLE
using the BP functional first with the def2-SVP and then with the def2-TZVPP basis
set. The energy thresholds were set to 1078 E}, and 107° E}/ag for the SCF energy and
Cartesian gradient respectively. The resolution-of-identity approximation was used in all
computations. In all cases the harmonic frequencies were calculated using the aoforce
module of TURBOMOLE to check if the geometries are true (local) minima (and not saddle
points) on the potential energy surface. The parallel implementations of TURBOMOLE

were used heavily for these calculations (the MPIMU and fork[''? parallelizations).

4.2.2. Ligand Field Splitting Computations

With the geometries at hand we can now calculate the splitting of the 4 f% levels of europium.
This is done using the effective Hamiltonian H.g¢ implemented in the McPHASE program, 76!
which was already described in detail in section 2.3.3. Here I only remind that the effective

Hamiltonian consists of three parts:
Heg = He + Hso + Hr, (4.1)

where ﬁc, ﬁso, and Hip represent Coulomb, spin—orbit, and ligand field interactions,
respectively.

The charge distribution in the complex is needed for setting up the ligand field Hamilto-
nian. A standard procedure to determine the charge distribution in a molecule is to do
a population analysis that yields the distribution of electrons among atoms. There are
several ways how the population analysis can be done and none of them is the best for
all purposes.['®l After some testing the natural population analysis (NPA)[M4 was chosen.
The obtained charges on europium were adjusted to 3+ and (in case of the four ligand
systems) the charges on the alkaline earth metals were adjusted to 2+. Then I scaled the

charges on the oxygen atoms so that the total charge of the molecule (i.e. 1+) was retained.
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The effective Hamiltonian also contains four adjustable parameters that were obtained by
fitting to experimental results — three Slater integrals F2, 4, and F'¢ as well as a spin—orbit

scaling factor (. These parameters will be of interest in the next section.

4.3. Nonanuclear Europium Complex and Parameter Fit

The emission spectrum for the nonanuclear europium complex was measured experimentally
and is shown in Figure 4.5. The transitions are well resolved and this therefore seems to
be a perfect example to test our computational protocol.

Emission / (cm™)
1800017000 16000 15000 14000 13000

T
|

N

Normalized intensity

550 600 650 700 750
Emission / (nm)

Figure 4.5: Experimental gas-phase emission spectrum of the observed Dy —7 F; transi-
tions of the nonanuclear europium complex with J = 0, 1, 2, 3, and 4. Reprinted

with permission from Ref. [115|. Copyright 2016 American Chemical Society.

One geometry was obtained, which is depicted in Figure 4.6. In this structure one eu-
ropium atom is located in the center while the other eight europia form a cage around
it. The outer lying europium atoms are coordinated by eight oxygens each. In order to
further characterize the local coordination of the europium atoms we made use of the shape
measure S8 as described in section 2.6. Note that for the eight-coordinated system the

ideal geometries are the trigonal dodecahedron (Dy,), the square antiprism (Dyq), and the
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bicapped trigonal prism (Cs,). First I calculated the shape of the coordination sphere of the
outer europia around the central europium; this resembles the square antiprism the most
with the shape measures S(Dyq) = 5°, S(Cy,) = 14°, and S(Dsy) = 16°. Due to its close
to local Dyy symmetry the central europium atom will not be contributing to the emission
spectrum in this complex. The shape measure analysis of the outer europia however show
that the symmetry of their coordination spheres (with eight coordinating oxygens for each
europium) are close to the bicapped trigonal prism with the shape measures S(Cs,) ~ 8°,
S(Dqg) =~ 14°, and S(D4q) =~ 16°. Since the distribution of the shape measures differs only
slightly for the eight outer europia it is assumed that they all contribute to the emission

spectrum equally. 117!

Figure 4.6: Structure of the nonanuclear europium complex at the BP/def2-TZVPP level
of theory. Reprinted with permission from Ref. [115]. Copyright 2016 American
Chemical Society.

With the geometry at hand one can calculate the charge distribution in the complex, which
is needed for the ligand field part of the effective Hamiltonian and to calculate the ligand
field splitting. The results of such a calculation are presented in comparison with the
experiment in Figure 4.7 (note that the intensities are not calculated and are therefore
assumed to be equal for all transitions). One can see that — especially in the low energy
region — the agreement between experiment and calculation is quite good as the main

features are reproduced. The whole calculated spectrum is however shifted by ~ 500 cm ™!
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Figure 4.7: Comparison of the experimental (bottom) and calculated (with original pa-
rameters; top) luminescence spectrum of the nonanuclear europium complex.
Reprinted with permission form Ref. [115]. Copyright 2016 American Chemical
Society.

to higher energies. In order to understand and improve on this shift we need to look at the
parameters in the effective Hamiltonian.

The Slater integrals and spin—orbit coupling constant used in the effective Hamiltonian are
obtained by fitting to experimental results. Traditionally, this is done for lanthanides in
crystals, i.e. in the solid state. "%l There is however no guarantee that such parameters are
optimal for a gas-phase measurement that we have in our case since the situation in solids
is much different to the situation in the gas-phase (e.g. periodicity, packing effects). We can
now try to find a new set of parameters that would reproduce the gas-phase data better and
would maybe eliminate the aforementioned shift. Since the experimental spectrum of the
nonanuclear europium complex is well resolved it is a perfect candidate for an experimental
reference.

I used the unambiguous seven lowest experimental transitions that I wanted to fit. The fit

was done in a least squares way where I minimized the function R of the form:

7
R=R(F*F*" F°¢) = \| > (Bexpi — Eeali)?. (42)

i=1
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where Feyp i, and Egy; stand for the experimental and calculated transition energies, re-
spectively, and R is a function of Slater integrals F'* and the spin-orbit coupling constant
(. The function R is nonlinear, very complicated and has many local minima. All of this
made Newton-Rhapson or other standard optimization mechanisms inapplicable. Instead I
made a scan of this function where I varied the parameters by different amounts and chose
the combination that gave the lowest value of R as a starting point for the next step of op-
timization. In each step the parameters were either increased by a large amount, increased
by a small amount, left unchanged, decreased by a small amount, or decreased by a large
amount. For each parameter there were therefore five different possible values in each step
of optimization. All different combinations of parameters were made which corresponds
(for four parameters) to 5 = 625 different sets of parameters in each optimization step.
The combination that gave the lowest value of R was chosen as a starting point for the next
step of optimizations where the amount of change for parameters was reduced. The total

number of seven steps were used in the optimization as shown in Table 4.1.[115]

Table 4.1: The protocol used for optimization of parameters of Heg. See text for further

explanation. 117l

Optimization step 1 2 3 4 5t 6 7

Change by larger/smaller amount in % 32/16 16/8 8/4 4/2 2/1 1/0.5 0.5/0.25

This was the so-called unconstrained optimization because all parameters were varied in-
dependently of each other. I also did a constrained optimization where I kept the ratios
between the Slater integrals constant: F*/F? = 0.668 and F°/F? = 0.495 which are
the recommended values that should be used when the number of experimental values is
insufficient to do the unconstrained optimization.''”l The values of the original and opti-
mized (both unconstrained and constrained) parameters for the BP /def2-SVP and BP /def2-
TZVPP geometries can be found in Table 4.2. The comparison of the experimental and
calculated transition energies is presented in Table 4.3.

From the values presented it is clear that the optimized parameters show a huge improve-
ment over the original ones. The values of the fitting function for the optimized parameters

are more than one order of magnitude smaller than those for the original parameters and
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Table 4.2: The values of original and optimized parameters of Hog. SVP and TZVPP denote
the BP/def2-SVP and BP/def2-TZVPP structures, respectively. See text for
further explanation. Data taken from Ref. [115].

unconstrained constrained
values [em™!] original parameters SVP TZVPP SVP TZVPP
F? 83130 64260 61993 85985 85985
F? 09271 74286 85903 57438 57438
F¢ 42562 32042 27992 42562 42562
¢ 1338 1267 1264 1338 1338
R = R(F2, F*, FS () 1103° 53 68 81 91

*Computed for the BP/def2-TZVPP structure.

the absolute values of individual errors for each transition are in all cases (with the excep-

1

Y

tion of Dy — “F; (my = 0) transition with constrained optimization) lower than 50 cm™
which again is a huge improvement compared to the original parameters where the errors
are ~ 400 cm~!. The unconstrained optimized parameters show slightly smaller errors with
respect to the experimental values; the advantage of the constrained parameters is that
they keep, unlike the unconstrained parameters, the correct labeling of the higher energy
states in the calculation. Since, as already stated, already the constrained parameters pro-
duce results in much better agreement with the experiment than the original parameters I
decided to work with them further.

The luminescence spectrum computed using the constrained optimized parameters is pre-
sented in Figure 4.8. It is apparent that the observed shift in the computed spectrum
was eliminated and it is now in much better agreement with experiment. This of course
is not surprising since the fit was done exactly in the way so that this experimental spec-
trum is reproduced. Now we have however a new set of parameters that can hopefully be
used for gas-phase experiments on europium containing complexes. I will apply this set of
parameters on a series of four ligand systems in the next section.

In this section we were concerned with the nonanuclear europium complex where the well
resolved experimental spectrum was used to derive a new set of parameters for the effective
Hamiltonian, which are more suited for computations on gas-phase complexes. The results

so far seem promising.

23



Chapter 4. Fluorescence of Complexes Containing Europium

Table 4.3: Comparison of experimental and calculated transition energies for the nonanu-
clear europium complex. The values of differences Ay = Fexp — Ecal are pre-
sented for the original and optimized parameters of either unconstrained or con-
strained optimization. The values of optimization function R are presented as
well. All values are given for the BP/def2-TZVPP structure in cm~!. Data taken
from Ref. [115].

Transition Experiment Ae, orig. /unconst. Aexp orig. /const.

Dy =" Fy 17227 443/1 443 /43
Dy =" F4 (my=—1) 16984 418 /-8 418/12
Dy =" Fy (my=1) 16763 385/-41 385/-20
Dy —" Fy (my = —-2) 16316 377/-19 377/-35
Dy =7 Fy (my=—-1) 16266 408/12 408 /-4
Dy =7 Fy (my =0) 16197 404/8 404/-8

R:R(FQ,F4,F6,C) 1103/68 1103/91

4.4. Europium Luminescence as a Structural Probe

In this section I will describe the study of a series of four ligand systems of the form
[Eu(PLN)4AE|", where AE = Mg, Ca, or Sr. This was part of a series trying to describe
in detail the sensitization process in europium containing complexes. It followed a similar
study of the three ligand series [Eu(PLN)3A]*, where A = Li, Na, K, Rb, or Cs.['%l The

questions that we wanted to investigate are two:

e Is it possible to transfer the optimized parameters derived for the nonanuclear eu-
ropium complex (section 4.3) to other systems with different coordinations and still

get improved results?

e Can the information about the luminescence of europium in the complex be used as

information on the structure and local symmetry of the complex?

To answer these questions both the experimental and the theoretical methods need to be

used to get a satisfying answer.
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Figure 4.8: Luminescence of the nonanuclear europium complex — comparison of the exper-
imental spectrum (bottom), spectrum calculated with constrained optimized
parameters (middle), and spectrum calculated with original parameters (top).
Adapted with permission from Ref. [115]. Copyright 2016 American Chemical
Society.

4.4.1. Experimental Luminescence Spectra

The hypersensitive splitting of the Eu®* Dy — "F, transition is of interest in this study.
This transition should in theory be split into five lines since the “Fy state splits into five
"Fy(my) states with my; = —2...2. The experimental setup is well suited for measuring the
cations in the gas-phase.[''8] With the given resolution of the luminescence measurement
the split of the emission spectrum to only two components (higher and lower) was observed;
moreover the splitting and the positions of the peaks depend on the alkali earth metal used
as documented in Figure 4.9.

The splittings between the high and low component in all different complexes amount to ~
130 cm~t. Both components grow in energy with the increasing size of the alkaline earth ion
adduct (from Mg to Sr). This trend of splitting into two components and the behavior of
the components depending on the alkaline earth atom present is what we want to investigate
with the following computations. Since the experiment is done in the gas-phase there is

no practical way to determine the structure (which in solid state could be done e.g. using
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Figure 4.9: Energies of the upper an lower components of the °Dy — 7F; emission band of
the four ligand systems [Eu(PLN),AE|", AE = Mg, Ca, and Sr as a function

of the ionic radius of the corresponding alkaline earth ion. 1%

X-ray spectroscopy) and the computation of a structure is the only way to suggest what

the structure could look like.

4.4.2. Structural Motifs

I did a geometry optimization very much similar to the one described in section 4.3 that
started from a guess given by a semi-empirical PM6-SPARKLE method. Again the opti-
mization was done at the BP/def2-TZVPP level of theory. I found two different types of
structures for each four ligand system via this optimization procedure which are depicted
in Figure 4.10.

[ will call the two binding motifs Set 1 and Set2 (as already used in Figure 4.10) and
even though the motifs might seem similar at first glance they are profoundly different.
In Set 1 three PLN ligands act as bridging ligands between the europium and the alkaline
earth ion while the last PLN ligand only coordinates the europium ion. In Set2 however
three ligands and the europium ion form a propeller like unit to which the alkaline earth
ion is coordinated with the last PLN ligand coordinating only the alkaline earth ion. A
similar propeller like unit was already found in the study of the three ligand system. 1%l

The propeller shows an almost perfect three-fold symmetry and the only major structural
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Figure 4.10: Structures computed at the BP/def2-TZVPP level of theory. Two sets with

different binding motives were found. Eu in magenta, AE in blue, oxygen

atoms in red. 199

difference in the Set 2 structures is the tilt of the alkaline earth coordinating ligand with
respect to the europium-alkaline earth line which is a bit larger in the Mg containing ligand
than in the other two (= 14° compared to ~ 4-5°).

To further investigate the coordination sphere of the europium ion I again calculated the
shape measures S for all presented structures. This time europium is in some sense unsat-
urated as it is only coordinated by six oxygen atoms. The relevant ideal polyhedra for this
coordination are the octahedron (Op) and the trigonal prism (Ds;,) the exact geometries
of which were taken from the literature.l”!! Keeping in mind that lower values of shape
measure S for a given geometry means that it is closer to the respective symmetry we may
inspect the results summarized in Table 4.4.

We can rationalize the geometries and say that Set 1 geometries rather resemble an octa-
hedron. Even though the difference between the two shape measures in the Mg containing
complex is not large at least in the Ca and Sr containing complexes the coordination sphere
of the europium ion can be described as a distorted octahedron. The situation is quite

different in the Set 2 geometries which are all distorted trigonal prisms. Nevertheless it is
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Table 4.4: Calculated shape measures for Set 1 and Set 2 structures of the four ligand sys-

tems. 1091
Set 1 Set 2
SO] S(Dan)[°] SOn)[°] S(Dan)[]
Mg 21 27 44 5
Ca 15 34 38 8
Sr 12 37 33 12

interesting to note that even in the Set 2 structures the octahedron motif increases with
increasing size of the alkaline earth ion (just like in the Set 1 case).

I also computed the harmonic frequencies to check if all structures are minima on the
potential energy surface (which they are) and to get the zero-point energy (ZPE) correction
to the electronic energies. Even after the ZPE correction the energies of the complexes do
not differ much for different sets. As seen in Table 4.5 they never differ by more than about
10 kJ/mol which is well bellow the expected accuracy of the method used, so we cannot say

for sure which one of the two sets should be energetically favorable if any.

Table 4.5: Energies of four ligand complexes at the BP /def2-TZVPP level of theory includ-
ing the zero-point energy correction.!'® The Set 2 structures are lower in energy

in case of Ca and Sr. See the text for further discussion.

Alkaline earth atom  FEget, — Eset, [kJ/mol]

Mg 8
Ca -7
Sr -9

In this subsection I presented two possible geometrical motifs that can be present in the four
ligand systems [Eu(PLN),AE|", AE = Mg, Ca, and Sr. Energetically they are equivalent
so we need to have a look on how they can predict the (experimentally observed) trends in

splitting of the hypersensitive transition in the europium ion.
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4.4.3. Computations of Spectra Splitting

The splitting of the "Fy manifold was again computed using the effective Hamiltonian
described in section 2.3.3. The calculated transition energies together with the experimental
results are presented in Figure 4.11. Since the current version of the McPHASE program
does not provide the calculation of the intensities, they are assumed to be equal for all
transitions. The experimental broadening is mimicked using Gaussian functions with the

width corresponding to the experimental resolution. The superposition of the Gaussians

yields the maxima displayed in Figure 4.11 (b, c).[*%!
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Figure 4.11: Experimental band positions and relative intensities of the °Dy — 7F, transi-
tion in the four ligand systems as a function of ionic radius of the respective

alkaline earth ion (a). The computed results for the Set 1 (b) and Set2 (c)

geometries are presented as well. Red lines are used to highlight trends. See

text for further explanation. 1%

The first observation we make upon investigating the contour plots of Figure 4.11 is that
indeed the optimized parameters of the effective Hamiltonian also work well for the four li-
gand system. When I used the original parameters the amount of splitting was still the same
but shifted (similarly to the case of the computed spectrum of the nonanuclear europium
complex in Figure 4.7) to higher energies as it can be seen in Figure 4.12. This is good
news since it suggests that the parameters that I optimized for the nonanuclear europium
complex can be used for other europium containing complexes in the gas-phase as well.
Note that the optimized parameters also improved the ligand field splitting computations
in the three ligand system. 105115l

The second observation is about the two different types of structures. We can see that
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Figure 4.12: Experimental band positions and relative intensities of the °Dy — 7F, transi-
tion in the four ligand systems as a function of ionic radius of the respective
alkaline earth ion (a). The computed results for the Set 1 (b) and Set2 (c)
geometries with the original parameters of Heg are presented as well. Note the

difference in the energy scale compared to Figure 4.11.

they both reproduce the splitting quite well and that they split into two components (low
energy and high energy). From the red lines that highlight the trends it is apparent that
the structures of Set 2 resemble the experimental splitting more. This would suggest that
the Set 2 structures are the ones observed experimentally. Another indirect support for this
is the fact that the propeller like unit which is part of the Set 2 structure for all complexes
is very similar to the structure computed for the three ligand system.!**®! Since both types
of complexes are present in the solution before electrospraying and mass selection it is easy
to imagine that the Set 2 structure can be formed by direct addition of AE(PLN)* to the
neutral Eu(PLN)j3 structure. The energies calculated do not allow to distinguish between
the two sets and we cannot exclude the possibility of multiple luminescent conformers. 1%
The assignment of the Set2 structures to the experimental spectra would be supported
by a number of indirect hints — the better agreement of the contour spectrum with the
experimental one, the presence of the propeller unit found in the three ligand system, and
the slightly lower energy in two cases (even though this should be taken with great caution).
The only unambiguous way to check the structure would be to calculate also the intensities
of the transitions, which is currently not possible. One can however try to improve the
computed geometries. The deficiencies of DFT functionals for the calculation of dispersion

interactions are well known!'*! and it is therefore commonplace to apply corrections for
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this that may change the computed structure. The application of such a correction on the

four ligand system [Eu(PLN),AE|", AE = Mg, Ca, and Sr is described in the next section.

4.5. Dispersion Effects

Dispersion interactions play an important role in complex structures. Even though they are
much weaker than ionic or covalent bonds they have a major influence on e.g. the spatial
structure of proteins and other macromolecules. At least some part of dispersion should be
therefore always included in calculations in large molecules where e.g. 7—7 stacking can take
place. DFT is generally known to neglect most of the dispersion energy and it is a good
idea to try to correct for it and see if the results change much. To do that I chose the very
popular and simple D3 correction method[**5% that was already described in section 2.2.2.
Since the D3 correction is parameterized for each functional it is logical to test how much
it would change the geometries of the four ligand systems (Set 1 and Set 2) if T add it to the
BP functional used to obtained those geometries. The geometries re-optimized with the D3
correction are shown in Figure 4.13.

One immediately notices that while the structures did not change drastically for Set 2 there
was an enormous change for Set 1 structures. The new structural motif observed in the Set 1-
D3 structures is the m—m stacking of pairs of PLN ligands, which is due to the dispersion
interaction. If we now look at the energy difference of these structures (Table 4.6) we can
see a clear trend — the Set 1-D3 structures are always lower than Set 2-D3 structures by
a considerable amount (at least 34 kJ/mol). This changes the picture completely and the

Set 1-D3 structures seem now to be the favorite candidates.

Table 4.6: Energies of four ligand complexes at the BP-D3/def2-TZVPP level of theory
including the zero-point energy correction. >l The Set 1-D3 structures are lower

in energy in all cases. See the text for further discussion.

Alkaline earth atom  Eget,-p3 — ESset;-p3 [kJ /mol]

Mg 34
Ca 45
Sr 53

The structural change in the ligands was however not that pronounced in the oxygen co-
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Figure 4.13: Structures computed at the BP-D3/def2-TZVPP level of theory. The struc-
tures for Set 1 differ significantly from those obtained from the computations

without the D3 correction. Eu in magenta, AE in blue, oxygen atoms in

red. [120]

ordination sphere of europium as it is documented by the calculated shape measures for
the respective compounds (Table 4.7). They suggest a more uniform distribution in the
Set 1-D3 structures as both shape measures, S(0p) and S(Dsp), are quite similar for all
the structures. The D3, character of the Set 2-D3 structures is less pronounced than in the
Set 2 structures.

The results of the computation of the splitting of the hypersensitive transition (Figure 4.14)
were surprising. While the splitting in the Set 2-D3 structures did not change significantly
compared to the Set 2 structures (which is not surprising since the structures themselves
did not change significantly) and still reproduces the experimental splitting fairly well,
the splitting computed for the Set 1-D3 structures is in very poor agreement with the
experiment. Not only are the energies quite shifted but also a splitting into three bands is
predicted for the series of four ligand complexes, which does not agree with experiment.

To further investigate this geometrical effect a model system was constructed. In this model
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Table 4.7: Calculated shape measures for Set 1-D3 and Set 2-D3 structures of the four ligand

systems.
Set 1-D3 Set 2-D3
SO S(Dsp)[] S(OW)[7] S(Dsn)[]
Mg 17 33 37 11
Ca 16 33 36 10
Sr 14 34 31 15
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Figure 4.14: Experimental band positions and relative intensities of the °Dy — 7Fy transi-
tion in the four ligand systems as a function of ionic radius of the respective

alkaline earth ion (a). Computed results for the Set 1-D3 (b) and Set 2-D3 (c)

geometries are presented as well. [120)

system the Eu®t ion was replaced with In®*. In3* has a size comparable to Eu* and its
advantage is that it has no unpaired electrons in its shell (compared to Eu" that has six
of them which makes it computationally much more demanding). In the model system
BP, BP-D3, and MP2 geometry optimizations were performed with the def2-TZVPP basis
set. The resulting geometries were very similar to the geometries of the original four ligand
system |[Eu(PLN),AE|", AE = Mg, Ca, and Sr in both BP and BP-D3 cases. Moreover
the RIMP2 method also yielded a ‘stacked’ structure very similar to the BP-D3 geometry.
This is another result supporting the Set 1-D3 geometries. Auxiliary basis sets for RIMP2
computations were not available for europium therefore the model system was needed.
Preliminary results with a large core ECP and auxiliary basis set developed within this
thesis (see chapter 6) support the conclusions drawn from the model system computations.

While RIMP2 is one of the few feasible post-HF method for the geometry optimization of
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Chapter 4. Fluorescence of Complexes Containing Europium

the four ligand complexes it should be noted that it is by far not the most accurate method
for lanthanide geometry optimizations. '2!

We are now facing two contradicting results. Energetically speaking the Set 1-D3 structures
should be the most stable as their energy is the lowest by a significant amount (at least
34 kJ/mol lower than Set 2-D3 structures including the D3 correction). From the ligand field
splitting, however, they are the worst when compared to the experiment. Both theoretical
approaches — the computation of the electronic energy and the computation of the ligand
field splitting — are of course approximative so it is hard to decide clearly on which should
be of more value. It is now turn for another experimental approach to shed light on this

problem.

4.5.1. Ion Mobility Measurements

In an ion-mobility spectrometry (IMS) experiment the velocity of transport of an ion of
interest under the influence of an electric field in a buffer gas (typically helium) is measured.
The velocity is proportional to the electric field and a structural parameter for the ion,
called cross-section, can be extracted from this measurement. The cross-section depends
on the geometry of the ion of interest. The cross-section can also be calculated for a given
molecular geometry (obtained from e.g. a DFT geometry optimization) making IMS a very
suitable technique to rule out geometries that are improbable.

The common assumption in deriving the expression for the cross-section () is that the

molecular ion and helium atom are hard spheres resulting in: [122]
1 T 27
0 = 4— dd) sm(gb)/ d7 Qdir<¢7 7)7 (43)
™ Jo 0

where Qi (¢,7) is a directional cross-section which needs to be further approximated. For
example the exact hard-spheres scattering (EHSS) model (cf. blue squares in Figure 4.15)

expresses the directional cross-section as:

Qun(o.7) = [ N / "1 = cos(x(, 7, v, 2))dydz, (4.4)

where x(¢, 7, y, z) is the scattering angle of the He atom. For EHSS and other approximative

methods the collisional radius R(X-H), which is an empirical fitting parameter, needs to
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be known in order to complete the calculation. 1?2
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Figure 4.15: Comparison of the experimental cross-section and the cross-section calcu-
lated for the theoretically suggested structures of [Eu(PLN),Cal*. The blue
squares'?? and the green triangles!'?? represent two different methods of cal-
culating the cross-section, the exact hard-spheres scattering (EHSS) model and
the trajectory model, respectively. The Set 1-D3 structure can be clearly ruled

out based on this measurement. 120!

The comparison of He-converted cross-sections of all up to now suggested geometries (i.e.
Set 1, Set 1-D3, Set 2, and Set 2-D3) with the experimental cross-section for the [Eu(PLN),Cal|™
complex is presented in Figure 4.15. Note that a very similar picture is obtained for all
other alkali earth metal ions as well.

Inspecting the results of the ion mobility measurements we can see that the Set 1-D3 struc-
tures can be ruled out with high confidence as they differ from the experimental cross-
sections significantly. The other structures however are indistinguishable with the current
resolution of the experiment.

This is already a very valuable result. We saw that the Set 1-D3 structures were the
lowest in energy (taking the D3 correction into account) but at the same time they had
the poorest agreement with experiment in the ligand field splitting computations. Now we
have experimental evidence that these structures do not occur in the gas-phase measurement

itself. I will try to examine the D3 corrected structures in more detail in the next subsection.

65



Chapter 4. Fluorescence of Complexes Containing Europium

Step 0: [Eu(PLN),Ca| 175
-Ca

Step 1: [Eu(PLN),] 183
-Eu

Step 2: (PLN), 170
-PLN

Step 3: (PLN);3 ~ 80-90

A -PLN
Step 4: (PLN),  (PLN), ~0-5 ~8891
Does a stacked structure remain?
NO YES NO YES

Figure 4.16: The decomposition of the [Eu(PLN),Ca]™ complex. The difference D3 correc-
tion energies A Fpjs is shown in kJ /mol for the Set 1-D3 and Set 2-D3 structures.
The charge is left out in the description as it is not important since the D3
correction only takes into account positions of atoms. Further explanation in

the text and graphically in Figure 4.17.

4.5.2. Decomposition of the D3 Energy Corrections

In the previous paragraph structures were presented that were computed at the BP-D3 /def2-
TZVPP level of theory. They showed some novel binding features compared to the struc-
tures computed at the BP/def2-TZVPP level of theory. The most prominent feature was
the stacking of the two PLN ligands which was only observed when the D3 correction was
employed and was further supported by the MP2 computations on the model system.

To see the importance of this stacking I will do a decomposition of the D3 energy (i.e. only
the energy of the geometry dependent dispersion energy correction) in the given four ligand
complex. The decomposition for the [Eu(PLN),Ca|™ complex is sketched in Figure 4.16.
This figure needs a careful explanation. What we look at is the difference in dispersion
corrections between the [Eu(PLN)4Cal|* complexes in Set 1-D3 and Set 2-D3 structures, i.e.
we look at the difference AEps = Eps, set1-D3 — Ep3, set2-p3. The decomposition can be done
in four steps. In the left part of Figure 4.16 the formulas of fragments are presented and in

the right part there are the corresponding values of AFp3 in kJ/mol. In the zeroth step we
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only get the D3 energy difference for the full complexes which is 175kJ/mol. In the first
step we remove the AE (in this case Ca) ion and the D3 energy difference changes only a
little (to 183kJ/mol). In the second step the Eu ion is removed and again the D3 energy
difference does not change much (to 170kJ/mol). In the third step however one of the PLN
ligands is removed which destroys one of the stacked pairs in the Set 1-D3 structure but has
a much smaller effect on the Set 2-D3 structure. The D3 energy difference gets therefore
approximately halved to &~ 80-90 kJ/mol; this range here is due to the fact that the energy
depends on the combination of PLN ligands that are removed from the two structures.
In the fourth step another PLN ligand is removed and there are two options — either we
remove a PLN ligand so that another stacked pair is destroyed in the Set 1-D3 structure
in which case there is practically no D3 energy difference (=~ 0-5kJ/mol) or we remove a
different PLN ligand and one stacked pair of ligands still remains in the Set 1-D3 structure
in which case the D3 energy difference stays quite high at ~ 88-91kJ/mol. To illustrate
the decomposition even more clearly it is shown also by means of structures in Figure 4.17.
The D3 decomposition shows what we already expected, i.e. the largest portion of the
difference in dispersion stems from the stacked pairs of the PLN ligands present in the
Set 1-D3 structures. It is therefore crucial to describe the interaction between the two PLN
ligands correctly and we can use such a system as a model to test different computational

methods.
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Step 0

175kJ /mol

Step 1

183 kJ /mol

Step 2

170kJ /mol

Step 3

~ 80-90 kJ/mol

N :i“\«,\; ;{} R Step 4 \”\3\* f}/ R

~ 0-5kJ/mol (left)
~ 88-91 kJ/mol (right)

Figure 4.17: Graphical representation of the decomposition of D3 energy contributions. The
AEp, difference is computed and shown in each step between the Set 1-D3 (left)
and the Set2-D3 (right) structures. In Step 4 there are two options. Ca in

blue, Eu in magenta, oxygen in red. See also text and Figure 4.16.
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4.5.3. Benchmark on the Stacked PLN Ligands

In the previous text a decomposition of D3 energy contributions of the proposed structures
was done. The conclusion was that the most important interaction to describe the disper-
sion in the four ligand systems correctly is the interaction between the two stacked PLN
ligands. A model structure was therefore proposed, which is depicted in Figure 4.18 that

is reasonably small so that more advanced theoretical methods could be tested.

-/‘\\}"'\./'
. ::%A\ .
\‘/-\‘/.\

Figure 4.18: Model structure of two PLN ligands to calibrate the amount of dispersion
needed to correctly describe the binding in the four ligand complexes. The
two protons outside the PLN conjugated systems were added at the positions

of Eu?t and Ca?* to make the molecule neutral and compensate for the cations

present in the full complex. [120)

The interaction energy of this model structure was computed, i.e. the reaction energy of:
(HPLN), = 2HPLN, (4.5)

which is AEy: = 2EupiN — EmpLy),. Various DFT functionals with and without the D3
correction, the HF method and some more involved correlated methods were tested and a
selection of interesting results is given in Table 4.8 and Figure 4.19.

From the results presented it is clear that the BP functional predicts the stacked structure
to be unstable (since AEy; = 17kJ/mol > 0) whereas the dispersion corrected BP-D3
approach predicts the same structure to be quite stable (with AE;,; = —81kJ/mol < 0).
This is in line with our previous findings since the Set1 and Set 1-D3 geometries differ

exactly in this ligand stacking. Various functionals give very different interaction energies;
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Table 4.8: Interaction energies of the model system of two stacked PLN ligands computed

at various levels of theory; values in kJ/mol.[120)

Method AFE Method AFEy

HF 38 MO06 49
BLYP 33 BHLYP-D3 -55
B3LYP 24 HF-D3  -57

BP 17 PBEO-D3  -57
TPSS 14 B3LYP-D3  -63
BHLYP 13  TPSS-D3  -62
PBEO 1 BLYP-D3 -7l
PBE 6  PBED3 -4
CCSD-F12  -25 BP-D3 -81
B2PLYP  -26 MP?2 -110
best?® =27 MO06-D3 -111
CCSD(T)  -31

*CCSD(T) + F12 part of CCSD-F12

the D3 correction predicts in all cases the stacking to be much stronger than the respective
non D3 counterpart. With the information obtained before in this chapter (especially the
ion mobility measurement results) it is to be assumed that the right interaction energy
lies somewhere between the values for BP and BP-D3. The MP2 method, the simplest
of the correlated post-HF methods, fails spectacularly in this case. The most demanding
and accurate calculation we could afford for this model system was a calculation at the
CCSD(T)/def2-TZVPP level of theory corrected with the F12 correction for explicit cor-
relation taken from CCSD-F12/def2-TZVPP computations. The interaction energy at this
‘best’ level of theory was -27kJ/mol. A cheaper method (preferably a DFT functional)
that could reproduce this number for the model system would probably be a good can-
didate for re-optimization of the geometries of the four ligand systems [Eu(PLN);AE|T,
AE = Mg, Ca, and Sr. However, most of the methods are inappropriate in this sense and
the functional with the closest binding value to the reference, the B2PLYP functional, is
currently not implemented for geometry optimizations in TURBOMOLE. We can however
compute single point energies at the B2PLYP /def2-TZVPP level of theory for the original
structures (Set 1 and Set2) as it is presented in Table 4.9. The two sets of structures are
still very close to each other and no additional conclusions for our structures can be drawn

(cf. Table 4.5). Another option would be to scale a given DF'T method accordingly, e.g. the
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PBE-D3 method with its D3 correction scaled to ~ 0.5 should also provide results close to

our best estimate.
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Figure 4.19: Interaction energies of the model system of two stacked PLN ligands computed
at various levels of theory. ">l Computations without (red circles) and with the
D3 corrections (green triangles) are presented together with the ‘best estimate’
(blue line) that corresponds to the CCSD(T) computation corrected with the
F12 correction for explicit correlation taken from CCSD-F12 computations.
All computations were performed with the def2-TZVPP basis set.

The summary of this section is therefore both very complicated in practice and trivial in its
essence. One needs to calculate the correct amount of dispersion. Neglecting it can result in
not finding the right minima on the potential energy surface but overestimating dispersion
can have an equally unwanted feature of finding too many artificial stacked structures
which is arguably even worse. The just presented problem should serve as a memento that
generalized recommendations such as “always use a D3 correction with DFT” should be

approached with caution if not abandoned altogether.
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Table 4.9: Differences of energies AE = Fge, — Eset, of four ligand complexes including
the zero-point energy correction at the BP/def2-TZVPP level of theory. The

Set 2 structures are lower in energy in case of Ca and Sr. See the text for further

discussion.
Alkaline earth atom AF |kJ/mol|* AE [kJ/mol]®
Mg 8 1
Ca -7 -13
Sr -9 -11

*BP /def2-TZVPP
“B2PLYP/def2-TZVPP

4.6. Conclusions

In this chapter I studied complexes that contain (one or more) europium ions. We saw that
the methods of computational chemistry can be used to predict geometries and luminescence
properties of such complexes. For the nonanuclear europium complex I found a set of gas-
phase parameters that can be used in the effective Hamiltonian to predict the energy levels
in europium and the transitions and therefore luminescence between them. I showed later
that these parameters are transferable to other systems with different coordination as in the
four ligand systems. We also witnessed how some information about the local coordination
of the europium ion can be extracted from the calculation and how this can be further
refined using suitable experimental techniques. In the last part of the chapter I analyzed in
detail what is the influence of dispersion on these kind of complexes, why is it important,
but also why it should not be overestimated.

The process that I tried to describe primarily in this chapter was the luminescence of the
lanthanide ion. In the next chapter I will show what happens if the energy transition from
the ligand to the metal cannot take place and a phosphorescence of the ligand is observed

instead.
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Containing Lanthanides

In the last chapter I was describing in detail the process of lanthanide (europium) sensitiza-
tion in a complex with several suitable PLN ligand molecules. What would happen however
if the sensitization and therefore the luminescence could not take place for some reason?
This is going to be the main topic of this chapter. The reasons for studying these processes
are twofold — the first is the general interest in all processes in lanthanide complexes, the
second is that the phosphorescence that can take place is a competing process to the lan-
thanide luminescence described in the previous chapter. Similarly to the last chapter I will
start with presenting the compounds and processes that we study and then I will present
the results of my computations and compare them to the results of available experiments.
But before that I will illustrate the methodology used in this chapter to compute the lu-
minescence spectra of organic molecules. As described in section 2.5 the Franck-Condon
factors can be computed that describe the overlap between vibrational wave functions of
two states involved in the luminescence. We did some test computations on the TOTA
molecule, which is a rigid planar conjugated organic molecule. In Figure 5.1 the experi-
mental luminescence spectrum together with the computed spectrum are presented. Note
that the computed spectrum was shifted to match the 0-0 transition of the experimental
spectrum. The position of the 0-0 transition depends on the energy separation of the two
states involved (Sp and S; in case of TOTA) and will be discussed for the lanthanide con-
taining complexes later in this chapter. Inspecting Figure 5.1 we can see that the main
features are reproduced by the computations and the method of computing vibrationally

resolved spectra using the Franck-Condon factors seems promising.
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Figure 5.1: TOTA molecule: its structure (left) and experimental and computed fluores-
cence spectrum (right). Spectra are scaled and shifted. Computations were
performed at the BSLYP /def2-SVP level of theory. See text for further expla-

nation.

5.1. Sensitization of Lanthanides

If we want to prevent the sensitization of the lanthanide ion in a complex in principle we
want to disable the energy transfer to the metal ion (i.e. process (3) in Figure 4.2). This can
be realized in two ways: either by taking a different ligand than PLN (a ‘not suitable’ ligand,
cf. section 4.1.1) or by taking a metal center other than europium. Both of these options will
hinder the energy transfer. Since one of the motivations is also to try better understand the
processes taking place in the PLN ligand the second option with a different lanthanide ion
is of interest. Looking at the Dieke-type diagram that summarizes the experimental results
about energy levels in lanthanide Ln®* jons!'?41?] one can assume that the gadolinium ion
should be a suitable candidate since its first excited state lies at around 32000 cm™! above
the T state of PLN. If the sensitization is disabled the complex stays in the T state of PLN
and phosphorescence takes place instead. This phosphorescence and the way it depends on
the lanthanide atom in the complex will be of interest here.

In this chapter we will study complexes of type [X(PLN),|*, where X stands for a lanthanide
atom. These represent molecules approximately half the size of the four ligand system.

Many of them were studied experimentally!'26127l but here I choose to discuss the two that
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have been described the most; namely [Gd(PLN),|™ and [Lu(PLN),|™.

Experimentally the phosphorescence spectrum in the gas-phase was measured for both of
these complexes. The spectra are depicted in Figure 5.2 and one can see that overall they
look very similar and the largest difference is in the position of the most intense peak (the
0-0 transition) — the spectrum of [Lu(PLN)y|" is shifted by ~ 135cm™" to higher energies
with respect to the spectrum of [Gd(PLN)y|™.

1
[GA(PLN),| ——
[Lu(PLN)5]" ——
0.8t
= 06}
)
c
2
£ 047 N
0.2} | ’
o B m-nj'mu""'m"‘""‘” ’
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Wavenumber [cm'1]

Figure 5.2: Experimental phosphorescence spectra of [Gd(PLN),]* and [Lu(PLN)y|*.[127]

Note that the shape of the two spectra is very similar. They are shifted with

respect to each other by ~ 135cm™1.

5.2. Computed Structures and Symmetry

Since phosphorescence of the PLN ligand is of interest here one needs to calculate the
geometry of the complex in two states important for the phosphorescence — the initial T,
state and the final Sy ground state. I used again the DFT method with the BP functional
and the def2-SVP basis set to optimize the geometry of the complexes. To check the results I
also tried the very popular BSLYP functional with the def2-TZVPP basis set. The technical
problem I was facing was to obtain the correct state for the complex. The ground state of
|[GA(PLN),]* should be an octet since the f-shell of Gd™!! is exactly half filled. Even though

the lowest lying excited state should be mainly localized on the ligands (which is what we
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want) it is not clear what the total multiplicity of such a state should be. The situation is
less complicated for the [Lu(PLN)y|* complex as the f-shell of Lu is filled completely.

A convenient way to overcome these problems is to make use of the ‘large core’ effective
core potentials (ECPs)[2%12] that are suited specially to represent the X3 ions where
X is a lanthanide. Their advantage is that they take all the f-electrons into the effective
core potential and make the metal ion effectively closed shell and (as a byproduct) they
make sure that the excitation will take place on the ligand. For comparison I also used
the ‘standard” ECPs with 28 electrons for optimization of the ground state structure. The
general ideas of ECPs were described in section 2.3.1 and the peculiarities of different ECPs
for lanthanides is described in detail in chapter 6 so I will not discuss them at this point

any further.

Figure 5.3: Structure of [Gd(PLN),]™ computed at the B3LYP /def2-TZVPP level of theory

illustrating the Dy symmetry of the complex.

Regardless of the functional (or ECP) used both the ground state Sy and the T, state
were found to be of Dy; symmetry. This applies for both molecules — [Gd(PLN)y|* and
[Lu(PLN)y|". They only differ in the metal-oxygen distance which is to be expected for
different central metals. The illustrative structure of one of the complexes is given in
Figure 5.3. After the geometry optimization the computation of harmonic vibrational
frequencies was carried out for the Sy and T structures to check whether they are minima
on the potential energy surface and also because the information on vibrations was needed
as input for the calculation of the Franck-Condon factors and therefore the phosphorescence

spectra as we will see in the next section.
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5.3. Phosphorescence Spectra

The phosphorescence of the PLN ligand was modeled by calculating the overlap of the initial
and final vibrational wave functions. As already described in section 2.5 the HOTFCHT
program package!®! was used to perform these calculations. The computation can be
done in two ways using this program. First is the time-independent approach where the
Franck-Condon integrals are evaluated and transitions are computed that can be directly
connected to respective vibrations of the molecule. This computation however can be very
time consuming for large or even medium sized molecules. The time requirement grows
even more if we want to calculate the spectrum at some temperature higher than 0 K. The
second approach is called time-dependent; it takes into account the dynamics in the final
state (Sp in this case) and makes use of the Fourier transform of the overlap integrals (from
energy to time domain hence the name). It is much faster to perform but the assignment
of contributions is lost in the process. For our systems [Gd(PLN)s]™ and [Lu(PLN),|™ the

time-dependent method can also be used to calculate spectra at higher temperatures.
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Figure 5.4: The phosphorescence of the PLN ligand in the [Gd(PLN),]"™ (a) and
[Lu(PLN)5]™ (b) complexes. Experimental data together with the time-
dependent and time-independent computations are presented. Computation of
geometry and harmonic vibrational frequencies was done at the B3LYP /def2-
TZVPP level of theory with the large core ECP. The three most contributing
irreducible representations (e, a;, and ay) are shown. The computed spectra
are shifted to match the 0-0 transition of the experiment (see text for further

discussion).
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I performed both types of computations, the time-dependent and the time-independent, and
their results are presented in Figure 5.4. From the time-dependent computation one can see
that the overall shape of the spectrum was reproduced for both complexes. The dominant
peak corresponds to the 0-0 transition between the lowest lying vibrational states of the two
respective electronic surfaces (T and Sp) and the major contribution comes from the vibra-
tion belonging to the e irreducible representation as is provided by the time-independent
computation. It seems now that the proposed Dy4 structures provide a reasonable phospho-
rescence spectrum and are therefore plausible. The only remaining problem is to determine
the position of the most dominant 0-0 transition. The position corresponds to the energy
difference between the two electronic states involved in the phosphorescence process (i.e.
T, and Sp) and its calculation will be discussed in the next section.

Some temperature dependence of the phosphorescence spectrum of [Gd(PLN)|* was in-
vestigated as well since the spectrum was recorded at 83 K and also at 293 K. The effect
can be simulated in the computation where higher energy vibrational states will be popu-
lated for the room temperature spectrum. The results of these calculations are presented
in Figure 5.5 but are not satisfactory. While the low temperature spectrum (which was
also already presented in Figure 5.4) is reproduced nicely the computed room temperature
spectrum does not look like the experimental spectrum at all, featuring an artificial peak at
very high energies (the artificial peak is probably an artifact of the Fourier transform). One
of the possible explanations is that the assumptions used to justify the calculation (mainly
the assumption of harmonicity of the vibrations) are not fulfilled for high temperatures and

the calculation using Franck-Condon factors is therefore inadequate.

5.4. Position of the 0—0 Transition

As already mentioned earlier the position of the phosphorescence spectrum on the energy
axis depends on the energy difference between the Ty and Sy states. It is rather challenging
to get the position right and before that I will try to tackle another problem. I will
try to compute the difference between the 0-0 transitions in the two different complexes.
If we call the corresponding electronic energies of the [Gd(PLN)]* and [Lu(PLN),|" as

Egar,, Ecas,, Eru,, and Er,g, we can calculate the difference between the 0-0 transitions
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Figure 5.5: Temperature dependence of the phosphorescence spectrum of [Gd(PLN),| ™. Ex-
perimental results are compared to the calculation done at the B3LYP /def2-
TZVPP level of theory with the large core ECP.

AFE1..qq and therefore the shift between the spectra in Figure 5.2 as:

AErca = (Brat, — Erus,) — (Baar, — Eaas,)- (5.1)

Experimentally this difference is found to be ~ 135cm ™. Since the complexes studied here
are of the moderate size of 45 atoms I can use many methods to calculate the energy of
the Sy and T states including the more expensive coupled-cluster methods. To be able to
use these correlated methods (MP2 and CC with the RI approximation) I had to derive
a special set of auxiliary basis sets for the lanthanide atoms (Gd or Lu). The derivation
of such a basis set is described in detail in chapter 6. The results of my computations of
AF;,.qq are summarized in Table 5.1.

The first thing to note is the fact that all methods with the exception of the HF method
predict the right trend, i.e. the transition in [Lu(PLN)s]™ to be higher in energy than
the transition in [Gd(PLN)s|*. Another interesting observation is that the MP2 method
overestimates the difference drastically. The best agreement with the experiment is obtained
with the expensive CCSD and CCSD(T) methods even though one could argue that already

the values for the BP functional are quite good since they only differ from the experiment
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Table 5.1: The difference between the 0-0 transitions of [Lu(PLN)]* and [GA(PLN)y|* de-
noted as AFEr,.qq. Computations were done with the def2-TZVPP basis set and
the large ECP. The zero-point vibrational energy at the B3LYP /def2-TZVPP
level of theory is included (about —12cm™'). The RI approximation was used

in all computations.

Method AFrugqlem™]  Method — AFp.cq[cm™]

Experiment 135 BpP® 236
B3LYP? 304 B3LYPP 167
HEF? —62 MP22 1200
CCSDh? 105 CCSD(T)* 138

2 at B3LYP/def2-TZVPP geometry
b at BP/def2-SVP geometry

by ~ 100cm™!. It is interesting to note the difference between the two geometries at
which the B3LYP functional was tested. The agreement with experiment is better for
the BP/def2-SVP geometry than for the BSLYP/def2-TZVPP geometry. The difference
comes from the |[Gd(PLN)s|* structure where the 0-0 transitions (without the zero point
energy correction) are 20899 cm~! and 20792cm™! for the BP/def2-SVP geometry and
B3LYP/def2-TZVPP geometry, respectively. The corresponding energy differences in the
[Lu(PLN)y|t complex are closer with 21078 cm™ and 21108 cm™! for the BP/def2-SVP
geometry and B3LYP /def2-TZVPP geometry, respectively.

Now I come back to the original problem of computing the positions of the transitions
themselves. The discussion of the results is very similar for the molecules [Gd(PLN)]* and

[Lu(PLN)s|*. The positions of the 0-0 transitions AFgq and AEy, are given by:

AFgq = Egar, — Eaas, (5.2)

AEwLu = ELu,Tl - ELu,SO- (53)

The experimental values are 18083 cm ™! for [Gd(PLN),]™ and 18218 cm™! for [Lu(PLN),|*™
(cf. Figure 5.2) which is shown together with the computed values in Table 5.2 and in
Table 5.3. It can be seen that none of the methods is in particularly good agreement with
the experiment since they are either ~ 2000 cm ™! too low or ~ 2000 cm ™! too high in energy.

The MP2 method once again shows a particularly bad agreement with the experiment. The
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Table 5.2: The position of the 0-0 transition of [Gd(PLN),]™ denoted as AFEgq. Computa-
tions were performed with the def2-TZVPP basis set with the large core ECP.
The zero-point vibrational energy at the B3LYP /def2-TZVPP level of theory is

included (about —135cm™!). The RI approximation was used in all computa-

tions.
Method ~— AEgq[em™!]  Method  AFEgq[cm™!]
Experiment 18083 BpP® 15880
B3LYP? 20657 B3LYPP 20765
HEF? 16053 MP2?2 36343
CCSDh?* 20532 CCSD(T)» 20712

2 at BSLYP/def2-TZVPP geometry
b at BP/def2-SVP geometry

diagnostic parameters in the CCSD and CCSD(T) computations together with the fact that
the result does not change much for CCSD and CCSD(T) suggest that the effect of higher
excitations should not be of great importance. A possible improvement of such a systematic

error we observe could be the inclusion of spin—orbit coupling.

Table 5.3: The position of the 0-0 transition of [Lu(PLN)y|* denoted as AEyp,. Computa-
tions were performed with the def2-TZVPP basis set with the large core ECP.
The zero-point vibrational energy at the BSLYP /def2-TZVPP level of theory is
included (about —147cm™!). The RI approximation was used in all computa-

tions.

Method ~ AEp,[em™!]  Method AFEp, [cm™]

Experiment 18218 BP® 16116
B3LYP® 20961 B3LYPP 20931
HF? 15991 MPp2* 37543
CCSDh? 20638 CCSD(T)> 20851

2 at B3LYP/def2-TZVPP geometry
b at BP/def2-SVP geometry
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Chapter 5. Phosphorescence in Complexes Containing Lanthanides

5.5. Phosphorescence Spectra in Neon Matrix

As a final note to this chapter I would like to comment on some other experimental re-
sults. Up to this point all the spectra discussed in this chapter were measured in the
gas-phase. Alternatively the measurement can also be done at very low temperatures in
neon matrices. 120! The advantage of this approach is that the spectra measured have better

signal-to-noise ratio. It was shown that the effects of neon matrices to the spectrum itself

are minimal. 126l

1
Gas_phase ............. GaS‘phase _____________
Matrix Matrix ;
0.8 | Cale. ----- Calc. -—---- |
06 I II

Intensity
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Wavenumber [cm'1]

o ke T ‘ |
15000 16000 17000 18000
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Figure 5.6: Comparison of the gas-phase and matrix measurements of [Gd(PLN)y|* (left)
and [Lu(PLN)y|* (right) and the computations at the B3LYP/def2-TZVPP
level of theory with large core ECP. The computed spectra are shifted to match

the experimental 0-0 transition.

Figure 5.6 shows a comparison of the gas-phase and matrix measurements of [Gd(PLN)q|™
and |[Lu(PLN)y|™. We can see that the difference between the two experimental spectra
is rather small and that the computation therefore also reasonably reproduces the spectra

obtained in the matrix.
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6. Auxiliary Basis Sets for Lanthanides

The performance of computer systems has been growing rapidly for the past decades and
the speed of its growth is only declining slowly. This means that a calculation which
was not feasible two years ago can probably be done now or in the near future with the
resources available. One needs to keep in mind that calculations which had to be done at
great expenses on large scientific computer systems can now be done (quite literally) by a
cell phone (and not particularly ‘smart’ one). Bearing all this in mind the importance of
efficiency in quantum chemical computations can still not be overestimated. While it might
not be as important and crucial as in the pioneering ages of quantum chemistry efficient
algorithms, useful approximations, and smart implementations still enable us to perform
computations on large molecules, for long time scales in molecular dynamics and with high
accuracy (or any combination of the three) helping us to understand the structure of the
world around us.

When studying atoms and molecules one often needs to make a difficult choice between
accuracy and cost. Methods which are considered accurate are often very time consuming
and therefore costly while other less accurate methods can be performed significantly faster.
A prime example from the first group of methods is the coupled-cluster (CC) theory and the
gold standard of computational chemistry CCSD(T) method in particular. Despite being
very accurate its steep scaling of O(N 7) prevents it from being usable on large molecules.
In the context of electronic structure theory a good example from the second group of
methods would be density functional theory (DFT) with a GGA functional which provides
an efficient way to calculate energies, geometries and other properties; its results however
are generally not as reliable and often need to be compared with higher-level theory results
(e.g. in small or model cases). A broad spectrum of methods is available nowadays to tackle
problems of different size with different degrees of accuracy and reliability; nevertheless the

desire for a very accurate and at the same time cheap method remains.
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Chapter 6. Auxiliary Basis Sets for Lanthanides

One way to approach this problem is to make use of the local properties of electron cor-
relation as mentioned in section 2.4. Another approach is to use the resolution-of-identity
(RI) approximation (also called density fitting). As already explained in section 2.4.1 a
special set of auxiliary basis functions needs to be used to perform the RI calculations. In
this chapter I will describe the development and optimization of such auxiliary basis sets

for post-HF computations for the lanthanide atoms.

6.1. Effective Core Potentials for Lanthanides

Lanthanides are heavy atoms and contain between 58 and 71 electrons. It is therefore
very common to use effective core potentials (ECPs) to describe the behavior of the core
electrons. This enables us both to reduce the computational cost of the calculation and
to include (to some extent) the relativistic effects in the core region to our computations,
which may be significant for these heavy atoms. The detailed description of the core
electrons, which usually do not contribute to the chemical bonding significantly, is lost.
The core electrons are of course important in some special applications such as calculation
of e.g. nuclear magnetic shielding constants or core-electron spectra, Auger electrons, or
the intermolecular Coulomb decay. Still if we are interested in optimized geometries ECPs
are an accurate and efficient option to use.

I already described ECPs in section 2.3.1 so I will focus on two different types of ECPs
for lanthanides that I used in my computations. First is the 28 electron ECP!3% which is
the default ECP accompanying the standard def2 basis sets for lanthanides. As its name
suggests it replaces 28 electrons by the pseudopotential. This translates to replacing the
1s,2s,2p, 3s,3p, and 3d orbitals with pseudopotentials. It was shown that the 4s orbital
needs to be included in the valence shell to reproduce the excitation energies correctly 130!
and not in the ECP even though (according to the Aufbau principle) it should be lower in
energy than 3d. This small core ECP not only speeds up the calculations (since the number
of electrons that need to be treated is almost halved) but more importantly recovers the
most important part of the relativistic effects. These basis sets were used in calculations
optimizing the auxiliary basis sets described in this chapter.

The second type of ECPs takes advantage of different oxidation states that usually occur

in lanthanides. The most common oxidation state in lanthanides is III, less common are
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oxidation states IT and IV.196 Since f-electrons typically do not contribute to chemical bonds
special large core ECPs were developed that include the whole f-shell of lanthanides. These
ECPs are fitted to reproduce the properties of the respective oxidation states.[12$129 They
then include different numbers of electrons depending on the atom and oxidation state of
interest ranging from 47 (48) for cerium in oxidation state III (II) to 59 (60) for ytterbium
in oxidation state III (IT). The most important advantage of these ECPs is their efficiency
as the absence of f-electrons in the valence shell makes the atoms effectively closed shell.
This drastically improves the convergence of the SCF procedure speeding up the whole
computation in the process. The main disadvantage is their limited applicability to only
molecules with lanthanides in the specific oxidation state (configuration).

In the following text I use the expressions ‘small’ or ‘standard’” ECP to refer to the first,
28 electron, type of ECPs and ‘large’ or ‘large core’ ECP to refer to the second type of
‘oxidation state specific’ ECPs.

6.2. Optimization of Auxiliary Basis Sets

Auxiliary basis sets typically contain functions with higher orbital quantum numbers [
than the regular basis sets. For example the def2-TZVP basis for europium contains one
g-function (i.e. [ = 4) while the corresponding auxiliary basis set contains one k-function
(i.e. I = 7). The number of functions in the auxiliary basis set must be changed manually
during the optimization process and is determined by the trial and error method.

The optimization was done using the cbasopt script which is a part of the ricc2 module of
TURBOMOLE. The main ideas behind the RI approximation have already been explained
in section 2.4.1. In the optimization process, however, we do not directly minimize the RI

error as defined in equation (2.70) but a related quantity Al instead: !

ar = byl — et
€ t€ —€ —6
Za,]b
= ZE_EMPQ_ERIMP% (6.1)
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where (cf. equations (2.65) and (2.69))

Z Z Z t“b (1a]jb)rr (6.2)

01,02 1,a€01 j,bEoa

It can be shown that Al > 0 and Al = 0 if Eyps = Ermupe making Al a very convenient
property to optimize. The convergence threshold for Al was set to 107% and after the
optimization the total RI error ARI was calculated for each atom; the desired error ARI
should be lower than 50 uF). To avoid linear dependencies and assure energy consistent
auxiliary basis sets the following condition for ratios of orbital exponents « needs to be
satisfied:

Wmin S Oéi/()éé+1 S Wmax (63)

for all exponents «; with the same orbital quantum numbers [. In my optimization the
boundary values were w,;, = 1.8 and wy., = 10. The optimization itself is automatized
in the cbasopt script but the number and type of basis functions and the fulfillment of
condition (6.3) need to be checked manually, which requires a considerable amount of
micromanagement.

Since the cost of calculations grows with the growing size of the auxiliary basis set we
want to keep the auxiliary basis small. But the RI error should be also smaller for large
auxiliary basis sets (as large portion of the orbital basis set space can be spanned). The
appropriate size of the auxiliary basis set N,., which balances the two requirements, is
usually somewhere around N, ~ 4 — 5 X Ngr where Ngp is the size of the orbital basis
set. '0L131] This was also the aimed size of the auxiliary basis sets I was optimizing.
Different orbital basis sets need different auxiliary basis sets and I was optimizing them for
four different basis sets of the def2 series — def2-SVP, def2-TZVP, def2-TZVPP, and def2-
QZVPP. For simplicity I will omit the prefix def2- from now on but unless stated otherwise
the basis sets always belong to the def2- series. The composition of the final optimized
auxiliary basis sets is summarized in the Appendix C and the final size of the respective

auxiliary basis sets is presented in Table 6.1.

86



Chapter 6. Auxiliary Basis Sets for Lanthanides

Table 6.1: Size of the auxiliary basis set. The ratio N, /Npr is presented for different basis
sets of the def2 series. N, stands for the number of functions in the auxiliary

basis set while Ngp stands for the number of functions in the orbital basis set. 132!

Atom | SVP | TZVP | TZVPP | QZVPP
Ce 450 | 4.13 4.21 3.98

Pr 450 | 4.13 4.21 4.07
Nd 4.85 | 4.42 4.36 4.30
Pm 450 | 4.13 4.21 4.07
Sm 450 | 4.13 4.21 3.98
Eu 4.59 | 4.20 4.21 4.07

Gd 4.50 | 4.30 4.36 4.30
Th 450 | 4.13 4.21 4.07

Dy 450 | 4.13 4.21 4.07
Ho 4.50 | 4.13 4.21 4.07
Er 4.33 | 4.00 4.09 4.07
Tm | 433 | 4.00 4.10 4.07
Yb 4.33 | 4.00 4.09 3.98
Lu 0.05 | 4.27 4.54 4.22

The desired size of N, &~ 4—5 x Ngr was obtained for all basis sets with the only exception
of the SVP basis set for lutetium which is slightly larger than 5. The ARI errors for the
lanthanide atoms were smaller than 50 £y, in all cases with the exception of the SVP basis
set for erbium where the error was 53 pF),. Both our desired size and accuracy of the basis
set were achieved. Now we need a convenient set of representative molecules on which we

can test our auxiliary basis set.

6.3. Test Set of Molecules

A test set of 49 small molecules used to derive the orbital basis sets of the def2- series!!3l
was chosen as a starting point for a representative set of molecules containing lanthanides.
To account for different oxidation states I added some molecules to this test set; namely

molecules of type XFy, where X stands for a lanthanide to account for the oxidation state
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X(IV), molecules of type XF3 and XCl3 were added where necessary to account for the most
important oxidation state X(III), and the oxidation state X(II) is represented by molecules
of type XF5 or XCly and XO. The covalent molecules XHy and dimers X, were also added.
The first step in construction of such a test set is to obtain geometries of the molecules.
These were either taken directly from the original test set!'33 or (for the new molecules)
calculated at the BP/def2-QZVP level of theory in order to be consistent within the test
set. It is crucial to find the correct ground state (i.e. the state with lowest energy) which
can be difficult for open shell systems. I used the fractional occupation approach4 to
find such a state for every molecule of the test set. First the calculation with fractional
occupations was done at the BP/def2-QZVP level before optimization of the geometry.
After the geometries were obtained a separate search for the ground state was performed for
all four basis sets (again using the BP functional). If the occupations with the lowest energy
would differ for different basis sets the occupation from the largest basis set (i.e. QZVPP)
was used for all subsequent calculations. I took advantage of molecular symmetry where
possible and I used the RI approximation for the Coulomb part of DFT for all calculations.
The computations were performed using grid 5 of TURBOMOLE. With the geometries
and electron occupations at hand I could perform the HF calculations that provided me
with starting molecular orbitals for the MP2 calculations. There were serious problems in
SCF convergence for some molecules and no stable occupation at the BP and/or HF level
was obtained. These molecules (many of them were compounds containing terbium) were
excluded from the test set. The final test set then contained 103 molecules; namely: CeCls,
CeF, CeF,, CeF3, CeFy, CeH,, CeO, Dy,, DyCls, DyF, DyF,, DyF;3, DyFy, DyHs, DyO,
Ery, ErCly, ErCls, ErCl, ErFs, ErFy, ErHs, ErO, Eu,, EuCl, EuCls, EuFs, EuFs, EuFy,
EuH,, EuO, Gd,, GdCl3, GdF, GdF,, GdF;, GdF,, GdH,, GdO, HoCly, HoCl3, HoFs,
HoF4, HoHs, HoO, Luy, LusN, Luy,O, LuBr3, LuCls, LuF, LuF,, LuFj;, LuFy, LuH,, LuHs,
Luls, LuO, NdCI, NdCls, NdF3, NdF4, NdH,, NdO, PmCl;, PmF, PmF,, PmF3, PmFy,
PmH,, PmO, Pry, PrCl, PrCls, PrFy, PrF3, PrFy, PrHy, PrO, SmCls, SmF, SmF,, SmFj,
SmF,, SmH,, SmO, TbF, TbFy, TmCl, TmCl;, TmF,, TmFj3, TmF,, TmHy, TmO, Ybs,
YbCl, YbCl,, YbCl3, YbF3, YbFy, YbHs, and YbO.

The list of all molecules as well as the multiplicities (i.e. numbers of unpaired electrons)
and symmetries used in the calculations can be found in Appendix D. At this point finally

MP2 and RIMP2 computations could be performed to test the auxiliary basis sets.

88



Chapter 6. Auxiliary Basis Sets for Lanthanides

6.4. Performance of Auxiliary Basis Sets

In this section the performance of the auxiliary basis sets is benchmarked on the molecules
from the test set presented in the previous section. Various errors are documented and the

performance of the auxiliary basis sets with large core ECPs is tested as well.

6.4.1. Absolute Electronic Energies

The first and most straightforward thing to look at when assessing the performance of
auxiliary basis set is to look at the error ARI introduced via the RI approximation. It is

defined (as already stated by equation (2.70)) as:
ARI = |Enpr — Ernvpe|, (6.4)

where Fyps and Erpyps stand for the MP2 energy without and with using the RI approx-
imation, respectively.

We can calculate the error ARI per atom for each molecule and each basis set. Then one
can conveniently divide the molecules into groups depending on the size of the error, e.g.
groups with error smaller than 20 pF),, smaller than 40 pEy, smaller than 60 pFEy and so on
and get histograms for each basis set. Such a histogram is presented in Figure 6.1.

It is to be expected from a good basis set that the error gets smaller if the basis set gets
larger. This translates into larger portion of molecules being in a group with smaller error.
This is exactly what we observe as e.g. the number of molecules with error lower than
20 pEy, grows from 49 (48 %) for the SVP basis set to 96 (93 %) for the QZVPP basis set.
The only molecule with an error ARI per atom consistently larger than 100 puFy, is the
dysprosium dimer Dy, which was therefore excluded from the statistics presented in the
following sections.

One can also present the relative RI errors!™! as shown in Table 6.2 where the standard

deviation Agq = \/ﬁ S (A; — A)?, the mean absolute error [A| = (1/n) Y7 |Ay], and

the maximum of the absolute error |Al.c = max|A;| are calculated from only the correla-
tion energies at the MP2 and RIMP2 level of theory, i.e. A; = (Eggps — Efqiip2)/ Exibe % 100.
The ‘worst case’ column lists the molecules with the largest relative error for the given basis

set. Again it is apparent that the errors get smaller for larger basis sets.
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Figure 6.1: Errors due to the RI approximation for different basis sets. The y-axis shows

how many molecules have the error ARI per atom smaller than given thresh-

old. 32

Table 6.2: The relative RI errors in %

. See the text for further explanation. '3

Auxiliary basis set | Aga  |A]  |Amax] Worst case
SVP 0.013 0.010 0.057 CeH,
TZVP 0.011 0.007 0.058 CeH,
TZVPP 0.007 0.005 0.036 CeH,
QZVPP 0.004 0.002 0.007 Proy

Tables with explicit ARI errors for each molecule and basis set can be found in Appendix E.

6.4.2. Atomization Energies

The ARI errors illustrate well the performance of the RI approximation. However, more

interesting from the chemical point of view are the bond energies or atomization ener-

gies. In this section we will see the difference between the atomization energies computed

with the proposed auxiliary basis sets and atomization energies computed without the RI

approximation.

Given a compound of type X,Y, and its (theoretical) decomposition to elements

X, Yy — aX +bY,
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the reaction energy FE, of this reaction is called atomization energy E,; and is defined as

Eat = (IEX + bEY - EXaYb' (65)

It is consistent to define the difference AFE,;

AEat = Eat,MP2 - Eat,RIMPQv (66)

where Ey vpe and Ea rivpe denote the atomization energy calculated at the MP2 level
of theory without and with using the RI approximation, respectively. This difference is a
measure of the RI error of atomization energies. We can calculate AFE,; for each molecule
in the test set (note that we have already excluded the dysprosium dimer Dy, from the

statistics). The values of AFE,; per atom are presented in Figure 6.2.
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Figure 6.2: Errors of atomization energies (AFE,;) per atom introduced by the RI approxi-
mation at the MP2 level of theory in cm~!. The average errors as well as the
standard deviations are presented (blue bars) and so are the maximal errors
(red points). The dysprosium dimer Dy, was excluded from this graph (see
text). The maximal errors correspond to CeO, SmF, SmF, and NdCl for the
SVP, TZVP, TZVPP, and QZVPP basis sets, respectively.

The errors are rather small (the values presented are in cm™!) and one can again see that
the standard deviation gets smaller as the basis set size grows. It seems that the proposed

auxiliary basis sets perform well in calculations of atomization energies as well. The last
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open question is if, apart from the standard ECPs, they can also be used with the large
ECPs. We will have a look at this problem in the following section.

Tables with explicit A FE,; errors for each molecule and basis set can be found in Appendix F.

6.4.3. Performance with different ECPs

The large core ECPs were derived to describe appropriately the electronic configurations
that contribute to the oxidation states (II) and (III) of lanthanides. To test the performance
of the auxiliary basis sets with these ECPs appropriate subsets of the molecular test set need
to be taken where lanthanides are in the corresponding oxidation state. For the oxidation
state (III) the XF3 and XCl; molecules were taken; for the oxidation state (II) XFq, XCl,
and XO molecules were taken. For all these molecules the absolute electronic energy was
calculated at the MP2 and RIMP2 levels of theory and the error ARI was calculated.

In case of the oxidation state (III) all ARI errors were smaller than 20 u£y and for the
largest QZVPP basis set all ARI errors were smaller than 5 uFy. For the oxidation state
(IT) the results were also very good as only for CeO with the small SVP basis the ARI error
was larger than 20 uFEy. These very small errors show that the auxiliary basis sets can be
used as they are and without modification for calculations with the large core ECPs.

The complete tables with all ARI errors in computations with large ECPs can be found in

Appendix G.

6.5. Conclusions

The goal of this chapter was to document how an auxiliary basis set for post-HF com-
putations can be developed and tested for a set of atoms (in this case lanthanides). In
comparison to the rest of this thesis the development of such a basis set is more of a tech-
nical problem and its importance is more difficult to see and therefore the question arises
how do these basis sets help us?

The answer is they make calculations possible that would not have been feasible without
them. The benefits that are obtained using e.g. the RIMP2 method outweigh the inconve-
nience of the additional error, which is small anyway as documented in this chapter, that

is connected with the RI approximation. MP2 and CC calculations were done using these
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auxiliary basis sets on quite large systems already in this thesis that could not have been
done otherwise. The results of these calculations helped me further understand the prob-
lems I was facing giving some more reliable data. Now they can be routinely used to tackle

problems containing lanthanides at higher-levels of theory employing the RI approximation.

93



7. Summary

In this thesis the optical properties of mono- and multi-nuclear complexes with transition
metal or lanthanide centers were studied using various methods of computational chemistry.
The complexes containing lanthanides and/or transition metals are of chemical interest for
the role they play in catalysis and optical devices. There is a potential for compounds with
several metal centers to be usable in complex optical devices used in e.g. photon conversion.
The differential many-body expansion was used to define cooperativity between metal cen-
ters in covalently bound complexes in a quantifiable and consistent way. Cooperativity
is expressed as three- and higher-body contributions to the property in the many-body
expansion. This definition was applied to the decomposition of absorption spectra of two
complexes — a homotrinuclear complex with three Pd atoms and a homotrinuclear complex
with three Rh atoms. The absorption spectra in the complexes were computed using the
approximate sSTDDFT method. 62 The cooperativity between the metal centers was studied
by replacing Pd with Pt in the first complex and by replacing Rh with Ir in the second
complex. Strong cooperativity was found in the Pd3 complex while very small to negligible
cooperativity was found in the Rhs complex. Furthermore the cooperativity in transition
densities was also studied in the Rhs complex supporting the results of low cooperativity
obtained for the absorption spectrum. It was concluded that the amount of cooperativ-
ity is related to the distance between the metal centers as the metals in the Pds complex
which were close together showed much larger cooperativity than metal centers in the Rhj
complex that were further apart. At this point we are in search of a suitable complex with
three or more metal centers where cooperativity would be larger than in the case of Rhs
complex but smaller than in the Pds complex so that meaningful chemical interpretations
for cooperativity could be drawn.

Two types of complexes of Eut were studied using the DFT optimizations and ligand field

computations together with experimental techniques of luminescence spectroscopy and ion
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mobility spectroscopy. In these gas-phase studies first the experimentally formed optical
transitions of a nonanuclear complex were used to find a new set of parameters for the
effective ligand field Hamiltonian.''"! These improved parameters then resulted in better
agreement between experimental and computed transitions in gas-phase studies of three and
four ligand systems. 19519 The dependence between luminescence and molecular structure
was studied in a series of four ligand systems of type [Eu(PLN),AE|" with AE = Mg, Ca,
and Sr. Two types of structures were found that both reproduced the experimental spectrum
satisfactorily. The influence of the D3 dispersion correction!*”! of DFT on the computed
geometries was studied in detail and unphysical stacking of PLN ligands was found for the
BP functional when used together with the D3 correction. Our benchmark computations
suggest that the B2PLYP functional could be an accurate and efficient method for future
investigation of this stacking. To assign the structure of the four ligand series complexes
unambiguously further advances are needed on both the experimental and the theoretical
side.

To shed light on the competing processes in lanthanide complexes, phosphorescence of the
PLN ligand was studied in the [Gd(PLN)y|* and the [Lu(PLN),]" complexes. Structures of
D5, symmetry were found for both of them for the Sy and T, states. The Franck-Condon
spectra were computed and found to be in good agreement with the experimental spectra
measured in gas-phase and neon matrices. The shift between the 0—0 transitions of the
[GA(PLN)5]™ and the [Lu(PLN)y|* complexes, which depends on the energy separation of
the Sy and T states, was computed using different DFT functionals and also employing
coupled-cluster theory. We reached a reasonable agreement with experiment, however,
the discrepancies in individual 0-0 transitions are still large (&~ 2000cm™' even for the
CCSD(T) computation with def2-TZVPP basis set). Further computations are needed to
explain them.

New auxiliary basis sets needed to be developed for the computations at the CCSD(T)
level of theory that were mentioned in the previous paragraph. Auxiliary basis sets for
the SVP, TZVP, TZVPP, and QZVPP orbital basis sets of the def2- series were developed
for all lanthanide atoms. They were tested using the enlarged test set (103 molecules)
of small molecules used to derive the orbital basis set.['33 The benchmark computations
showed acceptable errors that were introduced in the RIMP2 energies compared to the full

MP2 method for both the absolute electronic energies and the atomization energies of the
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molecules in the test set. The developed auxiliary basis sets can be used in combination
with both the standard 28 electron ECPs!'3% and the large core ECPs['?8129 making com-
putations on the MP2 and coupled-cluster level of theory available for mid-sized molecules
containing lanthanide atoms.

Some of the future studies that need to be done were already mentioned — finding the suit-
able metal complex for chemically useful interpretation of cooperativity, further refinement
of experimental and theoretical approaches to the structural study of four ligand systems,
and the explanation of disagreement between experimental and computed 0-0 transitions in
the [GA(PLN)y|* and the [Lu(PLN)s]™ complexes. Other scientifically interesting projects
include the further study (experimental and theoretical) of a series of [X(PLN)y|™ com-
plexes where X stands for any lanthanide. The study of energy transfer from the ligand to
the metal center is also of interest especially with respect to the design of possible photon

conversion devices.

Most of the projects presented in this thesis show the need for a combined effort of ex-
periment and theory. It is clear that future research as indicated above has to follow the
same strategy in order to contribute to a better understanding of the optical properties of

transition metal and lanthanide containing complexes.
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A. Notations for Integrals

It was called an “unfortunate fact of life” 2% that there exist different notations for electronic
integrals. Also in this thesis different notations are used. 24!
In the Dirac (bra-ket, physicist) notation we write (for spin-orbitals ¢,, ¢4, @, @5 and a

general operator A):

(1) = (orlen) = [ eyix)en() dx (A1)
(lAl) = (gl Alpg) = / (%) Ay (x) dx, (A2)
(pr|Algs) = (pporlAlpgps) = / / (%) (y) Ay (x)ps(y) dx dy. (A.3)

For a special case of repulsion integral where A = % we write:

< 1
pr
,

12

qs> = (prlgs). (A1)

It is also common to use the following shorthanded notation:

(prilgs) = (prlgs) — (prlsq). (A.5)

For integrals over spatial orbitals (¢, ¥, ¥, 9s) the following convention is used:

(v|Alg) = / 2 () Aupy(r) dr, (A.6)
(alrs) = (pbgliontss) = / / () () u(r) dr s, (AT)

12

From the above definitions it follows that e.g. (pg|rs) = (pr|gs) if the spin functions satisfy

op = 0, N 04 = 05 and zero otherwise.

105



B. List of Alternative Ligands

The full list of structures considered as alternative ligands for the Eu*t complexes is pre-

sented here.

Number | Name

1 9-hydroxy-1H-phenalen-1-one

2 quinoline-8-ol

3 3-oxo-1H-phenalene-2-formic acid

4 5-amino-9-hydroxy-1H-phenalen-1-one

) 9-amino-1H-phenalen-1-one

6 9-hydroxy-5-phenyl-1H-phenalen-1-one

7 9-hydroxy-5-(naphthalen-1-yl)-1H-phenalen-1-one
8 9-hydroxy-5-(phenylethynyl)-1H-phenalen-1-one
9 5-bromo-9-hydroxy-1H-phenalen-1-one

10 5-chloro-9-hydroxy-1H-phenalen-1-one

11 5-fluoro-9-hydroxy-1H-phenalen-1-one

12 9-hydroxy-5-iodo-1H-phenalen-1-one

13 9-hydroxy-5-methyl-1H-phenalen-1-one

14 9-hydroxy-2-methyl-1H-phenalen-1-one

15 9-hydroxy-5-nitro-1H-phenalen-1-one

16 5-(phenylsulphanyl)-9-hydroxy-1H-phenalen-1-one
17 9-amino-1H-phenalen-1-imin

18 5-(phenylsulphanyl)-9-amino-1H-phenalen-1-imin
19 tropolone

20 5,8-dihydroxy-naphthalene-1,4-dione

21 5-hydroxy-naphthalene-1,4-dione

22 5-hydroxy-4-azaphenanthrene

23 6’-hydroxy-2-azabiphenyl

24 2-hydroxypyridine

25 8-hydroxy-1-azanaphthaleneoxide

26 1-hydroxyanthraquinone

27 1,8-diazanaphthaleneoxide

28 2,2’-diazabiphenyloxide
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Appendix B. List of Alternative Ligands

29
30
31
32
33
34
35
36

1,2-diazacyclopentadienyl-2-azabenzeneoxide
1,3-dihydroxy-N-methyl-10-azaanthracen-9-one
1-hydroxy-N-methyl-10-azaanthracen-9-one
1-hydroxy-N,3-dimethyl-10-azaanthracen-9-one
1,8-dihydroxy-10-oxaanthracen-9-one
1-hydroxy-10-oxaanthracen-9-one

dithranol
6-hydroxy-7H-benzo|de|anthracen-7-one
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C. Auxiliary Basis Sets — Composition

The explicit composition of the auxiliary basis sets (i.e. the number of functions with

different orbital quantum numbers [) is presented in the following table.

108

Atom | Type of basis set | Composition
Ce SVP 11s11p10d9f8ghh4ilk
TZVP 12s12p11d9f8g6h5Hilk
TZVPP 12512p11d9f8g6h5idk
QZVPP 13s13p12d10f9¢7h6i5k41
Pr | SVP 11511p10d9f8g5hdilk
TZVP 12p11d9£8g6h5ilk
TZVPP 12s12p11d9f8g6h5idk
QZVPP 13s13p12d10f9g7h6i5k4l
Nd SVP 11s11p10d10f9g5h4ilk
TZVP 12s12p11d10f9g7h5ilk
TZVPP 12s12p11d10f9g6hbidk
QZVPP 13s13p13d11£f10g8h6isk4l
Pm | SVP 11s11p10d9f8g5hdilk
TZVP 12s12p11d9f8g6h5ilk
TZVPP 12s12p11d9f8g6h5idk
QZVPP 13513p12d10£9g7h6i5k4l
Sm SVp 11s11p10d9f8ghh4ilk
TZVP 12512p11d9f8g6h5ilk
TZVPP 12512p11d9f8g6h5idk
QZVPP 13s13p12d10f9g7h6i5k4]
Eu SVP 11s11p10d10f8g5h4ilk
TZVP 12s12p11d10f8g6hbilk
TZVPP 12s12p11d9f8g6hbidk
QZVPP 13513p12d10£9g7h6i5k4l
Gd | svp 11511p10d9f8g5hdilk
TZVP 12s12p11d10f9gbhbilk
TZVPP 12s12p11d10f9g6hbidk



Appendix C. Auxiliary Basis Sets — Composition

QZVPP 13s13p13d11f10g8h6i5kAl
Tb | SVP 11s11p10d9f8g5hdilk
TZVP 12512p11d9f8g6h5ilk
TZVPP 12512p11d9f8g6hhidk
QZVPP 13s13p12d10f9g 7Th6i5k4l
Dy | SVP 11s11p10d9f8ghhdilk
TZVP 12512p11d9f8g6h5ilk
TZVPP 12512p11d9f8g6h5idk
QZVPP 13s13p12d10f9g 7h6isk4l
Ho |SVP 11s11p10d9f8g5hdilk
TZVP 12512p11d9f8g6hhilk
TZVPP 12512p11d9f8g6h5idk
QZVPP 13s13p12d10f9g 7h6isk4l
Er SVP 11s11p10d9f8g5hdilk
TZVP 12512p11d9f8g6h5ilk
TZVPP 12512p11d9f8g6h5idk
QZVPP 13s13p12d10f9g 7Th6i5k4l
Tm | SVP 11s11p10d9f8g5hdilk
TZVP 12512p11d9f8g6h5ilk
TZVPP 13s12p11d9f8g6h5idk
QZVPP 13s13p12d10f9g 7h6isk4l
Yb | SvP 11s11p10d9f8g5hdilk
TZVP 12512p11d9f8g6h5ilk
TZVPP 12512p11d9f8g6h5idk
QZVPP 13s13p12d10f9g 7Th6i5k4l
Lu | SVP 11s11p11d10f8g8h5ilk
TZVP 11s10p10d10f9g8h5ilk
TZVPP 13s11p11d11f11g7h6i3k
QZVPP 13s13p13d11f10g7h6i5k4l
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D. Auxiliary Basis Sets — Molecular
Test Set

Description of molecules in the test set is given in the following table.

Molecule | # unpaired electrons | Symmetry | Part of the test set of Ref. [133]?

CeCls 1 Cs, no
CeF 1 Cév yes
CeF, 2 Cyy no
CeFs 1 4 yes
CelFy 0 Ty no
CeH, 2 Coy yes
CeO 2 Céw yes
Dys 12 Ch no
DyCls 5 Ch yes
DyF 5 Coy yes
DyF, 6 Coy yes
DyF3 5 (& no
DyFy 6 4 no
DyH, 4 Cy no
DyO 6 C no
Ers 4 Dgy, no
ErCl 3 4 no
ErCly 2 Coy yes
ErCls 3 Cs, no
ErF; 1 Ch yes
ErF, 4 (& no
ErH, 2 Cq no
ErO 2 Cy no
Eu, 14 Dy, yes
EuCl 8 Ceo yes
EuCls 0 Cs, no
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EuF, 7 Cyy yes
EuF; 0 C no
EuF, 1 Ty no
EuH, 7 Coy yes
EuO 7 Ceo no
Gds 16 Dgp, yes
GdCl; 7 Cs, no
GdF 7 Cé yes
GdF, 6 Cyy yes
GdF; 7 Cs, yes
GdF4 6 4 no
GdH, 8 Coy yes
GdO 6 C, no
HoCly 3 Cyy no
HoCl; 4 Ch no
HoFs 4 C, yes
HoF, 5 Ty no
HoH, 3 Cyy no
HoO 5 Ceu yes
Lu, 2 Dy, yes
LuyN 1 Cs, yes
Lu,O 0 Coy yes
LuBr; 0 D3, yes
LuCls 0 Dgy, yes
LuF 0 Céo yes
LuF, 1 Coy yes
LuF; 0 Cs, yes
LuFy 1 Ty no
LuH, 1 Coy no
LuH; 0 Cs3, yes
Lul; 0 Cs3, yes
LuO 1 Ceu no
NdCl 3 Ceo yes
NdCls 2 Cs, no
NdF; 1 Cs yes
NdF, 1 Ty no
NdH, 4 Coy yes
NdO 4 Cso yes
PmCl; 4 Cs3, no
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PmF 4 Csy yes
PmF, 5 Coy no
PmF; 4 C, no
PmkF, 3 Ty no
PmH, 5 Cyy yes
PmO 5 Csy yes

Pr, 4 Dy, no

PrCl 4 Coy yes
PrCls 2 Ch no

PrFy 3 (& no

PrF3 0 C, yes

PrF, 1 Ty no
PrH, 3 Coy yes

PrO 3 (& no
SmCly 1 Cs, yes

SmF 7 Coy yes
SmkFy 6 Coy no
SmkFy 5 C no
SmF, 4 Ty no
SmH, 6 Coy yes

SmO 6 4 no

ThF 6 Céw yes
TbF, 7 Ty no
TmCl 2 Ceu yes

TmCls 2 Cs, no
TmF, 1 Coy yes
TmF; 2 Ch no
TmkFy 3 Ty no
TmH, 1 Co no

TmO 1 Cy no

Yhy 0 Dgy, yes
YbCl 1 Ceu yes
YbCly 0 Coy no
YbCl; 1 Ch no
YbF; 5 Ch no
YbF, 3 Ty no
YbH, 0 Coy yes
YbO 0 Cso no
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E. Auxiliary Basis Sets — Individual
ARI errors

Individual ARI errors in pFy, per atom for molecules in the test set are presented in the
following table.

Molecule | def2-SVP | def2-TZVP | def2-TZVPP | def2-QZVPP
CeCl; 55.81 5.58 21.27 1.43
CeF 62.51 29.38 39.95 3.93
CeF, 21.93 18.51 19.68 1.05
CeF; 21.64 16.84 20.27 0.82
CeFy 28.18 18.41 24.75 0.94
CeHy 66.93 70.44 46.04 6.47
CeO 99.60 33.86 53.21 10.32
Dy, 160.21 277.80 250.31 169.86
DyCl; 21.22 5.39 7.67 7.43
DyF 41.71 14.01 2.85 5.77
DyF, 14.59 10.83 11.53 4.27
DyF3 10.23 8.86 8.90 3.28
DyF, 14.98 6.91 7.59 3.87
DyH, 39.27 37.96 10.74 12.25
DyO 3.89 9.70 10.79 7.10
Er, 20.30 22.69 26.77 0.09
ErCl 28.42 10.20 19.59 2.99
ErCl, 29.37 0.86 16.29 0.07
ErCls 32.97 1.56 13.31 2.68
ErFs 1.75 12.64 13.17 0.51
ErF, 1.29 12.28 12.63 0.04
ErH, 21.26 25.37 5.02 3.87
ErO 17.31 20.83 20.76 3.35
Eu, 29.79 26.87 0.63 5.48
EuCl 83.85 90.92 68.32 30.44
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EuCls
EuF,
EuF;
EuF,
EuH,
EuO
Gd,
GdClg
GdF
GdF,
GdF;
GdF,
GdH,
GdO
HoCl,
HoCl;
HoF;
HoF,
HoH,
HoO
Lu,
Lu,N
Lu,O
LuBrs
LuCls
LuF
LuF,y
LuF;
LuF,
LuH,
LuH;
Luls
LuO
NdCl
NdCl;
NdF;
NdF,
NdH,
NdO

29.27
11.47
13.04
3.75
11.14
34.30
86.72
35.64
6.59
12.62
1.64
0.74
17.71
25.56
27.53
32.75
1.06
2.34
17.69
30.86
46.48
33.84
1.28
13.59
28.31
4.93
2.92
1.57
12.22
9.12
25.74
33.54
2.63
61.36
29.87
0.12
16.31
3.7
67.53

0.41
24.21
5.94
22.66
23.20
34.99
82.00
0.27
12.07
16.73
15.69
13.94
21.03
18.04
3.24
2.24
14.34
17.75
32.16
32.21
51.03
22.72
10.69
23.62
3.60
11.23
15.88
13.26
27.38
1.99
12.60
0.70
18.32
26.88
2.19
8.84
24.09
17.39
20.54

3.09
8.03
2.39
16.77
24.44
10.56
48.04
8.10
1.90
8.02
8.88
8.19
12.34
4.54
12.60
11.70
11.39
15.04
19.87
21.09
74.47
27.29
9.12
26.19
9.97
15.94
15.84
12.61
27.22
2.37
0.12
4.16
17.85
60.21
6.05
7.64
20.88
11.35
9.11

2.48
3.32
1.70
0.34
5.94
6.39
34.21
0.93
2.01
3.13
2.43
2.33
2.19
2.06
2.51
3.00
0.34
1.04
6.93
1.61
79.05
14.50
2.55
8.81
3.03
9.67
7.59
5.40
4.74
4.33
3.45
8.88
11.53
72.40
0.02
1.53
2.36
4.57
8.13
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PmCl; 34.72 3.92 10.14 1.55
PmF 8.23 20.16 11.08 2.40
PmF, 2.30 23.47 10.89 1.07
PmF;3 2.06 16.43 9.65 0.10
PmF, 2.80 15.79 10.25 0.59
PmH, 19.92 32.38 14.40 2.93
PmO 35.57 32.30 11.60 2.79
Pr, 23.64 1.85 18.70 28.35
PrCl 58.98 32.58 38.99 19.44
PrCls 47.02 3.10 22.79 1.00
PrF, 12.65 15.57 22.60 1.19
PrF; 6.02 11.43 18.53 1.39
PrF, 20.14 15.84 24.70 0.87
PrH, 8.05 23.48 0.05 9.30
PrO 36.61 13.92 23.66 0.88
SmCls 33.14 1.17 8.81 2.28
SmF 50.92 90.00 65.39 53.71
SmF, 10.18 24.11 11.85 1.91
SmF; 0.76 17.07 9.68 0.75
SmFy 7.48 18.91 9.39 0.72
SmH, 30.52 20.11 6.52 0.49
SmO 30.74 26.07 11.97 2.98
ThF 47.30 10.07 22.32 10.00
ThFy 17.02 4.74 1.94 2.15
TmCl 40.51 10.95 19.04 7.26
TmCl; 40.14 1.82 13.03 0.81
TmFy 8.68 17.28 15.63 4.77
TmFs 5.13 11.79 12.24 2.13
TmF, 6.19 10.88 10.70 0.77
TmH, 17.54 38.99 20.70 1.01
TmO 28.31 19.55 20.13 6.59
Ybo 43.75 37.07 41.45 16.82
YbCl 40.52 12.33 19.50 6.43
YbCl, 35.89 1.09 14.73 2.08
YbCl; 38.01 2.25 9.87 0.76
YbF;3 4.25 12.14 9.62 2.66
YbF, 14.50 13.95 8.42 0.75
YbH, 16.94 38.29 21.31 1.40
YbO 27.28 20.37 22,77 6.82
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F. Auxiliary Basis Sets — Atomization

Energies

Individual RI errors in the atomization energies AE,; in cm™! per atom for molecules in

the test set are presented in the following table.

Molecule | def2-SVP | def2-TZVP | def2-TZVPP | def2-QZVPP
CeCl; -14 -5 -6 -2
CeF -22 -8 -12 -4
CeF, -14 -5 -7 -2
CeFy -15 4 -6 2
CeF, -17 -5 -7 -2
CeH, 14 15 8 0
CeO -31 -9 -16 -5
Dy, -36 -60 -56 -43
DyCl, 5 2 2 1
DyF 2 -3 0 -2
DyF, 5 2 3 1
DyF3 -7 -2 -3 -1
DyF, -7 2 2 -1
DyH, 8 9 2 1
DyO -7 -2 -4 -1
Er, -3 -4 -2 0
ErCl -6 -4 -3 -1
ErCl, -6 -3 -2 -1
ErCls -7 -3 -2 0
ErF, -9 -3 2 1
ErF, -10 -3 2 1
ErH, 5 6 2 1
ErO -10 -5 -4 -1
Eu, 2 1 0 0
EuCl -14 -19 -15 -8
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EuCls
EuF,
EuF;
EuF,
EuH,
EuO
Gd,
GdClg
GdF
GdF,
GdF;
GdF,
GdH,
GdO
HoCl,
HoCl;
HoF;
HoF,
HoH,
HoO
Lu,
LuyN
Lu,O
LuBrs
LuCls
LuF
LuF,y
LuF;
LuF,
LuH,
LuH;
Luls
LuO
NdCl
NdCl;
NdF;
NdF,
NdH,
NdO
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PmCls
PmF
PmF,
PmkF;
PmF,
PmH,
PmO
Pr,
PrCl
PrCls
PrF,
PrFs
PrFy
PrH,
PrO
SmCls
SmF
SmkF,
SmkFy
SmkF,
SmH,
SmO
TbF
TbF4
TmCl
TmCl;
TmF,
TmF;
TmF,
TmH,
TmO
Yh,
YbCl
YbCl,
YhbCl;
YbF3
YbF,
YbH,
YbO




G. Auxiliary Basis Sets — Performance

with Large ECPs

Individual ARI errors in pF), per atom for large core ECPs of type X(III) are presented in

the following table. Note that the computation for LuCls was done in C3, symmetry.

Molecule | def2-SVP | def2-TZVP | def2-TZVPP | def2-QZVPP
CeCl3 2.19 8.88 2.19 3.30
CeF; 7.12 9.23 8.01 2.28
DyCls 9.32 7.47 1.10 2.45
DyF3 1.49 10.83 10.74 2.34
ErCls 1.29 8.94 1.35 3.15
ErF; 1.95 10.22 10.28 2.41
EuCls 0.10 6.99 2.33 3.11
EuF; 0.26 10.03 11.89 2.45
GdCl; 3.31 6.39 1.86 2.03
GdF; 0.59 8.66 8.72 1.54
HoClj 9.80 6.71 0.74 2.46
HoF3 1.36 9.92 10.54 2.33
LuCls 2.06 6.78 3.13 1.73
LuF; 1.71 10.03 9.66 1.89
NdCl; 1.12 7.22 2.31 2.13
NdF; 1.95 9.95 9.89 1.85
PmCl; 0.48 9.66 2.62 3.53
PmF; 0.20 10.58 11.33 2.48
PrCls 11.61 7.46 1.31 2.21
PrF; 3.97 9.80 8.39 2.37
SmCls 0.76 9.32 2.08 3.36
SmkF's 1.84 10.98 11.58 2.52
TmCl; 1.15 8.72 0.64 2.99
TmFj3 1.55 10.49 10.26 2.30
YbCl; 10.73 7.53 2.37 2.10
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Appendix G. Auxiliary Basis Sets — Performance with Large ECPs

YbF;3 0.21 10.61 10.54 ‘ 2.28

Individual ARI errors in pFE), per atom for large core ECPs of type X(II) are presented in
the following table.

Molecule | def2-SVP | def2-TZVP | def2-TZVPP | def2-QZVPP
CeF 3.02 6.20 6.25 1.50
CeO 29.71 5.32 3.05 12.14
DyF, 0.80 4.04 3.91 0.91
DyO 7.43 1.16 3.92 12.57
ErCl, 1.90 6.13 1.47 1.98
ErO 1.41 1.64 0.12 12.42
EuF, 1.53 4.64 5.02 0.94
EuO 0.59 0.36 7.65 8.75
GdF, 1.62 4.35 4.24 0.77
GdO 7.95 0.03 0.65 3.77
HoCl, 2.29 5.76 1.44 2.08
HoO 4.98 3.36 4.86 12.94
NdO 4.33 4.63 1.48 4.09
PmF, 2.49 4.93 5.02 1.01
PmO 7.52 2.51 3.97 10.71
PrF, 2.80 2.72 5.64 1.32
PrO 17.76 4.76 6.72 11.19
SmF, 1.36 4.43 4.53 0.89
SmO 3.95 1.13 2.68 9.47
TmF, 0.47 3.81 3.63 0.77
TmO 1.57 3.56 1.77 9.96

YbCls 1.56 5.97 1.06 1.86
YbO 2.60 3.55 1.83 9.95
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