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ABSTRACT

A series of Cr-PAH complexes are studied with the size of PAH increasing from benzene
to naphthalene, to pyrene, and to coronene. Both the mono-PAH and bis-PAH complexes are
studied with density functional theory (DFT). Three typical DFT methods are used in this study,
including B3LYP, PBE, and MO6L. Geometries, spin states, binding energies, and ionization
potentials are investigated theoretically. Cr is found to prefer the binding on the six-member
rings with less shared carbons. It may bind to PAHSs on either the n2 or ne position. The mono-
PAH complexes prefer high spin states, and the bis-PAH complexes prefer low spin states. The
trend of binding energies of Cr to these PAHSs is not apparent from the calculations. Complexes
with larger PAHs have lower ionization potentials. The laser vaporization flowtube reactor
(LVFR) is used to synthesize Cr-coronene complexes. The mass spectra indicate these

complexes are successfully made in the LVFR.
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CHAPTER 1

BACKGROUND
Transition metals (TMs) have played a vital role in chemistry due to their inherent properties
such as diverse valence shell filling probability, catalytic activity and the ability to complex
various organic molecules. Some of the most important chemical industrial processes in human
history rely on transition metals as catalysts, for instance, the Haber process (Fe), the contact
process for producing sulfuric acid (V), the Ostwald process (Pt) and the Fischer-Tropsch
process (Co, Fe or Ru). Theoretically, by downsizing the catalyst particles, the atom efficiency
of the catalyst can be increased. The smallest particles in chemical reactions are single atoms or
single molecules. One of the drawbacks is the high surface energy, which makes them prone to

aggregation under realistic reaction conditions.1-3

It was not until 2011 that Qiao et al. prepared a Pt single atom catalyst (SAC) anchored on an
iron oxide nanocrystalline surface for the first time, and proved its catalytic activity, stability,
and selectivity.4 This demonstrated the possibility of making SACs in the laboratory. Since
then, many isolated atoms have been successfully loaded on to carrier surfaces of metal, metal
oxide and carbon materials.s Among these surfaces, graphene is very intriguing because of its
relatively low manufacturing cost and distinct properties. Graphene can be considered as a layer
of carbons arranged in a hexagonal honeycomb structure, which is isolated from graphite. Itisa
two-dimensional (2D) material with a thickness of only an atom.s Due to its similarity to
graphite, it can be treated as a free-standing graphite surface. An alternative approach is to see

graphene as a giant molecule,s where it can be treated as an extended array of benzene & systems.



In this scenario, polycyclic aromatic hydrocarbons (PAHs) would be reasonable models of

graphene.s-s

Polycyclic aromatic hydrocarbons (PAHSs) and their derivatives are ubiquitous in environments
where carbon is present. They are produced during fuel combustion and some of them are
suggested to be carcinogenic.o,10 The optical properties of PAHSs, such as their absorption,
fluorescence, and phosphorescence spectroscopies are well documented through gaseous and
thin-film studies.10-12 lonized PAHSs have been proposed as possible carriers of the diffuse

interstellar bands (D1Bs)13-20 or the unidentified infrared bands (UIBs).21,22

Metal-PAH complexes provide models for metal-graphene catalysts. They are also studied as
potential materials for spintronics.2s-2s Additionally in astrophysics, it has been suggested by
Serra and co-workers that iron-PAH complexes may exist in the interstellar medium (ISM).26,27
Metal-PAH complexes have been proposed to exist in the ISM as likely contributors of the DIBs

and UIBs.28,29

Metal-PAH systems have attracted several groups to produce these species in laboratory
experiments. Dunbar and co-workers observed metal-PAH ion complexes in gas-phase
experiments using FT-ICR mass spectrometry.so31 In this work, they discussed the association
kinetics of various metal and non-metal cations with PAHs. Our group has produced a variety of
metal and multi-metal complexes with PAHSs by laser ablating film-coated metal samples in a
molecular beam cluster source.32-36 Competitive binding and photodissociation successfully
determined the relative binding strengths of metal with benzene, coronene, and Ceo.34
Photodissociation of Crm(coronene)n+ complexes confirmed the formation of multi-metal and

multidecker sandwich structures.s2 Photoelectron spectroscopy of complexes with vanadium and



two coronenes suggested that the metal may bind between the molecules as in a sandwich, or
also to the external side of a PAH dimer complex.ss Similar complexes were also produced by
other methods without the supersonic expansion cooling.s7-33 This indicated that some metal-
PAH complexes are bound strongly enough to survive the hot conditions in these experiments.
Eyler and co-workers observed the infrared spectra of complexes of Fe+ and PAHs in a Fourier

transform ion cyclotron resonance (FT-ICR) mass spectrometer.s9

Theoretical methods have also been used to study metal-PAH complexes. Some early
investigations were conducted by Dunbar,40 Klippenstein and co-workers,41 Eyler and co-
workers,3s and Jena and co-workers.42,43 Klippenstein and co-workers suggested that the metal
ion-coronene bond strength is comparable to its metal-benzene counterpart,s1 which is consistent
with our experimental estimates.ss As theoretical methods and computers have developed in the

past years, more recent studies about metal-PAH complexes have been published.4s-47

Many combinations of TMs and & ligands are possible. However, this study focuses only on
complexes with chromium (Cr) atoms. Cr is known to form stable complexes with benzene such
as bis(benzene)chromium.ss It is therefore likely that Cr complexes with other ligands having
benzene-like structures, including coronene and graphene, are also stable. Therefore, the
theoretical study of Cr-r complexes may be compared to experimental results either for small
ligands now or for larger ligands such as coronene and graphene in the future. To study the
effects of sizes of n conjugated systems, ligands of different sizes from benzene to naphthalene,
to pyrene, and to coronene are chosen. Because of the computational cost of our calculations,

the largest ligand used in this study is coronene.
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CHAPTER 2
METHODS

DFT Method

Density functional theory (DFT) has its drawbacks because it uses approximations to describe
exchange and correlation interactions. The accuracy of DFT calculations is determined by the
quality of exchange-correlation functionals. However, given its generally good accuracy and
attractive low cost, DFT remains the most popular choice for the modeling of large

organometallic complexes.

Because of the dependence of DFT accuracy on the exchange-correlation (EX) functional, This
study uses three mainstream functionals, namely M06-L1, PBEz2, and B3LYP34. MO06-L uses
local density approximation (LDA) for its EX functional, while PBE uses generalized gradient
approximations (GGA) for its EX functional. B3LYP is a hybrid functional, which mixes
approximate and exact EX functionals. The default percentage of the exact HF exchange in
B3LYP set by common quantum chemistry software packages is 20%. On the Jacob’s ladder of
approximations, hybrid functionals are of a higher rung than GGA, and LDA is on the lowest
rung.s6 According to this, the hybrid functional B3LYP is theoretically a better method.
However, previous studies have shown that approximate exchange functionals tend to
overstablize low spin states, and having HF exchange in the functional overstablizes high spin
states.7s Moreover, without comparison to experimental data, it is difficult to determine the best

HF exchange percentage for a specific molecular system. On the other hand, MO6-L is the
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newest functional among the three and is optimized for transitional metal complexes. After all,
none of the functionals is guaranteed to give better results than the others, unless tested by

experiments. The basis set used with all three DFT methods is def2-TZVP.9

There are many quantum chemistry (QC) software packages available now. Gaussian 09 or
Gaussian 16 may be the most used package by researchers around the world. Among the free
QC software packages, ORCAuo is probably the most popular one for DFT calculations, and it is

used for all the theory calculations in the following chapters.

Some useful features included in ORCA are applied in this study. Considering that these clusters
have as many as 73 atoms, the resolution-of-identity (RI) approximation RIJCOSX was applied
to accelerate self-consistent field (SCF) calculations.11 Otherwise, it is almost impossible to
apply this level of theory to all the following calculations, especially the Cr-Coronene
complexes. The auxiliary basis def2/J is used by RIJCOSX.12 Traditional DFT methods like
B3LYP and PBE cannot describe dispersion forces, and have to be corrected to obtain accurate
energies. Therefore the DFT-D3 correction is applied to all the calculations in this study.13,14
Because weak interactions are involved in some of the clusters studied, this work uses the
geometrical counterpoise correction (gCP) to correct for the basis set superposition error

(BSSE).15

Properties from Theory

Structures and energetics of the target complexes are derived from the theory results, including
the positions of Cr atoms relative to PAH molecules, the spin states, binding energies, and

ionization potentials.
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PAH molecules that have multiple fused benzene rings and provide multiple binding sites for the
Cr atom to interact with. When studying Cr(PAH)1 complexes, relaxed geometry optimizations
are started with Cr binding to each possible n2 or ns site of the PAH. If the structures end with
Cr sitting directly above a carbon atom, they are named after the closest n2 sites, since the metal
atom will lean in one direction or another. For Cr(PAH)2 sandwich complexes, only ns sites are
considered to bind Cr. Details of the model setup for each specific PAH complex are discussed

later in the corresponding chapters.

A bare Cr atom has the electronic configuration of [Ar]3ds4si. This gives rise to several possible
spin multiplicities (represented by M=2S+1) for the Cr-PAH complexes. A neutral complex
with a single Cr can be a singlet (M=1), triplet (M=3), quintet (M=5), or septet (M=7). A singly-
charged cationic complex can be a doublet (M=2), quartet (M=4), or sextet (M=6). Geometry
optimizations are performed for all of the possible spin multiplicities for each complex. Energy

differences between every spin state are compared to determine the ground spin states.

Three kinds of binding energies are derived. B.E.1 stands for the binding energy between a bare
Cr atom or ion and a PAH molecule. B.E.2 is calculated by subtracting the energy of a
Cr(PAH)2 complex from the sum of energies of a Cr(PAH)1 complex and a PAH molecule.
B.E.sum is the energy needed by a Cr atom or ion binding with two PAH molecules to form the
Cr(PAH)2 complex. Considering that the number of ligands around the metal may affect the spin

multiplicity of the complex, binding energies are calculated with and without spin cross over.

Adiabatic and vertical ionization potentials are calculated. The adiabatic ionization potentials
are obtained by subtracting the lowest energy of a neutral complex from the lowest energy of the

corresponding cation. To obtain vertical ionization potentials, single point energies of cations
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are calculated using the geometries optimized for neutral complexes. The spin multiplicities of
the cations are restricted by AM==1. This limits the vertical ionization process to the loss of one

electron without electron rearrangements.

Experiment Setup

Metal PAH complex syntheses are attempted in a home-made apparatus called the Laser
Vaporization Flowtube Reactor (LVFR). The design of the apparatus was developed from ideas
first described by Andres and co-workers.i6-18 The LVFR was described in detail previously.19,20
In this setup, we employ laser vaporization for the metals. PAHs were sublimed from a heated

oven.

The schematic of the LVFR is shown in Figure 2.1. The apparatus has three sections connected
in one vacuum chamber: vaporization, cooling, and collection. In the vaporization section, the
rotating metal rod is ablated by a laser to create a plasma. An excimer laser (Coherent LPX Pro
240F, KrF, 248 nm) running at high power (90-120 mJ/pulse) and high repetition rate (400 Hz) is
used to ablate the metal rod. PAH vapors are produced using a ceramic oven wrapped by a
nickel-chromium alloy resistance heating wire which is placed beside the metal rod. The oven’s
mouth is facing the metal rod, and its temperature is monitored by a thermocouple gauge. The
PAH vapor and metal plasma are both entrained in a flow of inert carrier gas, where metal atoms
and PAH vapors interact with each other and form metal-PAH clusters. The cooling of hot
vapors happens through collisions with the carrier gas. The wall of the first chamber is cooled

by chilled water.
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Figure 2.1 The schematic of the laser vaporization flowtube reactor (LVFR).
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Clusters move down the flowtube into the second chamber through a 13 mm aperture. This
aperture slows the gas flow, thus promoting collisional cooling of the clusters. Additional argon
gas is introduced into this chamber to provide additional collisional cooling. A solvent can also

be added here if materials in solution are wanted.

Materials are collected at several positions in the flow tube. The first is the upper side of the 13
mm aperture. The second position is at the crossing point into the second chamber, where a
glass collection slide is inserted into the gas flow. The last position is in the round bottom flask,
which is filled to an approximate depth of 50 mm with 5 mm diameter glass beads. This flask
can be cooled by liquid nitrogen. The gaseous materials flow down into the flask through a 7
mm aperture. This aperture restricts the flow rate to increase collisions of materials in the

second chamber.

The system is evacuated by an Edwards E2M40 mechanical pump to an ultimate pressure of
1x10-3 torr. Two liquid nitrogen traps are used in between the pump and the collecting flask to

prevent back-streaming of oil into the sample as well as organic solvents into the pump.
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CHAPTER 3

STRUCTURES AND ENERGETICS OF CHROMIUM BENZENE COMPLEXES
PREDICTED BY DFT CALCULATIONS

Introduction

Metal-benzene complexes are well known in organometallic chemistry for many years.1-9
Discoveries of species such as ferrocene and bis(benzene)chromium evoked the concept of the
18-electron rule.10-12 In 1965, ten years after the discovery of di-benzene chromium and the
proposal of its structure, X-ray diffraction experiment confirmed the Dsh sandwich structure with
benzene rings in an eclipsed configuration.13 The computations here adopt these known

structures as starting geometries.

The properties of mono(benzene)chromium and bis(benzene)chromium have been thoroughly
studied in both the condensed phase and gas phase. Electron spin resonance (ESR) spectra of
ionic bis(benzene)chromium complexes suggested that the electrons of chromium have strong
interactions with the = electrons of benzene.1415 A calorimetry study by Conner et al. showed
that the dissociation of both benzene from bis(benzene)chromium requires 78 kcal/mol (3.39eV)
with a spin cross over from the singlet of bis(benzene)chromium to the septet of ground state
Cr.16 Penner et al. performed photodissociation and photoionization of bis(benzene)chromium
and proposed the possible formation of mono(benzene)chromium from the decomposition of
Cr(CsHs)2.17 Bond energies of ionized chromium benzene complexes were measured by
Armentrout and co-workers,1e Dunbar and co-workers,19 and Baer and co-workerszo,21 using

different methods. The photoelectron spectra of Cr(CsHe)2 were measured by several groups.22-
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25 Several groups have reported vertical ionization energies of 5.4 — 5.7 eV.22-29 Richardson and
co-workers also measured an adiabatic ionization energy of 5.45 eV through an electron-transfer

equilibrium experiment.2s

Numerous calculations have been reported on these systems as well. The present study uses the
chosen DFT methods to calculate the structures, binding energies and ionization energies of
mono(benzene)chromium and bis(benzene)chromium. These results are compared with

experimental data to validate our calculation methods.

Model Setup

Bis(benzene)chromium has Dsh symmetry.13 Computations here begin with geometries of
Cr(bz)2 (bz=benzene) complexes for optimization where the benzenes are in an eclipsed
configuration and the chromium is aligned to the centroids of the benzenes. In the geometry
optimization of Cr(bz)1 complexes, the structures are initialized with Cr sitting over the centroid
of benzene, which has Cev symmetry. The geometry optimizations are relaxed for all atoms

without any symmetry restrictions.

Calculations without the RIJCOX approximation are also performed. The results are compared
to assess the discrepancies caused by RIJCOX. Similarly, energies without the gCP correction

are investigated to check for its effect.

Binding energies are calculated with spin crossover. Cr atom is in its septet spin state (5=6) and
Cr+ has a sextet spin state (S=5). Cr(bz)1 complexes are in high spin states, namely the same
multiplicities as those for their corresponding Cr atom or cation. Cr(bz)2 neutral complex is

known to have no unpaired electrons. Therefore the spin multiplicities are set to singlet (5=0)
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for neutral complexes and doublet (S=1) for cations. Spin states are deliberately selected when
calculating ionization potentials. In order to compare the results with experimental data, the
septet Cr(bz)1 is ionized to the sextet Cr(bz)1+ and the singlet Cr(bz)2 is ionized to the doublet

Cr(bz)2+.
Structures and Spin Multiplicities

Cr(bz)1 structures have not yet been experimentally determined. Previous theoretical studies
suggest that they have Cev symmetry in the high spin states.19,30 Optimized structures from this
work also have symmetries close to Cev, where the Cr aligns to the centroid of the benzene ring.
Because no symmetry restriction is applied here, sometimes the carbon atoms move out of the
benzene planes after geometry optimizations. For example, the low-spin (M=2) cationic
structure shown in Figure 3.1 has one carbon atom apparently located further away from the Cr
than the other carbon atoms. This is probably due to the breaking of symmetry caused by the
unpaired electrons in higher spin states. From Figure 3.1, we can observe that the distance
between the Cr and the benzene ring is much larger in the septet state (M=7) than in other spin
states. The general trend is that the Cr-ring distance increases with the spin multiplicity.
Specifically in the results from B3LYP calculations, the Cr-ring distance is 1.55 A in the singlet,
1.69 A in the doublet, 2.22 A in the sextet, and 2.88 A in the septet. Different DFT methods
predict different values for the Cr-ring distances. According to a previous X-ray crystallography
study, the Cr-ring distance in the singlet Cr(bz)2 is 1.7 A. The computations here give 1.65, 1.61,
and 1.60 A with B3LYP, PBE, and MO6L, respectively. B3LYP out-performs the other two in
predicting the Cr-ring distance for the singlet bis(benezene)chromium, while we do not know
how these DFT methods perform for the other complexes. These distances may not be reliable

because DFT methods are usually not good at predicting non-covalent bond distances.
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Nevertheless, the trend of distances varying with multiplicities is consistent through all the
methods. This is also true for Cr(bz)2and Cr(bz)2+. The Cr-ring distances in the Cr(bz)2
complexes (B3LYP) are 1.65 A in the singlet and 3.36 A in the septet for the neutral complexes.
They are 1.66 A in the doublet and 2.34 A in the sextet for the cationic complexes. These
distances are longer than those in the Cr(bz)1 complexes. This indicates that the electrostatic

interaction is not the dominant force determining the Cr-benzene distance.

The spin multiplicities predicted in this work are consistent with those reported in previous
theoretical and experimental studies. Table 3.1 shows the relative energies of Cr(bz)1 complexes
in different spin multiplicities. All three DFT methods predict the ground state to be the highest
possible spin state, namely M=7 for neutral Cr(bz)1 and M=6 for cationic Cr(bz)1+. However,
apparently B3LYP predicts a much greater energy difference between the low and high spin
states. Specifically, the energy of the singlet Cr(bz)1 predicted by B3LYP is 42.8 kcal/mol
relative to that of the septet. The other two methods predict this value less than one third of that
predicted by B3LYP. Previous studies have shown that exact HF exchange functionals tend to
over stabilize high spin states, which is a characteristic of B3LYP.31,32 Therefore, the energies of
Cr(bz)1 complexes in high spin states (M=6, 7) will be lower with B3LYP than with PBE and

MO6L, and the low spin states will in turn exhibit relatively higher energies.

As shown in Table 3.2, Cr(bz)2 complexes have low spin states (M=1, 2) as their ground states.
However, B3LYP does not find the doublet as the minimum energy spin state of Cr(bz)2+. If
RIJCOX acceleration and gCP correction are not used in the calculations, B3LYP finds the
minimum energy for the doublet. Even so, the energy difference (1.1 kcal/mol) between the
doublet and the sextet is small compared to the common error of DFT calculations (~2-3

kcal/mol), which means that we cannot be sure about the ground state. This effect is possibly

22



due to the exact HF exchange functionals in B3LYP, which makes the energies of the high spin

states much lower than those predicted by PBE and MO6L.

M=7 M=6

Figure 3.1 Selected optimized Cr(bz)1 structures in neutral (M=1, 7) and cationic (M=2, 6)

forms, with their lowest and highest possible spin states.
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Table 3.1 Relative total energies (E or E’, in kcal/mol) of Cr(bz)1 neutral and cationic complexes, and the effects of RIJCOX (ARI)

and gCP (AgCP). Prime superscripts () indicate that DFT methods include RIJCOX and gCP, i.e. E'pFt = EpFt + ARI +AgCP.

Complex M E'Bsyr ARI  AgCP E'rBE ARI AgCP E'mos.  ARI  AgCP
1 42.8 -04 +7.1 141 +0.7 +7.2 11.9 -0.0 +7.4
3 39.3 -0.2  +6.8 13.0 -0.0 +7.0 12.9 -0.1 +7.0
5 20.5 -0.1  +6.0 48 -00 +63 0.5 -0.0 +6.3
Cr(bz)1 7 0.0 -0.1 +4.1 0.0 -0.1 +45 0.0 +0.2 +4.5
2 443 -0.7  +6.3 266 -2.8 +6.7 31.9 -0.1 +7.0
4 29.8 -0.2  +6.3 16.0 -0.0 +6.5 17.0 -0.1 +6.6
Cr(bz)1+ 6 0.0 -0.1  +5.1 0.0 -00 +55 0.0 +0.1 +5.6
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Table 3.2 Relative total energies (E or E’, in kcal/mol) of Cr(bz)2 neutral and cationic complexes, and the effects of RIJCOX (ARI)

and gCP (AgCP). Prime superscripts (') indicate that DFT methods include RIJCOX and gCP, i.e. E'ort = EpFT + ARI +AgCP.

Complex M E'BsLyr ARI  AgCP E'pBE  ARI AgCP E'mos.  ARI  AgCP
1 0.0 -0.3 +13.6 0.0 -0.0 +13.7 0.0 -0.0 +14.1
3 23.2 -0.3 +12.6 303 +0.3 +12.8 28.0 -0.1 +13.0
5 23.2 -0.3 +10.4 45.0 +84 +11.0 33.8 -0.0 +11.1
Cr(bz)2 7 224  -21.2 499 80.3 -0.0 +10.2 58.6 +0.2 +10.4
2 1.1 -03 +13.5 0.0 -0.1 +13.6 0.0 -0.1 +14.0
4 15.1 -04 +11.0 314 -0.0 +12.1 21.3 -0.1 +12.2
Cr(bz)2+ 6 0.0 -0.1  +9.7 393 -0.1 +10.1 21.2 +0.1 +10.3
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The data in Table 3.1 and 3.2 show that the errors introduced by the RIJCOX approximation are
small enough to be ignored. Some of the extraordinarily high ARI values result because the
geometry optimizations with RIJCOX do not converge to a stable minimum. Without the
RIJCOX approximation, the self-consistent field (SCF) calculations are not even possible for
larger systems such as chromium coronene complexes. Afterall, RIJCOX is a very helpful
approximation to greatly accelerate the calculations without introducing much error. Geometric
counterpoise (gCP) is a cheap tool to correct the basis set superposition error (BSSE).33 It is
done after each geometry optimization cycle with little cost. The closer two fragments are, the
basis sets are going to have more superpositions, thus gCP will add more to the total energy.
Given that the structures in high spin states have the Cr and benzene ring further apart, gCP
affects the energies in the low spin states more. That is shown in Table 3.1 and 3.2. AgCP
values are greater in the low spin states where the Cr-ring distances are shorter. Even though
gCP will add 10 kcal/mol or more to the exact total energies, AgCP values are always positive
and the differences between each spin states are not so large. As a result, the application of the
gCP correction usually does not change the order of relative energies. In general, gCP is a cheap

and useful correction to be used in this study.

Binding Energies

The dissociation of Cr(bz)20+ complexes may be composed of two consecutive steps. The first is

the loss of benzene:

Cr(bz)20+ — Cr(bz)10/+ + bz

According to the results shown later, the ionization potential of Cr(bz): is much lower than the
9.2 eV value of benzene. Therefore, after the dissociation of Cr(bz)2+, the charge should stay on
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the metal complex instead of on the benzene. The second step is the loss of the other benzene,

which equals the dissociation of Cr(bz)10/+:

Cr(bz)10/+ — Cro+ + bz

The ionization potential of Cr is about 6.77 eV, which is lower than that of benzene. So the

cationic Cr(bz)1+ dissociates into a Cr+ cation and a neutral benzene.

The calculated binding energies in this work comply with the Wigner-Witmer spin conservation
rules.ss Because the ground state of Cr(bz)z is a singlet, both of the products in the first step are
singlets. Similarly, the doublet Cr(bz)2+ generates a doublet Cr(bz)1+ and a singlet neutral
benzene. Because Cr atom is a septet, the binding energies are calculated for septet Cr(bz)1 and
sextet Cr(bz)1+ from septet Cr and sextet Cr+, respectively. If this is the real situation, the spin
multiplicities of Cr(bz)1 complexes change between step one and step two. In other words, there
is an intersystem crossing (ISC) before Cr(bz)1o+ further dissociates so that the spin states can

cross from septet/sextet to singlet/doublet.
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Table 3.3 Binding energies (in kcal/mol) predicted by DFT calculations, and the effects of RIJCOX (ARI) and gCP (AgCP). Prime

superscripts (') indicate that DFT methods include RIJCOX and gCP.

Reaction Expzt  B3LYP' ARl AgCP  PBE' ARI AgCP  MOBL' ARI AgCP
Cr(bz)z+ — Cr(bz)1++ bz 57.9 744 35 -06 959 -33 -27 898 -33 00
Cr(bz)1+ — Crs+ bz 39.2 418  -14 0.0 462 -19 0.0 474 20 -01
Cr(bz)2 — Cr(bz)1 + bz 64.1 687 -2.8 -0.3 825 -30 -0.8 755  -30 0.0
Cr(bz)1 — Cr + bz 1.4 6.8 05 0.0 42  -08 +0.1 60  -09 -02
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The results from DFT calculations are shown in Table 3.3. The energies listed below the DFT
methods have taken RIJCOX and gCP into account. The results are compared to the values
obtained by Baer and co-workers via experiments.21 As is shown in the table, binding energies
from the computations are systematically higher than the experimental results. Among the three
DFT methods, B3LYP has the binding energies closest to the experimental data. One abnormal
number is the binding energy calculated from the first dissociation step of Cr(bz)2+. The value
predicted by B3LYP is more than 16 kcal/mol higher than the value obtained by experiment.
The other two methods are even worse for this value. If the spin conservation rule is violated,
namely the doublet Cr(bz)2+ dissociates to the quartet Cr(bz)1+ and the singlet benzene, the
binding energies will be closer to the experimental result. They are 59.9, 85.3 and 57.9 kcal/mol
for the dissociation with the spin state cross over from a doublet to a quartet with B3LYP, PBE
and MOG6L respectively. These values match better with the experiment. This may result from a
spin crossover happening during the dissociation. In addition, ARI and AgCP are usually

negative, which make the computational results closer to the experimental values.
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Table 3.4 lonization energies (eV) of chromium benzene complexes calculated for both vertical
(IPv) and adiabatic (IPa) ionizations. Prime superscripts (') indicate that DFT methods include

RIJCOX and gCP.

Transition 6—7Cr(bz)1 2<1Cr(bz)2
Exp.29 5.13 543
B3LYP IPv 5.82 5.24
IPa 5.38 5.25
B3LYP’ IPv 5.81 5.25
IPa 5.43 5.24
PBE IPv 5.76 5.42
IPa 5.35 5.41
PBE’ IPv 5.79 542
P2 5.45 541
MO6L IPv 5.45 5.30
[Pa 4.99 5.29
MO6L' IPv 5.45 5.29
IPa 5.04 5.28
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lonization Potentials

The calculated vertical and adiabatic ionization potentials are presented in Table 3.4. The
selection rule for the multiplicity change of AM=1 is applied here. Considering that the
theoretical ground state of Cr(bz)1 is a septet, and the experimentally confirmed ground state of
Cr(bz)2 is a singlet, the ionization potentials presented here are either ¢—7Cr(bz)1 or 21Cr(bz)2.
These calculated values are also compared to the experimental data obtained by Kaya and co-
workers.29 For the ionization of the singlet Cr(bz)2 to the doublet, PBE gives us the best values
compared with the experiment. The differences between the vertical and adiabatic potentials are
very small for Cr(bz)2, whichever DFT method is chosen, suggesting that its structure does not
change much after ionization. The RIJCOX approximation and gCP correction have little effects
on these values. On the other hand, none of these DFT methods give ionization potentials close
to the experimental result for Cr(bz)1. The best of them, which is obtained with MO6L', is 0.9 eV
lower than the 5.13 eV value that was derived from the experiment. According to the
experiment, the ionization potential of Cr(bz)1 is lower than that of Cr(bz)2 by about 0.3eVV. On
the contrary, in this work, except in the case of the adiabatic ionization potentials calculated with
PBE and MO6L", all the other ionization potentials of Cr(bz)1 are higher than those of Cr(bz)2.
Despite the exact values, the adiabatic ionization potential difference between Cr(bz)1 and
Cr(bz)2 is 0.24 eV based on the MO6L" predictions, which is closest to the experiment results. It
is shown in Table 4.3 that the vertical ionization potentials of Cr(bz)1 are higher than the
adiabatic ionization potentials by 0.3 to 0.4 eV. This is due to the significant structure changes
after ionization in the theory. In addition, RIJCOX and gCP introduce more discrepancies (up to

1 eV) to the ionization potentials of Cr(bz): than to those of Cr(bz)2. This may hint indirectly
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that these DFT methods are not very reliable in the calculating energies and structures of Cr(bz)1

in its high spin states.

Summary

The geometry optimizations of DFT calculations result in correct symmetries, at least for Cr(bz)2
complexes. The Cr-ring distance increases as the spin multiplicity increases. The ground spin
states are predicted to be singlet for Cr(bz)2, doublet for Cr(bz)2+, septet for Cr(bz)1 and sextet
for Cr(bz)1+, which are consistent with previous experiments or theoretical calculations. B3LYP
is shown to have higher energies for the low spin states and lower energies for the high spin
states compared to the other two DFT methods. This causes difficulties in determining the
ground spin state of Cr(bz)1+. The binding energies obtained from all these DFT calculations are
systematically higher than the experiment results. B3LYP has the best performance concerning
binding energies. However, all of these methods fail to reproduce the energy of losing one
benzene from Cr(bz)2+. This could be either due to the nature of the DFT methods or because
the reaction used for evaluating the binding energy violated the spin conservation rule.

lonization potentials are also calculated here. PBE gives the values closest to the experiment for
Cr(bz)2, while none of the DFT methods succeeds for Cr(bz)1. By comparing vertical and
adiabatic ionization potentials, it can be seen that during adiabatic ionization, the structures of
Cr(bz)2 change little and the structures of Cr(bz)1 change much more. It is also shown that the
RIJCOX approximation and the gCP correction usually have little effect on the energetics. On
the other hand, RIJCOX can greatly accelerate the SCF calculations, which is necessary when

calculating larger systems.
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CHAPTER 4

STRUCTURES AND ENERGETICS OF CHROMIUM NAPHTHALENE COMPLEXES
PREDICTED BY DFT CALCULATIONS

Introduction

Naphthalene naturally exists in coal tar and crude oil. It is used in the industries of plastics,
resins, fuels, and dyes. We also use it in our daily lives as an insecticide to control moths. It
consists of two fused benzene rings, which grants it potential to form complexes with chromium

in the same way that benzene does.

Two decades after the original preparation of bis(benzene)chromium, bis(naphthalene)chromium
was first prepared using chromium atoms.1,2 More convenient synthesis from organometallic
precursors was reported by Ellis and co-workers in 1997.3 A later calorimeter study showed its
enthalpy of dissociation to be 70 kcal/mol, which is slightly lower than that of the benzene
complex.s The geometric structure was determined to have Cov symmetry by X-ray
crystallography and nuclear magnetic resonance spectroscopy.s,s Morand and co-workers
studied the electronic structure of bis(naphthalene)chromium both experimentally and
theoretically.7g Ligand exchange studies have shown that the binding strength of arenes to Cr
follows the order benzene > naphthalene > pyrene.o,10 This indicated that bis(arene)chromium
may prefer smaller arenes. The redox potentials between neutral and +1/+2 charged complexes
were measured using cyclic voltammetry.11 With two benzene rings fused together, the size of
naphthalene fits well in the trend from benzene to coronene. This study uses DFT methods to
study the structures and energetics of chromium naphthalene complexes.

37



Model Setup

The two benzene rings in a naphthalene are chemically identical. There are 5 different ne and n2
binding sites on each side of the naphthalene surface, as is shown in Figure 4.1. Geometry
optimizations of Cr(naph): (naph=naphthalene) start with structures where Cr binds to those
sites. The optimized structure may end with Cr directly sitting above one carbon, in a o-bonded
configuration. In this case, the structures are named as their closest n2-bonded structures. The
nomenclature for Cr(naph)1 complexes takes the form of 1b, where 1 represents the number of
naphthalene and b tells us which binding sites the Cr sits over. An example of 1b is shown in

Figure 4.1.

When there are two naphthalene molecules facing each other and flanking both sides of Cr, not
only can the Cr interact with different binding sites on each naphthalene, but also one of the
naphthalenes can rotate about the Cr in parallel with the other one. The structures are named
following the pattern of 2ab, Gmin. 2 means there are two naphthalene molecules. Cr is over the
site a of one naphthalene and the site b of the other naphthalene. In addition, éwin indicates that
the staggering angles of the two naphthalene molecules are minimal or close to 0°, where they
can have the greatest nt-rt interaction. Two examples are shown in Figure 4.1. From this chapter

on, all the computation results are from calculations with the RIJCOX approximations and the

gCP corrections unless otherwise noted.

The geometry optimizations of the Cr(naph)io+ complexes started with the five structures from
la to 1e respectively at each spin state. For the Cr(naph)2o+ complexes, the geometry

optimizations only started with the Cr at the position 2bb. The staggering angles are set to 0°,
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90°, and 180° at the beginning of the calculations, but are simplified to Omin and Omax in the

results.
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Naphthalene
binding sites

2bb,6, .,

Figure 4.1 Possible binding sites on naphthalene and Cr-naph complex examples.
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Geometries and Spin Multiplicities

Cr(naph)1 structures have not yet been experimentally determined. However, it was suggested
that the Cr atom prefers to bind to the ns-type site b in naph-Cr-L complexes, where L stands for
other ligands.s Table 4.1 and 4.2 show the relative energies of optimized Cr(naph)z+o structures
in different spin states from this study. B3LYP and PBE both predict a septet (M=7) to be the
ground spin state for the neutral complexes, while MO6L predicts it to be a quintet (M=5).
However, the energy differences between the quintet and the septet are very small with PBE and
MO6L computations. Given the common error of 2-3 kcal/mol for DFT calculations, we cannot
determine which of these two truly has the lowest energy. For the cationic complexes
Cr(naph)1+, on the other hand, all three methods suggest the sextet to be the ground spin state and

that is over 10 kcal/mol lower in energy than the quartet.

An interesting aspect of the structures occurs when the Cr binds on naphthalene. Some selected
optimized structures are shown in Figure 4.2. 1a, 1b and 1d configurations are predicted to have
the minimum energies among neutral complexes with B3LYP, M0O6L, and PBE calculations,
respectively. According to the data shown in Table 4.1, the energy differences between
structures in the same spin state with Cr on different binding sites are very small for the neutral
complexes. The 1b configuration is only 0.3 kcal/mol higher in energy than 1a as septets based
on B3LYP calculations. Similarly, the septet structures optimized with MO6L (1b, 1c, le) differ
in energy by less than 0.1 kcal/mol. The energy difference between the septet 1c and 1d is also
0.1 kcal/mol according to PBE. As is seen from these results, the three DFT methods used in
this study cannot determine a definitive Cr binding site for the neutral Cr(naph)1. However, their
performance is acceptable for the cationic Cr(naph)i+ complexes. Most of the geometry

optimizations end with Cr+ binding to the ne-type site b. Even though some of the cation
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computations find stable 1a configurations, their energies are several kcal/mol higher than the
those of 1b configurations. Thus we can conclude that Cr+ prefers to bind to site b, which is over

the centroid of the benzene ring.

As we can see from Figure 4.2, the Cr-ring distance varies with the spin multiplicity of the
Cr(naph)1o+. Cr atoms or cations farther away from naphthalene planes are in higher spin states
(M=6 or 7) rather than in lower spin states (M=1 or 2). To be specific, the Cr-ring distances
predicted by MO6L in this study are determined to be 1.47, 1.59, 1.61, 1.68, 1.78, 1.98, and 2.37
A for M=1 to M=7, respectively. These distances predicted by MO6L are shorter than those
predicted by B3LYP and PBE. B3LYP gives the longest Cr-ring distances among all th ree
methods. Even though it is not reasonable to compare these values across DFT methods, the fact
that the Cr-ring distance increases as the spin state increases is consistent for each DFT method.
If the electrostatic interaction is the dominant force for the Cr-naphthalene bond, we would
expect the Cr to be closer to the naphthalene as a cation than as a neutral atom. Given that the
Cr-ring distances in cationic complexes are shorter than those in the corresponding neutral
complexes (with M-1 spin multiplicities), it is suggested that the electrostatic interaction

contributes little to the Cr-naphthalene binding.
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Table 4.1 Relative energies (in kcal/mol) of Cr(naph)1 neutral complexes, in different spin states,

whose geometries are optimized in theory levels B3LYP, PBE and MOG6L.

DFT M 1a 1b 1c 1d le
B3LYP 1 - 50.9 ; ] ]
3 50.3 39.0 - - -
5 15.3 14.9 - 14.8 ]
7 0.0 0.3 ; ] ]
MO6L 1 - 24.7 - - -
3 - 20.4 ; ] ]
5 - 0.0 ; i ]
7 - 3.4 33 - 3.4
PBE 1 - 21.1 - 3 )
3 - 17.6 - 31.4 -
5 - 2.6 - 1.6 10.7
7 - - 0.1 0.0 -
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Table 4.2 Relative energies (in kcal/mol) of Cr(naph)i+ cationic complexes, in different spin

states, whose geometries are optimized in theory levels B3LYP, PBE and MO6L.

DFT M 1a 1b 1c 1d le
B3LYP 2 - 43.2 ; ] ]
4 - 26.0 - 36.9 -
6 2.5 0.0 . ] ]
MOBL 2 - 328 - 3 ;
4 - 13.1 - - -
6 - 0.0 ; ] ]
PBE 2 - 26.8 - - -
4 - 11.7 - - -
6 5.0 0.0 - ] ]
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1b (M=1) b (M=3)
1b (M=5) " 1a(M=7)
1c (M=7) 1d (M=7)
1b (M=2) 1b (M=4)
1a (M=6) 1b (M=6)

Figure 4.2 Selected Cr(naph): structures after geometry optimizations, in neutral (M=1,3,5,7)

and cationic (M=2,4,6) forms.
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Some of the Cr(naph)2o/+ geometries optimized by DFT methods are shown in Figures 4.3 and
4.4. As in the case of Cr(naph)z, the Cr-ring distances also increase with the spin multiplicities.
As a result, Cr(naph)2 complexes should have the same type of bond between Cr and naphthalene
as Cr(naph)1 complexes have. The Cr-ring distance in the singlet Cr(naph)z2 is about 1.66 A, as
measured in a previous X-ray crystallography study.s This distance is calculated to be 1.64,

1.64, and 1.66 A by PBE, MO6L, and B3LYP, respectively. Among the three, B3LYP gives the
result that is the closest to that from the crystallography. For both singlet Cr(bz)2 and Cr(npah)z,
B3LYP out-performs the other two methods in predicting the Cr-ring distances. Therefore,
B3LYP may be the best method to predict Cr-ring distances in Cr-r complexes. There is no
experiment data for the complexes in their higher spin states. Thus we cannot be sure whether

B3LYP can give the Cr-ring distances closer to the reality than the other two for these systems.

Tables 4.3 and 4.4 present the calculated relative energies of the neutral and the cationic
Cr(naph)2 complexes. All three DFT methods predict that the ground spin state of the neutral
Cr(naph)z is a singlet, which is consistent with the experiment. The energy differences between
the singlet and the septet calculated by PBE and MOGL are relatively large (about 25 kcal/mol).
On the other hand, the energy differences between different spin states are small in the B3LYP
computations. The energy difference between the singlet and the septet predicted by B3LYP is
7.7 kcal/mol. In addition, B3LYP predicts the sextet to be the ground spin state for the
Cr(naph)2+, while PBE and MO6L predict the doublet. This discrepancy between B3LYP and the
other two methods is also seen for Cr(bz)2+, which is attributed to the HF exchange included in

the functional.12,13

When comparing the energies in the same spin state, but with large and small staggering angles

(bmin and Omax) in the structures, we can see that the energy differences are usually less than 4
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kcal/mol, except in the B3LYP-calculated low spin states (M=1, 2). Generally, the structures
with small staggering angles (6min), have lower energies, especially in the ground spin states.
With small staggering angles, the two conjugated = systems of two naphthalene molecules can
overlap more. Therefore the fact that structures with Omin are stable indicate that the n-n
interaction plays an important role in stabilizing complexes with two naphthalene molecules.
However, the small energy differences between structures with 6min and 6max suggest that the
effect of the n-mt interaction is not as great as the spin multiplicity on the stability of Cr-
naphthalene complexes. The influence of the nt-rt interaction can be seen from the structures
shown in Figures 4.3 and 4.4. It has already been shown that the Cr-naphthalene distance is
longer in higher spin states. Hence, it is apparent from the figures that the insertion of a high
spin (M>3) Cr pushes two naphthalene molecules away from each other at the Cr-bound ends,
while on the other ends the =-rt interaction bring them closer together. Hence the naphthalenes
in those structures are not parallel, but are tilted like a clamp with the wide end grasping a Cr

atom.
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2cc, 6, (M=7) 2¢C, 0. (M=7)

Figure 4.3 Selected structures determined for neutral Cr(naph)2.
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Table 4.3 Relative Energies (kcal/mol) relative to the minimum, of Cr(naph)2 complexes with
geometries optimized in different theory levels. Omin (Or 6max) indicates that two coronene

molecules have small (or large) staggering angles.

DFT M 2bb,Omin  2b€,0min  2cc,Omin - 2ee,Omin  2bb,Omax  2cc,Omax  2ee,Omax
B3LYP 1 0.0 - - - 27.7 - -
3 - 6.3a - - - - 6.2
5 - - - 4.00 - - 2.6¢
7 - - - 7.7 - 10.7 -
PBE 1 0.0 - - - 2.4 - -
3 8.1 - - - 8.2 - -
5 - 23.0 - 21.7 - - 22.7
7 - - 38.1 - 25.7 - 40.0
M0O6-L 1 0.0 - - - 2.5 - -
3 4.1 - - - 4.6 - -
5 - 14.5 - - - - 12.3c
7 - - 23.9 - - 25.8 -
a 2bc,Omin
b 2de,Omin
¢ 2¢€,0min
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- -

be, emin (M=2) 2bb, emin (M=4)

2ee, 0.,i, (M=6) 2ee, 0,,,, (M=6)

Figure 4.4 Selected structures determined for Cr(naph)2-+.
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Table 4.4 Relative Energies (kcal/mol) relative to the minimum, of Cr(naph)2+ complexes with
geometries optimized in different theory levels. Omin (Or 6max) indicates that two coronene

molecules have small (or large) staggering angles.

DFT 2bb,Omin  2cc,Omin - 2ee,Omin - 2bb,Omax  2ee,Omax
B3LYP M=2 17.2 - - 26.9 -
M=4  12.1 - - 11.0 -
M=6 - - 0.0 - 1.5a
PBE M=2 0.0 - - 1.7 -
M=4  10.0 - - 10.2 -
M=6 - - 19.1 - 21.6
M06-L M=2 0.0 - - 1.9 -
M=4 1.4 - - 1.4 -
M=6 - 4.8 - - 5.8
a 2C€,0max
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Binding Energies

The dissociation of Cr(naph)2o0+ complexes may be composed of two consecutive steps. The first

is the loss of naphthalene:

Cr(naph)20+ — Cr(naph)io+ + naph

According to the results shown later, the ionization potential of Cr(naph): is much lower than the
8.14 eV value of naphthalene. Therefore, after the dissociation of Cr(naph)2+, the charge should
stay on the metal complex instead of on the naphthalene. The second step is the loss of the other

naphthalene, which equals the dissociation of Cr(naph)ios+:

Cr(naph)1o+ — Cror+ + naph

The ionization potential of Cr is about 6.77 eV, which is lower than that of naphthalene. So the

cationic Cr(naph)1+ dissociates into a Cr+ cation and a neutral naphthalene.

Calculated binding energies of Cr binding to naphthalene molecules are shown in Table 4.5,
including binding to the first, the second, and both naphthalene molecules, which are represented
by B.E.1, B.E.2, and B.E.sum, respectively. Both the results with the Wigner-Witmer spin
conservation rules (M=M"),14 and with the spin cross over (M#M") are shown in Table 4.5. M is
the spin multiplicity of the Cr complex with more naphthalene ligands, namely the spin
multiplicity of a bare Cr for B.E.1 and B.E.sum, and the spin multiplicity of the Cr(naph)zos+ for
B.E.2. When the spin cross over is taken into account, the spin multiplicity of the Cr complex
with fewer naphthalene ligands (M”) is set to its ground spin state predicted by computations. In
most cases, M"=7 is chosen for the Cr atom and Cr(naph)1, and M"=6 for Cr+ and Cr(naph)a+.

An exception is the results of B.E.2 with MO6L, since MO6L, unlike the other two methods,
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predicts the ground spin state of the Cr(naph)1 as a quintet, as seen in Table 4.1. The B.E.1
values for neutral complexes are either negative or very small if we take the spin cross over into
consideration. The flip of the electron spins, which happens during the spin cross over, costs
energy, thus the binding energies with the spin conservation (M=M") are always larger than
those with the spin cross over (M#M"), as seen in Table 4.5. Because the energy released from
adding the first naphthalene to a Cr is sometimes less than the energy required to flip an electron

spin, negative values can be seen in this Table.

The binding energies computed for the naphthalene complexes are compared to those computed
for the corresponding benzene complexes in Table 3.3. The binding energies B.E.1 with M =
M’=6or 7, and B.E.2 with M = M"=1 or 2 are selected to be compared with those of the
benzene complexes. All three DFT methods agree that the B.E.2 of the naphthalene complexes
are smaller than those of the benzene complexes. This is also supported by ligand-exchange
experiments, which indicate benzene binds stronger to Cr than naphthalene.s,10 In these
experiments, the complexes had two or more ligands on Cr, and the ligand-exchange reactions
only substituted one of the ligands. Hence it is reasonable to compare the experiments with the
computed B.E.2, but not with the B.E.1. The B.E.1 values computed for the Cr-naphthalene
complexes are larger than those computed for the Cr-benzene complexes with B3LYP and PBE.
They are larger by about 4 kcal/mol for the cationic complexes, and by about 1.5 kcal/mol for the
neutral complexes. However, MO6L predicts the B.E.1 for the naphthalene complexes to be
smaller than those for the benzene complexes, by 3 and 1 kcal/mol for the neutral and cationic
complexes. Unfortunately, no experimental data is available, so that we cannot be sure whether

benzene or naphthalene binds stronger to Cr.
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Table 4.5 Bond energies (kcal/mol) of Cr binding to the first (B.E.1), the second (B.E.2), and
both (B.E.sum) napthalenes, with (M#M") and without (M=M") spin cross over. B.E.X =

E[Cr(naph)x-10+] + E[naph] — E[Cr(naph)xo+]. B.E.sum = E[Croi+] + 2E[naph] — E[Cr(naph)2o+].

B.E.l B.E.2 B.E.sum
M’ M=M" M#M’ M=M" M#M’ M=M" M#M’
B3LYP 1 64.6 -40.4 64.2 15.6 128.8  23.7
3 19.7 -30.8 48.2 9.3 67.9 17.4
5 11.2 -6.8 26.6 11.7 37.7 19.8
7 8.1 - 7.9 - 16.0 -
2 57.2 2.1 61.3 18.1 1185 634
4 58.6 19.3 51.3 25.4 1099 70.7
6 45.3 - 37.5 - 82.8 -
PBE 1 54.2 -15.1 76.9 55.9 1311 618
3 45.9 -11.7 65.4 47.8 111.3  53.7
5 31.2 3.4 36.7 34.2 67.9 40.1
7 5.9 - 17.8 - 23.6 -
2 81.9 23.2 86.2 59.4 168.1 109.4
4 79.0 38.3 61.1 49.4 1401 994
6 50.5 - 40.3 - 90.2 -
MO6L 1 93.1 -18.1 72.9 48.4 166.0 54.8
3 36.8 -14.0 64.1 43.8 101.0 50.1
5 20.0 6.4 33.6 - 53.7 40.0
7 3.1 - 27.7 244 30.8 -
2 75.5 14.1 81.2 48.4 156.7  95.3
4 75.2 33.8 60.4 47.2 1356  94.2
6 46.9 - 44.1 - 91.0 -
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lonization Potentials

The calculated vertical and adiabatic ionization potentials (IPv and IPa) are presented in Table
4.6. The selection rule for the multiplicity change of AM=1 is applied here. For vertical
ionization, the structures of cations are inherited from the neutral clusters. Since the lowest
energy computed by MO6L for the neutral Cr(naph)z is a quintet, the IPa is evaluated as the
M=6+«-5 transition. In the same manner, the IPa of Cr(naph)2 computed by B3LYP is evaluated
as the M=6+«1 transition. The IPv values are compared to the IPv values of benzene complexes
shown in Table 3.4. The ionization potentials of ¢—7Cr(naph)1 and 2—1Cr(naph)z are smaller than
those of the corresponding ionization of the Cr-benzene complexes. This is probably because
naphthalene has a larger conjugated r system to stabilize the cations of the Cr naphthalene

complexes.

The ionization potential of Cr(naph)2 is measured to be 5.9 eV using the electron ionization
experiment.1s From Table 4.6, we can see that the IPv values of Cr(naph)2 from a singlet to a
doublet are smaller than the experiment for all three methods The IPa computed from PBE
calculations is 6.03 eV, which is the closest value to the experiment. In both cases of vertical
and adiabatic ionizations, PBE gives the ionization potentials that match the experimental result
the best. As is discussed in Chapter 3, PBE also predicts the ionization potential of Cr(bz)2 that
matches the experiment. From these two instances, we may conclude that PBE is the probably
the best DFT method among the three in computing the ionization potentials of the Cr(PAH)2

complexes.
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Table 4.6 Vertical ionization potentials (IPv) and adiabatic ionization potentials (IPa) of
Cr(naph)x complexes in the unit of eV, where the spin multiplicity change is limited to AM=+1
in vertical ionizations. M is the spin multiplicity of a neutral complex, and M” is the spin

multiplicity of a cationic complex.

PBE B3LYP MO6L
Complex M M IPv IPa IPv IPa IPv IPa
1 2 5.78 4.84 5.67
3 2 5.90 5.83 5.68
x=1 3 4 5.35 4.87 491
5 4 5.84 6.01 5.78
5 6 5.74 5.19 552 5.08
7 6 569 5.35 569 5.33 5.17
1 2 523 6.03 507 438 510 5.27
3 2 5.14 5.81 5.17
X=2 3 4 5.67 5.05 5.33
5 4 5.34 5.45 5.36
5 6 5.50 4.42 4.97
7 6 4.47 4.16 4.33
aM=1and M"=6.
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Summary

The ground spin states of Cr(naph)1 and Cr(naph): are believed to be septet and singlet, and
those of their corresponding cations are believed to be sextet and doublet, except that MO6L
predicts the Cr(naph)1 to be a quintet and B3LYP predicts the Cr(naph)2+ to be a sextet. The Cr
prefers to bind over the centroid of one benzene ring with a slightly higher binding energy
compared to the other sites. The Cr-ring distance increases as the spin multiplicity increases. In
the complexes with two naphthalene molecules, the =-r interaction plays an important role in
promoting the stability of the complexes. Even though the insertion of a Cr tends to push two
naphthalene molecules away, the n-n interaction pulls them together at the ends without the Cr.
Therefore one of the naphthalene molecules tilts towards the other naphthalene to form a clamp-
like structure, especially in higher spin states. The binding energies of naphthalene to Cr are
lower than those of the Cr(bz)20+ complexes, which is consistent with the previous experiment.
The ionization potentials are lower than those of their corresponding benzene complexes,
indicating that the larger conjugated r systems contribute to the stability of the cations.
According to the results shown in Chapter 3 and Chapter 4, B3LYP is probably the best method
among the three to predict the Cr-PAH distances, and the PBE is probably the best method

among the three to predict ionization potentials.
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CHAPTER 5

STRUCTURES AND ENERGETICS OF CHROMIUM PYRENE COMPLEXES PREDICTED
BY DFT CALCULATIONS

Introduction

Like naphthalene, pyrene naturally exists in coal tar, but in lower amounts. It consists of four
fused benzene rings. We can also imagine it as a coronene but with three peripheral rings
removed. Therefore, its size makes it a good candidate for us to study the trend from benzene to

coronene.

So far, there are only a few published papers studying chromium pyrene complexes, including
some about Cr complexes of pyrene and tricarbonylchromium.1,2 It has been shown that one
pyrene molecule can support more than one metal atom on both sides and on different benzene
rings.1 On the other hand, loading chromium atoms on both sides of a benzene to form an
elongated multi-decker complexes is very difficult.s A ligand exchange study has shown that
pyrene binds to chromium weaker than naphthalene.s The weak interaction with Cr is probably
why bis(pyrene)chromium has not yet been successfully synthesized. Nevertheless, many

studies have been performed on pyrene complexes with other metal atoms or ions.s-9

Pyrene has two sets of six-member rings that are chemically identical, namely the o rings and the
B rings. An a ring shares three carbon atoms with the adjacent rings and a (3 ring shares four
carbon atoms. The point group of a pyrene is D2n, which is a lower symmetry than the Dsh of a

coronene. As a result, there are more possible binding sites on pyrene than on coronene. Here in
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this study, several DFT methods are used to study the structures and energetics of Cr-pyrene

complexes.

Model Setup

Given the symmetry, There are eight chemically different ne and n2 binding sites on each side of
a pyrene, as shown in Figure 5.1. Geometry optimizations of Cr(pyr)1 (pyr=pyrene) start with
structures where Cr binds to those sites. An optimized structure may have the Cr sitting directly
above one carbon, in a -bonded configuration. In these cases, structures are named as their
closest n2-bonded structures. The nomenclature for the Cr(pyr)1 complexes takes the form of 1f,
where 1 represents the number of pyrene molecules and f indicates that Cr sits over the centroid

of the o ring. Examples of 1c and 1f structures are shown in Figure 5.1.

When there are two pyrene molecules facing each other and flanking Cr on opposite positions,
The structures can vary not only with different Cr-binding sites on each pyrene, but also with the
angle of one pyrene rotating about the Cr parallel to the other one. The structures are named
following the pattern 2ag, émax. 2 indicates that there are two pyrene molecules. Cr is over the
site a of one pyrene and the site g of the other pyrene. In addition, émax indicates that the
staggering angle of the two pyrene molecules is maximized or close to 180°, where they have the

least t-w interaction. Two examples are shown in Figure 5.1.

The geometry optimizations of the Cr(pyr)io+ complexes start with the eight structures from la
to 1h respectively at each spin state. For the Cr(pyr)20+ complexes, the geometry optimizations

start with the Cr at the positions 2bb, 2ff, and 2bf. The staggering angles are set to 0°, 90°, and

180° at the beginning of the calculations, but these are simplified to Omin and 6max in the results.
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Pyrene

2bf,emin zag;emax

Figure 5.1 Possible binding sites on pyrene and Cr-pyrene complexes.
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Geometries and Spin Multiplicities

No experiments are available which have determined the structures of Cr(pyr)1 or Cr(pyr)2.
Structures of pyrene-tricarbonylchromium complexes have indicated that the o ring of a pyrene
is likely the preferable binding site for Cr.12 Tables 5.1 and 5.2 present the computed relative
energies of the Cr(pyr)io+ complexes with the Cr binding to different positions on the pyrene,
and with different electron spin multiplicities. For different structures with the same spin
multiplicities, the energy differences between the complexes with the Cr binding to the o and the
B ring (< 3 kcal/mol) are small in the high spin states (M =5, 6, or7). In the low spin states (M =
1, 2, 3, or 4), the energy differences between 1a/1b and 1f/1g are as large as 3-10 kcal/mol,
suggesting that the Cr prefers to bind to the p ring. However, as predicted by the calculations,
the ground spin state of the Cr(pyr)1 is a quintet or a septet. Therefore, it not clear where the Cr

prefers to bind on the pyrene based only on the computational results.

MOG6L predicts that the ground state of the Cr(pyr)1 is a quintet instead of a septet as predicted by
B3LYP and PBE. Nevertheless, the septet 1g is only 0.4 kcal/mol higher energy than the ground
state in the MO6L computational results. This difference is too small to determine which is the
true ground state. If results from all three methods are taken into consideration, it is very
possible that the septet (M =7) is the ground spin state of the Cr(pyr)1, as in the case of the
Cr(bz)1 and the Cr(naph)1. The three DFT methods agree with each other that the ground state
spin of Cr(pyr)1+ is a sextet (M = 6), consistent with the sextet found for the one-ligand Cr

complexes of benzene and naphthalene.
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1f (M=4) 1f (M=6)

Figure 5.2 Selected Cr(naph)a structures in neutral (M=1,3,5,7) and cationic (M=2,4,6) forms.
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Table 5.1 Relative energies (in kcal/mol) of Cr(pyr)1 neutral complexes, in different spin states,

whose geometries are optimized in theory levels B3LYP, PBE and MOG6L.

DFT M la 1b 1c 1d le 1f 19 1h
B3LYP 1 - 649 1018 - 649 53.0 96.7 -
3 39.4 - 51.3 424 441 440 -
5 14.0 - 157 159 151 - 151 -
7 - - 00 04 09 12 - 0.7
PBE 1 40.6 339 - - - 23.4 - 33.9
3 305 273 - - - 19.7 - -
5 3.9 - 25.3 - - 6.4 - -
7 1.2 - 2.6 - - - 0.0 -
MO6L 1 - 37.7 871.7 - - 24.5 - -
3 295 284 - - 346 189 - 29.9
5 0.0 - 13.4 - 36 07 - -
7 1.6 - 3.2 - - - 04 12
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Table 5.2 Relative energies (in kcal/mol) of Cr(pyr)1+ cationic complexes, in different spin

states, whose geometries are optimized in theory levels B3LYP, PBE and MO6L.

DFT M la 1b 1c 1d le 1f 19 1h
B3LYP 2 - 49.6 - - - 46.5 - 49.6
4 - 341 387 36.8 307 363 - -
6 2.1 - 34 30 08 00 - -
PBE 2 - 351 - - - 314 - -
4 - 19.8 - - - 16.6 - -
6 - 19 6.2 - - 0.0 - -
MO6L 2 - 42.2 - - 548 374 - 42.2
4 - 22.3 419 - - 18.5 - -
6 - 20 65 - - 0.0 - -
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The relative energies of the optimized Cr(pyr)2 neutral and cationic complexes in different spin
states are presented in Tables 5.3 and 5.4. Some of these structures are shown in Figure 5.3. As
seen in Table 5.3, PBE and MOG6L predict the ground state of Cr(pyr)2 to be a singlet, while
B3LYP predicts it to be a quintet. Among the results from the B3LYP calculations, the lowest
energy of the singlet complexes is 3.5 kcal/mol. The mismatch between B3LYP and the other
two methods can also be seen for the Cr(pyr)2+ complexes, where B3LYP again predicts the high
spin state sextet to have the lowest energy instead of the doublet. Given that the exact HF
exchange functional used by B3LYP usually favor higher spin states, it is reasonable to conclude

that the ground states of Cr(pyr)2 and Cr(pyr)2+ are the singlet and doublet, respectively.

The position of the Cr relative to the pyrene and the staggering angles of the two pyrene
molecules are two of the factors that affect the energies of the Cr(pyr)2o+. A chromium can bind
to either the o or B ring of each pyrene. The energy difference between the complexes where Cr
binds to different rings can be 2-20 kcal/mol. It is shown that the binding of the Cr over the o
ring (site e, f or g) is lower in energy, which is consistent with the experiment.12 These energy
differences are larger at the lower spin states and smaller at the higher spin states. Especially at
the singlet state, which is believed to be the ground spin state, they can be 10-20 kcal/mol. The
energies of the structures with small staggering angles are usually lower than those with large
staggering angles by less than 6 kcal/mol. Two pyrene molecules can have stronger n-n
interactions with small staggering angles, which means the r-x interaction plays a role in
stabilizing the complexes. At higher spin states, these the two factors may have similar effects.
However, at lower spin states, we can notice that the position of the Cr relative to the pyrene

affects the energies more than the staggering angles of the two pyrene molecules.
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From Figures 5.2 and 5.3, it is clear that the Cr-pyrene distances in the singlet and doublet
structures are shorter than those in the septet and sextet structures, as shown for other Cr-nt
complexes in the previous chapters. The trend that the Cr-ring distance increases as the spin
multiplicity increases is also true for the Cr-pyrene complexes, as it was for the Cr-benzene and
the Cr-naphthalene complexes. The distances are longer in the cationic doublet structures than in
the neutral singlet structures, which indicates that the electrostatic interaction is not a dominant
factor determining the Cr-pyrene bond length. In the high spin states, the Cr-pyrene distance is
more than half of the distance between the pyrene planes. As the insertion of a Cr pushes two
pyrene molecules apart at the Cr end, the n-r interaction tries to pull the two planes together at
the other end. Therefore, the two pyrene molecules are not parallel but are tilted like a clamp to
flank the Cr. In the high spin states, the openings of the “clamps” are bigger because the Cr-

pyrene distances are longer.
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Figure 5.3 Selected Cr(pyr)z structures in neutral (M=1,3,5,7) and cationic (M=2,4,6) forms.
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Table 5.3 Relative energies (in kcal/mol) of Cr(pyr)2 neutral complexes, in different spin states, whose geometries are optimized in

theory levels B3LYP, PBE and MOG6L. 6min (Or Omax) indicates that two pyrene molecules have small (or large) staggering angles.

DFT M 2aa,emin 2bb,9min Zaf,emin be,emin 2ag,9min 2ff,9min Zgg,emin Zaa,emax 2bb,9max be,emax 2ag,9max 2ff,9max 2gg,9max

B3LYP 1 - 23.3 - 14.4 - 3.5 - - 27.2 18.1 - 9.8 -
3 - 191 17.3 - - 154 - - - 19.8 - 17.6 -
5 - 29.8 - - 0.0 - 4.5 5.9 - - 7.6 - 10.9
7 4.5 - - - 2.6 - - 11.7 - - 12.5 - -

PBE 1 - 21.1 - 11.2 - 0.0 - - 19.8 13.3 - 5.2 -
3 - 18.0 - 16.7 - 13.5 - - 20.5 19.4 - 17.4 -
5 - 31.9 25.3 - - - 221 26.0 - - 24.7 - 26.1
7 32.5 - - - 29.8 - 29.8 37.8 - - 36.8 - 36.4

MO6L 1 - 194 - 10.9 - 0.0 - - 20.4 13.9 - 5.8 -
3 - 14.0 - 14.5 - 11.3 - - 17.5 17.5 - 14.4 -
5 11.0 - 12.2 - - - - 14.9 - - 14.0 - 15.1
7 17.6 - - - 151 - 14.8 23.2 - - 22.7 - 22.4
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Table 5.4 Relative energies (in kcal/mol) of Cr(pyr)2+ cationic complexes, in different spin states, whose geometries are optimized in

theory levels B3LYP, PBE and MOG6L. 6min (or Omax) indicates that two pyrene molecules have small (or large) staggering angles.

DFT 2aa,0min 2bb,Omin 2af,0min  2bf,0min 2ag,Omin 2ff,0min  2gg,0min 2aa,0max 2bb,0max 2bf,0max 2ag,0max 2ff,0max 2gg,0max

B3LYP M=2 - 34.3 - 26.9 - 33.2 - - 36.0 32.9 - 38.7 -
M=4 - 26.8 24.4 - - 18.8 - - 27.3 28.3 - - 23.4
M=6 3.0a - - - 1.0 - 0.0 8.8 - - - - 2.4p

PBE M=2 - 21.4 - 10.4 - 0.0 - - 20.1 13.2 - 51 -
M=4 - 18.2 - 18.0 - 17.8 - - 19.2 17.6 - 21.5 -
M=6 19.0 - - - 16.4 - 145 22.9 - - - - -

MO06-L M=2 - 19.7 - 10.6 - 0.0 - - 21.0 14.3 - 6.5 -
M=4 - 12.2 - 11.7 - 8.4 - - 12.6 14.3 - 13.3 -
M=6 4.8 - - - 2.2 - 0.5 - - - 8.1 - 6.1

a 2ah,Omin

b 2€g,0min
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Binding Energies

The dissociation of Cr(pyr)zo+ complexes may be composed of two consecutive steps. The first

is the loss of pyrene:

Cr(pyr)20+ — Cr(pyr)io+ + pyr

According to the results shown later, the ionization potential of Cr(pyr)1 is much lower than the
7.43 eV value of pyrene. Therefore, after the dissociation of Cr(pyr)2+, the charge should stay on
the metal complex instead of on the pyrene. The second step is the loss of the other pyrene,

which equals the dissociation of Cr(pyr)io/+:

Cr(pyr)io+ — Croi+ + pyr

The ionization potential of Cr is about 6.77 eV, which is lower than that of pyrene. So the
cationic Cr(pyr)1+ dissociates into a Cr+ cation and a neutral pyrene. Calculated binding energies
of Cr to pyrene are shown in Table 5.5, including binding to the first, the second, and both
pyrenes, which are represented by B.E.1, B.E.2, and B.E.sum, respectively. Both the results with
the Wigner-Witmer spin conservation rules (M=M"),10 and with the spin cross over (M#M") are

shown here.

M is the spin multiplicity of the Cr complex with more pyrene ligands, namely the spin
multiplicity of a bare Cr for B.E.1 and B.E.sum, and the spin multiplicity of the Cr(pyr)1o+ for
B.E.2. When the spin cross over is taken into account, the multiplicity of the Cr complex with
fewer pyrene ligands (M") is set to be its ground spin state predicted by computations. In most
cases, M"=7 is chosen for Cr atom and Cr(naph)1, and M"= 6 for Cr+ and Cr(pyr)i+. An
exception is the results of B.E.2 with MO6L, since MO6L predicts the ground spin state of the
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Cr(pynr)1 to be a quintet, as seen in Table 5.1. B.E.1 values with the spin cross-over (M#M") are
negative for the neutral complexes in the lower spin states (M = 1 or 3). This indicates that the
flip of the electron spins costs more energy than that released from the formation of the first Cr-
pyrene bond. The spin cross-over energy is also the reason why the binding energies with the

spin conservation rules are always higher than those without, which is observed in Table 5.5.

The binding energies computed for the pyrene complexes are compared to those computed for
the benzene and naphthalene complexes shown in previous chapters. The binding energies B.E.1
with M = M= 6 or 7 are higher for the Cr-pyrene complexes than those for the benzene or
pyrene complexes, as predicted by each of the three DFT methods used in this study. All three
DFT methods agree that the B.E.2 of the neutral Cr-pyrene with M = M= 1 is larger than that of
the corresponding Cr-benzene or Cr-naphthalene complex. The B.E.2 values of the cationic Cr-
pyrene complexes with M = M"= 2 given by the three methods are higher than the B.E.2 of the
corresponding Cr-naphthalene complexes. On the other hand, both B3LYP and PBE predict that
the B.E.2 of Cr(pyr)2-+ is lower than that of the Cr(bz)2+, except that MO6L alone predicts a
higher value. This finding of a stronger Cr-pyrene bond contradicts the proposition from the
ligand-exchange experiments that the binding strength of Cr to the arene follows the order of
benzene > naphthalene > pyrene.s,11 In the ligand-exchange experiments, the complexes had two
or more ligands on Cr, and the reactions only substitute one of the ligands. Therefore, the trend

found in those experiments may not be relevant to the B.E.1 and B.E.2 results in this study.
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Table 5.5 Bond energies (kcal/mol) of Cr binding to the first (B.E.1), the second (B.E.2), and
both (B.E.sum) pyrene molecules, with (M#M') and without (M=M") spin cross over. B.E.x =

E[Cr(pyr)x-10+] + E[pyr] — E[Cr(pyr)xo+]. B.E.sum = E[Cro+] + 2E[pyr] — E[Cr(pyr)20/+].

B.E.1 B.E.2 B.E.sum
M’ M=M"M#M~ M=M"M#£M"~ M=M" M#£M’

B3LYP 1 542 -50.9 80.3 19.8 1345 295
3 20.7 -298 474 19 68.1 17.6
5 136 -4.3 37.3 233 50.9 33.0
7 9.7 - 20.7 - 30.4 -
2 56.2 11 67.0 183 1231 68.1
4 549 156 60.6 265 1155 76.2
6 49.8 - 44.8 - 94.6 -

PBE 1 427 -26.7 91.7 57.7 1343 65.0
3 451 -124 640 443 109.1 515
5 312 34 395 357 70.8 429
7 7.3 - 28.0 - 35.2 -
2 80.7 219 945 623 1751 1164
4 78.3 37.6 61.2 447 1395 98.8
6 541 - 47.7 - 1019 -

MO6L 1 95.3 -15.38 789 545 1742 63.0
3 39.1 -1138 63.5 432 1026 51.7
5 222 8.6 44.2 - 66.4 52.7
7 8.2 - 40.0 39.6 48.2 -
2 76.8 155 927 535 169.5 108.1
4 775 36.1 63.7 451 1412 99.7
6 54.6 - 53.0 - 1076 -
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lonization Potentials

The calculated vertical and adiabatic ionization potentials (IPv and IPa) are presented in Table
5.6. The selection rule for the multiplicity change of AM=1 is applied here. For vertical
ionization, the structures of cations are inherited from the neturals. Since the lowest energy
computed by MO6L for the neutral Cr(pyr)1 is a quintet, the IPa is evaluated as the M=6<5
transition. In the same manner, the 1Pa of Cr(pyr)2 computed by B3LYP is evaluated as the
M=6+«-5 transition. The IPv values are compared to those of the corresponding benzene
complexes and naphthalene complexes shown in Tables 3.4 and Table 4.5. The ionization
potentials of 6—7Cr(pyr)1 and 2—1Cr(pyr)2 are smaller than those of the corresponding Cr-
naphthalene complexes, and are thus also smaller than those of the corresponding Cr-benzene
complexes. This is probably because pyrene has a larger conjugated = system to stabilize the

cations of the Cr naphthalene complexes.

Summary

There is a slight preference for the Cr to bind to the o ring of pyrene. The energy differences are
not significant for the Cr(pyr)1+ complexes. However, the effect of the binding position of the Cr
on pyrene is more important than that of the staggering angles of the two pyrene molecules, even
though the =-7 interaction contributes to the stability of the complexes. It is shown that the
Cr(pyr)20+ complexes energetically prefer the lowest spin state and the Cr(pyr)io+ complexes
prefer the highest spin state. Inconsistent results about the ground state spin are given by MO6L
for Cr(pyr)1 and by B3LYP for Cr(pyr)2, where the quintet is predicted to be the ground state.
Since the high spin states have longer Cr-ring distances and the =-rt interaction between two

pyrene molecules trends to make them closer to each other, the structures of the Cr(pyr)zo/+
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complexes with small staggering angles are like clamps with Cr in the opening. This is
especially obvious for the complexes in the high spin states. The computed binding energies
indicate that pyrene generally binds weaker to Cr than benzene or naphthalene, which does not
agree with the experimentally determined order of bond strength for arenes including benzene,
naphthalene, and pyrene.s,11 The Cr-pyrene complexes have lower ionization potentials than the
Cr-naphthalene complexes, and are thus even lower than those of the Cr-benzene complexes,
which supports the hypothesis that the larger PAH provides a larger conjugated r systems to

stabilize the cations.
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Table 5.6 Vertical ionization potentials (IPv) and adiabatic ionization potentials (IPa) of Cr(pyr)x
complexes in the unit of eV, where the spin multiplicity change is limited to AM==1 in vertical
ionizations. M is the spin multiplicity of a neutral complex, and M is the spin multiplicity of a

cationic complex.

PBE B3LYP MO6-L
Complex M M’ IPv  IPa IPv  IPa IPv  IPa
1 2 5.36 5.08 5.50
3 2 5.82 5.95 5.69
x=1 3 4 5.33 5.17 4.84
5 4 6.33 6.36 6.22
) 6 5.59 5.16 532 4.84
7 6 552 523 556 5.20 5.09
1 2 5.07 5.04 4.92 494 488
3 2 4.61 5.06 4.78
X=2 3 4 5.58 4.78 5.01
5 4 5.07 5.54 5.07
5 6 5.16 449 4.27 4.70
7 6 4.55 4.29 4.42
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CHAPTER 6

STRUCTURES AND ENERGETICS OF CHROMIUM CORONENE COMPLEXES
PREDICTED BY DFT CALCULATIONS

Introduction

Coronene is a PAH with six fused benzene rings with Deh Ssymmetry. Its interior ring is a good
prototype for rings in carbon materials such as graphene and carbon nanotubes. For this reason
coronene is often used as a model representing a finite section of a carbon surface. Therefore,
studying the interactions between transition metals and coronene is an important step towards

understanding transition metals supported on graphene or other carbon materials.

Cationic transition metal coronene complexes in the gas phase were first described by Dunbar
and co-workers.1,2 The first chromium coronene cationic complexes made by the laser
vaporization with the supersonic expansion cooling were reported by Duncan and co-workers.s
They confirmed the multidecker sandwich structures for the Crm(coronene)n+ complexes, and the
possibility for one coronene to coordinate up to three chromium atoms. Duncan and co-workers
later detected chromium coronene cationic complexes with a mass spectrometer from the laser
vaporization of the mixed powder containing metal and coronene without cooling.4 This
experiment indicated that chromium coronene complexes are stable enough not to decompose
under the hot laser vaporization condition. However, no one has claimed to successfully isolate
complexes as these. The competitive binding and photodissociation studies performed by
Duncan and co-workers suggest that the binding strengths of metals with coronene are higher
than those with benzene and Ceo.5 This is consistent with the theory studies by Klippenstein and
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co-workers.2 More theory work on TM-PAH complexes has been done by Dunbar, Jena and
their co-workers.s,7

A few theory studies on chromium-coronene complexes were published. Philpott et al.
performed DFT calculations for Crz(coronene)z and found its lowest energy state has the electron
spin S=5.s Turker et al. did DFT studies on the ne-coronene-Cr(CQO)s complexes to demonstrate
that Cr prefers to bind to the peripheral rings of coronene.o This is in agreement with the
hypotheses proposed by many other theoreticians that the electron density over the peripheral
rings is higher than that over the interior ring, so that transition metals acting as electron
acceptors prefer to bind on the peripheral rings. Yu and co-workers studied Cr(coronene)2
complexes treating the chromium atom as a spacer between two face-to-face stacked coronene
molecules.10 In their result, the lowest energy structure is a singlet that has the chromium
between the two peripheral rings. However, they fixed the coronene molecules in the face-to-
face position, which means the structures of the complexes were restricted to Denh or C2v. The
structures with one of the coronene molecules rotating about the metal atom in parallel to the
other coronene have not been studied. This chapter discusses the results from DFT calculations

on the chromium-coronene complexes including additional structural possibilities.

Model Setup

Given the symmetry, There are six chemically different ne and n2 binding sites on a coronene
surface, as shown in Figure 6.1. Geometry optimizations of Cr(cor)1 (cor=coronene) start with
structures where Cr binds to those sites. The optimized structure may have Cr sitting directly

above one carbon, in a -bonded configuration. In these cases, structures are named as their

closest n2-bonded structures. The nomenclature for Cr(cor)1 complexes takes the form of 1b,
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where 1 represents the number of coronene and b indicates where the Cr sits over the coronene.

An example of bonding in 1c configuration is shown in Figure 6.1.

When there are two coronene molecules facing each other with a sandwiched Cr, The structures
can vary not only with the different Cr-binding sites on each coronene, but also with the angle of
the coronenes with respect to each other. The structures are named following the pattern as

2cc, Ghin. 2 means there are two coronene molecules. Cr is over the site ¢ of each coronene. In
addition, émin indicates that the staggering angles of two coronene molecules are close to 0°,
where they can have the most n-n interaction. Three examples of Cr(cor)2 complexes are shown

in Figure 6.1.

The geometry optimizations of the Cr(cor)io+ complexes start with the six structures from la to
1f respectively for each spin state. For the Cr(cor)20+ complexes, the geometry optimizations
start with the Cr at the positions 2aa, 2cc, and 2ac. The staggering angles are set to 15° and 180°

at the beginning of the calculations, but it is simplified to Omin and Omax in the results.
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2CC,emin ZCC:emax

Figure 6.1 Possible binding sites on coronene and Cr-coronene complexes.
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Geometries and Spin Multiplicities

Previous experiments suggested a sandwich structure for the Cr(cor)2.3 However, no existing
experiment has determined the structure yet. The computed relative energies from this study for
the Cr(cor)10+ complexes with Cr binding on different sites are shown in Tables 6.1 and 6.2.
Some of the optimized structure are presented in Figure 6.2. It can be seen from the tables that
the Cr(cor)10+ complexes prefer high spin states, namely the septet (M = 7) for the neutral
complexes and the sextet (M = 6) for the cationic complexes. For the neutral Cr(cor)s, the
energies of the quintet complexes are higher than that of the ground spin state (M = 7) by 6.0 and
1.6 kcal/mol as predicted by PBE and MO6L, respectively. Considering the common error of
DFT calculations, MO6L results suggest both either the quintet or septet is possibly the ground
state spin, but the other two methods agree that the septet is the ground state spin for the
Cr(cor)1. For the cationic Cr(cor)1+, the three methods agree that the ground state spin is the
sextet. One possible explanation for the preference for the high spin state is that the spin cross-
over is energy consuming, while the energy of the coordination of one PAH molecule is not large
enough to compensate for it. Therefore, the single coordinated Cr(PAH)1 usually adopts the high

spin state.

The Cr(cor)10+ complexes have longer Cr-ring distances in the higher spin states, as seen for the
Cr-benzene, Cr-naphthalene, and Cr-pyrene complexes. This is consistent in all three DFT
methods used in this study. The Cr-ring distance is longer as a doublet than that as a singlet,
even though the singlet Cr is neutral and the doublet Cr is cationic. Therefore, it is believed that

the electrostatic interaction is not a dominant force to determine the Cr-coronene bond length.
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For the lower spin states (M < 5), it is shown in the tables that the energy differences between
structures that have the Cr binding on different sites are large enough to distinguish the preferred
Cr binding sites on coronene. However, these differences are small (< 3 kcal/mol) for the higher
spin states (M > 5). If the Cr(cor)1 complexes are in their ground spin states, either the septet or
the sextet, it is hard to tell which of the six sites the Cr prefers. The site preference may be
influenced by the d-= interaction involved in the Cr-coronene bond. It is known that the strength
of the d-m interaction is proportional to the reverse of the distance.11 As a result, the d-=
interaction is weaker in the higher spin states, since the distance is longer. The change of the
ligand field, in turn, has less impact on the energies of the complexes. Nevertheless, both PBE
and MO6L predict that the septet Cr(cor)1 prefers the 1d structure, and only B3LYP predicts that
1b is favored. Additionally, the sextet Cr(cor)1+ prefers the 1c structure, as predicted by all three
methods. In all of these cases, the calculations in this study agree that the Cr prefers to bind to

the peripheral ring of coronene, as proposed in previous studies.
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1a (M=6)

Figure 6.2 Selected Cr(cor)1 structures in neutral (M=1,3,5,7) and cationic (M=2,4,6) forms.
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Table 6.1 Relative energies (in kcal/mol) of Cr(cor)1 neutral complexes, in different spin states,

whose geometries are optimized in theory levels B3LYP, PBE and MO6L.

DFT M la 1b 1c 1d le 1f
B3LYP 1 78.9 - 60.0 - - -
3 49.0 512 - 43.3 495 -
5 - 15.8 - 154 161 16.2
7 - 0.0 - - - -
PBE 1 45.1 - 28.7 - - -
3 40.1 - 243 327 - -
5 - 23.3 - 6.0 - -
7 - 1.1 - 0.0 - -
MO6L 1 50.3 - 30.2 - - -
3 41.8 - 231 314 - -
5 - 117 22 16 107 -
7 16 13 - 0.0 - -
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Table 6.2 Relative energies (in kcal/mol) of Cr(cor)1+ cationic complexes, in different spin

states, whose geometries are optimized in theory levels B3LYP, PBE and MO6L.

DFT M la 1b 1c 1d
B3LYP 2 52.2 - 47.1 -
4 43.8 36.5 32.7 32.7
6 1.6 1.6 0.0 -
PBE 2 45.8 - 32.7 -
4 32.5 - 19.2 -
6 2.4 - 0.0 -
MO6L 2 52.6 - 38.8 -
4 36.6 - 21.8 -
6 2.8 - 0.0 -

88



The computed relative energies of the Cr(cor)20+ complexes from this study where the Cr binds
on different sites and the coronene molecules have different staggering angles are shown in
Tables 6.3 and 6.4. Some of the optimized structure are presented in Figure 6.3. The different
DFT methods cannot agree on the ground state spins for either the Cr(cor)2 or the Cr(cor)2+. The
calculations with B3LYP suggest that the ground state for the Cr(cor)2 is a septet instead of a
singlet as predicted by PBE and MOG6L. It is not surprising that B3LYP predicts the high spin
states to be the more stable for we have seen in previous chapters that B3LYP overstabilizes the
high spin complexes. Additionally, MO6L predicts the high spin sextet to be the ground state for
Cr(cor)2+, which is not common in previous studies with other PAHs. Based on the previous
experience, PBE is usually reliable to predict the ground state spins. Thus, it is tempting to
conclude that the doublet is the ground state of Cr(cor)2+. However, we cannot not be sure which
spin state has the lowest energy based only on these calculations. Experimental measurements of

the spin multiplicities would be necessary to determine their ground state spins.

As in the Cr-PAH complexes we have discussed previously, the Cr-ring distance in the
Cr(cor)20+ increases with the spin multiplicity. The Cr-ring distance in the singlet spin state is
shorter than a half of the distance between two coronene molecules. Hence we can see in Figure
6.3 that the singlet 2cc, éhin structure has the two coronene molecules tilted towards the Cr.
However, in the higher spin states, the Cr atoms push the flanking coronene molecules apart,
thus the complexes have scissors-like structures with the Cr in the openings. The tilt is attributed
to the m-wt interaction between the coronene molecules. The effect of the n-n interaction can be
noticed from the energies differences between the structures with different staggering angles.
The energies with the smaller staggering angles, that is with more r-rt interaction, are usually

higher than those with less ©t-rt interaction by over 7 kcal/mol. The energy differences for the
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Cr-coronene complexes due to the w-7 interaction are larger than those for the complexes of
naphthalene and pyrene. The differences are less than 6 kcal/mol for the Cr(pyr)2 complexes and
even lower for the Cr(naph)2 complexes. This is because the coronene has a larger conjugated =
system than the other PAHs which are mentioned in the previous chapters. Therefore the n-nt

interaction plays a more important role in the stability of Cr-coronene complexes.

The Cr is not always binding to the ne sites on the coronene, as seen from Figures 6.2 and 6.3.

In higher spin states, the Cr is more likely binding to the n2 sites instead of the ns sites. Cr(cor):
with the spin multiplicity M = 3, 5, or 7 prefers the 1b or 1d structures. Although the structure of
the sextet Cr(cor)1+ with the lowest energy is named as 1c, the Cr is actually in a position
between c and d, which indicates that it is not ne-coordinated, but is instead n2- or ns-
coordinated. The same phenomenon is seen for the di-coronene complexes. In the lower spin
state, namely M =1, 2, 3, or 4, the Cr prefers to bind to the coronene over the centroid of the
peripheral ring. However, the Cr(cor)z20+ complexes in higher spin states adopt the structures
like 2dd, 2bd, and 2ad, with the Cr over the C-C bonds instead of the centroid of the ring. This
discovery is consistent with the result from a previous theory study, which found that the Cr

prefers to bind over the outermost C-C bond for the quintet and the septet.1o
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% 2dd,Omin
- (M=7)

Figure 6.3 Selected Cr(cor)z2 structures in neutral (M=1,3,5,7) and cationic (M=2,4,6) forms.
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Table 6.3 Relative energies (in kcal/mol) of Cr(cor)2 neutral complexes, in different spin states,
whose geometries are optimized in theory levels B3LYP, PBE and MO6L. Omin (Or Omax)

indicates that two coronene molecules have small (or large) staggering angles.

DFT M 2aa 2ac Zbd,emin 2CC,emin 2dd,9min ZCC,emax 2dd,9max

B3LYP 1 32.8 19.4 - 5.8 - 15.3 -
3 40.4 26.5 - 10.6 - 23.0 -
5 30.3 - 5.0 - 0.2 - 7.4
7 18.0 - 6.8 - 0.0 - 14.9

PBE 1 27.0 13.7 - 0.0 - 7.9 -
3 35.2 20.7 - 7.1 - 15.2 -
5 34.8 - 24.7 19.2 - - 21.9
7 38.7 - 324 - 25.7 - 36.0

MO6L 1 30.3 16.2 - 0.0 - 10.9 -
3 36.5 21.0 - 4.8 - 16.2 -
5 27.1 - 12.5 8.5 - - 13.4
7 25.3 - 19.9 - 11.9 - 24.3
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Table 6.4 Relative energies (in kcal/mol) of Cr(cor)2+ cationic complexes, in different spin
states, whose geometries are optimized in theory levels B3LYP, PBE and MO6L. Omin (Or Omax)

indicates that two pyrene molecules have small (or large) staggering angles.

DFT M 2aa 2ac 2ad  2cc,Omin 2dd,0min 2cc,0max 2dd,Omax

B3LYP 2 494 38.7 - 26.5 - 37.7 -
4 45.2 34.9 - 24.4 - 33.6 -
6 13.6 - 7.9a - 0.0 - 13.6
PBE 2 27.5 14.0 - 0.0 - 7.8 -
4 30.6 18.9 - 7.9 - 14.8 -
6 18.0 - 12.3 - 6.4 - 17.1
MO6L 2 37.8 24.3 - 1.7 - 18.7 -
4 32.2 20.1 - 8.8 - 17.0 -
6 11.2 - 5.7 - 0.0 - 12.8
a 2bd,Omin
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Binding Energies

The dissociation of Cr(cor)20+ complexes may be composed of two consecutive steps. The first

is the loss of coronene:

Cr(cor)20+ — Cr(cor)1o+ + cor

According to the results shown later, the ionization potential of Cr(cor)1 is much lower than the
7.29 eV value of coronene. Therefore, after the dissociation of Cr(cor)2+, the charge should stay
on the metal complex instead of on the coronene. The second step is the loss of the other

coronene, which equals the dissociation of Cr(cor)ios+:

Cr(cor)io+ — Cro+ + cor

The ionization potential of Cr is 6.77 eV, which is lower than that of coronene (7.29 eV). So the
cationic Cr(cor)1+ dissociates into a Cr+ cation and a neutral coronene. Calculated binding
energies of Cr binding to coronene are shown in Table 6.5, including binding to the first, the
second, and both coronene molecules, which are represented by B.E.1, B.E.2, and B.E.sum,
respectively. Both the results with the Wigner-Witmer spin conservation rules (M=M"),12 and

with the spin-cross over (M#£M") are shown here.

M is the spin multiplicity of the Cr complex with more coronene ligands, namely the spin
multiplicity of a bare Cr for B.E.1 and B.E.sum, and the spin multiplicity of the Cr(pyr)zo+ for
B.E.2. When the spin cross-over is taken into account, the multiplicity of the Cr complex with
fewer coronene ligands (M") is set to be its ground spin state predicted by computations. In this
study, M"=7 is chosen for Cr atom and Cr(naph)1, and M"= 6 for Cr+ and Cr(pyr)1+. B.E.1 values
with the spin cross-over (M#£M") are negative for the neutral complexes in the lower spin states
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(M =1or3). This indicates that the flip of the electron spins costs more energy than that
released from the formation of the first Cr-coronene bond. The spin cross-over energy also
causes the binding energies with the spin conservation rules (M = M") to be higher than those

without, which is observed in Table 6.5.

The binding energies computed for the coronene complexes are compared to those computed for
the other PAHSs shown in the previous chapters. The B.E.1 values for M =6 and 7 and the B.E.2
values for M=1 of the Cr-coronene complexes are larger than those of the Cr-benzene complexes
according to the calculations. For the cationic Cr-coronene complexes, the B.E.2 values are
almost the same as those for the Cr(bz)2+. This result agrees with the conclusion made from the
previous photodissociation study that coronene binds to transition metals stronger than benzene.s
The B.E.1 values for the Cr(cor)1+ increase as the conjugated = systems get bigger until
coronene. This is probably due to the fact that a more delocalized = system can stabilize the
positive charge in to larger degree. However, the B.E.1 values for the neutral complexes (M =7)
do not follow this trend. PBE and MO6L predict that pyrene complexes have the B.E.1 (M =7)
values and the B.E.2 (M = 2) values. Both B3LYP and PBE agree that the pyrene complexes
have the highest B.E.2 (M = 1) values. These results contradict the proposition of the ligand-
exchange experiments that the binding strength of Cr to the arene follows the order of benzene >
naphthalene > pyrene.1314 If the - interaction is the major factor determining the energy, we
would expect the B.E.2 of the coronene complex to be larger than those of all the other Cr-PAH
complexes. However, the peripheral ring of coronene has the least aromatic index among the
PAHs studied here. According to the formula proposed by Balaban and coworkers, a carbon
atom shared by one, two, and three rings contribute 1, 1/2, and 1/3 = electron to each ring.1s So
that the aromatic indices of the rings of benzene, naphthalene, pyrene (o), and coronene
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(peripheral) are 67, 57, 4.337, and 3.677, respectively. As a result, benzene has the largest ©
electron density and coronene has the least. If this were the major consideration, the Cr should
bind to benzene stronger than to the other PAHs. The two factors, namely the nt-r interaction
and the aromaticity, may work against each other and make the energy change not consistent

with the size change of the conjugated = system.

Another trend which is noticeable in Table 6.5 is that coronene binds stronger to the Cr in the
lower spin state for neutral and cationic complexes respectively. The higher the spin state is, the
more unpaired electrons there are in the valence shell. Thus there are fewer unoccupied d
orbitals in the Cr in the higher spin state that are available for back donation from the 7 system.
That is why the complexes in the lower spin states usually have lower relative energies. The
binding energies B.E.1 and B.E.2 of the cationic complexes are usually higher than those of the
corresponding neutral complexes (AM = £1), except for the singlet complexes. This indicates
that the coronene binds stronger to the Cr+ cation than to the Cr atom. Therefore, we can
conclude that the electrostatic interaction plays an role in the stability of the complexes although

it does not significantly affect the Cr-coronene bond distance.
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Table 6.5 Bond energies (kcal/mol) of Cr binding to the first (B.E.1), the second (B.E.2), and

both (B.E.sum) coronene molecules, with (M#M') and without (M=M") spin cross-over. B.E.x =

E[Cr(cor)x-10+] + E[cor] — E[Cr(cor)xo+]. B.E.sum = E[Cro+] + 2E[cor] — E[Cr(cor)20/+].

B.E.1 B.E.2 B.E.sum

M M=M' M#M' M=M' M#M' M=M' M#M'

B3LYP 1 556 -196 759 159 1315 264
3 177 -328 544 112 721 216

5 274 -50 435 281 709 385

7 104 - 217 - 321 -

2 58.7 36 745 273 1331 780

4 90.2 180 621 294 1523 80.1

6 507 - 538 - 1045 -

PBE 1 959 -222 822 535 177.2 59.1
3 398 -178 707 464 1105 52.9

5 284 05 403 343 739 46.0

7 53 - 278 - 351 -

2 816 229 913 587 1729 1142

4 771 363 700 50.7 147.0 106.3

6 555 - 522 - 107.8 -

MO6L 1 876 -226 818 521 1694 59.1
3 342 -161 704 473 1046 54.4

5 186 4.8 459 436 645 507

7 70 - 401 - 472 -

2 776 172 894 506 166.9 106.6

4 755 341 714 496 1469 1055

6 560 - 58.3 - 1143 -
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lonization Potentials

The calculated vertical and adiabatic ionization potentials (IPv and IPa) are presented in Table
6.6. The selection rule for the electron multiplicity of AM = £1 is applied for vertical ionizations
here. For vertical ionization, the structures of cations are inherited from the neutral clusters.
Since the lowest energy computed by B3LYP for the neutral Cr(cor)2 is a quintet, the IPa is
evaluated as the M=6<«-5 transition. In the same manner, the IPa of Cr(cor)2 computed by
B3LYP is evaluated as the M=6<«1 transition. The ionization potentials of ¢—7Cr(cor)1 and
21Cr(cor)2 are smaller than those of the corresponding Cr-pyrene complexes, and are thus also
smaller than those of the corresponding Cr-naphthalene and Cr-benzene complexes. This is
probably because coronene has a larger conjugated = system to delocalize the positive charge,

thus making the cations more stable.

Summary

In the Cr-coronene complexes, the Cr has a slight preference to bind to the peripheral ring of
coronene (b, c, or d). The energy differences between the structures differing by where the Cr
atoms bind are small. On the other hand, the staggering angle between the two coronene
molecules makes a significant difference on the relative energies, which means the n-x
interaction is an important component of the Cr-coronene bond. All three DFT methods used in
this study predict the ground spin states of the Cr(cor)io+ complexes to be the highest spin states,
namely the septet and the sextet. However, they disagree on the ground states for the Cr(cor)2o/+
complexes. The Cr-ring distances vary with the spin multiplicities as the other PAH complexes
do. Hence in the sandwich structures of the Cr(cor)20+ complexes, the two coronenes are not

parallel, but are tilted towards or away from the Cr depending on the spin state. The computed
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binding energies shown in this study are in agreement with the previous experiment that
coronene binds stronger to transition metals than benzene does. The complexes in higher spin
states have lower Cr-PAH binding energies, which means the d-= interaction is involved in the
bonds. By comparing the binding energies of coronene and those of the other PAHSs to the Cr,
we can deduce that not only the size of the conjugated & system matters, but also does the &
electron density of the ring to which the Cr binds. The ionization potentials demonstrate that the
larger conjugated = system gives the cationic Cr-coronene complexes more stability compared to

the other PAH complexes.
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Table 6.6 Vertical ionization potentials (IPv) and adiabatic ionization potentials (IPa) of Cr(cor)x
complexes in the unit of eV, where the spin multiplicity change is limited to AM==1 in vertical
ionizations. M is the spin multiplicity of a neutral complex, and M is the spin multiplicity of a

cationic complex.

PBE B3LYP MO6L
Complex M M IPv IPa IPv IPa IPv IPa
1 2 5.44 4.93 5.30
3 2 5.54 5.67 5.46
x=1 3 4 5.05 4.85 4.70
5 4 6.08 6.13 5.73
) 6 5.25 4.58 4.85
7 6 541 514 546 5.20 500 5.14
1 2 494 4091 4.80 481 4.444
3 2 4.74 4.70 4.72
X=2 3 4 5.09 4.56 4.78
5 4 4.80 5.34 4.88
5 6 4.82 427 4.08 4.34
7 6 4.16 3.98 4.05
a M=1 and M'=6.
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CHAPTER 7

PRODUCTION OF CHROMIUM-PAH COMPLEXES VIA A LASER VAPORIZATION
FLOWTUBE REACTOR

Introduction

Due to their similarity to graphene, polycyclic aromatic hydrocarbons (PAHS) are often studied
as models of graphenes.1-3 Comparably, transition metal-PAH complexes are good prototypes
for the study of the transition metal supported on carbon materials. Chromium, an early
transition metal from group 6, is especially interesting since it can be coordinated by two six-
member carbon rings to meet the 18-electron rule. The pyrene and coronene complexes have
been experimentally studied in the gas phase,4-10 and have been studied by theory as well.11-16
However, no one has reported the successful synthesis and isolation of the Cr-pyrene and Cr-
coronene complexes. This study attempts to synthesize these complexes via the laser

vaporization flowtube reactor (LVFR).

Metal-PAH ion complexes have been reported previously in gas-phase experiments using FT-
ICR mass spectrometry.i7-19 In those setups, the transition metal ions reacted with the PAH
vapors at very low pressures (10-9-10-7 torr) The products were detected with mass
spectrometers. Duncan and co-workers have produced a variety of metal and multi-metal
complexes with PAHSs by laser ablating film-coated metal samples in a molecular beam cluster
source.s;8,10,20-23 The PAH vapors are generated by laser ablation. A gas channel employed in
their setup increased the probability of collisions between the metal plasma and the PAH vapors.
The supersonic expansion was used to cool the ions. The complexes produced in their study
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were also detected using mass spectrometry. In later studies, powder mixtures of metals or their

compounds and PAHs were desorbed by focused laser beams, and the products were detected in

a time-of-flight mass spectrometer without any collisional cooling.7,24 The successful production
of coronene or pyrene complexes with transition metals indicate that the stability of the Cr-

pyrene or Cr-coronene complexes is enough to tolerate the hot laser desorption conditions.

The large scale syntheses of the Cr-pyrene and the Cr-coronene complexes are challenging
despite the stabilities of the products, just as the preparation of bis(naphthalene)chromium was
not reported until two decades after the first bis(benzene)chromium preparation.2s,26 The main
difficulty is the low vapor pressure of large PAHs. Benzene is a liquid with a high vapor
pressure, so it is relatively easy to make benzene complexes in the gas phase. To make transition
metal-naphthalene complexes in a large scale, naphthalene vapor is required in a high
concentrations. The case is worse for coronene, since the vapor pressure of coronene at 420 K is
about 2x10-s torr, while the vapor pressure of naphthalene at room temperature is about 3x10-3

torr.27

The LFVR has been used to synthesize several ligand-coated metal or metal oxide clusters in
milligram quantities.2s-30 In this study, the LVFR is modified with a ceramic oven to generate
PAH vapors. The oven opening is placed near the metal rod to create a concentrated PAH

atmosphere around the metal. The details are discussed below.
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Figure 7.1 Mass spectrum of Cr-coronene produced in the LVFR. The two insets are the

zoomed-in regions of this mass spectrum.
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Experiment

Details of the LVFR are in Chapter 2. A laser fluence of 120-100 mJ/pulse and a repetition rate
of 400 Hz is used to vaporize the chromium rod. The laser is focused to a 1x8 mm rectangular
spot on a rotating ¥ inch diameter chromium rod. The higher laser powers and the larger
irradiation area facilitate the metal ablation more than the laser sources used in the previous gas-
phase experiments.szs,10,17-23 A hollow cylindrical ceramic oven is placed next to the metal rod
with the opening facing the metal rod. The oven filled with the coronene powder (80% purity) is
heated by a nickel-chromium alloy resistance heating wire. The temperature is monitored by a
thermocouple attached at the end of the oven. The temperature is controlled to be at about
160°C. Helium (UHP) at 200 psi is expanded continuously alongside the metal rod through a
~0.8 mm hole positioned about 6 mm away from the rod. The introduction of helium results in
an ambient pressure of 10 torr in the flow tube. Argon (UHP) is introduced from the side of the
second chamber to increase the pressure by 1x10-1 torr in the flow tube. The flowing gas
provides collisional cooling and entrains materials in it. The materials coat the first aperture
between the first and the second chamber. They are scraped off the surface and loaded onto the

copper probe tip for mass spectrometry.

Results and Discussion

The materials collected from the upper side of the aperture have a dark brown color. These
materials should be composed of not only the Cr-coronene complexes, but also the unreacted
chromium and coronene. Laser desorption mass spectrometry is used for analysis. A mass
spectrum of the sample is presented in Figure 7.1. The highest peak in this figure is assigned to

coronene (m/z = 300). The peaks that are assigned to chromium (m/z = 52) have similar
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abundances as coronene, but they are not shown in this figure. The peaks presented in the upper
inset have the highest peak at m/z = 352. By comparing to the isotope pattern of chromium, they
can be assigned to Cr(cor)1. In the lower inset, we can see peaks roughly at m/z = 652, which
can be assigned to Cr(cor)2. However, the resolution is so low that this assignment is not

assured.

In the previous study, the mass spectra of mixed powders of chromium and coronene showed
peaks which were assigned to coronene, Cr(cor)1, and Cr(cor)2.7 The Cr-coronene complexes did
not exist until the laser desorption. Consequently, one mass spectrum in Figure 7.1 alone cannot
prove that the Cr-coronene complexes are synthesized in the LVFR. Therefore, mass spectra are
taken for the mixed chromium and coronene powder in this study to determine if the complexes
are collected from the LVFR. Two mass spectra are taken. One sample tip is prepared by
pressing and grinding the sample tip on the mixed powders. A thin layer of powders is loaded.
A piece of pressed pellet made from the mixed powders is taped on the other sample tip. The
pellet is about 0.5 mm thick. These spectra are taken with similar mass spectrometry conditions

that are used for the mass spectrum of the synthesized products.

Figure 7.2 shows the mass spectra of the mixed powders of chromium and coronene. Besides
peaks that are assigned to coronene, other peaks can be assigned to the known PAH molecules,
such as C22H12 (m/z = 276), C2sH14 (m/z = 350), CsoH14 (M/z = 374) and Ca2H14 (m/z = 398).
They are impurities in the coronene powder that also show up in the mass spectra of the
coronene from the bottle. However, neither Cr(cor)1 nor Cr(cor)2 peaks are shown in these mass
spectra. Through the comparison of the spectra of the mixed powder sample and the synthesized
sample, we could conclude that the Cr-coronene complexes are made in the LVFR instead of in

the mass spectrometer.
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Summary

The LVFR has been successfully used to produce the Cr-coronene complexes. However, the
yield is still low (<1 mg collected after two hours of running) and the percentage of the
complexes in the products are unknown. Optimizations of the experimental conditions are
needed to increase the yield in the future. Additionally, there is not a good way to separate
Cr(cor)1 or Cr(cor)2 from the products so far. Hence efforts should be made to purify the

samples as well.
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