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ABSTRACT 

WAHEDA HASSEN B.S 

SYNTHESIS AND CHARACTERIZATION OF GROUP 11 METAL 

MULTINUCLEAR PYRAZOLATE COMPLEXES  

WITH FERROCENE AND ITS  

VARIOUS DERIVATIVES 

 

AUGUST 2014 

This thesis is the investigation of the interaction between group 11 metal multinuclear 

pyrazolate complexes with ferrocene and its derivatives of increasing alkylation. It has 83 

pp, 8 tables, and 44 figures. There are 4 chapters that are presented. Chapter 1 discusses 

the introduction of the research. Chapter 2 gives details on the instruments, chemicals, 

materials, and experimental procedure. Chapter 3 shows the results and discussion of 

each complex. Lastly, chapter 4 is the conclusion.  
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CHAPTER I 

INTRODUCTION 

This thesis presents the synthesis and spectroscopic data of new silver and copper 

complexes with ferrocene and its different derivatives. Section 1.1-1.3 discusses the 

discovery, characteristics, and properties of ferrocene and its derivatives. Section 1.4 

describes the characteristics of trinuclear complexes of group 11 metal pyrazole. Section 

1.5 discusses π-Lewis acid-base chemistry. Section 1.6 and 1.7 discusses MOFs and 

PLEDs respectively. In Section 1.8, the topic of green chemistry is explored.  

1.1 Discovery of ferrocene  

In 1951, Kealy and Pauson attempted to prepare hydrocarbon fulvalene (II). The 

procedure they followed was the oxidation of cyclopentadienylmagnesium bromide with 

anhydrous ferric chloride in ether solution. Instead of getting the desired product, they 

discovered ferrocene.
1
 Since its discovery, a new class of chemistry was created. Other 

researchers have discovered other techniques in synthesizing ferrocene. Miller et al. 

discovered ferrocene almost at the same time as Kealy and Pauson by performing a 

reaction of cyclopentadiene vapor and a reduced iron at 300⁰C and isolating the ferrocene 

from the reaction.
2
 Ferrocene has a “sandwich” structure with a Fe

2+
 in the center of two 

pentagonal aromatic rings.
3
 Many ferrocene derivatives have been discovered via 

synthesis and have been characterized. Ferrocene is used in various areas such as 

electrochemistry, non-linear optics, and organometallic chemistry.
4
 Recently, ferrocene 
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thin films have been investigated for its potential use in non-linear optics. Matei et al. 

noted that the ferrocene derivatives exhibit low-to-medium second harmonic signals.
45 

Ferrocene and its derivatives have also been investigated as good candidates as burning 

rate catalysts for propellant systems.
47

 Ferrocene derivatives are also investigated in its 

potential to be used in the pharmaceutical industry.
40

 

1.2 Ferrocene characteristics 

The structure of ferrocene is attributed to its two π-bonding Cp rings and d-orbital metal 

center.
4
  Haaland et al. discovered that in the gas phase, ferrocene has D5h (eclipsed) 

symmetry rather than the D5d (staggered). The same group mentioned earlier also noted 

that the addition of methyl groups to ferrocene increases the eclipsed conformation 

energy versus the staggered. When analyzing the gas phase of decamethylferrocene, it 

was discovered in having D5d symmetry instead of the expected D5h.
7
 

Ferrocene and its derivatives have been used in electrochemistry due to its superb redox 

ability.
32-35

 Bakker and co-workers investigated the ion-selective membrane, poly(vinyl 

chloride), covalently bonded to ferrocene to be used in developing a solid state ion 

selective electrode. The results showed that ferrocene when bonded to PVC initiates the 

ion-transfer process that takes place from the aqueous to the membrane and exhibits ion-

to-electron transducer characteristics.
35

 The methylation of ferrocene has been shown to 

play a role in the structures reduction capabilities. Itoh et al. investigated the reduction 

reaction of a Cu (II) ligand with decamethylferrocene and found that there is a direct 

reduction of Cu (II) ligand to Cu (I) ligand that is caused by decamethylferrocene.
36
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Previous studies done by the same group with ferrocene used as the reducing agent for 

the same Cu (II) ligand showed a second-order rate constant that was autonomous of the 

ferrocene concentration.
36,37

 

Since its discovery, research has been conducted on ferrocene to investigate the charge 

density of varying ferrocene derivatives.
16-19

 Depending on the type of alkylation, the 

ferrocene structure would exhibit either a Lewis acid or Lewis base. Makal et al. 

investigated 1,1-dimethylferrocene, decamethylferrocene, and 1,1-diacetylferrocene. 

Through the investigation of the charge densities of these varying ferrocene alkylation’s, 

the group found that the acetyl groups in 1,1-diacetylferrocene act as electron acceptors 

and gives the overall charge negative thus a Lewis acid. While the methyl groups in both 

1,1-dimethylferrocene and decamethylferrocene act as electron donors, giving the overall 

charge a  positive value thus a Lewis base.
19

 

1.3 The properties of ferrocene and its various derivatives 

Ferrocene and its derivatives have been found in previous research to be quenchers in the 

triplet state of luminescent compounds.
4
 Studies have been previously conducted on the 

effects of ferrocene derivatives with Ruthenium derivatives. Wrighton et al. found that 

when ferrocene derivatives quench the luminescence of Ru(bpy)3
2+

 and Ru(bpz)3
2+

  is 

caused by both electron transfer and energy transfer.
4,5 

Ferrocene and some of its 

derivatives are widely known to undergo sublimation when under certain conditions. 

Studies have been previously conducted to understand the chemistry that occurs in the 

vapor stage. Siddiqi et al. studied the vapor-liquid equilibrium of ferrocene in organic 



4 
 

solvents. The group placed ferrocene in a solution of toluene, hexane, and isooctane at 

boiling temperature. Uv-Vis spectroscopy was run on the solutions and it was found that 

all had absorption peaks at 325 nm and 440 nm while ferrocene is known to absorb from 

300-650 nm.
6
 

Previous research has been conducted on the determination of whether or not ferrocene is 

phosphorescent or fluorescence. Schandry et al. worked on determining the fluorescence 

of ferrocene and claimed to have found an emission seen between 24,900 and 17,400 cm
-

1
 but peer review of this find was unable to obtain the same results.

4
 Scott et al. claimed 

that ferrocene is phosphorescent when excited to either the S2 or S3 state.
59,4

 However, it 

was discovered by Schandry and co-workers that the results reported by Scott et al. were 

for photolysis products of ferrocene. From the investigations done thus far, there is an 

agreement that ferrocene doesn’t luminesce.
4
 

1.4 Trinuclear complexes of group 11 metal pyrazole  

Interest in pyrazole complexes with group 11 metals are due to the previously known 

characteristics of pyrazole bridging with various metals. Murray and co-workers 

discovered through x-ray crystallography that the interaction of pyrazole ligands with 

group 11 metals formed a cyclic multinuclear structures.
8
 Pyrazole ligands tend to have 

close proximity to the metal bonded in which that it exhibits exo-bidentate behavior. 

Ehlert et. al noted that the tricyclic structure of Cu(Pz)3 (Pz =  3,5-dimethylpyrazole) 

when compared to other group 11 metal pyrazole trinuclear structures, has a longer 

intramolecular metal to metal distance compared to that of the  metal to metal separation 
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between the trimers.
9
 A decade later, Rawashdeh-Omary and co-workers discovered that 

trinuclear Au (I) compound containing aromatic-substituted imidazolate when 

synthesized with the ligand tetracyanoquinodimethane (TCNQ), forms a complex with a 

longer Au-Au intramolecular distance versus its Au-Au intermolecular distance. The 

same group deduced the reason behind the longer Au-Au intramolecular distance is due 

to the charge transfer that occurs between the electron-acceptor TCNQ and the electron-

rich Au center within the complex.
42

 A variety of Au (I) trimeric structures were 

interacted with silver and thallium salts by Omary and co-workers. It was discovered by 

the group that TR (carb) and TR (bzim) short for trinuclear Au (I) carbeniate and 

benzylimidazolate respectively, reacts with Tl
+
 and Ag

+
 ions to form columnar chains 

that contains sandwich compounds of six Au (I) atoms that are bonded with Ag
+
 and Tl

+ 

ions.
44

   

Investigations have been previously conducted to understand the role of transition metals 

in trinuclear complexes. Omary et al. investigated and compared the fluorinated 

trinuclear complexes of Ag (I), Au (I), and Cu (I). From their investigation, they 

concluded that the group 11 fluorinated trinuclear complexes all contain metal to metal 

intertrimer interactions that are accountable for the supramolecular extended structures.
10

 

Further study of the metal to metal distances has been conducted by Omary and co-

workers in both monomer-of-trimer and dimer-of-trimer complexes.
23

 The group 

conducted computational calculations of the structural and photophysical properties of 

monomer-of-trimer and dimer-of-trimer Cu (I), Ag (I), and Au (I) complexes. From their 
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results, they concluded that after conducting density functional calculations on the 

emissive triplet state on dimer-of-trimer group 11 metal complexes showed extensive 

geometric perturbations that are caused by excimeric M-M bonding and Jahn-Teller 

distortion. When comparing the structural analysis of [Cu(pz)]3 and {[Cu(pz)]3}2, the 

[Cu(pz)]3 undergoes a photoinduced Jahn-Teller distortion which results in Cu-Cu bonds. 

For {[Cu(pz)]3}2, the compound has a photoinduced Jahn-Teller distortion that leads to 

C2v symmetry of each trimer.
23

 

1.5 π-Lewis acid-base chemistry 

 

Coinage group 11 metal pyrazolate complexes are known to exhibit acid-base properties 

due in part by the metal and R substituents. R groups that are electron rich such as methyl 

or hydrogen are shown to give the overall structure a Lewis base. When the R groups are 

electron poor such as fluorinated groups it gives the overall structure a Lewis acid.
10

 Dias 

and co-workers first made complexes of Cu (I) and Ag (I) with [3,5-(CF3)2Pz]. The 

resulting structures are a Lewis acid due to the fluorinated groups.
 11

 Further research of 

the fluorinated trimer’s by Dias et al. found that [[3,5-(CF3)2Pz]Cu3] exhibit interesting 

luminescence properties. At room temperature, the group discovered that copper trimer 

has a bright orange emission at the solid state. When temperature is lowered, the emission 

then turns to red when temperatures are 100-240 K. Interestingly, the emission turns back 

to orange at 77 K due to the appearance of the yellow emission peak along with the 

strong red emission peak.
12

  The group found that the emission can be effected by not 

only temperature, but most fascinatingly the fluorinated copper trimer exhibits 
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concentration luminochromism and luminescence solvatochromism.
12,13

 Copper trimer 

when dissolved in different solvents such as dichloromethane and benzene, at 77 K, has 

varying emission colors.
13

  

Investigations of the group 11 metal fluorinated trinuclear structures, led Omary and co-

workers to study the π-acid/base sandwich adducts, that occur when interacted with an 

electron rich molecules. The group synthesized the electron poor [[3,5-(CF3)2Pz]Ag3] 

with the electron rich naphthalene. The resulting interaction showed through 

photoluminescence and X-ray interaction that there is π-bond interaction between those 

two compounds.
43

 Earlier on, the same group investigated the π-base Au (I) trinuclear 

structure with the π-acid Hg (II) trinuclear structure and discovered that from this 

interaction, supramolecular chains are formed and these chains are stabilized by 

aurophilic bonding between the Au3 and the electrostatic interactions between Au3 and 

Hg3.
46

 

In recent years, it was discovered by Rawashdeh-Omary and co-workers that the complex 

[[3,5-(CF3)2Pz]Ag3] exhibits on/off luminescence sensing of Volatile Organic 

Compounds (VOC) that include mesitylene, benzene, and toluene.
14

 Further research 

done by the same group found that fluorinated trinuclear copper complexes containing R 

groups such as chlorine and bromine exhibits similar on/off luminescence sensing of 

VOCs.
39

  This discovery can be used in oil and natural gas facilities where VOC are 

known to cause serious health effects such as blood disorders and cancer.
15

 The Lewis 

acid Ag (I) and Cu (I) trimers have been synthesized with Lewis base ligands in the past 
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couple of years to investigate the nature of Lewis acid-base chemistry. Tsupreva et al. 

investigated [[3,5-(CF3)2Pz]Cu3] and [[3,5-(CF3)2Pz]Ag3] with polyhedral borate anions 

and found that the higher the basicity of the anions, the more stable the complexes that 

were formed.
 38

   

Ferrocene has been used in previous research over the years in acid-base chemistry along 

with electron complexes due to its electron rich Cp rings. Clyburne et al. investigated the 

interaction of ferrocene with octafluoronaphthalene and found through its crystal 

structure that the ferrocene Cp rings interact with octafluoronaphthalene.
48

 Another group 

investigation the interaction of both [[3,5-(CF3)2Pz]Cu3] and [[3,5-(CF3)2Pz]Ag3] with 

ferrocene. Through x-ray crystallography, the group showed that the trinuclear 

monovalent group 11 complexes formed binary stacks with ferrocene.
42

  

1.6 Metal-organic framework 

The metal-organic framework has been widely studied due to its applications in areas 

such as solar cells, gas sensors, and semiconductors.
20

 Both organic semiconductors and 

inorganic semiconductors have its own traits that are essential in the field of 

electrochemistry. In organic semiconductors, the conductivity of the organic materials 

correlates with the aromaticity of the compound. This is due in part by the π-bond 

conjugation that assists in the transport of electrons. One of the most known organic 

semiconductors is pentacene with its ability to absorb oxygen which in turn improves the 

conduction properties.
20, 21
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Inorganic semiconductors have important applications in solar energy and in the 

electronics industry. Part of which inorganic semiconductors are important is the need to 

have a material that can convert electronic energy to either a redox reaction or an external 

electrical voltage. For photosynthetic cells and regenerative cells this characteristic is 

especially important. In photosynthetic cells there are two redox systems: one redox 

system that reacts with the electrons that enter the counter-electrode and the other that 

reacts with the holes located at the surface of the semiconductor electrode. For 

regenerative cells, photons are converted into electrical power without any chemical 

change to occur.
 22

 

There have been a variety of MOFs that have been synthesized and characterized. The 

metal and ligand both play a crucial role in the ability of the compound to act as a MOF. 

One particular type that has increasingly gotten attention over the past decade is fluorous 

metal-organic frameworks (FMOFs). Research conducted by Omary et al. has found that 

the FMOF with the formula of {Ag2[ Ag4Tz6]}n, has an excellent volumetric gas uptake.
24

 

Other factors that affect the conductivity of compounds are the metal to metal 

interactions. This is widely seen in silver complexes where silver has a high affinity in 

forming Ag-Ag interactions.
20, 27-29

 A vast amount of research has been done in studying 

ligands that are appropriate for MOFs. Among the types of ligands studied include: 

halides
28

, chalcogens
29

, and pnictogens.
30

 Further research has led to studying mixed 

ligands. Hupp and co-workers investigated five compounds of zinc ions linked with 

mixed ligands and found that the compounds exhibit anisotropic behavior.
31
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1.7 PLEDs 

The demand for polymer light emitting diodes (PLEDs) has increased over the years due 

to the need for a cost efficient method of developing lighting and energy displays such as 

computer monitors and television screens.
49

 Development of PLED devices has 

challenges that include issues of the hole-injection involving the tin-doped indium oxide 

(ITO) anode and the HOMO level of emissive layer (EML) polymer. Yan et al. attempted 

to remedy this by developing organosiloxane materials that are electron-blocking and 

have cross-link hole-transport. Investigation of these developed materials was shown to 

be an efficient method for creating a PLED.
50

 Another approach that was developed by 

Wokaun and co-workers is the use of sequential laser-induced forward transfer (LIFT). 

This technique allowed the researchers to stack on top of one another, smaller aluminum 

pixels on top of larger sized alcohol-soluble polyfluorine pixels which otherwise can’t be 

accomplished with other LIFT techniques.
51

 

Among the research that has been conducted on polymers that are capable to be used in 

PLEDs, are those that are π-conjugated and contain fluorine units. Inaoka et al. 

investigated a variety of fluorine containing polymers and discovered that due to the 

molecular structures of these polymers, chemical or oxidative deposition occurred on 

high-grade films and organic solvents.
52

 A variety of polymeric ferrocene derivatives has 

also been investigated and shown to act as excellent hole-injection layer for PLED. 

Chiang and co-workers synthesized and investigated a variety of ferrocene containing 

polymer thin films. These films were tested for PLED applications and from the group’s 
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results showed that there was a low turn-on voltage of the PLEDs, a sign that the hole-

injection properties are superb.
54

 Phosphorescent metallopolymers has garnered attention 

over the years due to its high-energy T1 states.
53, 55, 56

  Rawashdeh-Omary and co-workers 

utilized poly(4-vinyl)pyridine with  Au(I) precursors. The resulting metallopolymers was 

shown via photoluminescence analysis to exhibit high-energy triplet states, long 

excitation wavelengths, and charge neutrality for which the group states is important 

characteristics of an ideal material to be used in PLED devices.
53

 

1.8 Green chemistry 

The topic of green chemistry has gained attention in recent decades. Green chemistry is 

essentially chemistry that takes in to account the environment when conducting scientific 

experiments.
60

 One such problem, known to cause not only environmental issues but as 

well as health issues, is organic solvents.
15

 Investigations have been conducted in 

performing scientific experiments with little to no organic solvent use. Among the 

successful attempts of solventless reactions were the use of ferrocene and its derivatives. 

For instance, Liu et al. reacted 1,1-diactylferrocene and an aromatic aldehyde with 

sodium hydroxide without using a solvent. The results showed that they were able to get 

the overall products in a more efficient and environmentally friendly way.
61

 The same 

was true for another group, who found an environmentally safer approach in synthesizing 

ferrite nanoparticles from ferrocene and oxalic acid.
62

 Octafluoronaphthalene is another 

complex that has been investigated within the realms of green chemistry. Ilott et al. has 

grown crystals of octafluoronaphthalene by utilizing vacuum sublimation rather than 
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growing them in solution.
63

 Another group was able to perform a reaction of 

octafluoronaphthalene with naphthalene by using only a pestle and mortar in which they 

mix the two complexes for 40 minutes in order to get the desired product.
64
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CHAPTER II 

EXPERIMENTAL PROCEDURE 

This chapter represents the experimental procedure of the investigation. Section 2.1 

mentions the instruments, chemicals, and materials used. Section 2.2 discusses the 

experimental procedures performed for the following complexes: [Ag-pz]3[Fe(cp)2],  

[Cu-pz]3[Fe(cp)2], and [octafluoronaphthalene][ferrocene] respectively. Section 2.3 

explains the experimental procedures performed for the following complexes:[Ag-

pz]3[Me2Fe(cp)2], [Cu-pz]3[Me2Fe(cp)2], [octafluoronaphthalene][1,1-

dimethylferrocene], and [TCNQ][1,1-dimethylferrocene] respectively. In section 2.4, 

{[Ag-pz]3[Me8Fe(cp)2] and [Cu-pz]3[Me8Fe(cp)2]} are discussed respectively. Sections 

2.5 and 2.6 discusses the experimental procedures performed for the following 

complexes: {[Ag-pz]3[Me10Fe(cp)2] and [Cu-pz]3[Me10Fe(cp)2]} and {[Ag-pz]3 and {[Cu-

pz]3 with [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]} respectively. 
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M = Ag, Cu                                             Ferrocene                1,1-Dimethylferrocene             

pz = 3,5-bis(trifluoromethyl)pyrazole      [Fe(cp)2]                    [Me2Fe(cp)2]                               

pz = [3,5-(CF3)2Pz]    

                                                                
Octamethylferrocene                                                               Decamethylferrocene 

[Me8Fe(cp)2]                                      TCNQ                                  [Me10Fe(cp)2]

                                               

Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone     Octafluoronaphthalene 

Fig. 1. Ligand and complexes.  

{[3,5-(CF3)2Pz]M}3 (M = Ag (I), Cu (I)), Ferrocene, 1,1-Dimethylferrocene, 

Octamethylferrocene, Decamethylferrocene, TCNQ,  Cis-2,6-(E,E)-bis(ferrocenylidene)-

N-methyl-4-piperidone, Octafluoronaphthalene. 
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Fig. 2. Scheme of the reactions that will be performed from the inorganic starting 

materials. 

M = Ag, Cu 
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2.1 Instruments, chemicals, and materials 

2.1.1 Instruments 

The luminescence quenching was measured using PTI (Photon Technology International) 

QuantaMaster Model QM-3/2006SE Scanning Spectrofluorometer that contains a 75W 

xenon lamp, emission and excitation monochromators, and PMT (Photomultiplier Tube) 

detector. The emission and excitation spectra were corrected for detector wavelength 

response and wavelength-dependent lamp intensity respectively. The absorption spectra 

were recorded on Shimadzu UV-2101PC ultraviolet-visible spectrophotometer. 
1
H-NMR 

spectra were recorded at 25⁰C on a Varian 400 spectrometer, the proton chemical shift 

was reported in ppm versus the deuterium solvent. TGA spectra were recorded at 25⁰C 

on TA Q50 TGA. IR spectra were recorded at 25⁰C on FTIR Schumadzu. Melting points 

were taken by using Mel-tem capillary melting point apparatus. X-ray single crystal 

investigations were performed on a CCD Bruker SMART APEX diffractometer with an 

Oxford Instrument low temperature attachment by Dr. Vladimir Nesterov at UNT. A 

suitable crystal was mounted on a glass viber using 5 min epoxy. Data were collected on 

a Siemens P4 diffractometer at room temperature. Structures were solved using 

SHELXTL 5.1 software package from Bruker Analytical X-ray systems, Inc. 
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2.1.2 Chemicals and materials 

All reactions were conducted using Schlenk technique under inert nitrogen gas unless 

stated otherwise. Glassware was dried overnight at 200⁰C prior to use. All solvents were 

bought from commercial outlets and dried over molecular sieves prior to use. The 

solvents were degassed before the addition of the material into the solution. Ferrocene, 

1,1-dimethylferrocene, octamethylferrocene, decamethylferrocene, and 

octafluoronaphthalene were purchased from Sigma Aldrich and was used as received. 

Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone was received from Dr. 

Vladimir Nesterov
40

 and was used as received. TCNQ was purified by crystallization 

prior to receiving it from UNT. [[3,5-(CF3)2Pz]Ag3] and [[3,5-(CF3)2Pz]Cu3] were 

synthesized according to published procedure.
12

 

2.2 [Ag-pz]3[Fe(cp)2] and [Cu-pz]3[Fe(cp)2] 

2.2.1 Synthesis of [Ag-pz]3[Fe(cp)2] 

[[3,5-(CF3)2Pz]Ag3] + [Fe(cp)2]            [Ag-pz]3[Fe(cp)2] 

Method 1: using solvent. The compound [Ag-pz]3[Fe(cp)2] was synthesized according to 

published literature.
42

 [[3,5-(CF3)2Pz]Ag3] (0.1g, 1.00 mmol) and [Fe(cp)2] (0.02 g, 1.00 

mmol) were added to 7 ml of dichloromethane with magnetic stirring. After 24 hrs., the 

solvent was removed through vacuum filtration and the product was dried for 2 hrs. 

before it was collected. The resulting product is orange with a 75% yield and a M.P of 

225˚C. The compound was crystallized by evaporation at room temperature using 
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dichloromethane. X-ray crystallography revealed a new polymorph from what is 

previously published.
42

  

Method 2: solventless. A second separate reaction was performed with the same starting 

materials. [[3,5-(CF3)2Pz]Ag3] (1.00 mmol) and [Fe(cp)2] (1.00 mmol) were placed side 

by side on a slide, covered with a beaker at room temperature.Within an hour, the white 

product of [[3,5-(CF3)2Pz]Ag3] had begun to turn orange and the amount of ferrocene 

originally on the slide has decreased. This observation gave evidence that when the 

ferrocene sublimes at room temperature, while in the gas phase it travels and  reacts with 

the solid [[3,5-(CF3)2Pz]Ag3] to form the product [Ag-pz]3/[Fe(cp)2]. In a vile, crystals of 

[[3,5-(CF3)2Pz]Ag3] grown in hexane were placed inside of it along with ferrocene. After 

24 hrs., the clear colored crystals have turned orange. 

The luminescence quenching of [[3,5-(CF3)2Pz]Ag3] versus ferrocene exposer was then 

performed to understand the solventless reaction. A thin film was made by dissolving 

[[3,5-(CF3)2Pz]Ag3] with benzene on a quartz tube with a resulting green emission 

according to previously published work.
15

 The quartz tube was quickly placed in the 

spectrofluorometer with the thin film side on top. The ferrocene was placed at the bottom 

of the quartz tube and the emission was then run at the following intervals: 0 min, 45 

min, 90 min, 24 hrs. 
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2.2.2 Synthesis of [Cu-pz]3[Fe(cp)2] 

[[3,5-(CF3)2Pz]Cu3] + [Fe(cp)2]            [Cu-pz]3[Fe(cp)2] 

Method 1: using solvent. The [Cu-pz]3[Fe(cp)2]compound was synthesized according to 

published literature.
42

 [[3,5-(CF3)2Pz]Cu3] (0.26 g, 1.00 mmol) and [Fe(cp)2] (0.061 g, 

1.00 mmol) were added to 7 ml of dichloromethane with magnetic stirring. After 24 hrs., 

the solvent was removed through vacuum filtration and the product was dried for 2 hrs. 

before it was collected. The resulting product is orange with a 73% yield and a M.P of 

228˚C. Crystals were grown at 25⁰C in benzene. The [Cu-pz]3[Fe(cp)2]compound has 

already been synthesized and  x-ray crystallography reveals that the crystal structure is 

the same with what has been previously published.
41

 

Method 2: solventless. [[3,5-(CF3)2Pz]Cu3] (1.00 mmol) and [Fe(cp)2] (2.00 mmol) were 

placed side by side on a slide, covered with a beaker at room temperature. After a week, 

observation of the products on the slide showed that the white product of [[3,5-

(CF3)2Pz]Cu3] had turned orange and the amount of ferrocene originally on the slide has 

decreased. This observation gave evidence that when ferrocene sublimes at room 

temperature, while in the gas phase it travels and reacts with the solid [[3,5-

(CF3)2Pz]Cu3] to form the product [Cu-pz]3[Fe(cp)2]. In a vile, crystals of [[3,5-

(CF3)2Pz]Cu3] grown in hexane were placed inside of it with ferrocene. After 24 hrs., the 

clear colored crystals have turned orange. 

The luminescence quenching of [[3,5-(CF3)2Pz]Cu3] versus ferrocene exposer was then 

performed to understand the solventless reaction. A thin film was made by dissolving 
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[[3,5-(CF3)2Pz]Cu3] with benzene on a quartz tube with a resulting orange emission. The 

quartz tube was quickly placed in the spectrofluorometer with the thin film side on top. 

The ferrocene was placed at the bottom of the quartz tube and the emission was then run 

at the following intervals: 0 min, 30 min, 60 min, 90 min, 24 hrs. 

2.2.3 Solventless synthesis of octafluoronaphthalene and ferrocene 

Octafluoronaphthalene + Ferrocene                     [Octafluoronaphthalene][Ferrocene] 

Octafluoronaphthalene (0.01g, 1.00 mmol) and ferrocene (0.0068g, 1.00 mmol) were 

placed inside of a capped vile wrapped in parafilm. When both octafluoronaphthalene 

and ferrocene sublime, in the gas phase they interact with one another. After 24 hrs., the 

white crystalline octafluoronaphthalene has diminished and orange crystals are seen. X-

ray crystallography revealed that the crystals are of the complex octafluoronaphthalene 

and ferrocene. 

2.3 [Ag-pz]3[Me2Fe(cp)2] and [Cu-pz]3[Me2Fe(cp)2] 

2.3.1 Synthesis of [Ag-pz]3[Me2Fe(cp)2] 

[[3,5-(CF3)2Pz]Ag3] + [Me2Fe(cp)2]                      [Ag-pz]3[Me2Fe(cp)2] 

Method 1: using solvent. [[3,5-(CF3)2Pz]Ag3] (0.2 g, 1.00 mmol) and [Me2Fe(cp)2] (0.05 

g, 1.00 mmol) were added to 7 ml of dichloromethane with magnetic stirring. After 24 

hrs., the solvent was removed through vacuum filtration and the product was dried for 2 

hrs. before it was collected. The resulting product is orange with a 80% yield and a M.P 

150⁰C. Crystals were grown at 25⁰C in pyridine by evaporation and analyzed through x-

ray crystallography. FT-IR: v = (C-H aromatic), v = 1252.56 (C-N aromatic amines), v = 
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1544.24 (C=C aromatic).
1
H-NMR: (500MHz; in d2-dichloromethane): δ 1.45 (1,1-

dimethylferrocene), 5.23 (d2-dichloromethane) 6.96 ([[3,5-(CF3)2Pz]Ag3]). 

Method 2: solventless. [[3,5-(CF3)2Pz]Ag3] (1.00 mmol) and [Me2Fe(cp)2] (1.00 mmol) 

were placed side by side on a slide, covered with a beaker at room temperature. Within an 

hour, the white product of [[3,5-(CF3)2Pz]Ag3] had begun to turn orange and the amount 

of 1,1-dimethylferrocene originally on the slide has decreased. This observation was 

similar to that of [Ag-pz]3[Fe(cp)2]. When 1,1-dimethylferrocene sublimes at room 

temperature, while in the gas  it travels and reacts with the solid [[3,5-(CF3)2Pz]Ag3] to 

form the product [Ag-pz]3[Me2Fe(cp)2]. Crystals of [[3,5-(CF3)2Pz]Ag3] grown in hexane 

were placed inside of a vile with 1,1-dimethylferrocene. After 24 hrs., the clear colored 

crystals have turned orange. X-ray crystallography revealed that the crystals contained 

only [[3,5-(CF3)2Pz]Ag3] and that the interaction of 1,1-dimethylferrocene is only on the 

surface of the [[3,5-(CF3)2Pz]Ag3] crystals. 

The luminescence quenching of [[3,5-(CF3)2Pz]Ag3] versus 1,1-dimethylferrocene 

exposer was then performed to understand the solventless reaction. A thin film was made 

by dissolving [[3,5-(CF3)2Pz]Ag3] with benzene on a quartz tube with a resulting green 

emission according to previously published work.
15 

The quartz tube was quickly placed in 

the spectrofluorometer with the thin film side on top. The 1,1-dimethylferrocene was 

placed at the bottom of the quartz tube and the emission was then run at the following 

intervals: 0 min, 10 min, 20 min, 30 min, 40 min, 50 min, 60 min, 90 min, and 24 hrs. 
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2.3.2 Synthesis of [Cu-pz]3[Me2Fe(cp)2] 

[[3,5-(CF3)2Pz]Cu3] + [Me2Fe(cp)2]                   [Cu-pz]3[Me2Fe(cp)2] 

Method 1: using solvent. [[3,5-(CF3)2Pz]Cu3] (0.1 g, 1.00 mmol) and [Me2Fe(cp)2] (0.03 

g, 1.00 mmol or 0.06 g, 2.00 mmol) were added to 5 ml of benzene with magnetic 

stirring. After 24 hrs., the solvent was removed through vacuum filtration and the product 

was dried for 2 hrs. before it was collected. The resulting product is orange with a 80 % 

yield and a M.P 183⁰C. FT-IR: v = 810.06 (C-H aromatic), v = 1256.88 (C-N aromatic 

amines), v = 1543.10 (C=C aromatic). 
1
H-NMR: (500MHz; in d2-dichloromethane): δ 

1.44 (1,1-dimethylferrocene), 5.24 (d2-dichloromethane), 6.97 ([[3,5-(CF3)2Pz]Cu3]). 

Method 2: solventless. [[3,5-(CF3)2Pz]Cu3] (1.00 mmol) and [Me2Fe(cp)2] (2.00 mmol) 

were placed side by side on a slide, covered with a beaker at room temperature. After a 

hour, the white product of [[3,5-(CF3)2Pz]Cu3] had turned orange and the amount of 1,1-

dimethylferrocene originally on the slide has decreased similarly to the other 1,1-

dimethylferocene and ferrocene silver and copper products. This observation shows that 

when 1,1-dimethylferrocene sublimes at room temperature, while in the gas phase travels 

and reacts with the solid [[3,5-(CF3)2Pz]Cu3] to form the product [Cu-pz]3[Me2Fe(cp)2]. 

Crystals of [[3,5-(CF3)2Pz]Cu3] grown in hexane were placed inside of a vile with 1,1-

dimethylferrocene. After 24 hrs., the clear colored crystals have turned orange. X-ray 

crystallography revealed that the crystals contained only [[3,5-(CF3)2Pz]Cu3] and that the 
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interaction of 1,1-dimethylferrocene is only on the surface of the [[3,5-(CF3)2Pz]Cu3] 

crystals. 

The luminescence quenching of [[3,5-(CF3)2Pz]Cu3] versus ferrocene exposer was then 

performed to understand the solventless reaction. A thin film was made by dissolving 

[[3,5-(CF3)2Pz]Cu3] with benzene on a quartz tube with a resulting orange emission. The 

quartz tube was quickly placed in the spectrofluorometer with the thin film side on top. 

The ferrocene was placed at the bottom of the quartz tube and the emission was then run 

at the following intervals: 5 min, 30 min, 60 min, 90 min, 24 hrs. 

2.3.3 Solventless synthesis of octafluoronaphthalene and 1,1-dimethylferrocene 

octafluoronaphthalene + 1,1-dimethylferrocene               [octafluoronapthalene][1,1-

dimethylferrocene] 

Octafluoronaphthalene (0.01 g, 1.00 mmol) and 1,1-dimethylferrocene (0.0079 g, 1.00 

mmol) were placed inside of a capped vile wrapped in parafilm. When both 

octafluoronaphthalene and 1,1-dimethylferrocene sublime, in the gas phase they interact 

with one another. After 24 hrs., the white crystalline octafluoronaphthalene has 

diminished and orange crystals are seen.  

2.3.4 Solventless synthesis of TCNQ and 1,1-dimethylferrocene 

 TCNQ + 1,1-dimethylferrocene                    [TCNQ][1,1-dimethylferrocene]  

TCNQ crystals (0.01 g, 1 mmol) and 1,1-dimethylferrocene (0.011 g, 1 mmol) were 

placed inside of a capped vile wrapped in parafilm. After 24 hrs., TCNQ crystals have 
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appeared to have turned dark while there is no apparent change to the 1,1-

dimethylferrocene.  

2.4 [Ag-pz]3[Me8Fe(cp)2] and [Cu-pz]3[Me8Fe(cp)2] 

2.4.1 Synthesis of [Ag-pz]3[Me8Fe(cp)2] 

[[3,5-(CF3)2Pz]Ag3] + [Me8Fe(cp)2]                   [Ag-pz]3[Me8Fe(cp)2] 

[[3,5-(CF3)2Pz]Ag3] (0.1 g, 1.00 mmol) and [Me8Fe(cp)2] (0.032 g, 1.00 mmol) were 

added to 7 ml of dichloromethane with magnetic stirring. After 2 hrs., the solution was 

filtered to remove silver nano particles and the solvent was removed through vacuum 

filtration. The product dried for 2 hrs. prior to collection. The resulting product is green 

with a yield of ~50% and a M.P 135⁰C. FT-IR: v = 806.09 (C-H aromatic), v = 1252.86 

(C-N aromatic amines), v = 1607.06 (C=C aromatic). 
1
H-NMR: (500MHz; in d2-

dichloromethane): δ 1.45 (octamethylferrocene), 5.24 (d2-dichloromethane), 6.99 ([[3,5-

(CF3)2Pz]Ag3]). 

2.4.2 Synthesis of [Cu-pz]3[Me8Fe(cp)2] 

[[3,5-(CF3)2Pz]Cu3] + [Me8Fe(cp)2]                   [Cu-pz]3[Me8Fe(cp)2] 

[[3,5-(CF3)2Pz]Cu3] (0.05g, 1.00 mmol) and [Me8Fe(cp)2] (0.037g, 2.00 mmol) were 

added to 5 ml of benzene with magnetic stirring. After 24 hrs., the solution was filtered 

and the solvent was removed through vacuum filtration. The product was dried for 2 hrs. 

before it was collected. The resulting product is green with a 70% yield and a M.P 160⁰C. 

FT-IR: v = 806.68 (C-H aromatic), v = 1254.89 (C-N aromatic amines), v = 1537.96 



25 
 

(C=C aromatic). 
1
H-NMR: (500MHz; in d6-acetonitrile): δ 1.96 (d6-acetonitrile), 2.16 

(octamethylferrocene), 6.87 ([[3,5-(CF3)2Pz]Cu3]). 

2.5 [Ag-pz]3[Me10Fe(cp)2] and [Cu-pz]3[Me10Fe(cp)2] 

2.5.1 Synthesis of [Ag-pz]3[Me10Fe(cp)2] 

[[3,5-(CF3)2Pz]Ag3] + [Me10Fe(cp)2]                   [Ag-pz]3[Me10Fe(cp)2] 

[[3,5-(CF3)2Pz]Ag3] (0.1 g, 1.00 mmol) and [Me10Fe(cp)2] (0.033 g, 1.00 mmol) were 

added to 7 ml of dichloromethane with magnetic stirring. After 2 hrs., the solution was 

filtered to remove silver nano particles and the solvent was removed through vacuum 

filtration. The product dried for 2 hrs. prior to collection. The resulting product is green 

with a yield of 70% and a M.P >300⁰C. The compound was crystallized by evaporation 

with acetonitrile and prior to crystal growth, silver nano particles were filtered out. The 

crystal structure was obtained through X-ray crystallography. FT-IR: v = 795.82 (C-H 

aromatic), v = 1257.51 (C-N aromatic amines), v = 1503.14 (C=C aromatic), v = 2978.58 

(C-H alkanes). 
1
H-NMR: (500MHz; in d6-acetone): δ({1.79,1.84, 2.82} 

(decamethylferrocene), 2.05 (d6-acetone), 6.91 ([[3,5-(CF3)2Pz]Ag3]). 

2.5.2 Synthesis of [Cu-pz]3[Me10Fe(cp)2] 

[[3,5-(CF3)2Pz]Cu3] + [Me10Fe(cp)2]                   [Cu-pz]3[Me10Fe(cp)2] 

[[3,5-(CF3)2Pz]Cu3] (0.1 g, 1.00 mmol) and [Me10Fe(cp)2] (0.082 g, 2.00 mmol) were 

added to 5 ml of benzene with magnetic stirring. After 24 hrs., the solvent was removed 

by vacuum filtration. The product dried 2 hrs. prior to collection. The resulting product is 

green with a 85% yield and a M.P >300⁰C. Crystals were grown in tetrahydrofuran by 
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evaporation at room temperature. X-ray crystallography revealed that the crystals were of 

decamethylferrocene
68

 with no presence of [[3,5-(CF3)2Pz]Cu3]. The synthesis was 

redone with filtration to reveal two products: unreacted decamethylferrocene and [Cu-

pz]3/[Me10Fe(cp)2]. The complex [Cu-pz]3/[Me10Fe(cp)2] was found to be insoluble in 

organic solvents. [Cu-pz]3/[Me10Fe(cp)2] FT-IR: v = 1258.62 (C-N aromatic amines), v = 

1447.07 (C-C aromatic), v = 2886.65 (C-H alkanes). Unreacted decamethylferrocene FT-

IR: v = 799.56 (C-H aromatic), v = 1472.56 (C-C aromatic), v = 2886.66 (C-H alkanes). 

1
H-NMR: (500MHz; in d6-acetonitrile): δ 1.92 (d6-acetonitrile), {2.67, 2.70} 

(decamethylferrocene). 

2.6 [Ag-pz]3 and [Cu-pz]3 with [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone] 

2.6.1 Synthesis of [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] 

[[3,5-(CF3)2Pz]Ag3] + [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]  

                      [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] 

[[3,5-(CF3)2Pz]Ag3] (0.045 g, 1.00 mmol) and [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-

methyl-4-piperidone] (0.024 g, 1.00 mmol) were added to 5 ml of acetone with magnetic 

stirring. After 24 hrs., the solvent was removed by vacuum filtration. The product was 

dried for 2 hrs. before it was collected. The resulting product is violet with a 85% yield 

and a M.P 170⁰C. FT-IR: v = 813.53 (C-H aromatic), v = 1253.46 (C-N aromatic 

amines), and v = 1601.19 (C=C aromatic). 
1
H-NMR: (500MHz; in d6-acetonitrile): δ 
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1.96(d6-acetonitrile), {2.16, 2.53, 3.61, 4.20, 4.50, 4.58} ([Cis-2,6-(E,E)-

bis(ferrocenylidene)-N-methyl-4-piperidone]), 6.95 ([[3,5-(CF3)2Pz]Ag3]). 

2.6.2 Synthesis of [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] 

[[3,5-(CF3)2Pz]Cu3] + [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]  

                     [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] 

[[3,5-(CF3)2Pz]Cu3] (0.1 g, 1.00 mmol) and [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-

methyl-4-piperidone] (0.063 g, 1.00 mmol) were added to 5 ml of acetonitrile with 

magnetic stirring. After 24 hrs., the solvent was removed by vacuum filtration. The 

product was dried for 2 hrs. before it was collected. The resulting product is maroon with 

a 85% yield and a M.P 115⁰C. FT-IR: v = 812.02 (C-H aromatic), v = 1256.46 (C-N 

aromatic amines), and v = 1609.89 (C=C aromatic). 
1
H-NMR: (500MHz; in d6-

acetonitrile): δ 1.96 (d6-acetonitrile), {2.16, 2.51, 3.59, 4.20, 4.49, 4.57}, 7.45 ([[3,5-

(CF3)2Pz]Cu3]). 
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CHAPTER III 

 

RESULTS AND DISCUSSION 

This chapter shows the results and discussion of the complexes that were synthesized and 

characterized. Section 3.1 gives the results and discussion of [Ag-pz]3[Fe(cp)2], [Cu-

pz]3[Fe(cp)2], and octafluoronaphthalene with ferrocene. Section 3.2-3.4 explains the 

results and discussion of the following: {[Ag-pz]3[Me2Fe(cp)2] and [Cu-

pz]3[Me2Fe(cp)2]}, {[Ag-pz]3[Me8Fe(cp)2] and [Cu-pz]3[Me8Fe(cp)2]}, and {[Ag-

pz]3[Me10Fe(cp)2] and [Cu-pz]3[Me10Fe(cp)2]} respectively. Section 3.5 presents the 

results and discussions for [Ag-pz]3 and[Cu-pz]3 with [Cis-2,6-(E,E)-bis(ferrocenylidene)-

N-methyl-4-piperidone]. 

3.1 Results and discussion: [Ag-pz]3[Fe(cp)2], [Cu-pz]3[Fe(cp)2], and 

octafluoronaphthalene with ferrocene 

3.1.1 Results and discussion: [Ag-pz]3[Fe(cp)2] 

A new polymorph of [Ag-pz]3[Fe(cp)2] was obtained and shown in Fig. 3. [Ag-pz]3 and 

ferrocene form stacks on top of one another due to the π-acid/π-base interaction between 

the two respective complexes. The structure has different unit cell dimensions then 

previously published.
41

 Tables 1 and 2, gives the crystal data and partial bond lengths of 

the structure respectively. 
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Fig. 3. X-ray crystal structure of new polymorph of [Ag-pz]3[Fe(cp)2]. 

Table 1 

Crystal data for [Ag-pz]3[Fe(cp)2] 

Identification code  p21m Theta range for data 

collection 

2.02 to 27.05°. 

Empirical formula  C25 H13 Ag3 F18 Fe N6 Index ranges -11<=h<=11, -

25<=k<=25, -

12<=l<=12 

Formula weight  1118.87 Reflections collected 20318 

Temperature  296(2) K Independent 

reflections 

3784 [R(int) = 

0.0372] 

Wavelength  0.71073 Å Completeness to theta 

= 27.05° 

99.7 %  

Crystal system  Monoclinic Absorption correction Semi-empirical 

from 

equivalents 

Space group  P 21/m Max. and min. 

transmission 

0.9026 and 

0.5307 

Unit cell dimensions a = 9.2464(14) Å, α = 90° Refinement method Full-matrix 

least-squares on 

F2 

 b = 20.201(3) Å, β = 

107.271(2)° 

Data / restraints / 

parameters 

3784 / 2 / 330 

 c = 9.4233(14) Å,  γ  = 90° Goodness-of-fit on F2 1.030 

Volume 1680.8(4) Å3 Final R indices 

[I>2sigma(I)] 

R1 = 0.0260, 

wR2 = 0.0687 

Z 2 R indices (all data) R1 = 0.0330, 

wR2 = 0.0744 

Density (calculated) 2.211 Mg/m3 Extinction coefficient 0.0058(4) 

Absorption 

coefficient 

2.274 mm-1 Largest diff. peak and 

hole 

0.340 and -

0.399 e.Å-3 

Crystal size 0.32 x 0.13 x 0.05 mm3 F(000) 1068 
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Table 2 

Partial data for the bond lengths for [Ag-pz]3[Fe(cp)2] 

Bond Bond Lengths [Å] Bond Bond Lengths [Å] 

Ag(1)-N(1)  2.105(2) Ag(1)-N(2)  2.107(2) 

Ag(2)-N(3)#1  2.091(2) Ag(2)-N(3)  2.091(2) 

N(1)-N(1)#1  1.339(5) N(1)-C(1)  1.343(4) 

N(2)-C(4)  1.325(4) N(2)-N(3)  1.351(3) 

N(3)-C(6)  1.328(4) C(1)-C(2)  1.375(4) 

C(1)-C(3)  1.476(6) C(2)-C(1)#1  1.375(4) 

C(2)-H(2A)  0.9300 C(3)-F(1)  1.207(9) 

C(3)-F(2A)  1.262(11) C(3)-F(3)  1.270(11) 

C(3)-F(3A)  1.290(10) C(3)-F(2)  1.364(8) 

C(3)-F(1A)  1.385(10) C(4)-C(5)  1.373(5) 

C(4)-C(7)  1.497(6) C(5)-C(6)  1.365(5) 

C(5)-H(5A)  0.9300 C(6)-C(8)  1.495(5) 
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Fig. 4. Luminescence quenching of [Ag-pz]3 vs. time of exposure to ferrocene.   

The luminescence quenching of [Ag-pz]3 by ferrocene can be seen in Fig. 4. The [Ag-pz]3 

thin films were made by using benzene to give the compound a green emission. Time 

intervals of: 0 min, 45 min, 90 min, and 24 hrs. that were measured shows the effect on 
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the intensity of the emission when ferrocene sublimes and interacts with the thin film. 

The peak max is at 495 nm and remained so after 24 hours where it shows a drastic drop 

of intensity of the peak. 

3.1.2 Results and discussion: [Cu-pz]3[Fe(cp)2] 

(A)                                                  
  

(B)                                                                                           

Fig. 5. Pictures show the solventless interaction between ferrocene and [Cu-pz]3. 

The solventless interaction of ferrocene and the fluorinated trinuclear Ag (I) and Cu (I) 

pyrazolate complexes can be seen in Fig. 5. Fig. 5 (A) shows that after a week, the white 

[[3,5-(CF3)2Pz]Cu3] has turned orange. Fig. 5 (B) shows ferrocene in the middle of salt 

and [[3,5-(CF3)2Pz]Cu3]. The salt shows no physical changes after 24 hours while [[3,5-

(CF3)2Pz]Cu3] has turned yellow. The salt was used as a reference to show that ferrocene 

has a selective affinity when it sublimes and interacts with the fluorinated trinuclear Ag 

(I) and Cu (I) pyrazolate complexes.  

Room Temp. 

1 week 

Room Temp. 

24 hours 
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Fig. 6. Luminescence quenching of [Cu-pz]3 vs. time of exposure to ferrocene. 

The luminescence quenching of [Cu-pz]3 thin films by ferrocene can be seen in Fig. 6. 

The emission was run at the following time intervals: 0 min, 30 min, 60 min, 90 min, 120 

min, and 24 hrs. The peak max was at 665 nm and after 24 hours due to the decrease of 

the emission intensity, the peak max is at 651 nm.  
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3.1.3 Results and discussion: octafluoronaphthalene and ferrocene 

 

(A)  

 

(B)     (C)  

Fig. 7. X-ray crystal structure of octafluoronaphthalene and ferrocene.  

Both ferrocene and octafluoronaphthalene can sublime at room temperature. When both 

complexes are put in a capped vile, the two complexes interact in the gas phase to form 
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high quality crystals from previously published crystals that were grown from solution.
48

 

Fig. 7 (A) shows the x-ray crystal structure that was obtained. The structure shows an 

interaction between the cyclopentadienyl rings of ferrocene with octafluoronaphthalene. 

Fig. 7 (B, C) shows the packing of octafluoronaphthalene with ferrocene. Tables 3 and 4, 

gives the crystal data and selected bond lengths respectively.  

Table 3 

Crystal data of octafluoronaphthalene and ferrocene 

Empirical formula  C25 H10 F12 Fe 

Formula weight  594.18 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 6.1059(4) Å, α = 80.6720(10)° 

 b = 10.5988(8) Å, β = 87.4650(10)° 

 c = 16.5987(12) Å, γ  = 80.1710(10)° 

Volume 1044.27(13) Å3 

Z 2 

Density (calculated) 1.890 Mg/m3 

Absorption coefficient 0.843 mm-1 

F(000) 588 

Crystal size 0.19 x 0.14 x 0.08 mm3 

Theta range for data 

collection 

1.97 to 27.11°. 

Index ranges -7<=h<=7, -13<=k<=13, -21<=l<=21 

Reflections collected 14099 

Independent reflections 4590 [R(int) = 0.0216] 

Completeness to theta = 

27.11° 

99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9379 and 0.8583 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4590 / 0 / 343 

Goodness-of-fit on F2 1.034 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0256, wR2 = 0.0677 

R indices (all data) R1 = 0.0290, wR2 = 0.0696 

Largest diff. peak and hole 0.334 and -0.337 e.Å-3 
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Table 4 

Partial data for the bond lengths for octafluoronaphthalene and ferrocene 

Fe(1)-C(6)  2.0395(16) C(1)-H(1A)  1.0000 

Fe(1)-C(5)  2.0412(15) C(2)-C(3)  1.425(2) 

Fe(1)-C(10)  2.0418(16) C(2)-H(2A)  1.0000 

Fe(1)-C(4)  2.0425(15) C(3)-C(4)  1.422(2) 

Fe(1)-C(7)  2.0431(15) C(3)-H(3A)  1.0000 

Fe(1)-C(8)  2.0440(15) C(4)-C(5)  1.429(2) 

Fe(1)-C(1)  2.0452(15) C(4)-H(4A)  1.0000 

Fe(1)-C(9)  2.0465(16) C(5)-H(5A)  1.0000 

Fe(1)-C(2)  2.0469(15) C(6)-C(10)  1.417(3) 

Fe(1)-C(3)  2.0481(15) C(6)-C(7)  1.422(2) 

C(1)-C(5)  1.417(2) C(6)-H(6A)  1.0000 

C(1)-C(2)  1.424(2) C(7)-C(8)  1.416(2) 
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3.2 Results and discussion: [Ag-pz]3[Me2Fe(cp)2], [Cu-pz]3[Me2Fe(cp)2], 

[octafluoronaphthalene][1,1-dimethylferrocene], and [TCNQ][1,1-

dimethylferrocene]   

3.2.1 Results and discussion: [Ag-pz]3[Me2Fe(cp)2] 

  (A)                            (B)  

(C)  

Fig. 8. X-ray crystal structure of [Ag-pz-pyridine]4[Me2Fe(cp)2].  

The structure of [Ag-pz-pyridine]4[Me2Fe(cp)2] is shown in Fig. 8. Pyridine was used as 

the solvent in growing the crystals for the complex [Ag-pz]3[Me2Fe(cp)2]. However, in 

this case, pyridine acted as a ligand as can be clearly seen in Fig. 8 (A). Pyridine has been 

coordinated into the structure and the fluorinated trinuclear silver (I) complex which at 
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one end the silver (I) molecule is attached to pyridine and the other end still attached to 

the fluorinated pyrazole ring. Fig. 8 (B), shows the overall structure of the complex. The 

structure is of a MOF where the structure has encapsulated 1,1-dimethylferrocene. The 

1,1-dimethylferrocene is located in a special position in the unit cell. Fig. 8 (C) shows the 

packing of the structures. Tables 5 and 6, presents the crystal data and partial bond 

lengths of the structure respectively. 

Table 5 

Crystal data of [Ag-pz-pyridine]4[Me2Fe(cp)2]   

Empirical formula  C52 H38 Ag4 F24 Fe 

N12 

Theta range for data 

collection 

1.82 to 27.05°. 

Formula weight  1774.27 Index ranges -20<=h<=20, -

20<=k<=20, -15<=l<=15 

Temperature  200(2) K Reflections collected 18516 

Wavelength  0.71073 Å Independent 

reflections 

3345 [R(int) = 0.0327] 

Crystal system  Tetragonal Completeness to 

theta = 27.05° 

100.0 %  

Space group  I -4 Absorption 

correction 

Semi-empirical from 

equivalents 

Unit cell 

dimensions 

a = 15.7854(10) Å, α = 

90°. 

Max. and min. 

transmission 

0.8609 and 0.7349 

 b = 15.7854(10) Å, β = 

90°. 

Refinement method Full-matrix least-squares 

on F2 

 c = 12.1627(8) Å, γ = 90°. Data / restraints / 

parameters 

3345 / 0 / 182 

Volume 3030.7(3) Å3 Goodness-of-fit on 

F2 

1.046 

Z 2 Final R indices 

[I>2sigma(I)] 

R1 = 0.0228, wR2 = 

0.0638 

Density 

(calculated) 
1.944 Mg/m3 R indices (all data) R1 = 0.0233, wR2 = 

0.0641 

Absorption 

coefficient 
1.625 mm-1 Absolute structure 

parameter 

0.04(3) 

F(000) 1728 Extinction 

coefficient 

0.00096(12) 

Crystal size 0.20 x 0.15 x 0.10 mm3 Largest diff. peak 

and hole 

0.345 and -0.293 e.Å-3 
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Table 6 

Partial data for the bond lengths for [Ag-pz-pyridine]4[Me2Fe(cp)2] 

Bonds Bond Lengths [Å] Bonds Bond Lengths [Å] 

Ag(1)-N(1)  2.171(2) C(2)-H(2A)  0.9500 

Ag(1)-N(3)  2.249(2) C(3)-C(5)  1.481(4) 

Ag(1)-N(2)#1  2.347(2) C(4)-F(1)  1.288(5) 

Ag(1)-Ag(1)#2  3.3404(5) C(4)-F(2)  1.303(4) 

N(1)-N(2)  1.348(3) C(4)-F(3)  1.337(5) 

N(1)-C(1)  1.352(3) C(5)-F(6)  1.291(5) 

N(2)-C(3)  1.350(4) C(5)-F(4)  1.305(5) 

N(2)-Ag(1)#3  2.347(2) C(5)-F(5)  1.332(5) 

N(3)-C(10)  1.316(4) C(6)-C(7)  1.371(5) 

N(3)-C(6)  1.342(4) C(6)-H(6A)  0.9500 

C(1)-C(2)  1.387(4) C(7)-C(8)  1.406(6) 

C(1)-C(4)  1.489(4) C(7)-H(7A)  0.9500 

C(2)-C(3)  1.377(5) C(8)-C(9)  1.373(6) 

 

 

                                                         

Fig. 9. Pictures of the solventless interaction between [Ag-pz]3 and 1,1-

dimethylferrocene.  

The solventless interaction between 1,1-dimethylferrocene and the fluorinated trinuclear 

Ag (I) and Cu (I) pyrazolate complexes is similar to that with ferrocene. Fig. 9 shows 

pictures of the physical evidence of the solventless interaction between [[3,5-

(CF3)2Pz]Ag3] and 1,1-dimethylferrocene. After 24 hours, the white [[3,5-(CF3)2Pz]Ag3] 

has turned yellow due to when 1,1-dimethylferrocene sublimes and interacts with [[3,5-

(CF3)2Pz]Ag3. 

Room Temp. 

24 Hours 
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Fig. 10. Luminescence quenching of [Ag-pz]3 vs. time of exposer to 1,1-

dimethylferrocene.  

The luminescence quenching of [Ag-pz]3 by 1,1-dimethylferrocene is shown in Fig. 10. 

[Ag-pz]3 thin films were made by using benzene to give the compound a green emission. 

Time intervals of: 0 min, 10 min, 20 min, 30 min, 40 min, 50 min, 60 min, 90 min, and 

24 hrs. were measured when 1,1-dimethylferrocene sublimes and interacts with the thin 

film. During the first 90 minutes, there is a gradual decrease of the peak intensity where 

the peak max is at 503 nm. After 24 hours, the peak is no longer seen and there is a small 

peak at 580 nm which is the emission peak for the lamp. 
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Fig. 11. 
1
H-NMR of [Ag-pz]3[Me2Fe(cp)2]. 

The 
1
H-NMR for [Ag-pz]3[Me2Fe(cp)2] is shown in Fig. 11. A peak is present for [[3,5-

(CF3)2Pz]Ag3] but as for 1,1-dimethylferrocene, there is only shown one peak for the 

structure where there is supposed to be two for the complex. The peak shown for 1,1-

dimethylferrocene is of the methyl groups of the complex.  
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Fig. 12. TGA of [Ag-pz]3[Me2Fe(cp)2]. 

The TGA of [Ag-pz]3[Me2Fe(cp)2] is presented in Fig. 12. The figure shows that 65.36 % 

of the product is lost at 200⁰C. Based off of the percentage and temperature, what has 

sublimed at 200⁰C is partly some of the [Ag-pz]3 which is known to sublime at that 

temperature. 27.35% of the product is still remaining after 700⁰C which  is likely left 

over metals. 
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Fig. 13. FT-IR of [Ag-pz]3[Me2Fe(cp)2]. 

The FT-IR of [Ag-pz]3[Me2Fe(cp)2] is presented in Fig. 13. The FT-IR shows that there is 

a presence of C=C and C-H aromatic groups as well as aromatic C-N amine groups. 

These results show that there is the presence of the pyrazole groups found in [Ag-pz]3 and 

excluding the aromatic C-N amine groups, the presence of the cp rings in 1,1-

dimethylferrocene . 
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3.2.2 Results and discussion: [Cu-pz]3[Me2Fe(cp)2] 

Fig. 14. Luminescence quenching of [Cu-pz]3 vs. time of exposure to 1,1-

dimethylferrocene. 

The luminescence quenching of [Cu-pz]3 by 1,1-dimethylferrocene is shown in Fig. 14. 

The emission was run at the following time intervals: 5 min, 30 min, 60 min, 90 min, and 

24 hrs. As the emission is being quenched by 1,1-dimethylferrocene, determination of the 

peak max is only a slight difference from 670 nm to 680 nm to 680 nm. The emission 

intensity has drastically dropped by 24 hrs. of exposer of 1,1-dimethylferrocene to the 

thin film of [Cu-pz]3.     
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Fig. 15. 
1
H-NMR of [Cu-pz]3[Me2Fe(cp)2].  

In Fig. 15, the 
1
H-NMR of [Cu-pz]3[Me2Fe(cp)2] is shown. The peaks are nearly identical 

to the 
1
H-NMR of [Ag-pz]3[Me2Fe(cp)2]. There is a peak at 6.97 ppm that represents 

[[3,5-(CF3)2Pz]Cu3] and a peak for the methyl groups of 1,1-dimethylferrocene at 1.44 

ppm. 

    

Fig. 16. TGA of [Cu-pz]3[Me2Fe(cp)2]. 
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The TGA for the complex [Cu-pz]3[Me2Fe(cp)2] is shown in Fig. 16. Nearly 100% of the 

product has sublimed by the time the temperature had reached to 500⁰C. At around 

160⁰C, ~21% of the product has sublimed. That ~21% lost is of 1,1-dimethylferrocene 

based off of percentage calculation At 200⁰C, ~77% of the product has sublimed which is 

that of the complex [Cu-pz]3 that is known to sublime at 200⁰C and percentage 

calculations done also agrees with this. The ~2% lost at 500⁰C is likely small traces of 

the metals that haven’t sublimed.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. FT-IR of [Cu-pz]3[Me2Fe(cp)2]. 

The FT-IR of [Cu-pz]3[Me2Fe(cp)2] is shown in Fig. 17. The figure of the complex shows 

the existence of C=C aromatic, C-N aromatic amines, and C-H aromatic which is similar 
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to what was seen for the complex [Ag-pz]3[Me2Fe(cp)2], in that there is the presence of 

both [Cu-pz]3 and 1,1-dimethylferrocne. 

3.2.3 Results and discussion: octafluoronaphthalene and 1,1-dimethylferrocene 

                                                      

Fig. 18. Pictures of the solventless interaction between octafluoronaphthalene and 1,1-

dimethylferrocene. 

Pictures of the solventless interaction that occurs between octafluoronaphthalene and 1,1-

dimethylferrocene is presented in Fig. 18. Octafluoronaphthalene is a white crystalline 

product while 1,1-dimethylferrocene is an orange crystalline product. After 24 hours, 

there is a disappearance of the white crystalline product and the appearance of orange 

crystals that are different from 1,1-dimethylferrocene is seen. These results are similar to 

what was seen with octafluoronaphthalene and ferrocene.  

 

 

Room Temp. 

24 hours 
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3.2.4 Results and discussion: TCNQ and 1,1-dimethylferrocene 

                                                     

Fig. 19. Pictures of the solventless interaction between TCNQ and 1,1-dimethylferrocene. 

Pictures of the solventless interaction that occurs between TCNQ and 1,1-

dimethylferrocene is presented in Fig. 19. TCNQ crystals are light brown while the 1,1-

dimethylferrocene is an orange crystalline. After 24 hours, TCNQ has become dark and 

there isn’t a noticeable change in 1,1-dimethylferrocene.  

  

 

 

Room Temp. 

24 hours 
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3.3 Results and discussion: [Ag-pz]3[Me8Fe(cp)2] and [Cu-pz]3[Me8Fe(cp)2] 

3.3.1 Results and discussion: [Ag-pz]3[Me8Fe(cp)2]  
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   Fig. 20. Uv-Vis of [Ag-pz]3[Me8Fe(cp)2] in acetonitrile.  

The absorption was ran for the complex [Ag-pz]3[Me8Fe(cp)2] in acetonitrile shown in 

Fig. 20. The theoretical concentration for the solutions made was 8.12 x 10
-4

 M but the 

removal of silver nano particles and the formation of silver mirror alter the concentration. 

The solution color that was run for absorption was light green. There is a peak that can be 

seen at around 200 nm which is the acetonitrile peak. There are two other peaks shown 

on the graph, one with a peak max at around 300 nm and another with a peak max close 

to 800 nm. 
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Fig. 21. 
1
H-NMR of [Ag-pz]3[Me8Fe(cp)2].  

The 
1
H-NMR of [Ag-pz]3[Me8Fe(cp)2] is shown in Fig. 21. There is a peak present for 

[[3,5-(CF3)2Pz]Ag3]. There are also peaks that represent the methyl groups of 

octamethylferrocene at 1.45 ppm. 
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Fig. 22. TGA of [Ag-pz]3[Me8Fe(cp)2].  

The TGA results for the complex can be seen in Fig. 22. 84.25% of the product is lost at 

around 225⁰C. This percentage lost at that temperature is mostly [Ag-pz]3 among other 

components of octamethylferrocene. When the temperature had reached 1000⁰C, there is 

13.3% of the product remaining which is left over metals. 
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Fig. 23. FT-IR of [Ag-pz]3[Me8Fe(cp)2]. 

The FT-IR of [Ag-pz]3[Me8Fe(cp)2] is presented in Fig. 23. From the figure, there is the 

presence of aromatic C=C, C-N, and C-H bonds. This agrees with the presence of both 

[Ag-pz]3 and octamethylferrocene. 

3.3.2 Results and discussion: [Cu-pz]3[Me8Fe(cp)2]  

 

Fig. 24. 
1
H-NMR of [Cu-pz]3[Me8Fe(cp)2]. 
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 In Fig. 24, the 
1
H-NMR of [Cu-pz]3[Me8Fe(cp)2] is presented. There is a peak that 

represents the complex for [[3,5-(CF3)2Pz]Cu3]. There is also a strong peak next the 

solvent peak at 2.16 ppm that represents octamethylferrocene.  

 

Fig. 25. TGA of [Cu-pz]3[Me8Fe(cp)2]. 

The TGA of [Cu-pz]3[Me8Fe(cp)2] is shown in Fig. 25. By approximately 240⁰C, 92.21% 

of the complex has sublimed. When the temperature has reached 1000⁰C, only 4.72% still 

remaining which is likely leftover metals that hasn’t sublimed. 
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Fig. 26. FT-IR of [Cu-pz]3[Me8Fe(cp)2]. 

The FT-IR is shown in Fig. 26. The presence of aromatic C=C, C-N, and C-H bonds can 

be seen in the figure. This illustrates the presence of both [Cu-pz]3 and 

octamethylferrocene. 
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3.4 Results and discussion: [Ag-pz]3[Me10Fe(cp)2] and [Cu-pz]3[Me10Fe(cp)2] 

3.4.1 Results and discussion: [Ag-pz]3[Me10Fe(cp)2] 

 

A) B)     

 

C)      D)   

Fig. 27. X-ray crystal structure of {[Ag-pz2][Ag4-pz6][Me10Fe(cp)2]3[acetonitrile]}.  
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The crystal structure of {[Ag-pz2][Ag4-pz6][Me10Fe(cp)2]3[acetonitrile]} is shown in Fig. 

27. The structure obtained from the reaction of [Ag-pz]3 and [Me10Fe(cp)2] contains two 

different silver structures as shown in Fig. 27. The complex [Ag-pz]3 has been broken 

done and turned into a monomer and a tetramer shown in Fig. 27 (A) and (B) 

respectively. In Fig. 27 (C), the overall structure is shown. The crystal structure consist of 

the monomer and tetramer structures of silver as well as three decamethylferrocene 

structures and an acetonitrile structure which was the solvent used in obtaining the 

crystals. For Fig. 27 (D), the packing of the structures is shown. The empirical formula of 

the crystal structure is given in the crystal data found in table 7. The formula is C87 H85 

Ag4.50 F42 Fe2.50 N15 in which Ag 4.50 and the Fe2.50 shows that not all of the crystal 

structures found in the crystal lattice are the same. There is a 50:50 probability that some 

of the crystal structures will have 4 silvers instead of 5 and others that will have 2 irons 

instead of 3. The overall charge of the structure is neutral with the acetonitrile at a neutral 

charge, the monomer silver complex having a +1 charge, the tetramer silver complex 

with a +2 charge, and the decamethylferrocene structures having a -1 charge. The -1 

charge of the decamethylferrocene is due to decamethylferrocene being oxidized in the 

charge transfer reaction with [Ag-pz]3, which is evident with the presence of Ag⁰ that had 

been filtered out of the solution prior to the crystallization of the product. Table 8 shows 

the partial bond lengths of the crystal structure. 
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Table 7 

Crystal data for {[Ag-pz2][Ag4-pz6][Me10Fe(cp)2]3[acetonitrile]} 

Empirical formula  C87 H85 Ag4.50 F42 Fe2.50 N15 

Formula weight  2763.74 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 14.297(4) Å, α = 86.843(4)°. 

 b = 14.877(5) Å, β = 79.867(4)°. 

 c = 25.277(8) Å, γ = 72.012(4)°. 

Volume 5034(3) Å3 

Z 2 

Density (calculated) 1.823 Mg/m3 

Absorption coefficient 1.337 mm-1 

F(000) 2733 

Crystal size 0.24 x 0.16 x 0.14 mm3 

Theta range for data 
collection 

1.60 to 27.13°. 

Index ranges -18<=h<=18, -19<=k<=19, -
32<=l<=32 

Reflections collected 60998 

Independent 
reflections 

22130 [R(int) = 0.0280] 

Completeness to theta 
= 27.13° 

99.4 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. 
transmission 

0.8308 and 0.7388 

Refinement method Full-matrix least-squares on F2 

Data / restraints / 
parameters 

22130 / 3 / 1399 

Goodness-of-fit on F2 1.035 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0304, wR2 = 0.0771 

R indices (all data) R1 = 0.0406, wR2 = 0.0836 

Largest diff. peak and 
hole 

1.170 and -0.755 e.Å-3 

 

 



57 
 

Table 8 

Partial data for the bond lengths for {[Ag-pz2][Ag4-pz6][Me10Fe(cp)2]3[acetonitrile]} 

Bonds Bond Lengths [Å] Bonds Bond Lengths [Å] 

Ag(1)-N(5)  2.172(2) Ag(3)-Ag(4)  3.3029(7) 

Ag(1)-N(1)  2.187(2) Ag(4)-N(6)  2.199(2) 

Ag(1)-N(3)  2.600(2) Ag(4)-N(12)  2.205(2) 

Ag(1)-Ag(2)  3.2885(7) Ag(4)-N(3)  2.527(2) 

Ag(1)-Ag(4)  3.3152(8) N(1)-C(1)  1.349(3) 

Ag(2)-N(2)  2.190(2) N(1)-N(2)  1.352(3) 

Ag(2)-N(7)  2.196(2) N(2)-C(3)  1.346(3) 

Ag(2)-N(9)  2.492(2) N(3)-C(6)  1.349(3) 

Ag(2)-N(4)  2.611(2) N(3)-N(4)  1.361(3) 

Ag(3)-N(11)  2.197(2) N(4)-C(8)  1.345(3) 

Ag(3)-N(8)  2.204(2) N(5)-C(11)  1.348(3) 

Ag(3)-N(10)  2.504(2) N(5)-N(6)  1.355(3) 

Ag(3)-N(4)  2.535(2) Ag(1)-N(5)  2.172(2) 
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Fig. 28. Uv-Vis of [Ag-pz]3[Me10Fe(cp)2] in acetonitrile.  

In Fig. 28, the figure shows the absorption for [Ag-pz]3[Me10Fe(cp)2]. The peaks are 

nearly identical to the absorption that was run for [Ag-pz]3[Me8Fe(cp)2], shown in Fig. 

20. The theoretical concentration is 3.62 x 10
-4

 M. The solution was filtered due to the 
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presence of both nano and metallic Ag that was among the particles that had formed with 

the addition of acetonitrile which alters the molarity. The solution ran for [Ag-

pz]3[Me10Fe(cp)2] has the same light green color as [Ag-pz]3[Me8Fe(cp)2] and the same 

solvent, acetonitrile, was used. 

 

Fig. 29. 
1
H-NMR of [Ag-pz]3[Me10Fe(cp)2].  

The 
1
H-NMR of [Ag-pz]3[Me10Fe(cp)2] is presented in Fig.29. There is a peak assigned 

for [[3,5-(CF3)2Pz]Ag3] and for the solvent acetone. There are three peaks assigned for 

decamethylferrocene: 1.79 ppm, 1.84 ppm, and 2.82 ppm.  
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Fig. 30. TGA of [Ag-pz]3[Me10Fe(cp)2]. 

The TGA for [Ag-pz]3[Me10Fe(cp)2] is shown in Fig. 30. Approximately 83% of the 

complex has sublimed by the time the temperature has reached around 250⁰C. When the 

temperature had reached 700⁰C, 16.79% of the complex is left. What are left of the 

product are metals. 
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Fig. 31: FT-IR of [Ag-pz]3[Me10Fe(cp)2]. 
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The FT-IR of [Ag-pz]3[Me10Fe(cp)]  is presented in Fig. 31. The figure shows that there 

is an aliphatic C-H bond that represents the methyl groups of decamethylferrocene. The 

aromatic C=C, C-N, and C-H bonds shows that besides decamethylferrocene, [Ag-pz]3 is 

also present.  

3.4.2 Results and discussion: [Cu-pz]3[Me10Fe(cp)2] 

 

Fig. 32. 
1
H-NMR of unreacted decamethylferrocene. 

The 
1
H-NMR of the unreacted decamethylferrocene is presented in Fig. 32. There is a 

peak for the solvent acetonitrile. There are two other peaks at 2.67 ppm and 2.70 ppm, 

which represent decamethylferrocene. 
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Fig. 33. TGA of unreacted decamethylferrocene. 

The TGA for the unreacted decamethylferrocene is shown in Fig. 33. 89.17% of the 

product has sublimed at around 220⁰C with less than 4% of the product still remaining at 

700⁰C. These results are similar to that of decamethylferrocene which is known to 

sublime around that temperature. 
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Fig. 34. TGA of [Cu-pz]3[Me10Fe(cp)2].  

The TGA for the complex [Cu-pz]3[Me10Fe(cp)2] is shown in Fig. 34. 93.07% of the 

product has sublimed around 330⁰C with less than 5% of the product still remaining 

which is likely traces of metal. 
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Fig. 35. FT-IR of unreacted decamethylferrocene. 



63 
 

The FT-IR for the unreacted decamethylferrocene is shown in Fig. 35. The FT-IR for the 

complex shows the presence of alkanes C-H bonds and aromatic C-C and C-H bonds. 

The result agrees with the fact that this is just unreacted decamethylferrocene with no 

traces of [Cu-pz]3. 
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Fig. 36. FT-IR of [Cu-pz]3[Me10Fe(cp)2].  

The FT-IR of [Cu-pz]3[Me10Fe(cp)2] is presented in Fig. 36. The FT-IR for the complex 

shows the existence of alkanes C-H bonds and aromatic C-C, C-N, and C-H bonds. From 

this, it can be concluded that both [Cu-pz]3 and decamethylferrocene is present in the 

complex. 
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3.5 Results and discussion: [Ag-pz]3 and[Cu-pz]3 with [Cis-2,6-(E,E)-

bis(ferrocenylidene)-N-methyl-4-piperidone] 

3.5.1 Results and discussion: [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone] 

 

Fig. 37. 
1
H-NMR of [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone]. 

The 
1
H-NMR was obtained for [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone] which is shown in Fig. 37. There are 6 peaks that are assigned to [Cis-2,6-

(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]. There is also a peak present for [Ag-

pz]3. 
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Fig. 38. TGA of [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]. 

The TGA of [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] was taken to be 

used as a reference shown in Fig.38. There is a gradual loss of product in which by the 

time the temperature has reach ~600⁰C, over 70% of the product has sublimed. At 700⁰C, 

there is ~27.3% of the product remaining which is likely a combination of iron and iron 

oxide. 
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Fig. 39. TGA of [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]. 

The TGA of [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] is 

presented in Fig. 39. At around 220⁰C, 26.44% of the complex has sublimed. When the 

temperature is approximately 375⁰C, 14.35% of the complex has sublimed with 34.1% of 

the product still remaining at 700⁰C. What is left over is a combination of the metals and 

oxidized metals. When comparing with the TGA of [Cis-2,6-(E,E)-bis(ferrocenylidene)-

N-methyl-4-piperidone] shown in Fig. 38, the figures are similar to one another. 
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Fig. 40. FT-IR of [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]. 

The FT-IR of [Ag-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] is 

presented in Fig. 40. The figure shows the presence of aromatic C=C, C-N, and C-H 

bonds. This agrees with the presence of both [Ag-pz]3 and [Cis-2,6-(E,E)-

bis(ferrocenylidene)-N-methyl-4-piperidone] in the complex. 
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3.5.2 Results and discussion: [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone] 

 

Fig. 41. 
1
H-NMR of [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone]. 

The 
1
H-NMR of [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] is 

presented in Fig. 41. There is a peak for the solvent and a peak for [Cu-pz]3. There are 6 

additional peaks that are from the complex [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-

methyl-4-piperidone]. 
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Fig. 42. TGA of [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]. 

The TGA for the complex [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone] is shown in Fig. 42. The complex is first shown to sublime ~6.6% around 

220⁰C. At 300⁰C, ~22% has sublimed. When the temperature had reached 700⁰C, 31.6% 

of the product is still remaining. What are left are metals and oxidized metals. When 

comparing to the TGA taken for [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone], the results are similar to one another. 
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Fig. 43. FT-IR of [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]. 

The FT-IR of [Cu-pz]3[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] is 

shown in Fig. 43. The figure shows the presence of aromatic C=C, C-N, and C-H bonds. 

The presence of these bonds agrees with the presence of both [Cu-pz]3 and [Cis-2,6-

(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] in the complex. 
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CHAPTER IV 

CONCLUSION 

This chapter is the conclusions of the investigations. Section 4.1 discusses the conclusion 

of ferrocene and its interaction with [Ag-pz]3, [Cu-pz]3, and octafluoronaphthalene. 

Section 4.2 gives the conclusion of 1,1-dimethylferrocene and its interaction with [Ag-

pz]3, [Cu-pz]3, octafluoronaphthalene and TCNQ. Section 4.3 discusses the conclusion of 

octamethylferrocene and its interaction with [Ag-pz]3 and [Cu-pz]3. Section 4.4 gives the 

conclusion of decamethylferrocene and its interaction with [Ag-pz]3 and [Cu-pz]3. 

Section 4.5 discusses the conclusion of [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-

piperidone] and its interaction with [Ag-pz]3 and [Cu-pz]3.  

4.1 Conclusion: ferrocene and its interaction with [Ag-pz]3, [Cu-pz]3, and 

octafluoronaphthalene 

This investigation has led us to discover the strong affinity ferrocene has with [Ag-pz]3, 

[Cu-pz]3, and octafluoronaphthalene. While previous studies focused on the 

spectroscopic and structural analysis of the complexes, we were able to shed light on the 

solventless interaction that can occur between the complexes. Physical color changes that 

had occurred with both [Ag-pz]3 and [Cu-pz]3 when placed next to ferrocene (ex. Fig. 5), 

opened the door to a further study in understanding the interaction. Physical color 

changes were also seen with crystals of both [Ag-pz]3 and [Cu-pz]3 when placed inside of 

a vile along with ferrocene. With ferrocene known as to act as a quencher to luminescent 
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compounds
4
, Fig. 4 and 6 shows the quenching ability of ferrocene as it sublimes to thin 

films of [Ag-pz]3 and [Cu-pz]3 respectively. While [Ag-pz]3 is known to not luminesce on 

its own but rather when exposed to certain organic solvents, benzene was used to give the 

compound a green emission.
14

 Both thin films showed evidence of emission quenching 

that is due to the interaction between the π-bonds of the cyclopentadiene rings of 

ferrocene and the π-bonds of the Cu groups in [Cu-pz]3. A new polymorph of [Ag-

pz]3[Fe(cp)2] was discovered in the investigation and exemplifies what was seen in Fig. 

4, with the stacks that are formed between [Ag-pz]3 and ferrocene shown in Fig. 3. The 

difference between the new polymorph from what has been previously published
41

 is the 

unit cell dimensions seen in table 1. The crystal structure obtained for [Cu-pz]3[Fe(cp)2] 

is similar to the already published structure.
41

  Crystals were grown for the complex of 

octafluoronaphthalene and ferrocene by simply placing both compounds in a capped vile 

wrapped with parafilm. The π-acid/π-base interaction between the two compounds is 

what allowed the formation of crystals of the complex. In obtaining these crystals using 

this method, we were able to present a greener approach in obtaining the complex of 

octafluoronaphthalene and ferrocene from previously published.
48
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4.2 Conclusion: 1,1-dimethylferrocene and its interaction with [Ag-pz]3, [Cu-pz]3, 

octafluoronaphthalene, and TCNQ 

Not only has ferrocene been found to interact with both [Ag-pz]3 and [Cu-pz]3 when in 

close proximity from the complexes, but 1,1-dimethylferrocene as well. Though at first 

glance in watching the physical color changes that occur to these trinuclear complexes by 

1,1-dimethylferrocene, as seen in Fig. 9, the reaction is quicker than with ferrocene. Fig. 

10 and 14 shows evidence that 1,1-dimethylferrocene to sublime and react quicker to the 

starting materials then ferrocene. In Fig. 10, the benzene exposed thin film of [Ag-pz]3 

when exposed to 1,1-dimethylferrocene, shows a more distinct decrease of the intensity 

and after 24 hours the emission peak is gone with only the presence of the lamp peak 

compared to ferrocene. The same was seen in Fig. 14, in which the emission intensity for 

[Cu-pz]3 has decreased more after 24 hours then with ferrocene. The reason behind this is 

due to 1,1-dimethylferrocene being more π-basic then ferrocene because of the methyl 

groups that the structure contains. The solventless interaction between crystals of [Ag-

pz]3 and [Cu-pz]3 with 1,1-dimethylferrocene showed through x-ray crystallography, only 

the presence of the trinuclear group 11 metal complexes despite the observed change in 

the crystals color from clear to orange. From this we conclude that despite 1,1-

dimethylferrocene subliming and interacting with the crystals, it is not enough for a 

product to form in the crystal lattice. Just as how we were able to obtain crystals of 

octafluoronaphthalene with ferrocene without solvent, both of the complexes must 

sublime together to react in the gas phase in order to form crystals of the desired product. 
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This also applies with the other complexes containing ferrocene.  Pyridine was used as 

the solvent to the complex [Ag-pz]3[Me2Fe(cp)2] to obtain the crystal structure shown in 

Fig. 8. Due to the similarity of the structure of pyridine with that of the fluorinated 

pyrazole rings in [Ag-pz]3, pyridine was able to break apart the trinuclear structure of 

[Ag-pz]3 and coordinate itself to the structure to form the Ag (I) tetramer complex. With 

pyridine coordinated to the complex [Ag-pz]3[Me2Fe(cp)2] to form [Ag-pz-

pyridine]4[Me2Fe(cp)2], there is still another polymorph of [Ag-pz]3/[Me2Fe(cp)2] 

without pyridine. Luminescence quenching, IR, TGA, and 
1
H- NMR give strong 

evidence that not only do [Ag-pz]3[Me2Fe(cp)2] and [Cu-pz]3[Me2Fe(cp)2] have similar 

structures from one another, but the structures are similar to that of [Ag-pz]3[Fe(cp)2] and 

[Cu-pz]3[Fe(cp)2] in which the structure shows stacking of 1,1-dimethylferrocene with 

the starting materials. A solventless interaction was conducted with 

octafluoronaphthalene and 1,1-dimethylferrocene which can be seen in Fig. 18. These 

results give strong evidence that the crystal structure is also similar to that of 

octafluoronaphthalene and ferrocene. TCNQ was introduced to the investigation in order 

to broaden the study of the solventless reactions that 1,1-dimethylferrocene can have with 

certain complexes. As seen in Fig. 19, TCNQ crystals have turned dark in the presence of 

1,1-dimethylferrocene as solids. Future studies will be conducted in order to further 

understand the solventless reaction between the two complexes.  
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4.3 Conclusion: octamethylferrocene and its interaction with [Ag-pz]3 and [Cu-pz]3  

The investigation of octamethylferrocene with the starting materials allowed us to study 

the reduction capabilities of octamethylferrocene. Previous studies have shown that the 

highly methylated ferrocene derivative can act as a reducing agent in charge transfer 

reactions.
66, 67

 From this, the complex [Ag-pz]3[Me8Fe(cp)2] when put in solution was 

shown to have evidence of partial reduction of Ag (I) by the appearance of both a 

metallic mirror and nanoparticles. The Uv-Vis, 
1
H-NMR, FT-IR, and TGA were obtained 

to understand further about the complex. We were unable to calculate a more precise 

molarity of the [Ag-pz]3[Me8Fe(cp)2] solution used in the Uv-Vis analysis due to the 

reduction of silver shown in Fig. 20. The peak locations correlate with the solution color 

and solvent that was used. Both the 
1
H-NMR and FT-IR provide evidence that despite the 

observation of reduced silver, there are still remnants of [Ag-pz]3 present in the product. 

The 
1
H-NMR shown in Fig. 21, shows that there is a peak present for [Ag-pz]3. As for the 

FT-IR shown in Fig. 23, the C-N aromatic bond shown is possible due to the presence of 

[Ag-pz]3. The TGA shown in Fig. 22, shows that the majority of the product sublimes 

around 200⁰C which is similar to that of the starting material [Ag-pz]3 that has been 

found to sublime close to 200⁰C. For the complex [Cu-pz]3[Me8Fe(cp)2], the 
1
H-NMR, 

FT-IR, and TGA were obtained. There weren’t any visible evidence that the copper was 

reduced in anyway by octamethylferrocene as seen with [Ag-pz]3[Me8Fe(cp)2]. The FT-

IR shown in Fig. 26, is similar to that of the FT-IR for [Ag-pz]3[Me8Fe(cp)2]. The 
1
H-

NMR and TGA shows differences between [Cu-pz]3[Me8Fe(cp)2] and [Ag-
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pz]3[Me8Fe(cp)2]. In Fig. 24, the 
1
H-NMR shows a single strong peak next to the solvent 

peak for the complex [Cu-pz]3[Me8Fe(cp)2] that is believed to be associated with 

octamethylferrocene. The TGA in Fig. 25, shows that the complex gradually sublimes 

and majority of the product is loss by 1000⁰C unlike with [Ag-pz]3[Me8Fe(cp)2] that has 

13.3% of the product remaining. From the results, it’s clear that the structures of [Ag-

pz]3[Me8Fe(cp)2] and [Cu-pz]3[Me8Fe(cp)2] are unlike those of the complexes containing 

ferrocene and 1,1-dimethylferrocene.  

4.4 Conclusion: decamethylferrocene and its interaction with [Ag-pz]3 and [Cu-pz]3  

The investigation involving decamethylferrocene with [Ag-pz]3 showed similarities in the 

reduction of Ag (I) when octamethylferrocene was reacted with [Ag-pz]3. The complex 

[Ag-pz]3[Me10Fe(cp)2], has a nearly identical Uv-Vis spectra shown in Fig. 28 as for [Ag-

pz]3[Me10Fe(cp)2]. We were able to obtain the crystal structure of {[Ag-pz2][Ag4-

pz6][Me10Fe(cp)2]3[acetonitrile]} shown in Fig. 27. The structure is very complex 

containing many components with different charges, an example of a mixed charge 

system. As for [Cu-pz]3[Me10Fe(cp)2], due to the complexes insolubility to organic 

solvents, there were limitations to the types of analysis that were performed compared to 

the other complexes in the study. In the synthesis, there are two products: a soluble 

yellow product and insoluble green product. X-ray crystallography, 
1
H-NMR, TGA, and 

FT-IR revealed that the yellow product was unreacted decamethylferrocene. The green 

product is known to be the actual [Cu-pz]3[Me10Fe(cp)2] product. TGA and FT-IR gives 

some insight on the complex. The TGA shown in Fig. 34, shows that about 93% of [Cu-



77 
 

pz]3[Me10Fe(cp)2] sublimes above 300⁰C. As for the FT-IR shown in Fig. 36, the 

presence of the C-N bond proves that there is [Cu-pz]3 still present. Additional tests still 

need to be performed in order to understand the structure of [Cu-pz]3/[Me10Fe(cp)2] as 

well as the reduction  capabilities seen of decamethylferrocene in the [Ag-

pz]3[Me10Fe(cp)2] complex. 

4.5 Conclusion: [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] and its 

interaction with [Ag-pz]3 and [Cu-pz]3 

The ferrocene derivative, [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone], is 

a newly characterized complex in which the crystal structure was published in 2011.
40

 

Not much is known for its interaction capabilities with other complexes. Thus in this 

investigation we study the interaction that [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-

4-piperidone] has with [Ag-pz]3 and [Cu-pz]3. From the results obtained, there is 

evidence that the interaction is limited between the ferrocene derivative and the trinuclear 

group 11 metal pyrazolate complexes. In Fig. 37, the 
1
H-NMR of [Ag-pz]3/ [Cis-2,6-

(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] is presented. Besides the peaks that 

represent the solvent and [Ag-pz]3, there are 6 additional peaks seen that represents the 

ferrocene derivative. The 
1
H-NMR of [Cu-pz]3/ [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-

methyl-4-piperidone] shown in Fig. 41 is similar to that of the silver complex. Besides 

the peaks for the solvent and [Cu-pz]3 complex, there are 6 additional peaks that represent 

[Cis-2,6-(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone]. The TGA and FT-IR are 

also similar to one another for both complexes. The TGA shown in Fig. 39 and 42 for the 
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complexes containing [Ag-pz]3 and [Cu-pz]3 respectively; shows that for both complexes 

nearly a third of the products still remain at 700⁰C. The amount left after 700⁰C is 

believed to be metals and oxidized metals. The TGA was taken of the ferrocene 

derivative to use to compare with the results shown in Fig. 38. The TGA for [Cis-2,6-

(E,E)-bis(ferrocenylidene)-N-methyl-4-piperidone] is similar to that of the TGA of the 

presented complexes. The FT-IR for the two complexes containing [Ag-pz]3 and [Cu-pz]3 

have nearly identical peaks shown in Fig. 40 and 42 respectively. Further investigation 

still needs to be conducted in order understand the [Cis-2,6-(E,E)-bis(ferrocenylidene)-N-

methyl-4-piperidone] interaction with [Ag-pz]3 and [Cu-pz]3.    
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Fig. 44: Scheme of the reactions products obtained in the investigations. 
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