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ABSTRACT

SYNTHESIS, SPECTROSCOPIC AND COMPUTATIONAL ANALYSIS OF
NICKEL INTEGRATED GERMANIUM CLUSTERS

Ogiin, Sinem Esra
M. S., Department of Chemistry
Supervisor: Assoc. Prof. Dr. Emren Nalbant Esentiirk
September 2014, 132 pages

Nanomaterials are attracting great deal of attention due to their wide range of
applications such as in medicine, catalysis and electronics. The use of clusters either
as seeds to synthesize larger molecular clusters or in assembled cluster materials is a
promising way to prepare new nanomaterials. In particular, the possibility of clusters
serving molecular control to design and tuning their properties to fit a particular
application makes them more attractive in the search of new advanced materials.
Therefore, besides synthesis of new cluster materials, the characterization and

understanding of their unique properties is one of the major goals of cluster science.

Polyatomic main group clusters (Zintl ions) are great candidates to be used as
“building-blocks” to prepare new cluster materials and they embody the potential to
be used in applications such as bimetallic catalysis, photovoltaic devices, and light -
emitting diodes. In this study, nickel (Ni) integrated germanium (Ge) Zintl ion
clusters (i.e. [Ni2Geo(PPh3)]*, [NisGe13(CO)s]*) have been synthesized. The
experimental characterization of spectroscopic properties, which have never been



investigated before, has been performed. Vibrational, optical and electronic
properties of Ni-Ge clusters have been investigated via UV-Vis, FTIR and
Fluorescence spectroscopy.  Moreover, frequency and time-dependent (TD)
electronic transition calculations have been performed to complement the
experimental results. The spectroscopic and computational findings are believed to
contribute to the understanding and evaluation of cluster properties for their potential

future applications.

Keywords: Nanomaterials, Clusters, Transition Metal Integrated Main Group
Clusters, Nickel, Germanium, Gaussian 09, Time-Dependent, Frequency,

Spectroscopy.
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0z

NIKEL ASILANMIS GERMANYUM KUMELERININ SENTEZI,
SPEKTROSKOPIK VE HESAPSAL ANALIZi

Ogiin, Sinem Esra
Yiksek Lisans, Kimya Bolimi
Tez Yoneticisi: Doc. Dr. Emren Nalbant Esentirk
Eylul 2014, 132 sayfa

Nanomalzemeler, tip, katalizér ve elektronik gibi alanlardaki genis kapsamli
uygulamalarindan dolay:1 biiyiik Olclide ilgi ¢ekmektedir. Kiimelerin daha biiyiik
molekiiler kiime c¢ekirdegi ya da toplanmig kiime malzemeleri sentezinde
kullanilmasi, yeni nanomalzemeler hazirlayabilmek i¢in umut vadeden bir yol
olabilir. Kumelerin molekdler kontrol sayesinde 6zelliklerinin tasarlanarak ya da
ayarlanarak belirli bir uygulama alaninda kullanilma olasiligi, kiimeleri, gelismis
yeni nanomalzemeler arayisinda daha da cekici bir hale getirmektedir. Bu nedenle,
yeni kime malzemelerinin sentezi diginda, kiimelerin karakterizasyonunun ve 6zgiin

Ozelliklerinin anlasilabilmesi kiime biliminin baslica hedeflerinden biridir.

Cok atomlu ana grup kiimeleri (Zintl iyonlar1), yeni kiime malzemelerinin “yapi-
taslar1” olarak kullanimi igin ¢ok iyi adaylardir ve kimelerin bimetalik katalizor,
fotovoltaik aletler, ve 1sik-yayan diyotlar gibi uygulamalarda kullanilma
potansiyelini somutlastirirlar. Bu caligsmada, nikel (Ni) asilanmis germanyum (Ge)

Zintl iyon kimeleri ([NizGeo(PPhs)]*, [NisGeis(CO)s]*) sentezlenmistir. Ayrica
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daha oOnce hi¢ yapilmamis olan spektroskopik Ozelliklerinin  deneysel
karakterizasyonu yapilmistir. Ni-Ge kiimelerinin titresimsel, optik ve elektronik
ozellikleri UV-Vis, FTIR ve Fluoresans spektroskopik teknikler ile analiz edilmistir.
Bunlara ek olarak, deneysel sonuglar1 tamamlamak i¢in frekans ve zamana-bagl
(TD) elektronik gecis hesaplart yapilmistir. Spektroskopik ve hesapsal bulgularin,
kiimelerin gelecekteki potansiyel uygulamalari i¢in 6zelliklerinin belirlenebilmesi ve

anlasilmasina katkida bulunacagi bulunacaktir.

Anahtar kelimeler: Nanomalzemeler, Kiimeler, Gegis Metali Asilanmis Ana Grup
Kimeleri, Nikel, Germanyum, Gaussian 09, Time-Dependent, Frekans,
Spektroskopi.
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CHAPTER 1

INTRODUCTION

1.1. The Motivation of This Dissertation

The growing interest toward miniaturization of devices directs researchers to develop
new materials with enhanced performances. This quest makes nanomaterials focus of
intense research and have them active roles in wide variety of areas such as
electronics, medicine and catalysis to name a few. The control over properties such
as structural, electronic, optical can lead to discovery of new high-performance
materials to be used in nanotechnology. Making rationally designed materials with

well-understood properties is the major challenge in this area of research.

Clusters, aggregates of atoms, possess the potential for designing and modifying
properties (cluster size, chemical identity and surface structures) toward a particular
application. They can be used as “artificial atoms” in the “bottom-up” approach to
prepare new nanomaterials.® Therefore, cluster science aim to discover new clusters
with special electronic and structural stabilities as well as with thoroughly
investigated properties so that they can be used as seeds for preparing well-tailored
nanomaterials. The discovery of Ceo-fullerene motivated researchers to synthesize
new clusters with exciting properties and make novel materials from these clusters.?
Preparation of cluster assembled materials and further advances in cluster science
evident their potential for advanced materials applications which include chemical
sensors, solar cells, bimetallic catalysts, and electronic device applications.?(Figure
1.1)
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Figure 1.1. Potential application areas of assembled cluster materials.®

Among all cluster types, polyatomic main group clusters (Zintl ion clusters) are
enjoying the well-deserved attention due to their non-traditional structures, special
spectroscopic properties and electronic stabilities. They have considerable potential
to be used as “building blocks” in the cluster assembled materials or nucleation sites
for nanoparticle growth.* Various types of Zintl ion clusters have been successfully
isolated and their unique bonding natures have been revealed up-to-date.>18
Spectroscopic studies such as with mass and NMR spectroscopy have been
performed to complement the structural analysis and demonstrate unique dynamic
properties of these clusters.®®'°32 However, knowledge of some other important
properties (i.e. vibrational and optical) crucial for potential applications such as
photovoltaic devices, light - emitting diodes and lasers, are lacking. Any information

obtained from the investigation of these properties is believed to have significant



impact on understanding, controlling and prediction of the materials that formed by

the use of these clusters.

This thesis study focuses on both synthesis of nickel integrated germanium clusters;
[Ni2Geg(PPhs)]* and [NisGe13(CO)s]*, and their spectroscopic characterization that
has never investigated. FTIR, UV-Vis and Fluorescence spectroscopic studies have
been performed to reveal these clusters’ vibrational and optical properties.
Computational studies have also been done in conjunction with the experimental
ones to interpret the data obtained from spectroscopic studies as well as
characterizing electronic properties. These studies are believed to provide deeper
understanding of properties and make contributions to the development of existent

knowledge about the clusters in Zintl ion library.

1.2. Clusters

Clusters are groups of atoms connected to each other by direct and substantial
element-to-element bonds forming molecular complexes having triangular, cyclic or
cage-like structures.® The direct linkage between these atoms results in a polyatomic
nucleus which generally shows different properties than its constituents.! These
properties change with the size, surface structures and of course the elemental
character of the cluster. The possibility of control of these properties makes them
very desirable for potential applications such as chemical sensors®*, flat-panel

displays®, catalysis®®, and quantum computers®’ to name a few.

The main disadvantage of clusters is their tendency to agglomerate. Therefore, they
need to be stabilized to prevent the formation of larger particles or even a bulk
material. One way of achieving this is to coat clusters with ligands, surfactants or
polymers. Another way is to synthesize individually stable (ligand-free or naked)

clusters to minimize the inter-cluster interaction and resist coalescence.383%°



Clusters which are prepared from d-metal elements are generally ligand stabilized
and can be categorized as high valence and low valence.*® Clusters formed by the
early d-block elements are called high valence clusters as the metal atoms forming
the network tend to have positive oxidation states. o-donor or -donor type of ligands
can provide electrons to the low lying orbitals of these electron deficient metals.
[Mo6Cls]**, [(CI)sW(u-Cl)sW(CI)s]* can be given as examples for these types of
clusters.*(Figure 1.2. a) On the other hand, low-valence clusters are formed by
electron rich late d-block metals having zero or negative oxidation states and ligands
of m-acceptor type. Some examples of these types of clusters are Rh3(CO)s(n-Cp)s,
RusC(CO)14(CeH3sMes).3(Figure 1.2. b)

a) [MosClg]** b) Rh3(CO)3(n-Cp)s
Figure 1.2. Examples of a) high-valence b) low-valence clusters

Clusters which are stabilized without the coordination of ligands are called as ligand
free or naked clusters. These types of clusters are generally dominated by p-block

elements. The Ceo-fullerenes*#? and metcars (metallocarbohedrene)*® family of



TMgCi2 cages (TM = a transition metal atom) are some of the most celebrated
examples of these types of clusters.(Figure 1.3. a) Another family of clusters which
is very rich in ligand-free members are Zintl ions such as [Geo]?, [P7]*, [Pb]s,

[Sns] and will be discussed further in the following section.*(Figure 1.3. b)

a) b)

Figure 1.3. Structures of a) Buckminsterfullerene (Ceo) *° b) Zintl anion [Ge1o]? **

1.2.1. Zintl lon Clusters

The solvated polyatomic anions of main group elements (from Group 13 to 16) are
known to be Zintl ions. They are first discovered by Johannis in 1891 when he
observed the color of sodium in liquid ammonia solution change from blue to green
with the addition of elemental lead.*® Further studies conducted by Zintl, Smyth,
Kraus and co-workers revealed that the color change was due to reduction of metals
to highly charged homoatomic polyatoms.*”° Eduard Zintl discovered the

composition of these anionic species in 1930s by using potentiometric titrations of



sodium in liquid ammonia with a salt of the metal (Pbl2). Polylead anions are formed

from the titration as shown in equation 1.1.%

(4 + 2x) Na + x Pbl — NasPby + 2x Nal 1.1,

Extensive studies on the synthesis and characterization of main group polyanions
have been performed and varieties of them have been prepared by Zintl and co-
workers. Therefore, these highly charged polyanions have been named after Zintl as
“Zintl ions”. Some examples of these ions are [Sng]*, [Pbe]*, [As7]* and [Sh7]*,
[Bis]* .4 The first structural characterization of a Zintl ion was reported by
Kummer and Diehl. The single crystal X-ray structure revealed the chemical formula
of the crystals as Nas(en)7Sng where the Zintl ion identity was verified with the

presence of Sng* anion.>2

Zintl and co-workers also discovered that binary intermetallic phases such as NasPbg
gave the same solutions when dissolved in liquid ammonia, which made the
synthesis of cluster relatively easy when used as a precursor.>® These polar
intermetallic compounds are called “Zintl phases” and are generally composed of an
electropositive s-block element and an electronegative p-block element. They are in
the form of AxEy (examples include KsSng, K3P7) and are generally obtained by
heating a stoichiometric mixture of the elements for several hours under an inert
atmosphere at very high temperatures. Contrary to most metals they were found out
to be brittle and display semiconducting properties.>*

Although Zintl ion clusters were discovered in 1930s, they were not widely explored
until 1970s due to the challenges in synthesis and high air-sensitivity of these
compounds. Corbett and co-workers made an important discovery towards isolation
of these compounds with the crystallization of [K(2,2,2-crypt)]s[Sbr] in 1975.%° The
crystal growth is promoted by adding alkali metal isolating agents such as [2,2,2]-
crypt or 18-crown-6. Stable complexes with alkali metal cations and macro-cyclic



polyethers are formed preventing the transfer of electrons from the Zintl anions back
to the alkali metal. The [2,2,2]-crypt acts as a sequestering agent by separating the
ion pairs of alkali metal and Zintl ions. This provides an enhancement in the

solubility and crystallization of Zintl ions.*

oo &k

e

a) b)
Figure 1.4. Structures of a) 2,2,2-crypt b) 18-crown-6

Numerous Group 14 and Group 15 Zintl salts and naked clusters were isolated after
the discovery of Corbett and co-workers. Eo* (E = Sn, Ge, Pb)*>5761 Gey? %° and
E (E = P, As, Sb)52%% are some of the first examples of isolated Zintl ion

clusters.

The elements of Group 15 (Pinictogens) are more likely to form polycyclic structures
resembling to hydrocarbons due to isoelectronic behavior of E to CH and E to CH>
where E is P or As. Nortricyclanes E7* (E = P, As, Sbh) can be given as examples for
polyanionic clusters of Group 15. Group 15 Zintl ions are electron precise and have

E-E bonds with 2c-2e” covalent bonds while Group 14 Zintl ions are electron



deficient and are analogous to borane clusters. Therefore, Wade-Mingos rules apply
for the explanation of the bonding and each Group 14 element donates two electrons

to the cluster.6667

In deltahedral clusters, bonding is achieved via delocalized electrons. Thus, instead
of using the octet rule, electrons are counted by using Wade-Mingos rules. Based on
the vertex number and total charge of the cluster, structures of the clusters are

described as closo, hypo-closo, nido and arachno type deltahedra.®®(Table 1.1.)

Table 1.1. The terminology used in Wade-Mingos rules (n = number of vertex)

Type Total Number of Skeletal Electrons
closo 2n+2
hypo-closo 2n or 2n-2
nido 2n+4
arachno 2n+6

For instance, Eq> consists of 9 vertices (occupied by Group 14 element and each
contribute 2 electron to the skeleton) and -2 charge. Total number of skeletal
electrons becomes 2 x 9 (number of vertex or atoms on the skeleton) + 2 (charge) =

20 and the cluster obeys 2n+2 type representing closo deltahedra.

The Group 14 Zintl ions most commonly form deltahedral-like, nine atom clusters
such as [Eo]* where E is Si, Ge, Sn or Ph. (Figure 1.4.) The crystals of these cluster
ions are obtained in solvents such as liquid ammonia, ethylenediamine (en) or
dimethylformamide (DMF). The structures of these nine atom clusters are commonly
either monocapped square antiprism with Cas symmetry ([Pbg]*) or tricapped



trigonal prism with the symmetry of Dan ([Sne]*).** The structures are quite fluxional
in solution and have an exchange process between symmetries with the bond
formation and breaking.5®88 Therefore, these nine atom clusters are extensively
used as precursors for making new Zintl ion clusters with various bonding natures.
The most common homoatomic Zintl ion clusters that are structurally characterized
in solutions are shown in Figure 1.5.447 Among them, closo-[Pb1o]*" with bicapped
quadratic-antiprism shape is the largest homoatomic Group 14 cluster isolated up to
date.”* To our knowledge, no homoatomic cluster of the form [E12]*> has been
isolated in solid state or solution, yet it is observed in gas phase with mass
spectroscopy analysis.18:"2

l. [E4]* where E = Sn, Pb 4
1. [Es’1%, [Eo’]%, [Eo’]®, [Eo’]* where E’ = Si, Ge, Sn, Pb 7°
I [E10”] where E = Ge, Pb #

[Es]* [Eo]* [E10]*

Figure 1.5. Common structures of Zintl anions**°



Besides individual homoatomic Zintl ion clusters, the ones exo-bonded to each other
to form dimeric, trimeric and polymeric structures such as [(Geg)2]®, [(Geo)s]®,
1:[(Geg)?], respectively, have been isolated.”>® The isolation of these structures
demonstrates the possibility of controlled preparation of new materials in nano or

micro scale.

The simplicity and high reactivity of homoatomic, naked Group 14 clusters have
yielded isolation of wide variety of new Zintl ion clusters. Their reactions with
transition metals opened up the new research avenue and lead to isolation of clusters
with exciting properties. Haushalter et al. have isolated the first example of this type
of clusters.”” The chromium-plumbide cluster, [PboCr(CO)s]* has square antiprism
unit of Pbge capped by Cr(CO)s unit resulting closo geometry. Subsequently,
derivatives of this cluster anion (i.e. [SneCr(CO)s]*, [SnsM(CO)s]* where M = Cr,
Mo, W) have been isolated.’(Figure 1.6.)
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Figure 1.6. Structure of [EsM(CO)s]* (E = Pb, Sn; M = Cr, Mo, W)""8

Integrating transition metal to Zintl ion clusters have become very attractive research
area due to the potential of these new types of clusters to be used to make bimetallic
catalysts and nanomaterials.®®”® More recently, another type of transition metal
integrated Zintl ions has been isolated. In these types of clusters, instead of having
transition metal as part of cluster skeleton, they are encapsulated in the cluster center.
The transition metal in the center is believed to have stabilizing effect since the
strength of the surface bonds may not enough to support clusters with large number
of atoms. These types of clusters are called as “endohedrally functionalized or filled”
clusters.>* In literature, their chemical formulas are generally represented by first
writing the interstitial atom then placing “@” sign and finally writing the cluster

formula. For instance, lead cluster with interstitial Pt is represented with [Pt@Pb12]*
17
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The first freestanding ligand-free icosahedral cluster, [Pt@Pb12]%, is a good example
to this stabilization as [Pb12]%> could not been isolated yet.!’(Figure 1.7.) Subsequent
isolation of Pd and Ni centered [Pbi1;]* and the structural deformations due to
differences in the size of the central atom demonstrated the effect of transition metal
size on the stability of the cluster.!®

Figure 1.7. Ortep drawing of [Pt@Pb12]? ion.Y’

Encapsulation of transition metals in Zintl ion clusters with various geometries has
also been demonstrated. For instance, [Cu@Pbg]* and [Ni@Pbio]? clusters exhibit
monocapped square-antiprism and bicapped square-antiprism, respectively.!®#° On
the other hand, [Ni2@Sni7]* and [Pt2@Sni7]* demonstrates interesting dumbbell
structures.'®®(Figure 1.8.) Characterization of some of these clusters with
spectroscopic technigues such as NMR reveals their very unique properties. For
instance, NMR studies on [Ni@Pbio]?> and [Ni2@Sn17]* anions shows interesting
intermolecular exchange process.’®8 Such studies might provide valuable

information about possible exchange between surface and bulk atom on

12



nanoparticles. They also help to understand properties of these particles such as their

lower melting points relative to the bulk materials.®?

Figure 1.8. Ortep drawing of [Ni2@Sn17]* ion.®

[Co@Ge10]* exhibits Dsy geometry of pentagonal prism which is not present in the
traditional deltahedral geometries of transition metal containing Group 14 Zintl
clusters.?® Another example to these type of clusters is [Ru@Gei2]* having Daq
polyhedral geometry which is significantly different from other deltahedral 12-vertex
clusters such as [M@Pb12]* (M = Ni, Pd, Pt).8%(Figure 1.9.)
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[Co@Ge]*?° [Ru@Ger,]* 8

Figure 1.9. Examples to ligand-free transition metal integrated Germanium clusters.

Varieties of “endohedrally functionalized” Zintl ion clusters have been isolated up to
date with different transition metal and main group element choices and also with
more complicated structures. Some unique examples such as [SN@Cu12@Snz0]** and
[As@Nir2@As20]*> show “onion skin” type arrangement of clusters with again
individual atom placed in the center.**®(Figure 1.10) The existence of these
examples supports the possibility of synthesizing increasingly large clusters which

might have sizes in nanoscale.
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Figure 1.10. [Sn@Cu12@Snz0]** **

The extensive number of Zintl ion clusters each with unique structure and properties
possesses the great potential to be used as “building blocks” in the formation of new,
advanced materials. This potential has started the new research area where the Zintl
ions can be used as “artificial atoms” or “super atoms” in the fabrication of “cluster
assembled materials”.? These materials allow the control over properties by
modifying the properties of building blocks. Zintl ions with their unique architectures
and interesting properties take over this role in the hierarchical assembly of clusters.
Therefore, it is very important to investigate these properties such as optical,

electronic and magnetic to have the control on the formation of new materials.

The characterization of Zintl ion clusters have been generally performed with single
crystal X-ray studies to identify their structures, mass spectroscopy to verify the
structural data or to identify clusters formed in the gas phase, NMR spectroscopy to
complement the structural analysis or to investigate dynamic properties in solution.
A few of the isolated Zintl ion clusters have been studied with photoelectron
spectroscopy to investigate their electronic properties.2>% Also, only one FTIR study

on Zintl ion cluster ([Ni2Ges(CO)]*) have been reported to verify the existence of
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CO ligand.?! However, to our knowledge there is no extensive study on investigating
these types of clusters’ vibrational and optical properties which are very important in

their potential future applications.

1.3. Computational Studies

Some properties of molecules can be calculated using specific computer programs
with certain types of theoretical models. In each theoretical model, different sets of
approximations together with an algorithm of calculation are used on atomic orbitals
to calculate molecular orbitals and energy. Depending on the size of the system and
approximation level, there are four main methods of theoretical models; semi-
empirical, ab initio, density functional and molecular mechanics.®” In our
calculations, Density Functional Theory (DFT) has been used due to its good

compatibility with transition metal complexes.®

1.3.1. Density Functional Theory

DFT is one of the methods of theoretical chemistry calculating the ground state
properties of metals, semi-conductors, insulators and also metal complexes. Different
from ab initio methods (i.e. Hartree-Fock (HF) model) in which wave function is
used to compute energy, DFT uses electron density instead. The electron density has
always maxima at the positions of the nuclei; in other words, it is a function of
nuclear positions. Therefore, molecular structures can be obtained from the electron
density. Since the electron correlation is already included, there is no need for the
correction of electron repulsion as in the case of HF-based calculations. This makes
DFT calculations less time consuming than HF.8"# Carbonyl containing transition
metal complexes tend to give better results with hybrid models of DFT than HF. For

instance, in the calculation of the distance between metal and carbon in a complex
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revealed significant errors with HF method.®*! B3LYP, Becke’s 3-Parameter hybrid
functional using nonlocal correlations due to Lee-Yang-Parr, called to be a hybrid

model and known as the most popular DFT model.#

Some of the reported examples of DFT calculations performed with clusters are
summarized. For instance, in order to define the minimum energy structure of
bismuth-doped tin clusters, density functional theory with generic algorithm method
was used by Heiles et al. to compute dielectric properties of their low energy
structures. Dielectric and structural properties are included in the simulations of
beam profile to be compared with the experimental data which provides the type of
pattern these bimetallic clusters follow while growing.®? In a study conducted by
Eichhorn et al., the electronic and geometric structure of gas phase endohedral
clusters of Pt/Pb anions are determined by DFT calculations along with the
photoelectron spectroscopy. DFT calculations revealed that Pt@Pbio! and Pt@Pb1,*
- clusters does not change their geometry of Dag significantly in the gas phase.®
Moreover, the most stable structures and different atom positions of [Sng.m-
nGemBin]“™ (n = 1-4 and m = 0-(9-n)) series are investigated by DFT calculations,
since their structural data for ESI spectrometry is not sufficient enough. According to
the results, the cluster geometry is strongly dependent to the stoichiometry with
different charges.®® Another DFT study conducted by King et al. showed that iron-
centered germanium clusters (Fe@Gel0?% z = -5 to 3) tend to exhibit pentagonal
prism instead of a deltahedral structure at the lowest energy conformation which is
consistent with the experimental observation.®* Schoss et al. investigated the possible
structures of tin cluster anions, Sny™ (n = 16-29), by using DFT along with trapped

ion electron diffraction and collision induced dissociation.%

The shapes of atomic orbitals are described by certain sets of functions, called as
basis sets. Atomic orbitals are linearly combined with the molecular orbitals
calculated by a specific theoretical model. In each basis set, the level of

approximation differs. A larger basis set may exhibit more accurate results but it is
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also more time consuming and the calculation may not be completed due to
complexity. Therefore, it is important to choose a basis set based on the properties

and size of the system.

If the system has negative charge, exited states or lone pairs, it is better to prefer a
basis set having diffuse functions, in which electrons can travel away from the
nucleus and orbitals can diffuse. Some basis sets already have self-diffuse functions,
but for some, an additional sign might be required such as 6-31g basis set become
diffuse as ‘6-31g+’. In order to describe the system with a better approximation,
polarized functions are needed. The atomic orbitals are distorted depending on the
conditions of surroundings. Similar to diffuse ones, the polarization function can be

either inside the basis set or added with a sign like **’, such as 3-21g*.%97

Based on the publications conducted on transition metal complexes containing
germanium in recent years, for the calculations, medium-sized Lanl2dz and CEP-
121g basis sets are chosen.®>%-1% | an|2dz (Lanl = Los Alamos National Laboratory)
is a double-zeta type basis set using effective core potentials (ECP) of Hay and Wadt.
It can be applied to H, Li-La, Hf-Bi. CEP-121g (CEP = Consistent Effective
Potential), on the other hand, is a triple split valence type basis set using ECPs of
Stevens, Basch and coworkers. It can be used from H to Rn.*%%" Both basis sets use
only valence electrons for calculation which is convenient for systems having large

amount of electrons.

1.3.2. Types of Calculations Carried Out

Depending on the needs of the research, there are many types of calculations
available in Gaussian 09. Some examples include geometry optimization, single
point energy, frequency, population analysis, UV-Vis and electronic transitions,

potential energy surface, solvation effect, etc. All calculations have common criteria
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of converging at the minimum energy. Route for a reliable calculation is shown i

Figure 1.11.%

Imaginary

jies?
Geometry frequencies?

optimization

Frequency

YES

Repeat the
optimization

Other
calculations

Solvent
needed?

Repeat
optimization
and frequency
in solvent

Figure 1.11. Suggested sequence of calculations for any molecule.

1.3.2.1. Geometry Optimization

The aim is to find the minimum energy configuration of the molecule by computing

the wave function and the energy at the given geometry and processing until lower

energy is found.®® There are certain threshold values for convergence of RMS and

Maximum Force/Displacement depending on the type of basis set which can be seen

in the output file. Once all four criteria meet the threshold values, then the

optimization finishes. The keyword to be included in the input file is ‘Opt’.

From the output of the calculation these information can be obtained:
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- Optimized coordinates of the molecule
- Atomic distances and angles

- HOMO/LUMO eigenvalues in Hartrees
- Mulliken atomic charges

- Dipole moments 1%

1.3.2.2. Frequency

The vibrations of the molecule are calculated with this type of calculation. The
resultant optimization coordinates is used in the input file with a keyword of ‘Freq’.
It is suggested to use the same theoretical model and basis set for both optimization

and frequency calculations.

In the case of imaginary frequencies, which are negative values, are found in the
output file, the molecule is instable and tends to be in transition state. Therefore, the

optimization process should be repeated.

Raman intensities can also be calculated by adding the keyword ‘Raman’ to route

line of input file.

From the output, this information can be obtained in addition to the ones in

optimization calculation:

- Single point energy

- Harmonic frequencies
- Reduced masses

- Force constants

- IR intensities

- Raman intensities (if needed) %192
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1.3.2.3. UV-Vis and Electronic Transitions

As the difference between the excited and the ground state of a molecule matches the
energy of a photon interacting with the molecule, the electron excitation takes place
from an occupied level to an unoccupied level. According to Franck-Condon
principle, electrons can move faster than the nuclei, so this absorption of energy does
not influence the configuration of the nuclei much. That is why vertical excitation

energies build the spectrum for absorption of the molecules.

There are three different methods; ZINDO, CIS and TD which are semi-empirical,
HF and DFT based calculations, respectively. Time-Dependent (TD) calculation
operates under the principles of DFT in which the wave functions of molecular
orbitals oscillating between the ground state and upper levels are obtained.1031%4
Number of transition states interested can be determined and added to the input line
after the keyword of “TD’, i.e. TD=(NStates=100).

Following information can be obtained from this calculation:

- Transitions from ground state to excited state

- Energies of excitation and strengths of oscillation
- Eigenvalues of orbitals selected

- Population of orbitals %

1.3.2.4. Solvation Effect

Since Gaussian computes in isolated environment, it might be logical to use the
solvation effect to resemble to the experimental conditions. By adding ‘SCRF’
keyword along with the name of the solvent as ‘SCRF=(solvent=n,n-

dimethylformamide)’, a solvent cavity is formed surrounding the molecule.%6-1%
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After completing the solvent-free optimization, the resulting coordinates should be
used in the solvent-added calculation to optimize the structure. Then, by using the
solvent-added optimization coordinates, other types of calculations in a solvent can
be made.
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CHAPTER 2

EXPERIMENTAL & COMPUTATIONAL

2.1. Experimental Part

All reactions and sample preparations for analysis were carried out under an inert
atmosphere, in a glove box due to extreme air sensitivity of most of the compounds
used or synthesized in this study. Solvent distillation was done using a dual-manifold
Schlenk line equipped with argon as an inert gas. Air sensitive reagents were stored
and used inside the M-Braun UNI-Lab glove box in which both oxygen and moisture
levels are kept below the concentration of 0.1 ppm.

2.2. Materials

2,2,2-crypt (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8,8,8]-hexacosane; Sigma-
Aldrich, 99%) and Ni(CO)2(PPhs). (bis(triphenylphosphine)dicarbonylnickel;
Sigma-Aldrich, 99%) were taken inside the glove box as received and used in the
synthesis of both clusters. Purification of solvents was done after passing each
through molecular sieves (3A). Ethylenediamine (Sigma-Aldrich, >99.5% GC) and
DMF (dimethylformamide, Sigma-Aldrich, 99.0% GC), were both distilled over
CaH, (Sigma-Aldrich, 99.99%) and Toluene (Sigma-Aldrich, >99.5% GC) were
distilled over sodium/benzophenone mixture for several hours. After the completion
of distillation procedures, all solvents were carefully frozen under argon gas and
vacuum to prevent any source of moisture and oxygen, and then they were taken

inside the glove box to be used in the experiments.
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KaGeg precursor was synthesized from a stoichiometric mixture of the elements (K:
98.0%, Sigma-Aldrich; Ge: 99.999%, Sigma-Aldrich) according to previously

reported synthetic procedures.

Paraffin oil (Sigma-Aldrich) was taken inside the glove box after several treatments
of vacuum and nitrogen gas in one of the ports of the glove box and used in the FTIR

measurements.

2.3. Synthesis of KaGeg

Synthesis of KsGey was performed with a method described in literature.'® Briefly,
potassium chunks (0.21g, 5.37 mmol) and germanium granules (0.88g, 12 mmol)
were weighed into a quartz tube inside the glove box and sealed under static vacuum.
Resulting tube was placed in homemade stainless-steel jacket and heated to 650°C for
18 hours in a furnace under vacuum. The balanced equation for this reaction is

shown in equation 2.1.

4 Kes) + 9 Ge) — KaGeg(s) 2.1.

After taking this apparatus into the glove box, the quartz tube was broken and the

product was taken inside a mortar. It was then crushed into fine powder via pestle.

2.4. Synthesis of [Ni2Geo(PPhz)]*

[Ni2Geg(PPhs)]* cluster anions were synthesized with a method previously reported
by Esenturk et al.»® Briefly, KaGeg (54 mg, 0.007 mmol) and Ni(CO)2(PPhs). (84 mg,
0.14 mmol) and 2,2,2-crypt (0.1 g, 0.27 mmol) were dissolved in 4 mL of en in a
vial. The mixture was nearly boiled for 15 minutes at 120°C and then hot filtered to

an empty vial. It was set aside to cool down by itself and crystal formation was

24



observed in the bottom of the vial after 2-3 days. EDX analysis on the crystals
showed the presence of Ni and Ge atoms. Ge: Ni: K =9.09: 2.08: 1.85.

The proposed balanced equation for the synthesis of [Ni2Ges(PPhs)]?* in the presence

of [2,2,2]-crypt is shown in equation 2.2.1°

[669]4' + 2[Ni(CO)2(PPh3)2] + 2[NH2(CH2)NH2] — [GegNiz(PPha)]Z' + 3PPhs +
4CO + 2[NH2(CH2)2NH] + H2 2.2.

2.5. Synthesis of [NisGe13(CO)s]*

Synthesis of [NisGei3(CO)s]* cluster anions was achieved by following same route
used in the synthesis of [Ni2Geg(PPhs)]* cluster cystals but at different reaction
temperature.® Similarly, KsGey (54 mg, 0.007 mmol) and Ni(CO)2(PPhs). (84 mg,
0.14 mmol) and 2,2,2-crypt (0.1 g, 0.27 mmol) were dissolved in en in a vial. The
mixture was stirred for 15 minutes at 45°C and then hot filtered to an empty vial.
After self-cooling, crystals appeared after about a week. EDX analysis on the crystals
showed the presence of Ni and Ge atoms. Ge: Ni: K= 13.78: 1.65: 1.47.

The proposed balanced equation for the synthesis of [NigGe13(CO)s]* in the presence

of [2,2,2]-crypt is shown in equation 2.3.1°

13[Geg]* + 6[Ni(CO)2(PPhs)2] + 16[NH2(CH2).NH2] — 9[Ge13Nig(CO)s]* + 12PPh;
+12CO + 16[NH2(CH2)2NH]" + 8H> 2.3.
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KyGeg g + [Ni(CO),(PPh;).] )

[Ni,Geg(PPh3)]* [NigGe;3(CO)s]*

Figure 2.1. Schematic representation of synthetic pathway of Ni-Ge clusters (en:

ethylenediamine)®®

2.6. Sample Preparation for Spectroscopic Measurements

The crystal isolation procedure is as follows for all measurements:

Collecting crystals from the solution

1
2. Washing them with toluene
3.
4

Drying them under vacuum

Storing them in a closed-cap vial inside the glove box

It should be noted that all procedures were done inside the glove box until the

measurement of the sample in the related instruments outside. Moreover, due to

presence of the high static field inside the glove box, the crystals cannot be weighed.

Thus, it is not possible to determine the exact concentration of the solutions or

mixtures.
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2.6.1. Fourier Transform Infrared Spectroscopy

A liquid sample holder with rectangle TPX (polymethylpentene) and PS
(polystyrene) windows, and a solid sample holder with a KBr window along with a

120 micron-tick spacer were used in FTIR measurements.(Figure 2.2.)

Liquid Sample Holder Solid Sample Holder

Figure 2.2. FTIR sample holders

Two types of measurements were applied on both clusters and precursors (i.e.
Ni(CO)2(PPhs)2, Pt(PPhs)s and KaGey); liquid-phase measurement in DMF and solid-
phase measurement in paraffin oil. In the liquid-phase measurements, the crystals
collected from the solutions were dissolved in certain amount of DMF and injected
through the holes of the liquid sample holder having a 100 micron-tick spacer in
between two TPX windows by not leaving any air bubbles. After sealing the Teflon
lids of the holes carefully, the sample was taken outside the glove box and
measurement was performed. DMF was used as blank measurements for each

sample.
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In the solid-phase measurements, paraffin oil and crystals (i.e. one or two pieces)
were put inside an agate mortar and crushed all together with the pestle until a
smooth mixture was obtained. Then, the mixture was buttered onto the surface of one
window having already the spacer on. The second window was carefully placed on
top of sample without leaving any air bubbles in between. After securing windows
on holder, the sample was taken to the instrument for measurements. Paraffin oil was
used as a blank, and blank measurement was done before every sample

measurement.

After several trials to find the optimum settings for measurements in paraffin oil, the
device was set to some parameters including gain as 2.0, optical velocity as 0.4747,

and aperture as 100.

2.6.2. Fluorescence Spectroscopy

Sample solution was prepared by dissolving cluster crystals. As it is noted before, the
exact concentration of the solution could not be determined due to challenges during
weighing process of crystals, resulting from the high static field inside the glove box.
The sample solution then placed inside the quartz cuvette which was then sealed
carefully with parafilm to prevent any contact with air. As blank, only DMF was
measured to eliminate any emission bands which might be formed due to the solvent.

2.6.3. UV-Vis Spectroscopy

The samples were prepared in the same way as in the Fluorescence spectroscopy
studies. However, more dilute solution was prepared to keep absorbance under the
value of 1.0. Similarly, DMF was measured as blank to eliminate the absorbance due

to the solvent itself.
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2.7. Computational Part

All calculations were submitted to Gaussian 09 via TR-Grid servers of ULAKBIM

by using the SSH client software MobaXterm.

After creating appropriate input and slurm files, the calculation can start by using the
command of ‘sbatch’. It is very important to have both input and slurm files in the
same directory. Also, the location where the calculations are done should be the same
as those files. Otherwise, the job submission cannot be achieved. It should be noted
that Linux is case sensitive, so it might be practical choosing the file names in lower
case letters. The output and error files are created in the locations given in the slurm
file.

An example to job submission is shown in Table 2.1.
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Table 2.1. Examples to successful and unsuccessful job submissions

Successful Job Submission Unsuccessful Job Submission
Input File | ni2ge9_b3lyp_lanl2dz_opt.com | ni2ge9 _b3lyp_lanl2dz_opt.com
Slurm File | ni2ge9-lanl2dz-opt.slurm ni2ge9-lanl2dz-opt.slurm
Location of | truba_scratch/enalbantesenturk/ | truba_scratch/enalbantesenturk/
Both Files | ni2ge9/lanl2dz/opt/ ni2ge9/lanl2dz/opt/
Current | truba_scratch/enalbantesenturk/ | truba_scratch/enalbantesenturk/
Location | ni2ge9/lanl2dz/opt/ ni2ge9/
Command ] )
Ui sbatch ni2ge9-lanl2dz-opt.slurm | sbatch ni2ge9-lanl2dz-opt.slurm
ine
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Lanl2dz CEP-121g
[LNJZ;E;JELEE; [NigGe,s(CO)s]+ {N:S:é% [Ni.Ge.u(CO)LI*
| | | |
Optimization Optimization Optimization Optimization
/N /NN SN
Frequency Frequency Frequency Frequency

Figure 2.3. Calculation flow for both basis sets

The pathway shown in Figure 2.3 was performed for the calculations with or without
the use of solvation effect.

2.7.1. Geometry Optimization

The coordinates of both Ni-Ge clusters were accessed from the Single-Crystal XRD
data of their publication.'® For calculations, coordinates of a single cluster should be
present in the input file. However, the crystal data not only included multiple clusters
of the same kind but also the crypt molecules surrounding them in a unit cell.
Therefore, the crypt molecules and additional cluster molecules were deleted in
GaussView 5.0. Then, the coordinates of a single cluster molecule were extracted to

an input file.
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The route line in the input file is as follows:
#p opt b3lyp/lani2dz

2.7.2. Frequency

The outputs of the successful optimization calculation were opened in GaussView
5.0 to extract the optimized coordinates for other calculations. These optimized
coordinates of the corresponding basis set were inserted to the input file of the
frequency calculation. It is crucial to continue with the same basis set when using its

optimized coordinates, because each basis set has different levels of approximation.

The route line in the input file is as follows (for Lanl2dz optimized coordinates):
#p freq b3lyp/lanl2dz

The output of the frequency calculation was opened in GaussView 5.0 and
ChemCraft 1.7 for visualization of the vibrational spectrum and can be redrawn in
programs such as Origin or Excel.

2.7.3. UV-Vis and Electronic Transitions

Similar to frequency calculations, the coordinates of the successful optimization were
inserted to the input file. Normally, the default settings for number of transitions in
TD calculation are set as 3. Since both clusters have huge amount of electrons, the

number of transitions were chosen from 100 to 500 to see the trend in the graphs.

The input file is as follows for a 200 transition state calculation:
#p td=(nstates=200) b3lyp/lanl2dz
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As frequency outputs, the TD output was opened in the same programs to visualize

the absorption spectrum.

2.7.4. Solvation Effect

The effect of the solvent can be added to the input line of the desired molecule
having optimized coordinates. Since DMF was used as a solvent in UV-Vis
measurements, its effect has been calculated. Before calculating TD electronic
transitions in a solvent, the optimization should be redone by adding the following

line to the input route.

#p opt b3lyp/lanl2dz scrf=(solvent=n,n-dimethylformamide)

Then, from the output of these solvent added optimizations, the new coordinates
were extracted by GaussView 5.0 and inserted into the corresponding frequency or

TD inputs. However, the solvent line should be kept in the route.

#p td=(nstates=200) b3lyp/lanl2dz scrf=(solvent=n,n-dimethylformamide)
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CHAPTER 3

RESULTS & DISCUSSION

3.1. Synthesis and Structures of [Ni2Geo(PPh3)]? and [NisGe13(CO)s]* Zintl
lon Clusters

[Ni2Geg(PPh3)]* and [NisGe13(CO)s]* Zintl ion clusters are synthesized from the
reaction of KsGeg, [Ni(CO)2(PPhs)2] and 2,2,2-crypt in ethylenediamine (en) at
different reaction temperatures.r® [K(2,2,2-crypt)]* salt of [NisGeis(CO)s]* is
obtained when the reaction is performed at temperature about 45°C. On the other
hand, the one of [Ni-Geg(PPhs)]* is formed at elevated temperatures, 120°C. Both
salts are air and moisture sensitive in solution and in solid state. Their solubility is
high in DMF and CH3CN, forming dark brown solutions.

Structural analyses of the clusters that reveal their interesting bonding natures have
been previously reported in literature.’® Briefly, [Ni2Geg(PPhs)]? anion is formed by
nine surface Ge atoms, one Ni encapsulated in the center of the cluster and one
[Ni(PPh3)] fragment capping the cluster.(Figure 3.1.a) The anion has virtual Cay
point symmetry and exhibiting 10-vertex 20 electron deltahedron. Therefore, it can
be defined as hypo-closo system with open nido-like structure according to Wades’

rules. The total number of electron of the anion is 484.

The structure of the [NisGe13(CO)s]* anion can be defined as 17-vertex deltahedral
cluster formed by 13 Ge atoms and 4 Ni atoms.(Figure 3.1.b) The cluster also has
two interstitial Ni atoms located in the center. Each Ni atoms on the surface has one
CO ligand and two of them have additional bridging CO ligand. The structure of the

anion reveals Cs point symmetry with a symmetry plane passing through five Ge
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atoms, two interstitial Ni atoms and a bridging CO ligand. This 17-vertex
deltahedron has 658 total electron (126 valence electrons) and 32 skeletal electrons.

Therefore, the cluster can be defined as hypo-closo according to Wades Rules.

Figure 3.1. Ortep drawings of a) [Ni.Ges(PPhs)]* b) [NisGei3(CO)s]* *°

Electrospray (ESI) mass spectrometry analyses for both cluster anions were reported
previously to verify the structure obtained from single crystal analysis. These studies
were done in negative ion mode from the DMF solutions of cluster crystals.’® They
revealed the mass envelopes arising from the multiple isotopes of Ni and Ge. For
example, the spectrum of DMF solutions of [K(2,2,2-crypt)]4[NisGe13(CO)s] crystals
shows signals for [K(2,2,2-crypt)NisGe13(CO)s]* (m/z = 1850) as a parent ion and
decomposition products observed in gas phase (i.e. [NisGes]" (m/z = 1296),
K[GeyNiz(CO)]* (m/z = 838)). The spectrum of [Ni2Geg(PPhs)]* cluster demonstrate
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the parent ion ([K(2,2,2-crypt)Ni-Geg(PPh3)]* (m/z = 1447) as well as its fragments
and/or gas phase products such as K[Ni>Ges(CO)]*" (m/z = 838), K[Ni.Geg]* (m/z =
810).

Here, in this study, too, ESI mass spectrometry studies in similar conditions are
performed with the exception of solvent type. In this study, instead of using DMF,
CH3CN and DMF mixture (with 1% of DMF) is used because of the instrumental
restrictions. Even though the crystals have very good solubility in CH3CN, the
solution starts to decompose in very short amount of time. This might be due to high
coordinating ability of the CH3CN resulting a change and/or decomposition of the
cluster investigated. Therefore, ESI mass spectrometry studies are hampered by these
restrictions. The example of ESI mass spectrum is given in appendix section, in
Figure A.l. It is important to note that the analysis of [Ni.Geg(PPhs)]*> anion
revealed the signals of K-coordinated molecular ion of [Ni2Geo(CO)]* (m/z = 838.1)
as it is observed in previously reported study.'® It is first considered as a gas phase
product produced in fragmentation of main cluster. However, isolation of the
[Ni>Geg(CO)]* cluster anion (Figure 3.2) by Sevov and co-workers?! strengthen the
possibility of obtaining this cluster ions’ crystals along with the ones of
[Ni2Geg(PPhs)]?. Also, as it is being discussed in following sections, observation of
CO signals in the FTIR measurements of [Ni.Geg(PPhs)]* cluster make this
assumption more valid. Therefore, [Ni.Geg(CO)]* anion is included in the

computational studies as well.

Computational studies have been carried out in order to help us better understand the
observed spectroscopic properties of the synthesized clusters. Unfortunately, these
types of clusters are fairly new and not much information is available in the
literature. Here, previously reported crystal structures were used to obtain the initial
geometries of the isolated [NisGei3(CO)s]* and [Ni.Ges(PPhs)]> molecules.
[Ni2Geg(CO)]? anion is obtained by the replacement of PPhs with a CO group.
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Figure 3.2. Visualized structure of [Ni.Geg(CO)]* %!

Since these clusters have complex geometries with huge numbers of electrons, it very
difficult to optimize with large basis sets having diffuse and polarized functions (i.e.
6-311+G(d)). Therefore, basis sets that treat core electrons as potentials and consider
valance electrons only such as CEP-121g are more applicable to these molecules.
After an extensive literature search we have observed that mainly Lanl2dz and CEP-
121g is used for similar structures. We have also tried augmented versions of these
basis sets to include diffuse functions since the clusters are charged species.
However, the computational power of TR-Grid was not sufficient and we were
unable to have a successful run. Therefore, all the presented results are obtained by
these two basis sets. Results of spectroscopic studies are given and discussed by

comparing them with the computational ones.

3.2. Geometry Optimization of [Ni2Ges(PPhs)]> and [NisGe13(CO)s]* Zintl lon
Clusters with Lanl2dz and CEP-121g Basis Sets

Figure 3.3 shows the visualized structure of [Ni.Ges(PPhs)]> where germaniums
(pink) are from 10 to 18, nickels (purple) are 19 and 20, phosphorous (green) is 21,
and carbons (yellow) bonded to phosphorous are 22, 24 and 35.
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Figure 3.3. Visualized structure of [Ni2Geg(PPhs)]*

The cartesian coordinates extracted from single crystal data of this cluster before
optimization are shown in Table A.1. The carbon and hydrogen atoms are not
included in the table. The cartesian coordinates of the cluster after the optimization
with Lanl2dz and CEP-121g basis sets are shown in Table A.2. There are slight
differences between the coordinates of the two basis sets, because they use different
approximations and functions to optimize the structure. Thus, the minimum energy

structure of the cluster is not exactly the same.

In order to decide which calculation is more similar to the original structure, the bond
lengths and angles of the optimized structures are compared with the ones obtained
from crystal data. The differences between the bond lengths of selected atoms, Ge-

Ge and Ni-Ge bond averages are shown in Table 3.1.
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Table 3.1. Comparison of bond lengths calculated with both basis sets:
[NizGeg(PPhs,)]Z'

Bond Lengths (A)
Crystal Lanl2dz ) CEP-121g | .
o Difference o Difference

Structure | Optimized Optimized
Average 2.482 2.591 0.109 2.578 0.096
Minimum 1.840 1.903 0.029 1.920 0.031
Maximum 2.997 3.230 0.233 3.196 0.199
Average

_ 2.395 2.486 0.091 2.478 0.083

R (Ni-Ge)
Average

2.696 2.830 0.135 2.806 0.111
R (Ge-Ge)

Overall, there are no unexpected deviations in the results of both calculations. The
average bond lengths and differences are very close to each other. The average bond
lengths are 2.482 A, 2.591 A and 2.578 A, average Ni-Ge bond lengths are 2.395 A,
2.486 A and 2.478 A, and Ge-Ge bond lengths are 2.696 A, 2.830 A and 2.806 A for
crystal structure, Lanl2dz and CEP-121g, respectively. The results suggest that the
optimized structures are slightly expanded in space. This is expected since the crystal
structure is formed by a salt of the cluster, thus have electrostatic interactions.
However, the calculations are done for a single molecule. Comparison of the two
basis sets show that the CEP-121g optimization is slightly closer to the original
structure than Lanl2dz one, thus show less deviation.

The average bond angles are 96.5°, 96.6° and 96.6° for crystal structure, Lanl2dz and

CEP-121qg, respectively.(Table 3.2.) The angles are very close to each other
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suggesting that the overall shape of the cluster has not changed significantly. When
individual angles are compared, CEP-121g optimized structure has slightly lower
differences with the crystal data compared to the ones of Lanl2dz optimized
structure. The bond lengths obtained by both basis sets are in acceptable range and

close to the originals with a maximum deviation of ca. 7 degrees.

Table 3.2. Comparison of bond angles calculated with both basis sets:
[Ni2Geg(PPh3)]*

Bond Angles (°)
Crystal Lanl2dz _ CEP-121g |
o Difference o Difference
Structure | Optimized Optimized
Average 96.5 96.6 2.5 96.6 2.3
Minimum 59.4 58.7 0.0 58.8 0.0
Maximum 177.2 179.8 7.2 179.8 7.3

Figure 3.4 represents the visualized structure of [NisGe13(CO)s]* where germaniums
are pink, nickels are purple, carbons are yellow, and oxygens are red. The cartesian
coordinates extracted from a single crystal of this cluster and after the optimization

are shown in Table A.3 and Table A.4, respectively.

41



Figure 3.4. Visualized structure of [NigGe13(CO)s]*

The differences in the bond lengths of selected atoms, Ge-Ge and Ni-Ge bond
averages compared to the experimental ones are given in Table 3.3. Overall, all
values are consistent with the crystal structure. The average bond lengths and
differences are very close to each other. The average bond lengths are 2.322 A, 2.381
A and 2.381 A, average Ni-Ni bond lengths are 2.591 A, 2.698 A and 2.709 A, and
Ni-Ge bond lengths are 2.537 A, 2.594 A and 2.590 A, Ge-Ge bond lengths are 2.755
A, 2.895 A and 2.865 A for crystal structure, Lanl2dz and CEP-121g, respectively.
According to the metal skeleton average bond length values, CEP-121g optimization

again shows less deviation from the original structure.
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Table 3.3. Comparison of bond
[NieGel3(CO)5]4'

lengths calculated with both basis sets:

Bond Lengths (A)
Crystal Lanl2dz ) CEP-121g | .
o Difference o Difference

Structure | Optimized Optimized
Average 2.322 2.381 0.061 2.381 0.062
Minimum 1.136 1.199 0.000 1.209 0.002
Maximum 2.668 2.777 0.197 2.780 0.174
Average 2.501 2.698 0.107 2.709 0.118
R (Ni-Ni)
Average 2.537 2.594 0.060 2.590 0.056
R (Ni-Ge)
Average 2.755 2.895 0.140 2.865 0.110
R (Ge-Ge)

The average bond angles are 94.9°, 95.8° and 95.5° for crystal structure, Lanl2dz and
CEP-121g, respectively.(Table 3.4.) Both calculations have the similar average bond
angle values; however, CEP-121g calculation has a closer value to the crystal
structure, having a difference of 1.8 degrees. As the bond lengths, all values are

similar to the original with a maximum deviation of ca. 9 degrees.
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Table 3.4. Comparison of bond angles calculated with both basis sets:
[NieGel3(CO)5]4'

Bond Angles (°)
Crystal Lanl2dz ) CEP-121g |
o Difference o Difference
Structure | Optimized Optimized
Average 94.9 95.8 2.5 95.5 1.8
Minimum 48.6 49.8 0.0 49.5 0.0
Maximum 177.5 177.0 8.7 177.8 9.2

3.3. Molecular Orbital (MO) Diagrams of [Ni2Geg(PPhs)]?> and [NisGe13(CO)s]*
Zintl lon Clusters

Molecular orbital diagrams are constructed from the DMF-based optimization results
of [Ni.Geg(PPh3)]* and [NisGe13(CO)s]* with both basis sets.(Figure 3.5 and Figure
3.6) The HOMO-LUMO band gaps of [Ni>Geg(PPhs)]% are found as 0.1092 eV (11.3
um, 880.8 cm™) and 0.1091 eV (11.4 um, 879.9 cm™) for Lanl2dz and CEP-121g
basis sets, respectively. Lanl2dz and CEP-121g use different numbers of core
electrons in calculations; therefore, the occupied and unoccupied energy levels are
not the same and not meaningful to compare. However, the differences in energy
states such as HOMO-LUMO can be compared, and the calculated HOMO-LUMO
band gaps are very close to each other.(Figure 3.5.) The range for the band gap of
silicon-germanium alloys is between 0.67 eV and 0.11 eV at 300 K.1% The band gap

of this cluster falls within the same region, so it might be a semiconductor.
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Figure 3.5. MO diagrams of [Ni>Geg(PPh3)]?” in DMF with a) Lanl2dz b) CEP-121g

The HOMO-LUMO band gaps of [NigGe13(CO)s]* are determined as 0.0574 eV
(21.6 pm, 462.9 cm™) and 0.0564 eV (22.0 pm, 454.9 cm™) with Lanl2dz and CEP-
121g basis sets, respectively. The much lower value compared to the other cluster

might be due to higher number of electrons in [NisGe13(CO)s]*.(Figure 3.6.)
Such low HOMO-LUMO band gaps and very broad absorption spectra of the

clusters open up many application areas from optics to solar cells where they can be

used as detectors, solar energy collectors, optical filters, etc.
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Figure 3.6. MO diagrams of [NisGe13(CO)s]* in DMF with a) Lanl2dz b) CEP-121g

3.4. UV-Vis, FTIR and Fluorescence Spectrometry Analyses of [Ni2Ges(PPhz)]*
and [NieGe13(CO)s]* Zintl lon Clusters

Vibrational and optical properties of [Ni.Geg(PPhs)]> and [NisGei3(CO)s]* cluster
anions are analyzed qualitatively with UV-Vis, FTIR and fluorescence spectrometry.
Quantitative analysis hampered by difficulties faced during sample preparation with
known concentrations. These difficulties arise mostly because of the high static field
inside the glove box, where all the samples are prepared along with the small size of
the crystals. These do not make it possible to weigh crystals correctly, thus to prepare
sample solutions in unknown concentrations. Therefore, it is important to note that
relative intensities of observed signals are not comparable since the sample
concentrations in each measurement might be different, which led us to consider only

peak positions in the discussion of experimental results.
The following two sections include discussion on UV-Vis and FTIR spectrometry
analysis results of the cluster anions and their comparison with the computational

ones. Finally, the results of fluorescence spectrometry results will be discussed.
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3.4.1. UV-Vis Spectrometry Analyses

The absorption spectra obtained from DMF solutions of [Ni.Ges(PPhs)]* and
[NisGe13(CO)s]* anion crystals are shown in Figure 3.7. The spectra are fairly
similar to each other with maximum intensity of the absorption band around 270 nm
for both cluster with an exception of a shoulder appearing around 320 nm for
[NisGe13(CO)s]*.(Figure 3.7.) This observation is most likely explained by the more
complex structure of [NigGeis(CO)s]* cluster ion with larger number of valance
electrons compared to the those of [Ni.Geg(PPhs)]*. Since the absorption bands
observed in UV-Vis spectrum corresponds to charge transfers in the molecule, the
molecule with more electrons will more likely to produce broader bands in the

spectrum.
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Figure 3.7. UV-Vis spectra of [Ni.Ges(PPhs)]?> and [NisGe13(CO)s]* cluster crystals
in DMF

3.4.1.1. Results of Time-Dependent (TD) Electronic Transition Calculations for
[Ni2Geo(PPhs)]?, [Ni2Ges(CO)]* and [NisGe13(CO)s]*

Electronic transition spectra drawn from the outputs of TD calculations with Lanl2dz
and CEP-121g basis sets are shown in the following sections. Since the clusters not
only have huge number of electrons (see Section 3.1) but also a lot of transitions,
these calculations were very time consuming and required very large amount of
memory. In order to simulate the experimental UV-Vis spectra, approximately 750
transitions is required, thus a memory of more than 1000Mw (2 GB) in cases was
needed instead of 400Mw (800 MB), which was used for the optimization and
frequency calculations. Unfortunately, 750 transitions were only achieved for
[Ni2Geg(PPhs)]* (Lanl2dz) and [Ni.Geg(CO)]* (Lan2ldz, CEP-121g) calculations,
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and TR-Grid environment was not enough for the large systems. For
[NisGe13(CO)s]*, a maximum of 500 transitions could be calculated with both basis
sets since it has more electrons and more complicated structure than the other two
clusters.(Table 3.5.)

Table 3.5. Calculated maximum transition states of [Ni.Ges(PPhs)]%, [Ni2Geg(CO)]*
and [NigGe13(CO)s]* with Lanl2dz and CEP-121g

[Ni2Geo(PPh3)]? | [Ni2Ges(CO)]* | [NisGe1s(CO)s]*
(484 electrons) | (360 electrons) | (658 electrons)

Basis Set | Transitions

500 Yes Yes Yes

Lanl2dz
750 Yes Yes No
CEP- 500 Yes Yes Yes
121g 750 No Yes No

Since approximations and functions used in both basis sets are different, Lanl2dz and
CEP-121g TD results (X-axis) were multiplied by their correction factors, which are
0.961 and 0.975, respectively.’” The bands are simulated using Lorentzian
broadening to obtain the spectra from the computed electronic transitions of isolated
clusters (Gas phase band width: 4 cm™, DMF band width: 10 cm™).

3.4.1.1.1. Basis Set: Lanl2dz

An example to conversion of computed oscillator strengths into intensities is shown

in Figure 3.8. Although 750 transitions were calculated, more transitions are required
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to reach below 167 nm, which may shift the absorption maximum. Similarly, in the
electronic transition spectra of the other clusters high energy transitions may not be

achieved. Therefore, this study will only provide qualitative information.

—— Lorentzian broadening, band width = 10 nm

I Vibrations

Intensity
Oscillator strength
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Wavelength (nm)

Figure 3.8. Lanl2dz TD spectrum of [Ni.Geg(PPhs)]? in DMF with 750 transitions

(broadened data in blue solid line, vibrations in red bars)

Simulated UV-Vis spectra of [Ni>Geg(PPhs)]? (750 transitions), [Ni.Geg(CO)]* (750
transitions) and [NigGe13(CO)s]* (500 transitions) in gas phase and DMF are shown
in Figure 3.9. There are clear differences between the gas phase and solvent
simulations since the clusters are in different environments. A comparison of
[Ni2Geg(PPhs)]? and [Ni.Geg(CO)]* spectra suggest that 750 transitions might not
be enough to evaluate the spectrum of [Ni2Geg(PPhs)]>. Considering

[NisGe13(CO)s]* has a lot more electrons than the other two clusters, this molecule

50



may require 1000 transitions. To our knowledge, such high numbers of transitions
were not reported before, and we are not sure if Gaussian is suitable for these type of
calculations. As the transition states increase, the spectrum shifts to the higher
energy. Therefore, in the following results, it is not certain whether the maximum

absorption is real or a shoulder.
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Figure 3.9. Lanl2dz TD spectra of a) [Ni.Geg(PPhs)]> with 750 transitions b)

[Ni2Geo(CO)]?> with 750 transitions c) [NisGe13(CO)s]* with 500 transitions in gas
phase (blue) and in DMF (red).
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During the following discussions, the spectra are simulated with a 25 nm band-width
and they are red-shifted such that absorption maxima is at 280 nm in order to
compare with the experimental ones.(Figure 3.10.) Even though the complete
simulations of all electronic transitions observed in experimental spectra may not be
achieved, there are strong resemblances. Both the experimental and simulated spectra
show very broad bands covering the entire region from UV to near-IR. In addition,
the shoulder of [NigGei3(CO)s]* around 330 nm shown with green dashed rectangle

resembles well to the experimental data.
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Figure 3.10. Experimental UV spectra of [Ni2Geo(PPhs)]> (blue) and
[NisGe13(CO)s]* (red) as solid lines; and computational TD spectra of
[Ni2Geg(PPhs3)]* (blue), [NisGe13(CO)s]* (red) and [Ni.Ges(CO)]* (cyan) in DMF as
dash lines with Lanl2dz in 200-800 nm region.

3.4.1.1.2. Basis Set: CEP-121g

In CEP-121g calculations, 750 transitions were achieved only for [Ni.Ges(CO)]*
cluster. It might be due to more memory requirements of CEP-121g basis sets during
these calculations. In all cases, CEP-121¢g based calculations required more time than
Lanl2dz ones. The positions of transitions and their relative intensities of Lanl2dz
and CEP-121g are also different, since they use different levels of approximation and

functions.
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Figure 3.11. CEP-121g TD spectra of a) [Ni.Geg(PPhs)]* with 500 transitions b)
[Ni2Geg(CO)]?> with 750 transitions c) [NisGei3(CO)s]* with 500 transitions in gas
phase (blue) and in DMF (red).

Even though the complete spectra were not simulated for the clusters, similar
behaviors were observed.(Figure 3.11.) The bands are very broad possibly covering
from UV to near-IR, and the shoulder around 330 nm is again present in the
computational data of [NisGe13(CO)s]*.(Figure 3.12.)
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Figure 3.12. Experimental UV spectra of [Ni2Geo(PPhs)]> (blue) and
[NisGe13(CO)s]* (red) as solid lines; and computational TD spectra of
[Ni2Geg(PPhs3)]* (blue), [NisGe13(CO)s]* (red) and [Ni.Ges(CO)]* (cyan) in DMF as
dash lines with CEP-121g in 200-800 nm region.

3.4.2. FTIR Spectrometry Analyses

FTIR measurements for [Ni2Geg(PPhs)]> and [NisGeis(CO)s]* clusters are
performed under different experimental conditions to obtain the best and the most
reliable data possible. Two different solvent (DMF and paraffin oil) for dispersion of
crystals and two different FTIR sample holder windows (TPX; polymethylpentene
and KBr) are used. Regions of transmission differ depending on the solvent and
window chosen, as they all have different absorptions in the IR region. These various
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combinations allow us to collect data from as many regions as possible. This type of
monitoring is very crucial since the extensive FTIR measurements of these types of
clusters have not been reported before, thus there is no available data for comparison

and/or assignment of the available features.

Due to the lack of reference FTIR data of these types of clusters, measurements on
precursors used during the synthesis of clusters are considered as a very valuable
guide to regions that will be focused on to determine the main features of the
observed spectra. Therefore, FTIR spectra of KiGeg and Ni(CO)2(PPhs), as
precursors and Pt(PPhs)s4 as another compound having PPhz ligand has become the
starting point in this part of the study. As a result of these measurements the regions
where M-M and M-L (M: Ni and/or Ge, L: PPhs or CO) bands might appear are
determined and results contribute to identify the bands correspond to
[Ni2Geg(PPh3)]* and [NisGe13(CO)s]*. Thus, the transmission spectra of precursors
collected between 2600 cm™ and 20 cm™ region is also shown in the following

sections.

3.4.2.1. FTIR Spectra in DMF with TPX Windows

Background spectrum of pure DMF with TPX windows are performed firstly as
reference to identify the possible regions that can be studied. These measurements
show that there are three main regions of transmission as shown in Figure 3.13.
Therefore, only these regions are studied and others excluded during analyses of Ni-

Ge clusters.
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Figure 3.13. DMF absorption spectrum in a) Linear scale b) Log scale

In the following sections, color coding with rectangles are used for a better
visualization of the similarities. Each color represents similar bands or group of
bands. Moreover, in some parts of the analyzed regions, there are ‘no transmission’

regions they are covered with light grey rectangles.

The first region (310-70 cm™) is expected to correspond to the low energy metal-
metal vibrational modes.%®(Figure 3.14.) However, due to the moisture very strong
absorption bands (fairly sharp lines) are major handicaps to observe individual
vibrational bands resulted from the clusters. Instead, a very broad signal with
moisture as noise (all the sharp bands) is observed for both precursors and clusters as
shown in Figure 3.14. Even though the bands are not very clearly observed,
measurements in this region demonstrate that the combination of metal-metal bands
appear as a very broad band around 200 cm™. The green curve is drawn to see this

broad band more clearly in Figure 3.14.
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Figure 3.14. Transmission spectra of precursors (KsGeg, Pt(PPhs)s, Ni(CO)2(PPhs).
as thin solid lines) and clusters ([Ni2Geg(PPhs)]?, [NisGe13(CO)s]* as solid lines) in
DMF with TPX windows, 310-70 cm™™,

In the second region (710-370 cm™), different vibrational modes of M-PPhs are
expected to be observed.’®(Figure 3.15.) The measurements on PPhz containing
compounds (Ni(CO)2(PPhs)2, Pt(PPhs)s) have shown bands at 496 cm™, 515 cm™,
545 cm™ and 700 cm™ that are common to all as different vibrational modes of PPh
attached to a metal. Not observing these bands in the spectrum of K4Geg verifies this
observation. The band appeared at 496 cm™ in the spectrum of Ni(CO)2(PPhs).
precursor is considered to be Ni-P stretching band. The comparison of the spectra of
Ni-Ge clusters with those precursors suggests that Ni-P stretching band might present
around 470 cm? in PPhs-bearing Ni-Ge cluster.(Figure 3.15.) Even though the

bands’ closeness to the “no transmission region” (between 460 cm™ and 410 cm™)

58



make the reliability of it questionable, absence of any other band(s) makes this
assignment probable. Also, observation of the band at 470 cm™ in multiple
measurements of different batches of sample suggests the reality of the band. The
band observed at ca. 525 cm™ is considered also to be one of the M-PPhs modes that
are observed in precursors at ca. 515 cm™. The shoulder observed at ca. 530 cm™
may correspond to the feature observed at 545 cm™ for precursors. Unfortunately,
there is no data available in literature to assign the observed features, thus the
computational data will be very useful in the assignment. Similarly, a very broad

feature centered at ca. 540 cm™ is observed for CO-bearing cluster.
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Figure 3.15. Transmission spectra of precursors (KsGeg, Pt(PPhs)a, Ni(CO)2(PPhs)2
shown as thin solid lines) and clusters ([Ni2Ges(PPhs)]?, [NisGe13(CO)s]* shown as
solid lines) in DMF with TPX windows, 710-370 cm*
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In the third region (2100-1800 cm™) of the spectrum, CO stretching frequencies are
present.(Figure 3.16.) Among all precursors studied only Ni(CO)2(PPhs). exhibits
two main bands at 1996 cm™ and 1936 cm™ corresponding to CO stretching modes
as expected. On the other hand, the spectrum of both cluster anions show a band at
1929 cm* even though only one of them, [NisGe13(CO)s]*, possess CO groups. This
observation suggests the co-crystallization of CO containing Ni-Ge clusters such as
[Ni2Geo(CO)]* along with the ones of [Ni>Geg(PPhs)]>. It also agrees with the mass
spectrometry analysis of [Ni2Ges(PPhs)]? where the signals of K[NiGesCO]" present
as discussed in the previous section. Both ESI mass and FTIR spectra suggest that
the removal of CO ligands are not completely achieved during the synthesis of
[Ni.Geg(PPhs)]*, even though the reaction temperatures of two clusters
([NisGe13(CO)s]* and [Ni2Ges(PPhs)]?) are significantly different from each other,
45°C for [NisGe13(CO)s]* and 120°C for [Ni.Geg(PPhs)]*. The similarity of CO
bands in the spectrum of two clusters may even suggest existence of trace amount of
[NisGe13(CO)s]* anion crystals in the reaction batch of [Ni.Ges(PPhs)]*. The
comparison of FTIR spectrum of precursor and clusters show a shift in the CO bands
of clusters toward lower wavenumber region. This is most likely due to differences
in coordination of CO ligands in precursor and cluster.
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Figure 3.16. Transmission spectra of precursors (KsGeg, Pt(PPhs)s, Ni(CO)2(PPhs).
as thin solid lines) and clusters ([Ni2Geg(PPhs)]?, [NisGe13(CO)s]* as solid lines) in
DMF with TPX windows, 2100-1800 cmL,

3.4.2.2. FTIR Spectra in Paraffin Oil with TPX and KBr Windows

In this part of the study, FTIR spectra of the clusters are collected by dispersing
crystals in paraffin oil. Here too, the measurements are done by using sample holders
with two different windows (KBr and TPX). This allows almost complete monitoring
of spectrum in a very wide range from 2600 cm™ to 20 cm™.(Figure 3.17) Since the
FTIR device has a polyethylene (PE) filter in front of the detector, background
spectrum with KBr windows has absorption regions where PE absorbs the light. The

regions analyzed with windows studied are shown in Table 3.6.
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Table 3.6. Regions with KBr and TPX windows

KBr TPX
Region | 800-300 cm'? 600-50 cm*
Region Il | 1350-800 cm™ -
Region 111 | 2100-1800 cm™ | 2100-1800 cm*

—— KBr with paraffin oil
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Figure 3.17. Absorption spectra of paraffin oil with KBr and TPX windows

In the first region (600-50 cm™) of TPX windows, K4Geg has a broad band near 104
cm, which is probably a combination of Ge-Ge vibrational modes and/or the
phonon mode of the molecule. We have not observed such a band in the spectra of
clusters, thus this is more probably dominated by the phonon modes of the precursor.

Both clusters exhibit a very similar behavior in this region. At 231 cm™ and 155 cm
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! different vibrational modes of Ge-Ge, Ni-Ge and Ni-Ni is present, which is not
observed in the precursors.’®® The shoulder band observed at ca. 125 cm™ might
correspond to Ge-Ge vibrational modes as in KsGeg case. The main feature at 155
cmt and the higher energy band at 231 cm™ is most probably an overlap of various
modes of Ni-Ge clusters. A group of bands with maximum of 318 cm™ is possibly
similar to the ones of Pt(PPhs)s and Ni(CO)(PPhs). observed below the no
transmission zone at 450 cm™ (shown with a green rectangle). Here, variation in
intensities and shift in band positions is considered due to the change in PPhs
environment. In addition, some parts of the precursor data is in the ‘no transmission’
zone; therefore, some bands may not be isolated completely.(Figure 3.18.) The
features are clearer in the KBr window measurements and shown below in Figure
3.19. The features observed between 500 cm™ and 600 cm™ are also possibly due to
the metal attached PPhz and CO modes (grey rectangle), and correlate with the ones
observed in the same region of precursors. The variation in intensities and shift in
band positions is due to the variation in bonding and environment changes of the
PPhs and CO ligands. These observed bands are tentatively assigned to the
fundamental M-PPhsz and M-CO fundamental bands with the help of data obtained
from computational studies. However, the co-presence of all the clusters does
complicate the detailed analysis. The computational and experimental results will be

compared after all regions are discussed individually.
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Figure 3.18. Transmission spectra of precursors (KsGeg, Pt(PPhs)s, Ni(CO)2(PPhs).
as thin solid lines) and clusters ([Ni2Geg(PPhs)]?, [NisGe13(CO)s]* as solid lines) in
paraffin oil with TPX windows, 600-50 cm™.

In the first transmission region with KBr windows (800-300 cm™), more bands are
observed since KBr transmits near 410 cm™.(Figure 3.19.) The combination of bands
observed for Pt(PPhs)s and Ni(CO2)(PPhs). around 415 cm (green rectangle) is very
similar to the ones observed for the clusters, and confirms our observations with the
TPX windows. The fairly strong and sharp band observed in Pt-precursor at 415 cm™
and the band of Ni-precursor at ca. 425 cm™ is most probably correspond to M-P
stretching mode.1% Thus the strong band observed at 319 cm™ probably corresponds
to Ni-P vibrational mode. The sharp feature of Ni-precursor observed at ca. 450 cm™
is most probably M-CO stretching mode,*'° since it is comparably weaker in Pt-
precursor. Thus, the two bands of the clusters observed around 420 cm? is

considered to be Ni-CO stretching bands. The group of bands of PPhs containing
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precursors above 500 cm™, shown with grey rectangle, is similar to the cluster
features observed in the same region. These bands are considered to be different
vibrational modes of Ni-P and P-C.*'! Due to ‘No transmission’ zone around 700 cm
it is not possible to identify the bands of cluster compared to the sharp band of
PPhs containing precursors at 690 cm™.(Figure 3.19.)
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Figure 3.19. Transmission spectra of precursors (KsGeg, Pt(PPhs)s, Ni(CO)2(PPhs).
as thin solid lines) and clusters ([Ni2Geg(PPhs)]?, [NisGe13(CO)s]* as solid lines) in
paraffin oil with KBr windows, 800-300 cm™.

In second region of KBr windows (1350-800 cm™), similar group of bands are shown
with light blue and green rectangles.(Figure 3.20.) These bands are probably the
different vibrational modes of P-C in PPh3 1!
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Figure 3.20. Transmission spectra of precursors (KsGeg, Pt(PPhs)s, Ni(CO)2(PPhs).
as thin solid lines) and clusters ([Ni2Geg(PPhs)]?, [NisGe13(CO)s]* as solid lines) in
paraffin oil with KBr windows, 1350-800 cm™.

In the third region of KBr and TPX windows (2100-1800 cm™), CO stretching modes
are observed. Ni(CO)2(PPhs), has two intense CO stretching bands at 1997 cm™ and
1934 cm. Similarly, both clusters exhibit a strong CO band around 1930 cm™.
Different from the DMF measurements, [NisGe13(CO)s]* has also a broad shoulder
near 1875 cm, possibly corresponding to the bridging CO.(Figure 3.21.) Observing
CO stretching band that should not be observed for [Ni2Ges(PPhs)]? cluster suggests

co-crystallization of CO containing cluster crystals as well.
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Figure 3.21. Transmission spectra of precursors (KsGeg, Pt(PPhs)s, Ni(CO)2(PPhs).
as thin solid lines) and clusters ([Ni2Geg(PPhs)]?, [NisGe13(CO)s]* as solid lines) in
paraffin oil with a) KBr windows b) TPX windows, 2100-1800 cm™™.

3.4.3. Results of Frequency Calculations for [Ni2Ges(PPhz)]?, [Ni2Ges(CO)]*
and [NisGe13(CO)s]*

Vibrational spectra drawn from the outputs of calculations with Lanl2dz and CEP-
121g basis sets are shown in the following sections. Since approximations and
functions used in both basis sets are different, Lanl2dz and CEP-121g frequency
results (X-axis) were multiplied by their correction factors, which are 0.961 and
0.975, respectively.’®” Then, Lorentzian broadening was applied on the vibrational
data by using ChemCraft in order to obtain IR spectra. For gas phase calculations,
the band width is 4 cm™, whereas for DMF-based calculations it is chosen as 10 cm™

for both basis sets and all clusters.
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In overall, relative peak positions of the vibrations are almost the same in both gas
phase and DMF-based calculations. However, some bands have been separated from

each other, and intensities are higher/enhanced under the influence of DMF.

3.4.3.1. Basis Set: Lanl2dz

For [Ni2Geg(PPhs)]%, there are four main groups of bands in the region of 1750-20
cm™. These bands were identified as different metal-metal (Ni-Ni, Ni-Ge, Ge-Ge),
nickel-phosphorous, phosphorous-carbon, carbon-carbon and carbon-hydrogen of
PPhs modes.(Figure 3.22.) There is no observed band between 2600 cm™ and 1750
cm. Such an investigation enables us to determine/identify the vibrational features
observed in experimental measurements. The computational infrared spectra of the
clusters with Lanl2dz basis set show many different metal-metal vibrational modes in
region between 310-20 cm™. The Ni-Ni stretching is clearly identified at 310 cm™,
whereas the others are appear to be more complex cluster modes involving many
atoms. In a study of EtsSn-GePhs, Sn-Ge stretching is reported at 230 cm™.108
Considering Ni is lighter than Ge and Sn (Ni: 58.69 g/mol, Ge: 72.61 g/mol, Sn:
118.71 g/mol), its stretching frequency is expected to be higher than Ge-Sn one.

The region between 510-410 cm™ is identified as nickel-phosphorous region, and Ni-
P stretching is observed at 510 cm® with the high intensity. In a study of
(CO)3NiP(GeMes)s, Ni-P stretching is reported to be at 454 cm™.1% Such a
difference in the band position suggests strong dependence on the coordination.
Various modes of triphenylphosphine occur between 1570 cm™ and 605 cm™. In
literature, vibrational modes of carbon-carbon (aromatic), phenyl-phosphorous, and
phosphorous carbon are generally present in the regions of 1600-1400 cm™, 1440-
1000 cm™, and 750-650 cm™?, respectively.!:112 In general, phosphorous modes have
higher intensity than carbon-carbon or carbon-hydrogen modes. The computational

results have shown clear separation of the functional modes. Therefore, they are very
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helpful on identifying regions, which will be very useful in determination of

vibrational modes observed in experimental measurements.
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Figure 3.22. Computational IR spectra of [Ni-Geg(PPhs)]?> in DMF and gas phase
with Lanl2dz in 1750-20 cm™ region.

For [Ni2Ges(CO)]?, there are four groups of bands which are identified as metal-
metal modes, nickel-carbon stretching, metal-carbonyl bending and carbon-oxygen
stretching as a sharp band at 1761 cm™.(Figure 3.23.) The total number of vibrational
modes for this cluster is 33 (N is 13). In the metal-metal region (272-20 cm™), Ni-Ni

stretching is observed at 272 cm™, which is different from the [Ni2Geg(PPhs)]?* case.
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Ni-C stretching and Ni-CO bending are located at 538 cm™ and 410 cm?,
respectively. In a study of (Et.GaF)s, Ga-C stretching is reported at 538 cm™ 3,

while in AlPh; different modes of Al-C are reported at 332 cm™, 420 cm™, 446 cm?,
680 cm™ H0(Al: 26.98 g/mol, Ga: 69.72 g/mol). The observed Ni-C stretching mode
at 538 cm™ of the cluster is within the region of Ga-C and Al-C stretching modes

(680-332 cm™). The observed relative intensity of the carbonyl stretching at 1760

cm? is significantly more than the Ni-P stretching in [Ni2Geg(PPhs)]?".
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Figure 3.23. Computational IR spectra of [NizGes(CO)]> in DMF and gas phase
with Lanl2dz in 1850-1600 cm™ and 1625-20 cm™ regions.
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For [NisGei3(CO)s]*, there are three groups of bands identified as metal-metal
modes, metal-carbonyl bending and carbonyl stretching modes.(Figure 3.24.) The
total number of vibrational modes for this cluster is 81 (N is 19). Since it has more
metal atoms than the other two clusters, there are more vibrations in metal-metal
region (260-20 cm™). The Ni-Ni stretching band of the two interstitial nickel atoms is
at 258 cm, which is lower in frequency than the one in [Ni.Ges(PPhs)]? cluster.
This is expected because nickel atoms are bonded to more germanium atoms in
[NisGe13(CO)s]* resulting a red shift. Ni-CO bending modes are present in between
510 cm™ and 347 cm™, which is also the region where nickel-phosphorous modes
observed in [Ni2Geg(PPhs)]*. Therefore, overlaps of bands are expected in the co-
crystal formation. Carbonyl stretching bands are at 1783 cm™, 1762 cm™, 1747 cm™,
1742 cm for terminal carbonyls and 1620 cm™ for the bridging one. Normally, 3
separate carbonyl bands (2 different terminal + 1 bridging carbonyls) would be
expected since the structure has Cs symmetry. However, after optimization with
Gaussian the structure of has C1 symmetry, thus all the carbonyls are different from
each other. Therefore, all carbonyl groups exhibit separate bands. The bridging
carbonyl has lower frequency than the others since the m back-bonding from the
metal to the carbon increases as two metals donates electrons. This strengthens the
metal-carbon bond but weakens the carbon-oxygen bond at the same time, so the

bridging carbonyl has a lower vibrational frequency.t*
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Figure 3.24. Computational IR spectra of [NigGe13(CO)s]* in DMF and gas phase
with Lanl2dz in 1850-1600 cm™ and 600-20 cm™ regions.

3.4.3.1.1. Comparison of Lanl2dz Calculations with Experimental Results

Computational results provided a guide for identification of the possible vibrational
bands in the FTIR spectra of the clusters. For ease of comparison with experimental
data all the spectra are flipped and translated in y-scale. Since Gaussian does not
have an option for paraffin oil as a dispersion solvent, DMF-based calculations are
chosen to be compared with the FTIR data. The bands in DMF-based calculations are

more separated and resembles to the experimental data.
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As in the case of precursor comparison in Section 3.4.2.2., the spectra are divided
into regions.(Table 3.6.) Similar bands or group of bands are shown with the same
colored rectangles. The first region of TPX divided into two parts to investigate
metal-metal region separately to provide better visualization of the bands.(Figure
3.25)

In the metal-metal region with TPX windows, the combination of frequency
calculations of three clusters ([NizGes(PPhs)]*, [NisGeis(CO)s]*, [NizGes(CO)]%)
revealed similar bands with the experimental data as three groups of bands (grey,
green and black rectangles), which actually strengthens the idea of having co-crystals
in the same solution.(Figure 3.25) In the computational data, the Ni-Ni stretching
bands are located at 310 cm™, 258 cm?, 272 cm? for [Ni2Geg(PPhs)]%,
[NisGe13(CO)s]*, [Ni2Ges(CO)]* clusters, respectively. Therefore, the band at 318
cm?, the one at 280 cm™, and the shoulder at 303 cm™ of the experimental cluster
data is most probably the Ni-Ni stretching band of [Ni.Ges(PPhs)]%,
[NisGe13(CO)s]*, [Ni.Geg(CO)]% clusters, respectively. The rest of the observed
features correspond to low frequency vibrational modes that include roughly the
whole cluster (all Ge-Ni atoms). Considering the KsGeg spectra the feature at ca. 50

cm® might be Ge-Ge stretching modes or a phonon mode of the crystals.
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Figure 3.25. Experimental  FTIR spectra of [Ni2Geg(PPhs)]> (blue) and
[NisGe13(CO)s]* (red) as solid lines with TPX windows; and computational IR
spectra of [Ni2Geg(PPhs)]* (blue), [NisGe13(CO)s]* (red) and [Ni>Geg(CO)]* (cyan)

as dash lines with Lanl2dz in 350-20 cm™ region.

Table 3.7 lists relative differences of the computed and experimentally observed
bands. The average of differences is 17 cm for this region, which is very reasonable
since the spectra are obtained from the optimized geometry in DMF rather than in

paraffin oil.
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Table 3.7. Differences in selected peak positions in Figure 3.25.

Regions Computational Experimental Difference

(Lanl2dz)

97 cm? 100 cm™? -3cm’t

125 cm™? 130 cm™? -5cmt

138 cm™? 155 cm™? -17 cm'?

178 cm™ 203 cmt -25cm

205 cmt 231 cmt -26 cm

Metal-Metal 249 cm'? 2807 cm't -31cm?

258 cmt 280 cmt -22cmt

272 cm'? 303 cm™ -31cmt

310 cm™ 318 cm-1 -8 cm-1

345 cmt 347 cmt -2cmt

Average difference (Absolute) 17 cmt

In the second region of TPX windows (700-350 cm™), green rectangle represents the
different vibrational modes of nickel-phosphorous and metal-carbonyl bending based
on the computational results.(Figure 3.26.) The nickel-carbonyl stretching mode of
[NisGe13(CO)s]* appears at 538 cm™. Nickel-phosphorous stretching in
[Ni2Geg(PPhs)]? is present at 510 cm™*, where one of the carbonyl bending modes of
[NisGe13(CO)s]* also takes place. Other metal-carbonyl bending modes of CO-
containing clusters occur between 510 cm™ and 350 cm™. However, metal-carbonyl
bending of [NisGei3(CO)s]* and nickel-phosphorous stretching bands of
[Ni2Geg(PPhs)]* overlap at 510 cm™ and ca. 495 cm™, and cannot be distinguished
from each other. Therefore, it is not possible to identify the bands at 531 cm™ and
522 cm? in the experimental data of clusters as metal-carbonyl bending or nickel-

phosphorous stretching. However, there is a clear difference in the ratio of 541 cm™
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to 531 cm™ bands of the two clusters, thus the relatively stronger band at 541 cm*
must correspond either to nickel-carbonyl stretching mode of [NigGe13(CO)s]* or to
nickel-phosphorous stretching mode of [Ni.Ges(PPhs)]?. The other computational
bands of [Ni>Geg(PPhs)]* and [NisGe13(CO)s]* at 435 cm™, 392 cm™ and 371 cm™?
are similar to the bands that are experimentally observed at 427 cm™, 401 cm™ and
375 cm! for the clusters. The group of bands shown with black rectangle could not
be paired with any of the bands in the computational results. The bands depicted in
the orange rectangle does corresponds to the modes of nickel bonded PPhs group and
have also been observed in the spectra of PPhs containing precursors Pt(PPhs)s,
Ni(CO)2(PPhs).. However, the band may be blue-shifted to higher frequencies such
as the others and beyond 700 cm™ thus may not be observed in the spectra of the
clusters. The differences between the computational and experimentally determined
bands are listed in Table 3.8.
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Figure 3.26. Experimental FTIR spectra of KsGeg (grey), Pt(PPhs)s (wine),
Ni(CO)2(PPhs); (dark cyan) as thin solid lines, [Ni.Geg(PPhs)]*>* (blue) and
[NisGe13(CO)s]* (red) as solid lines with TPX windows; and computational IR

spectra of [Ni2Geg(PPhs)]* (blue), [NisGe13(CO)s]* (red) and [Ni>Geg(CO)]* (cyan)
as dash lines with Lanl2dz in 700-350 cm™ region.
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Table 3.8. Differences in selected peak positions in Figure 3.26.

) Computational _ )
Regions Experimental Difference
(Lanl2dz)
538 cm?t 541 cm? +3cmt
510 cmt 531 cm? +21cm?
Nickel-Phosphorous
495 cm? 522 cmt 10 cmt
Modes
2 435 cm* 427 cm? +8cmt
418 cmt - -
Metal-Carbonyl
) 392 cmt 401 cm™ -9cm?
Bending
375cmt 371 cmt -4cmt
Average difference (Absolute) 9cmt
694 cm™ 691 cm™ +3cmt
PPhs Modes i
Average difference (Absolute) 3cmt

In the first region of KBr windows (800-300 cmt), similar to the second region of
TPX windows, different modes of nickel-phosphorous, metal-carbonyl bending and
PPhs takes place.(Figure 3.27.) There are some differences in the spectra of KBr and
TPX windows. The band at 418 cm™ of computational [Ni2Geg(PPh3)]*" spectrum
appears as a shoulder at 415 cm™ in the experimental data of the same cluster, which
was not that obvious in the measurements with TPX windows. Bands at 343 cm™ and
317 cm™ of both clusters’ experimental data are clearly observed now and correlated
to the [NisGe3s(CO)s]* band at 347 cm? (metal-carbonyl bending) and
[Ni2Geg(PPh3)]* band at 311 cm™ (nickel-nickel stretching) of the computational
spectra. As in the case of TPX windows, there is a no transmission between 700 cm*
and 750 cm™. Therefore, the band pairs of PPhs modes at 756 cm™ and 694 cm?
could not be identified in the experimental results. The differences between the

computational and experimentally determined bands are listed in Table 3.9.
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Figure 3.27. Experimental

FTIR spectra of [Ni.Geg(PPh3)]> (blue) and

[NisGe13(CO)s]* (red) as solid lines with KBr windows; and computational IR

spectra of [Ni2Ges(PPh3)]* (blue), [NisGes(CO)s]* (red) and [Ni.Geg(CO)]* (cyan)
as dash lines with Lanl2dz in 800-300 cm™ region.
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Table 3.9. Differences in selected peak positions in Figure 3.27.

Regions Computational Experimental Difference
(Lanl2dz)
538 cm 541 cm +3cmt
510 cm? 531 cm*? +21cm?
Nickel-Phosphorous 435 cm? 427 cm'? +8cm’
& 418 cm' 415 cm' +3cm’
Metal-Carbonyl 392 cmt 401 cm* -9cmt
Bending 347 cmt 343 cmt +4cm
311 cm? 317 cm -6cm?
Average difference (Absolute) 8 cm

In the second region of KBr windows (1350-800 cm), different modes of PPhs is
present in both clusters’ (at 1302 cm™, 1173 cm™, 1100 cm™ and 928 cm™) and PPhs
containing precursors’ experimental data as well as four computational bands of
[Ni2Geg(PPh3)]* at 1288 cm™, 1173 cm™, 1062 cm™ and 998 cm™.(Figure 3.28.)
Observing PPhs related vibrational modes in the experimental spectrum of
[NisGe13(CO)s]*, once again supports the co-crystal formation during the synthesis
of both clusters. The relative peak positions of experimental and computational
results were not compared in a table as previous regions. The bands could not be

paired in a reliable way due to the complexity of the spectrum.
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Figure 3.28. Experimental FTIR spectra of KasGey (grey), Pt(PPhs)s (wine),
Ni(CO)2(PPhs); (dark cyan) as thin solid lines, [Ni.Geg(PPhs)]*>* (blue) and
[NisGe13(CO)s]* (red) as solid lines with KBr windows; and computational IR
spectra of [Ni2Geg(PPhs)]* (blue), [NisGe13(CO)s]* (red) and [Ni>Geg(CO)]* (cyan)
as dash lines with Lanl2dz in 1350-800 cm™ region.

In the third region of KBr and TPX windows (2100-1500 cm™), carbonyl stretching
bands are present in both clusters’ experimental and computational data. (Figure
3.29.) There are 4 individual bands in computational spectrum of [NigGe13(CO)s]*
resulting from 5 different carbonyl groups. For the terminal carbonyls, the maximum
intensity is observed at 1762 cm™, which is at the same position of the carbonyl
stretching of [Ni2Geo(CO)]% in computational calculations. The bridging carbonyl
stretching of [NisGeis(CO)s]* occurs at 1620 cm™ in the computational spectrum.
One of the modes of PPhs in the [Ni.Geo(PPhs)]? is located at 1566 cm™. The

shoulder that is observed at 1874 cm™ of [NigGe13(CO)s]* experimental spectrum but
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not clearly observed in the spectrum of the other is considered to be the bridging
carbonyl stretching. Moreover, [Ni2Geo(PPhs)]> spectrum has a sharper carbonyl
band at 1929 cm™ than the one in [NigGe13(CO)s]* spectrum. This might be due to
the higher ratio of [Ni2Geg(CO)]* cluster formation. Whereas, at 1932 cm¥,
[NisGe13(CO)s]* has a broader band since 4 terminal carbonyl groups present in its

structure exhibits a combination of bands.
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Figure 3.29. Experimental FTIR spectra of [Ni.Ges(PPh3)]* (blue) and
[NisGe13(CO)s]* (red) as solid lines with a) KBr windows b) TPX windows; and
computational IR spectra of [Ni.Geg(PPhs)]* (blue), [NisGe13(CO)s]* (red) and
[Ni2Geg(CO)]% (cyan) as dash lines with Lanl2dz in 2100-1500 cm region.
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3.4.3.2. Basis Set: CEP-121g

As observed in the computational spectrum with the Lanl2dz basis set, there are four
main groups of bands in the region of 1750-20 cm™ (metal-metal, nickel-
phosphorous, PPhs modes) for [Ni.Ges(PPhs)]* cluster.(Figure 3.30.) No band is
observed between 2600 cm™ and 1750 cm™ as expected. In the metal-metal region
(315-20 cm™), the nickel-nickel stretching takes place at 315 cm™, which is slightly
different from the Lanl2dz calculations (310 cm™). In the nickel-phosphorous region
(506-410 cmY), nickel-phosphorous stretching is present at 506 cm™, whereas it was
510 cm™? in Lanl2dz calculations. Similar to the previous case various modes of

triphenylphosphine occur between 1565 cm™ and 610 cm™.
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Figure 3.30. Computational IR spectra of [Ni.Geg(PPhs)]* in DMF and gas phase
with CEP-121g in 1750-20 cm region.

Four groups of bands (metal-metal modes, nickel-carbon stretching, metal-carbonyl
bending and carbonyl stretching) is also observed for [Ni2Geg(CO)]? cluster similar
to the calculation with Lanl2dz. The carbonyl stretching has as a sharp band at 1757
cmt, which was at 1761 cm™ for the case of Lanl2dz.(Figure 3.31.) In the metal-
metal region (296-20 cm™), nickel-nickel stretching is at 295 cm™, which is different
from the Lanl2dz case (272 cm™). Nickel-carbon stretching and metal-carbonyl
bending are located at 531 cm™ and 390 cm™, respectively, again slightly red shifted
compared to the Lanl2dz calculations (538 cm™ and 410 cm™). The nickel-carbon
stretching at 531 cm™ of the cluster is in the region where gallium-carbon and

aluminum-carbon stretching modes takes place (680-332 cm't).110:113
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Figure 3.31. Computational IR spectra of [Ni-Ges(CO)]* in DMF and gas phase
with CEP-121g in 1850-1600 cm™ and 1625-20 cm regions.

In the computed spectrum of [NisGeis(CO)s]*, there are three groups of bands
(metal-metal, metal-carbonyl bending and carbonyl stretching modes) as in the
spectrum obtained with Lanl2dz calculations.(Figure 3.32.) In metal-metal region
(270-20 cm™), the nickel-nickel stretching band of the two interstitial nickel atoms is
present at 270 cm™ (Lanl2dz: 258 cm™). Metal-carbonyl bending modes are present
in between 538 cm™ and 345 cm™ (Lanl2dz: 510 cm™ and 347 cm™), which is also
the region where nickel-phosphorous modes occur in [Ni2Geg(PPhs)]?. Carbonyl
stretching bands are 1745 cm™, 1723 cm?, 1712 cm?, 1707 cm™ for terminal
carbonyls and 1565 cm™ for the bridging one compared to the Lanl2dz case (1783
cm?, 1762 cm®, 1747 cm™, 1742 cm™® and 1620 cm?, respectively). As in Lanl2dz
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calculations,

Gaussian calculated the vibrational spectrum of the clusters with Cy

symmetry so all carbonyl groups show separate bands.
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Figure 3.32. Computational IR spectra of [NigGe13(CO)s]* in DMF and gas phase

with CEP-121g in 1800-1550 cm™ and 600-20 cm regions.

3.4.3.2.1. Comparison of CEP-121g Calculations with Experimental Results

As Lanl2dz comparison in Section 3.4.3.1.1, the spectra are divided into regions to

analyze the bands in detail.(Table 3.6.) Similar bands or group of bands are shown

with the same colored rectangles.
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In the metal-metal region of TPX windows, the combination of frequency
calculations of three clusters ([NizGes(PPhs)]*, [NisGeis(CO)s]*, [Ni2Ges(CO)]%)
revealed similar bands with the experimental data as three groups of bands (grey,
green and black rectangles). As mentioned in Lanl2dz discussions, this actually
strengthens the idea of having co-crystals in the same solution.(Figure 3.33.) The
nickel-nickel stretching bands are located in the computational spectra at 310 cm?,
258 cmt, 295 cm? for ([Ni.Geo(PPhs)]?, [NisGe13(CO)s]*, [Ni-Ges(CO)]* clusters,
respectively. Thus, the band observed in the experimental spectra of the clusters at
292 cmis considered to be the nickel-nickel stretching band. The rest of the bands
are similarly assigned as in the case of Lanl2dz. The relative peak differences in the
computational and experimental spectra are shown in Table 3.10. The average of

differences is 15 cm™ for this region which is lower than Lanl2dz one.
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Figure 3.33. Experimental  FTIR spectra of [Ni:Geg(PPh3)]> (blue) and
[NisGe13(CO)s]* (red) as solid lines with TPX windows; and computational IR
spectra of [Ni2Geg(PPhs)]* (blue), [NisGes(CO)s]* (red) and [Ni.Geg(CO)]* (cyan)
as dash lines with CEP-121g in 350-20 cm™ region.

88



Table 3.10. Differences in selected peak positions in Figure 3.33.

Regions Computational Experimental Difference
(CEP-121g)
55 cm* 50 cm'? +5cm?
103 cmt 100 cm? +3cm
118 cmt 130 cmt -12cmt
146 cm 155 cm? -9cm?
190 cmt 203 cm? -13cmt
Metal-Metal 254 cm'? 231 cmt +23cm?
282 cmt 318 cm* -36cm*
295 cm? 329 cmt -34cmt
345 cm? 345 cm? 0cm?
Average difference (Absolute) 15 cm?

In the second region of TPX windows (700-350 cm™), green rectangle represents
different modes of nickel-phosphorous and metal-carbonyl bending based on the
3.34)

[Ni.Geg(PPhs)]? is present at 506 cm*, where one of the carbonyl bending modes of

computational  results.(Figure Nickel-phosphorous  stretching in
[NisGe13(CO)s]* also takes place. Other metal-carbonyl bending modes of CO-
containing clusters occur between 538 cm™ and 345 cm? in the computational
results. Metal-carbonyl bending of [NisGei3(CO)s]* at 538 cm™ and nickel-
phosphorous stretching band of [Ni-Geg(PPhs)]? at 506 cm™ resembles to each other
as Lanl2dz calculations. However, there is a difference in their peak positions which
actually better correlates with the broad band of clusters in their FTIR spectra from
531 cm™ to 460 cm™. That broad band with a maximum of 531 cm™ is probably a
combination of the computed cluster bands in various amounts from 538 cm™ to 454

cmt. The other computed bands of [Ni2Geg(PPhs)]* and [NisGe13(CO)s]* at 428 cm-
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1391 cm? and 369 cm™ are similar to the bands of experimental bands of the
clusters at 427 cm™, 401 cm™ and 375 cm™. As Lanl2dz calculations, the group of
bands in black rectangle could not be paired with any of the bands in the
computational results. In the orange rectangle at 690 cm™, there are sharp bands of
computational [Ni.Geg(PPh3)]> and PPhs containing precursors Pt(PPhs)a,
Ni(CO)2(PPhs)2, which was not identified in the experimental spectra possibly due to
the blue shift beyond 700 cm™. The differences in selected peak positions are shown
in Table 3.11, where average values are 5 cm™ and 7 cm™ for Ni-P and M-CO

bending modes, and PPhs modes, respectively.
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Figure 3.34. Experimental FTIR spectra of KaGey (grey), Pt(PPhs)s (wine),
Ni(CO)2(PPhs); (dark cyan) as thin solid lines, [Ni.Geg(PPhs)]*>* (blue) and
[NisGe13(CO)s]* (red) as solid lines with TPX windows; and computational IR
spectra of [Ni2Geg(PPhs)]* (blue), [NisGe13(CO)s]* (red) and [Ni>Geg(CO)]* (cyan)
as dash lines with CEP-121g in 700-350 cm™ region.
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Table 3.11. Differences in selected peak positions in Figure 3.34.

) Computational _ )
Regions Experimental Difference
(CEP-121g)
538 cm?t 531 cm +7cm?
Nickel-Phosphorous 506 cm* 522 cmt -16 cmt
Modes 454 cmt - -
& 428 cm 427 cm? +1cmt
Metal-Carbonyl 391 cm™ 401 cm™? -10cmt
Bending 369 cm* 371cmt -2cm?
Average difference (Absolute) 7 cm
686 cm™™ 691 cm™? -5cmt
PPhs Modes :
Average difference (Absolute) 5cm

In the first region of KBr windows (800-300 cm™), different modes of nickel-
phosphorous, metal-carbonyl bending and PPhz takes place.(Figure 3.35.) There are
some differences in the spectra of KBr and TPX windows. Bands at 343 cm™ and
318 cm™ of both clusters’ experimental data are similar to the ones of computational
[NisGe13(CO)s]* band at 345 cm™ (metal-carbonyl bending) and [Ni.Geg(PPhs)]*
band at 315 cm™ (nickel-nickel stretching). Similarly, bands at 426 cm™ and 402 cm
1 of experimental results resembles to 454 cm™ and 368 cm™ of [NigGe13(CO)s]*
computational data. As Lanl2dz calculations, the band pairs of PPhz modes at 753
cm™ and 686 cm™ could not be identified in the experimental results. Table 3.12 lists
the selected bands of computational and experimental results with an average value
of 15 cm™. In this region, Lanl2dz calculations resemble to the experimental ones

more.
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Figure 3.35. Experimental FTIR spectra of [Ni.Ges(PPh3)]* (blue) and
[NisGe13(CO)s]* (red) as solid lines with KBr windows; and computational IR
spectra of [Ni2Ges(PPh3)]* (blue), [NisGes(CO)s]* (red) and [Ni.Geg(CO)]* (cyan)
as dash lines with CEP-121g in 800-300 cm™ region.
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Table 3.12. Differences in selected peak positions in Figure 3.35.

Computational

Regions Experimental Difference
(CEP-1219)

538 cm? 531 cm +7cm?

506 cm™* 522 cm* -16 cmt

492 cm? 506 cm™* -14 cm?

Nickel-Phosphorous

N 454 cm'? 426 cm +28 cm?

428 cm* 415 cm? +13 cm™

Metal-Carbonyl
_ 368 cm™ 402 cm* -34 cm’
Bending

345 cm? 343 cm? +2cmt

315cmt 317 cmt -3cm’t

Average difference (Absolute) 15 cmt

In the second region of KBr windows (1350-800 cm™), different modes of PPh; are
present in both clusters’ (at 1302 cm™, 1173 cm™, 1100 cm™ and 928 cm™) and PPhs
containing precursors’ experimental data as well as four computational bands of
[Ni2Geg(PPhs)]* at 1284 cm™, 1178 cm?, 1058 cm™ and 1002 cm™.(Figure 3.36.)
Observing PPhs related vibrational modes in the experimental spectrum of
[NisGe13(CO)s]*, supports the co-crystal formation during the synthesis of both
clusters one more time. As Lanl2dz calculations, the relative peak positions of

experimental and computational results were not compared in a table as previous

regions.
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Figure 3.36. Experimental FTIR spectra of KsGeg (grey), Pt(PPhs)s (wine),
Ni(CO)2(PPhs); (dark cyan) as thin solid lines, [Ni.Geg(PPhs)]*>* (blue) and
[NisGe13(CO)s]* (red) as solid lines with KBr windows; and computational IR
spectra of [Ni2Geg(PPhs)]* (blue), [NisGe13(CO)s]* (red) and [Ni>Geg(CO)]* (cyan)
as dash lines with CEP-121g in 1350-800 cm™ region.

In the third region of KBr and TPX windows (2100-1500 cmt), carbony! stretching
bands are present in both clusters’ experimental data and all computational
data.(Figure 3.37.) There are four carbonyl bands in computational spectrum of
[NisGe13(CO)s]* resulting from five different vibrations.(Figure 3.32.) For the
terminal carbonyls, the maximum intensity is observed at 1724 cm™; however, the
carbonyl stretching of [Ni2Ges(CO)]* has shifted to 1757 cm™ which is different
from the Lanl2dz results.(Figure 3.24) Both bridging carbonyl stretching of
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computational [NisGe13(CO)s]* and one of the modes of PPhs in the [Ni.Geg(PPhs)]*

occur at 1564 cm™.
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Figure 3.37. Experimental FTIR spectra of [Ni.Ges(PPh3)]* (blue) and
[NisGe13(CO)s]* (red) as solid lines with a) KBr windows b) TPX windows; and
computational IR spectra of [Ni2Geg(PPh3)]* (blue), [NisGei3(CO)s]* (red) and
[Ni2Geo(CO)]% (cyan) as dash lines with CEP-121g in 2100-1500 cm™ region.

3.4.4. Fluorescence Spectrometry Analyses

The potential fluorescent activities of both clusters are investigated in DMF solutions
by screening various excitation wavelengths. Due to the low intensity of the cluster
bands and strong interference from the solvent, the excitation and emission slit
widths are chosen as 2.5 nm and 10 nm for clusters, respectively. On the other hand,
in all background measurements of DMF, excitation and emission slit widths are

chosen as 1.5 nm and 2.5 nm due to comparably stronger emissions.
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A search for excitation wavelengths of [Ni.Geg(PPhs)]? clusters revealed a band at
260 nm, which is the maximum absorption in UV-Vis spectra, and a broad band
centered around 320 nm.(Figure 3.38.) Excitation of the sample at these wavelengths
results a fairly strong emission band at ca. 400 nm (s). The observed feature at 780
nm with 260 nm excitation is most probably the third-order diffraction of the 260 nm
excitation. A check for background emission with only DMF at the same excitation
wavelengths revealed that pure DMF also emits strongly close to the cluster bands; at
320 nm (w) and 383 nm (s) with excitation at 260 nm, and 354 nm (sh), 374 nm (s),
and 700 nm (w, broad) with excitation at 320 nm. Although the spectrum of DMF
may look similar to cluster one, there are some differences. The shape of the
emission bands have no resemblance to the DMF ones but quite similar to the UV
spectra of the clusters. Moreover, unlike DMF the center of the emission band of the
cluster does not shift with a change in the excitation wavelength and have ca. 30 nm
difference with the observed strongest band of DMF. In addition, the emission band
of DMF observed at 320 nm with excitation of 260 nm and the shoulder observed at
354 nm are not present in the cluster data.(Figure 3.38.) The cluster spectrum has no
observed broad emission centered ca. 700 nm.
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Figure 3.38. Fluorescence spectra of [Ni2Geg(PPh3)]? in DMF and only DMF

The search of excitation wavelengths of [NisGe13(CO)s]* clusters revealed a strong
band at 263 nm, which is also close to the maximum absorption, and a very broad
band from ca. 300 nm to 450 nm.(Figure 3.39.) Therefore, the emissions of the
cluster are investigated at 260 nm, 320 nm, 355 nm and 380 nm. Similarly, the
excitation of the cluster at 260 nm and 320 nm has resulted a strong feature at ca. 410
nm.(Figure 3.39.) Excitation of the cluster at 355 nm and 380 nm yielded a similar
band with a shifted center wavelength. The changes observed in the main emission
band is possibly due to the lower energies of the excitation wavelengths that does not
provide enough energy to access to the higher energy states of the cluster. As seen in
the TD studies of the cluster, simulation of the UV spectrum requires more than 750
transitions, thus access to higher energy states of the cluster. Similar differences are

observed between the DMF and cluster spectra.
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It should also be noted that there is a possibility of observing fluorescent spectra of

the clusters as hindered DMF emissions. This is most likely due to strong absorptions

of cluster molecules at higher energies compared to the lower energies (see UV-vis

spectra). Unfortunately, there is no other solvent available for further investigation.
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Figure 3.39. Fluorescence spectra of [NisGe13(CO)s]* in DMF and only DMF
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CHAPTER 4

CONCLUSIONS

The quest for discovering new clusters with well-known properties and using them as
elementary units for nanomaterials has become great interest in cluster science. Zintl
ion clusters serve the possibility of being seeds to larger clusters and “artificial
atoms” in cluster assembled materials. This possibility urges to investigate properties
of these clusters thoroughly for making properly designed materials with predictable

properties for advanced material applications.

In this study, two nickel integrated germanium Zintl ion clusters were synthesized
and investigation of spectroscopic properties, which have never been investigated for
these types of clusters, was performed. [Ni2Geg(PPhs)]* and [NisGe13(CO)s]* were
synthesized under inert atmosphere at different temperatures with the same starting
materials and solvent choice. After proper treatment of the cluster crystals, cluster
solutions or mixtures were included in measurements of UV-Vis, FTIR and
Fluorescence spectroscopy to validate their vibrational and optical properties. Since
there is not enough information available of spectroscopic properties for these types
of clusters, a computational study (Optimization, Frequency and TD) was also
performed to evaluate experimental results in FTIR and UV-Vis spectroscopy. The
calculations were done under the influence of DMF solvent in order to create a
similar environment to the experimental conditions, in addition to the gas phase
calculations. The difference between Lanl2dz and CEP-121g basis sets were aimed

to be determined based on their similarities to the experimental results.
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After optimizations of both clusters, relative bond lengths and angles of optimized
and crystal structures were compared with both basis sets. CEP-121g results revealed
more similar values to the original structure in both cluster calculations. In addition,
MO diagrams of both clusters were constructed by using the optimization outputs of
the Lanl2dz and CEP-121g calculations. According to the HOMO-LUMO band gaps
of the diagrams, [Ni2Geg(PPhs)]?* cluster might be a semi-conductor since it has band
gap of ca. 1.12 eV. On the other hand, with a band gap lower than 0.06 eV,
[NisGe13(CO)s]* cluster may find applications in optics and solar cells as detectors,

solar energy collectors and optical filters in future.

In UV-Vis spectroscopy, cluster spectra are slightly different from each other that
[NisGe13(CO)s]* cluster had a shoulder ca. 330 nm, which is most probably due to its
more complex structure with higher number of electronic transitions. TD calculations
with up to 750 transitions could be performed due to memory restrictions in TR-Grid
computers, and thus a complete TD spectrum could not be constructed for both
clusters. For this reason, only qualitative information could be extracted from the
spectra and comparison with experimental results. Similar to the UV-Vis spectrum of
[NisGe13(CO)s]*, a shoulder is again present at ca. 330 nm in both TD calculations.
Both basis set calculations give similar results either one of them could be used for
interpretation of experimental results. It is important to note that the wide range of
absorptions of clusters from UV to near-IR hint the potential use of these clusters in
applications such as solar cells.

In FTIR measurements, DMF and paraffin oil was used for solvent dispersion of the
crystals with two different window alternatives as TPX and KBr for the sample
holders. The IR spectrum was screened from 2600 cm™ to 20 cm™ and possible
identification of vibrational bands of clusters was investigated. Due to the high
moisture conditions of DMF-based measurements, paraffin oil-based measurements
were chosen to be compared with the computational results. In metal-metal region,

the possible combinations of different Ni-Ni, Ni-Ge and Ge-Ge modes as well as the
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phonon mode of the clusters were observed in both cases. In the region where M-CO
bending and Ni-P stretching takes place, it was observed that no clear distinction
between M-CO bending and Ni-P stretching could be made since the computational
results of [Ni2Geg(PPhs)]? and [NisGei3(CO)s]* revealed very similar bands in the
same region. In the PPhs region, both clusters showed similar bands of PPhs modes;
although, [NisGe13(CO)s]* cluster does not have any PPhs groups. A similar situation
was observed in the CO region where [Ni:Geo(PPhs)]> cluster also had an
absorption. These results demonstrate the formation of crystals of CO containing
compound such as [Ni.Geg(CO)]* along with the ones of [Ni.Geg(PPhs)]>. The
results obtained from FTIR as well as ESI mass spectrometer analyses verify this
observation. In the comparison of experimental results with the computational ones,
the FTIR bands exhibited more resemblance to the results obtained from CEP-121g

calculations.

In fluorescence spectroscopy, a wide range of excitation wavelengths were tested to
investigate possible fluorescence activities of both clusters. Even though DMF
signals interfere with the observed signals of clusters, the investigation demonstrated

that both clusters are promising florescent materials.
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APPENDIX A

DATA RELATIVE TO CHAPTER 1

Use of Gaussian 09 Software on TR-Grid

Since clusters have high number of electrons and complicated structures, the capacity
of a regular computer would not be enough to calculate their properties. Therefore,
Linux based system such as TR-Grid, which is provided by ULAKBIM, can be used.
TR-Grid requires SSH client programs to send commands in Windows, such as
MobaXterm, Putty, etc. By using a specific username and password, a secure

connection to TR-Grid can be achieved by those programs.(Figure A.1.)

Since TR-Grid operates in Linux, there are certain types of commands needed. Some

of the important ones used are shown in Table A.1.
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Figure A.1. The screenshot of MobaXterm

Table A.1. Important commands used in TR-Grid

Code

Extensions after one ‘space’?

What does it do?

mkdir

directoryname

creates new directories

cd

directoryname

changes directories

cd

goes to an upper directory

pwd

no extension!

tells you where you are

nano

file name

opens a file to edit

shatch

example.slurm

submits a job

scancel

job number

cancels a job

squeue

no extension!

shows running jobs

sinfo

no extension!

shows available nodes
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Input, Slurm and Output Files

An input file consists of a checkpoint file (.chk extension) storing the necessary
information which can be used to restart or continue from an incomplete calculation,
memory limit given in million words (Mw), the route line including the calculation
type, method and basis set, description of the calculation, and the coordinates of the
system which can either be given as Cartesian (X, y, z) or z-matrix (A = Angle, B =
Bond length, D = Dihedral angle).(Figure A.2.)

1 %chk=niZge8 cepl2lg opt.chk

2| tmem=400Mw

3 #p opt b3lyp/CEP-121G

4

5 Restarted using the coordinates in 241112

6

-2 1

8 C

3 C 1 Bl

10| H 2 B2 1 ni

11 C 2 B3 1 B2 3 D1 0
12| H 4 B4 2 L3 1 Dz 4]
13 C 4 BS 2 R4 1 D3 0
14 H & Ba& 4 RS 2 D4 0
15( C & B7 4 La 2 D5 4]
16 H 8 BE & BT 4 D& 0
17 Ge 8 B9 & RE 4 D7 o]
18| Ge 10 B10 -] ng & D8 4]
19 Ge 11 Bll 10 210 8 el 0
20 Ge 1z Bl1z 11 211 10 Dio o]
21 Ge 11 E13 10 ni1z B D11 4]
22 Ge 14 Bl4 11 R13 10 Liz 0
23| Ge 15 B15 14 Al14 11 D13 a
24 Ge 10 Bl& 8 R1S 8 D14 0
25 Ge 17 B17 10 Ala 8 0is 0
26, Ni 1z B18 11 17 10 Dl& 4]
27 Ni 13 B19 1z ails 11 017 0
28 P 20 B20 13 218 12 Dis 0

Figure A.2. Input file example with z-matrix coordinates

In addition to input file, a slurm file, which is a batch file, is required to start a
calculation.(Figure A.3) The slurm file has all the information to initiate a run
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including operating platform, partition name, user name, job name, and number of
nodes, time, working, output and error directories, and a command line to run

Gaussian with input file name.

By using the slurm file, a calculation can be submitted. Simultaneously, output and
error files are created by the program in the given destinations. In the case of a
successfully ended calculation, the output file can be downloaded via MobaXterm

and be opened in programs such as GaussView for visualization of results.

[N N T R
o to oot ot

a scratch/enalbante

121g_opt_sol-

(=== N = R R S P SR

Mo e e e e e e e e

. / tp
16|. 5g09%root/g09/bsd/g0%.profile

18 echo "SLURM NODELIST $SLURM NODELIST"
19 $g0%root/g08/g09 < /home palamutd/enalbantesenturk/niZged/cepl2lg/opt/niZge?d b3lyp ceplllg opt_sol.com

Figure A.3. Slurm file example
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APPENDIX B

DATA RELATIVE TO CHAPTER 3

771.2

726.2

i 810.1 838.1
865.8

T T T T T T T
700 750 800 850
m/z

Figure A.4. ESI mass spectra (negative ion mode) of [K(2,2,2-
crypt)]2[Ni2Ges(PPhs)] salt showing mass envelopes of K[NizGeg(CO)(CN)]* (m/z =
865.8), K[Ni2Geg(CO)]* (m/z = 838.1), K[NiGeg]* (m/z = 810.1), [NiGeg]* (m/z =
771.2) and [Ni2Geg(CO)]* (m/z = 726.2) ions
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Table A.2. Cartesian coordinates of [NizGeo(PPhs)]? crystal structure

Atoms x (A) y (A) z (A)
Ge 12.6102 2.1177 18.6437
Ge 12.9168 2.8904 16.1384
Ge 10.3458 2.4922 15.7276
Ge 9.9558 -0.0583 15.4622
Ge 12.4627 0.7372 14.5363
Ge 14.0982 0.4718 16.6116
Ge 12.2195 -1.3467 16.1413
Ge 12.4595 -0.4855 18.6805
Ge 9.9369 0 18.0948
Ni 11.7009 0.9055 16.8474
Ni 10.304 2.3413 18.0939

P 9.0551 3.7003 19.1381

Table A.3. Cartesian coordinates of optimized structures of [Ni.Geg(PPhs)]*

Lanl2dz CEP-121g

Atoms | x(A) y (A) z (A) x (A) y (A) z (A)
Ge -3.15393 | 1.421401 | -5.88469 | 0.02276 | 1.784554 | 1.224294
Ge -3.56378 | 4.050912 | -5.37645 | 1.701039 | 2.479779 |-0.77823
Ge -3.61538 | 3.297224 | -2.76151 | 0.823455 | 0.216064 | -1.9947
Ge -6.10744 | 2.419466 | -2.15748 | 2.255368 | -1.87111 |-1.04042
Ge -6.24222 | 4.354635 | -4.31529 | 3.801682 | 0.537489 | -0.8817
Ge -5.89955 | 2.916987 | -6.67722 | 3.200775 | 1.699694 | 1.538684
Ge -7.50334 | 1.892162 | -4.64384 | 3.547939 | -1.02445 | 1.369408
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Table A.3. (Continued)

Lanl2dz CEP-121g
Atoms x (A) y (A) z (A) x (A) y (A) z (A)
Ge -5.55709 | 0.144025 | -5.90503 | 1.293638 | -0.00738 | 2.821508
Ge -5.27825 | 0.051734 | -3.21159 | 0.484248 | -1.85274 | 1.018831
Ni -3.07377 | 1.040391 | -3.48499 | -0.73955 | -0.08797 | -0.1435
P -1.32716 | 0.033149 | -2.62188 | -2.8793 | -0.32979 | -0.55192

Table A.4. Cartesian coordinates of [NigGe13(CO)s]* crystal structure

Atoms x (A) y (A) z (A)

@] 0 0 0

Ge 0 0 3.877657
Ni 1.985159 0 2.094976
Ni 0.472876 1927114 | 2.117367
Ge -0.22555 2.561159 | 4.550425
Ge 1.130581 0.82582 6.424437
Ge 2.445063 -0.93551 4.467202
Ni 1.941703 1.49095 4.231683
Ge 2.909039 | 2.327554 | 2.223466
Ni 1.617365 | 4.013822 3.535851
Ge 1.982102 | 3.305142 | 5.983156
Ge 3.77831 1.077558 5.92733
Ni 4.291975 0.638098 3.432266
Ni 3.940531 | 3.095904 | 4.293154
Ge 5.513288 2.713785 2.289916
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Table A.4. (Continued)

Ge 3.81091 4.868391 | 2.420463
Ge 3.241582 | 5.394702 | 4.980456
Ge 4.726052 | 3.639733 | 6.539061
Ge 6.059569 | 1.927301 | 4.780191
Ge 5.786983 | 4.703723 | 4.209092
C 2.788852 | -1.30284 | 1.368007
@) 3.278551 | -2.25257 0.85608
C 0.561666 | 0.415677 | 0.973387
C -0.5673 3.046126 | 1.346152
@) -1.35904 | 3.735287 0.85289
C 0.668064 5.30707 2.928187
@) 0.061786 | 6.202723 | 2.453542
C 5.394977 | -0.50691 | 2.703541
@) 6.102077 | -1.22942 | 2.185706

Table A.5. Cartesian coordinates of optimized structures of [NisGe13(CO)s]*

Lanl2dz CEP-121g
Atoms | x(A) y (A) z (A) x (A) y (A) z (A)
O 2.803941 | -1.14413 | -4.52917 | -2.794 1.16597 | -4.56379
Ge 3.595602 | -0.13087 | -0.83579 | -3.58253 | 0.102086 | -0.8752
Ni 1.597204 | 0.63399 | -2.51681 | -1.5943 | -0.63179 | -2.56857
Ni 1.667902 | -1.73351 | -1.87962 | -1.68971 | 1.735135 | -1.90428
Ge 2.39265 | -2.07464 | 0.660781 | -2.40637 | 2.019061 | 0.665886
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Table A.5. (Continued)

Ge 2.649738 | 0.68023 | 2.17139 | -2.71815 | -0.68518 | 2.033143
Ge 2.27035 | 2.241148 | -0.51104 | -2.2285 | -2.23782 | -0.52181
Ni 1.266403 | 0.083215 | 0.182157 | -1.2244 | -0.07897 | 0.130505
Ge -0.443 | -0.41093 | -1.4479 | 0.462874 | 0.431566 | -1.47584
Ni -0.16619 | -2.20825 | 0.277187 | 0.168802 | 2.219059 | 0.26871

Ge 0.405329 | -0.86535 | 2.412831 | -0.43965 | 0.830004 | 2.404224
Ge 0.320007 | 2.01699 |1.625336 | -0.3163 | -2.02041 | 1.621065
Ni -0.29147 | 2.034553 | -0.88612 | 0.337863 | -2.02007 | -0.91594
Ni -1.42751 | 0.177202 | 0.778581 | 1.41075 | -0.16308 | 0.783807
Ge -2.76297 | 1.059563 | -1.40908 | 2.798945 | -1.00971 | -1.33567
Ge -2.66823 | -1.8008 | -0.61717 | 2.690397 | 1.781653 | -0.52528
Ge -2.07521 | -1.95343 | 2.088836 | 2.053313 | 1.905369 | 2.156563
Ge -2.05631 | 0.792964 | 3.088986 | 1.990236 | -0.80933 | 3.120068
Ge -2.22642 | 2.616508 | 0.81455 | 2.278356 | -2.55969 | 0.851271
Ge -3.93819 | 0.146722 | 1.033528 | 3.903464 | -0.14185 | 1.179877
C 1.530994 | 1.889154 | -3.74363 | -1.56134 | -1.86668 | -3.80745
@) 1.553147 | 2.720815 | -4.60747 | -1.65361 | -2.66604 | -4.71136
C 2.303118 | -0.86306 | -3.45281 | -2.28205 | 0.877135 | -3.48161
C 1.727351 | -3.43714 | -2.30516 | -1.8306 | 3.442535 | -2.27302
@) 1.840882 | -4.59108 | -2.61351 | -2.04593 | 4.602296 | -2.53922
C -0.24139 | -3.96193 | 0.23673 | 0.314769 | 3.958495 | 0.155288
@) -0.33929 | -5.15837 | 0.253026 | 0.453218 | 5.158989 | 0.108127
C -0.47507 | 3.527593 | -1.79158 | 0.580641 | -3.51363 | -1.7963

@) -0.6081 | 4.57915 | -2.35543 | 0.748456 | -4.56864 | -2.36449
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Table A.6. Comparison of bond lengths calculated with both basis sets:
[NizGeg(PPhs,)]Z'

Bond Lengths (A)

Crystal

Lanl2dz

CEP-121g

Structure | Optimized Difference Optimized Difference
R (10-19) 2.350 2.438 0.088 2.425 0.075
R (10-20) 2.381 2.431 0.050 2.441 0.060
R (11-19) 2.433 2.553 0.120 2.542 0.109
R (12-19) 2.368 2.438 0.070 2.424 0.056
R (12-20) 2.371 2.431 0.060 2.442 0.071
R (13-19) 2.428 2.554 0.126 2.542 0.114
R (14-19) 2.439 2.553 0.114 2.532 0.093
R (15-19) 2.448 2.554 0.106 2.532 0.084
R (16-19) 2.417 2.554 0.137 2.533 0.116
R (17-19) 2.423 2.554 0.131 2.542 0.119
R (18-19) 2.343 2.439 0.096 2.425 0.082
R (18-20) 2.370 2.431 0.061 2.442 0.072
R (19-20) 2.359 2.388 0.029 2.390 0.031
R (20-21) 2.121 2.193 0.072 2.192 0.071
R (21-22) 1.847 1.903 0.056 1.920 0.073
R (21-24) 1.843 1.903 0.060 1.920 0.077
R (21-35) 1.840 1.903 0.063 1.920 0.080
R (10-17) 2.608 2.722 0.114 2.716 0.108
R (17-18) 2.635 2.709 0.074 2.704 0.069
R (11-12) 2.634 2.722 0.088 2.716 0.082
R (12-13) 2.594 2.71 0.116 2.705 0.111
R (13-16) 2.692 2.9 0.208 2.863 0.171
R (15-16) 2.657 2.785 0.128 2.751 0.094
R (11-15) 2.733 2.904 0.171 2.868 0.135
R (14-15) 2.656 2.786 0.130 2.751 0.095
R (11-14) 2.722 2.897 0.175 2.863 0.141
R (12-14) 2.997 3.23 0.233 3.196 0.199
R (13-14) 2.788 2.902 0.114 2.867 0.079
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Table A.6. (Continued)

R (14-16) 2.642 2.786 0.144 2.752 0.110
R (10-11) 2.64 2.709 0.069 2.704 0.064
R (15-17) 2.808 2.899 0.091 2.863 0.055
R (16-17) 2.692 2.904 0.212 2.868 0.176
R (13-18) 2.633 2.721 0.088 2.716 0.083
Average 2.482 2.591 0.109 2.578 0.096
Minimum 1.840 1.903 0.029 1.920 0.031
Maximum 2.997 3.230 0.233 3.196 0.199
Average

R (Ni-Ge) 2.395 2.486 0.091 2.478 0.083
Average

R (Ge-Ge) 2.696 2.830 0.135 2.806 0.111

Table A.7. Comparison of bond angles calculated with both basis sets:
[NizGEg(PPhs)]z'
Bond Angles (°)
Crystal Lanl2dz . CEP-1219g | .
Structure | Optimized Difference Optimized Difference

A (19-10-20) 59.8 58.7 11 58.8 1.0
A (10-19-11) 67.0 65.7 1.3 65.9 11
A (10-19-12) 103.7 97.7 6.0 98.3 54
A (10-19-13) 156.8 153.5 3.3 154.6 2.2
A (10-19-14) 129.7 130.8 11 130.5 0.8
A (10-19-15) 77.6 80.5 2.9 80.2 2.6
A (10-19-16) 128.4 131.2 2.8 130.9 2.5
A (10-19-17) 66.2 66.0 0.2 66.3 0.1
A (10-19-18) 94.8 97.9 3.1 98.4 3.6
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Table A.7. (Continued)

A (10-19-20) |  60.7 60.5 0.2 60.9 0.2
A (10-20-12) | 102.7 98.1 4.6 97.4 5.3
A (10-20-18) | 93.3 98.3 5.0 97.5 4.2
A (10-20-19) | 59.4 60.8 1.4 60.2 0.8
A (10-20-21) | 1211 119.1 2.0 119.6 15
A(11-19-12) | 665 66.0 05 66.2 0.3
A(11-19-13) | 1211 119.7 1.4 119.6 15
A (11-19-14) | 67.9 69.1 1.2 68.7 0.8
A (11-19-15) | 68.1 69.3 1.2 68.8 0.7
A (11-19-16) | 124.6 126.0 1.4 125.2 0.6
A(11-19-17) | 122.2 119.8 2.4 119.6 2.6
A (11-19-18) | 147.9 153.6 5.7 154.6 6.7
A(11-19-20) | 873 93.1 5.8 93.7 6.4
A (19-12-20) | 59.7 58.7 1.0 58.8 0.9
A(12-19-13) | 655 65.7 0.2 66.0 0.5
A(12-19-14) | 771 80.6 35 80.3 3.2
A (12-19-15) | 129.3 131.4 2.1 130.9 1.6
A (12-19-16) | 1275 131.0 35 130.6 3.1
A(12-19-17) | 157.2 153.3 3.9 154.5 2.7
A(12-19-18) | 9456 97.8 3.2 98.4 3.8
A (12-19-20) | 60.2 60.5 0.3 60.9 0.7
A (12-20-18) | 9358 98.2 4.4 975 3.7
A (12-20-19) | 60.1 60.8 0.7 60.2 0.1
A (12-20-21) | 117.4 119.1 1.7 119.8 2.4
A (13-19-14) |  69.9 69.2 0.7 68.8 1.1
A (13-19-15) | 125.4 126.0 0.6 125.2 0.2
A (13-19-16) | 675 69.2 1.7 68.7 1.2
A (13-19-17) | 115.4 119.8 4.4 119.6 4.2
A (13-19-18) | 67.0 66.0 1.0 66.3 0.7
A (13-19-20) | 96.7 93.0 3.7 93.7 3.0
A (14-19-15) | 65.8 66.1 0.3 65.8 0.0
A (14-19-16) |  65.9 66.1 0.2 65.8 0.1
A (14-19-17) | 125.4 126.1 0.7 125.2 0.2
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Table A.7. (Continued)

A (14-19-18) 135.5 131.2 4.3 130.9 4.6
A (14-19-20) 136.7 141.1 4.4 141.2 4.5
A (15-19-16) 66.2 66.1 0.1 65.8 0.4
A (15-19-17) 70.4 69.2 1.2 68.7 1.7
A (15-19-18) 136.1 130.8 5.3 130.5 5.6
A (15-19-20) 137.6 140.9 3.3 141.1 3.5
A (16-19-17) 67.6 69.3 1.7 68.8 1.2
A (16-19-18) 87.5 80.4 7.1 80.2 7.3
A (16-19-20) 148.1 140.9 7.2 141.1 7.0
A (17-19-18) 67.1 65.7 1.4 65.9 1.2
A (17-19-20) 97.8 92.8 5.0 93.6 4.2
A (19-18-20) 60.1 58.7 1.4 58.8 1.3
A (18-19-20) 60.5 60.5 0.0 60.9 0.4
A (18-20-19) 59.4 60.8 1.4 60.2 0.8
A (18-20-21) 122.8 1194 3.4 119.9 2.9
A (19-20-21) 177.2 179.8 2.6 179.8 2.6
Average 96.5 96.6 2.5 96.6 2.3
Minimum 59.4 58.7 0.0 58.8 0.0
Maximum 177.2 179.8 7.2 179.8 7.3
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Table A.8. Comparison of bond lengths calculated with both basis sets:
[NieGel3(CO)5]4'

Bond Lengths (A)
r | Lanl2dz . EP-121 i
ngusi:sttl?re Op?imi(zjed Difference gptimizeg Difference
R (1-23) 1.198 1.220 0.022 1.232 0.034
R (2-3) 2.668 2.721 0.053 2.713 0.045
R (2-4) 2.653 2.716 0.063 2.703 0.050
R (2-8) 2.474 2.551 0.077 2.570 0.096
R (3-4) 2.450 2.453 0.003 2.460 0.010
R (3-7) 2.591 2.657 0.066 2.678 0.087
R (3-8) 2.606 2.774 0.168 2.780 0.174
R (3-9) 2.508 2.529 0.021 2.561 0.053
R (3-21) 1.695 1.756 0.061 1.750 0.055
R (3-23) 1.859 1.901 0.042 1.893 0.034
R (4-5) 2.610 2.664 0.054 2.683 0.073
R (4-8) 2.611 2.777 0.166 2.765 0.154
R (4-9) 2.471 2.528 0.057 2.553 0.082
R (4-23) 1.898 1.907 0.009 1.891 0.007
R (4-24) 1.711 1.757 0.046 1.752 0.041
R (5-8) 2.438 2.481 0.043 2.467 0.029
R (5-10) 2.557 2.591 0.034 2.613 0.056
R (6-8) 2.431 2.495 0.064 2.494 0.063
R (7-8) 2.489 2.479 0.010 2.469 0.020
R (7-13) 2.638 2.597 0.041 2.606 0.032
R (8-9) 2.381 2.413 0.032 2.385 0.004
R (8-10) 2.637 2.704 0.067 2.691 0.054
R (8-11) 2.522 2.572 0.050 2.571 0.049
R (8-12) 2.534 2.592 0.058 2.611 0.077
R (8-13) 2.625 2.716 0.091 2.703 0.078
R (8-14) 2.564 2.761 0.197 2.716 0.152
R (9-10) 2.497 2.507 0.010 2.515 0.018
R (9-13) 2.496 2.514 0.018 2.518 0.022
R (9-14) 2.437 2.504 0.067 2.522 0.085
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Table A.8. (Continued)

R (10-11) 2.574 2.587 0.013 2.619 0.045
R (10-14) 2.610 2.745 0.135 2.735 0.125
R (10-16) 2.605 2.688 0.083 2.680 0.075
R (10-17) 2.575 2.644 0.069 2.686 0.111
R (10-26) 1.715 1.756 0.041 1.749 0.034
R (11-14) 2.595 2.668 0.073 2.653 0.058
R (12-13) 2.585 2.585 0.000 2.620 0.035
R (12-14) 2.602 2.675 0.073 2.671 0.069
R (13-14) 2.628 2.741 0.113 2.737 0.109
R (13-15) 2.666 2.708 0.042 2.693 0.027
R (13-19) 2.570 2.641 0.071 2.680 0.110
R (13-28) 1.749 1.756 0.007 1.751 0.002
R (14-15) 2.575 2.711 0.136 2.671 0.096
R (14-16) 2.582 2.720 0.138 2.671 0.089
R (14-17) 2.499 2.584 0.085 2.564 0.065
R (14-18) 2.441 2.472 0.031 2.492 0.051
R (14-19) 2.468 2.567 0.099 2.550 0.082
R (14-20) 2.450 2.524 0.074 2.524 0.074
R (21-22) 1.185 1.199 0.014 1.210 0.025
R (24-25) 1.160 1.200 0.040 1.209 0.049
R (26-27) 1.181 1.201 0.020 1.209 0.028
R (28-29) 1.136 1.201 0.065 1.210 0.074
Average 2.322 2.381 0.061 2.381 0.062
Minimum 1.136 1.199 0.000 1.209 0.002
Maximum 2.668 2.777 0.197 2.780 0.174
Average

R (Ni-?\li) 2.591 2.698 0.107 2.709 0.118
Average

R (Ni-%e) 2.537 2.594 0.060 2.590 0.056
Average

R (Ge-gGe) 2.755 2.895 0.140 2.865 0.110
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Table A.9. Comparison of bond angles calculated with both basis sets:
[NieGel3(CO)5]4'

Bond Angles (°)
rystal Lanl2dz . EP-121 .
Sﬁuﬁtl?re Opa':imiged Difference gptimizeg Difference
A(1-23-3) 140.5 140.2 0.3 139.6 0.9
A(1-23-4) 138.1 139.4 1.3 139.2 1.1
A(3-2-4) 54.8 53.6 1.2 54.0 0.8
A(3-2-8) 60.8 63.4 2.6 63.4 2.6
A(2-3-4) 62.3 63.1 0.8 62.8 0.5
A(2-3-7) 61.3 61.2 0.1 60.8 0.5
A(2-3-9) 103.9 102.4 1.5 102.1 1.8
A(2-3-21) 129.8 131.3 1.5 130.3 0.5
A(2-3-23) 80.4 79.1 1.3 79.6 0.8
A(4-2-8) 61.1 63.6 2.5 63.2 2.1
A(2-4-3) 62.9 63.3 0.4 63.2 0.3
A(2-4-5) 60.7 61.0 0.3 60.8 0.1
A(2-4-9) 105.4 102.6 2.8 102.6 2.8
A(2-4-23) 80.2 79.1 1.1 79.9 0.3
A(2-4-24) 131.7 129.9 1.8 127.8 3.9
A(2-8-5) 65.5 65.8 0.3 65.5 0.0
A(2-8-6) 72.7 80.3 7.6 76.5 3.8
A(2-8-7) 65.5 65.9 0.4 65.5 0.0
A(2-8-9) 114.2 111.1 3.1 111.7 2.5
A(2-8-11) 123.1 128.4 5.3 127.0 3.9
A(2-8-12) 1245 128.2 3.7 126.5 2.0
A(4-3-7) 112.7 112.4 0.3 111.2 1.5
A(4-3-8) 62.1 61.0 1.1 61.1 1.0
A(3-4-5) 111.4 112.3 0.9 111.8 0.4
A(3-4-9) 61.3 61.0 0.3 61.4 0.1
A(3-4-23) 48.6 49.8 1.2 49.5 0.9
A(3-4-24) 152.3 150.9 1.4 152.1 0.2
A(7-3-9) 102.9 97.8 5.1 96.5 6.4
A(7-3-21) 91.8 96.0 4.2 97.0 5.2

128




Table A.9. (Continued)

A(7-3-23) 140.3 138.9 14 1395 0.8
A(3-7-8) 61.7 65.3 3.6 65.2 35
A(3-7-13) 63.2 66.0 2.8 66.5 33
A(9-3-21) 124.1 124.1 0.0 1255 14
A(9-3-23) 96.1 100.5 4.4 99.6 35
A(3-9-4) 58.9 58.0 0.9 575 14
A(3-9-8) 64.4 68.3 3.9 68.3 3.9
A(3-9-10) 117.6 119.9 2.3 119.8 2.2
A(3-9-13) 66.5 69.1 2.6 69.6 3.1
A(3-9-14) 119.5 126.6 7.1 125.9 6.4
A(21-3-23) 106.0 103.5 25 103.2 2.8
A(3-21-22) 176.0 176.3 0.3 1736 2.4
A(3-23-4) 81.4 80.2 1.2 81.1 0.3
A(5-4-9) 100.6 97.5 3.1 96.8 38
A(5-4-23) 140.2 139.0 1.2 139.8 0.4
A(5-4-24) 95.7 95.6 0.1 94.4 1.3
A(4-5-8) 62.2 65.2 3.0 64.8 2.6
A(4-5-10) 64.9 66.2 1.3 66.4 15
A(9-4-23) 96.2 100.4 4.2 99.9 3.7
A(9-4-24) 120.8 125.2 4.4 126.9 6.1
A(4-9-8) 65.1 68.3 3.2 68.0 2.9
A(4-9-10) 67.8 69.5 17 69.8 2.0
A(4-9-13) 117.2 119.8 2.6 1195 2.3
A(4-9-14) 120.3 127.1 6.8 126.0 5.7
A(23-4-24) 106.1 103.4 2.7 104.0 2.1
A(4-24-25) 174.3 176.4 2.1 174.3 0.0
A(8-5-10) 63.7 64.4 0.7 63.9 0.2
A(5-8-6) 72.9 78.6 5.7 75.8 2.9
A(5-8-7) 126.5 128.9 2.4 127.3 0.8
A(5-8-9) 108.5 105.9 2.6 107.6 0.9
A(5-8-11) 66.9 70.4 35 69.7 2.8
A(5-8-12) 128.9 135.0 6.1 1325 36
A(5-10-9) 101.4 100.0 14 99.6 1.8
A(5-10-11) 64.4 68.5 4.1 66.8 2.4

129




Table A.9. (Continued)

A(5-10-16) 164.4 163.9 05 163.7 0.7
A(5-10-17) 1225 1273 48 125.1 2.6
A(5-10-26) 99.8 95.6 4.2 99.7 0.1
A(6-8-7) 735 77.9 4.4 75.2 1.7
A(6-8-9) 173.0 168.6 4.4 1718 1.2
A(6-8-11) 64.9 65.3 0.4 66.1 1.2
A(6-8-12) 66.0 65.2 0.8 65.9 0.1
A(8-7-13) 61.5 64.6 3.1 64.3 2.8
A(7-8-9) 109.9 106.0 3.9 107.3 2.6
A(7-8-11) 129.2 134.4 5.2 1318 2.6
A(7-8-12) 68.3 69.8 15 69.0 0.7
A(7-13-9) 101.9 99.7 2.2 99.4 2.5
A(7-13-12) 65.4 68.1 2.7 66.9 15
A(7-13-15) 162.5 163.1 0.6 162.7 0.2
A(7-13-19) 125.1 127.7 2.6 126.6 15
A(7-13-28) 102.4 96.3 6.1 98.1 4.3
A(9-8-11) 109.1 105.9 3.2 107.7 1.4
A(9-8-12) 109.1 105.7 3.4 107.3 1.8
A(8-9-10) 65.4 66.7 1.3 66.6 1.2
A(8-9-13) 65.1 66.9 1.8 66.8 1.7
A(8-9-14) 64.3 68.3 4.0 67.2 2.9
A(11-8-12) 69.0 70.7 17 69.6 0.6
A(8-11-10) 62.3 63.2 0.9 62.4 0.1
A(8-11-14) 60.1 63.6 35 62.6 2.5
A(12-8-13) 60.1 63.3 3.2 62.2 2.1
A(12-8-14) 61.4 63.2 1.8 61.9 05
A(8-12-14) 59.9 66.4 6.5 65.8 5.9
A(9-10-11) 103.9 102.7 1.2 1025 1.4
A(9-10-16) 64.0 63.9 0.1 64.4 0.4
A(9-10-17) 109.3 108.8 05 108.8 05
A(9-10-26) 1275 134.1 6.6 130.7 3.2
A(9-13-12) 104.0 103.0 1.0 103.2 0.8
A(9-13-15) 61.3 63.4 2.1 63.6 2.3
A(9-13-19) 107.2 108.3 1.1 107.9 0.7
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Table A.9. (Continued)

A(9-13-28) 126.2 134.9 8.7 135.4 9.2
A(9-14-11) 105.0 100.5 45 101.4 36
A(9-14-12) 105.2 100.7 45 101.6 36
A(9-14-15) 63.3 63.4 0.1 63.8 05
A(9-14-16) 65.1 63.4 17 64.5 0.6
A(9-14-17) 113.9 110.8 3.1 112.6 1.3
A(9-14-18) 171.1 1716 0.5 1713 0.2
A(9-14-19) 112.4 111.0 1.4 111.9 05
A(9-14-20) 119.8 118.6 1.2 120.7 0.9
A(11-10-16) | 112.2 113.7 15 111.9 0.3
A(11-10-17) | 61.6 62.9 1.3 61.8 0.2
A(11-10-26) | 1285 123.2 5.3 126.8 1.7
A(10-11-14) |  60.7 63.0 2.3 62.5 1.8
A(16-10-17) |  62.2 62.7 0.5 61.9 0.3
A(16-10-26) | 93.8 96.0 2.2 93.7 0.1
A(10-16-14) |  60.4 61.0 0.6 615 1.1
A(17-10-26) | 98.2 94.7 35 95.9 2.3
A(10-17-14) |  61.9 63.3 14 62.7 0.8
A(10-26-27) | 176.4 176.9 0.5 1777 1.3
A(11-14-12) | 66.8 68.0 1.2 67.5 0.7
A(11-14-15) | 168.3 163.8 45 165.0 33
A(11-14-16) | 112.3 110.1 2.2 111.2 1.1
A(11-14-17) | 62.3 62.6 0.3 63.0 0.7
A(11-14-18) | 68.0 725 45 717 37
A(11-14-19) | 123.9 125.2 1.3 125.0 1.1
A(11-14-20) | 122.6 128.1 55 126.2 36
A(13-12-14) |  60.9 62.8 1.9 62.3 14
A(12-13-15) | 111.9 1136 1.7 112.3 0.4
A(12-13-19) |  62.9 63.2 0.3 62.8 0.1
A(12-13-28) | 129.7 122.1 7.6 121.4 8.3
A(12-14-15) | 114.3 110.7 3.6 111.4 2.9
A(12-14-16) | 170.0 163.8 6.2 165.9 4.1
A(12-14-17) | 1216 124.8 3.2 1237 2.1
A(12-14-18) | 67.4 725 5.1 71.1 3.7
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Table A.9. (Continued)

A(12-14-19) 64.0 63.0 1.0 63.8 0.2
A(12-14-20) 125.3 128.8 3.5 126.5 1.2
A(15-13-19) 61.2 62.3 11 61.1 0.1
A(15-13-28) 92.4 96.4 4.0 96.6 4.2
A(13-15-14) 60.2 60.8 0.6 61.3 1.1
A(19-13-28) 96.5 93.9 2.6 934 31
A(13-19-14) 62.8 63.5 0.7 63.1 0.3
A(13-28-29) 177.5 177.0 0.5 177.8 0.3
A(15-14-16) 64.4 66.3 1.9 66.0 1.6
A(15-14-17) 1214 123.7 2.3 123.4 2.0
A(15-14-18) 123.5 123.2 0.3 122.7 0.8
A(15-14-19) 63.8 63.2 0.6 63.0 0.8
A(15-14-20) 67.1 66.1 1.0 67.3 0.2
A(16-14-17) 63.5 63.0 0.5 63.6 0.1
A(16-14-18) 122.0 123.0 1.0 122.5 0.5
A(16-14-19) 120.7 123.8 3.1 122.3 1.6
A(16-14-20) 64.0 65.8 1.8 66.3 2.3
A(17-14-18) 68.4 70.6 2.2 69.5 1.1
A(17-14-19) 128.4 134.3 5.9 131.2 2.8
A(17-14-20) 67.5 71.9 4.4 70.2 2.7
A(18-14-19) 69.4 70.8 1.4 69.7 0.3
A(18-14-20) 69.1 69.9 0.8 68.0 11
A(19-14-20) 70.8 72.6 1.8 70.6 0.2
Average 94.9 95.8 2.5 95.5 1.8
Minimum 48.6 49.8 0.0 49.5 0.0
Maximum 177.5 177.0 8.7 177.8 9.2
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