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ABSTRACT 

MIKAELA WILK 

COPPER PHENANTHROLINE COMPLEXES IN A NEW ERA: UTILIZING 
“GREEN” CHEMISTRY IN THE SYNTHESIS OF CU-PHEN 

COORDINATION COMPLEXES 
 

MAY 2019 

The purpose of this research was to expand on the knowledge of a well know 

organometallic system, copper phenanthroline complexes.  Copper phenanthroline 

complexes have been widely studied and are currently being investigated for uses in 

catalysis, medicine, and solar energy applications.  It was the goal of this research to 

synthesize well-known useful complexes using new solventless synthesis methodology as 

well as to create new materials to study for potential application in these fields.  This thesis 

includes 134 figures, 64 tables, and is 189 pages long.  Eight compound have been 

synthesized and characterized through techniques such as X-ray crystallography, elemental 

analysis, thermogravimetric analysis, melting point, 1H-NMR, Fourier transform infrared 

spectroscopy (FTIR), electronic absorption spectroscopy, diffuse reflectance spectroscopy, 

and photoluminescence spectroscopy.  Analyses of the results are discussed and 

conclusions about potential applications are made. 
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CHAPTER I 

AN INTRODUCTION TO COPPER COORDINATION CHEMISTRY, “GREEN” 

CHEMISTRY, AND COPPER PHENANTHROLINE COMPLEXES 

This thesis focuses on the study of the solvent free and solvent-mediated synthesis 

and characterization of copper-phenanthroline complexes.  Included is a detailed account 

of synthetic route, the analysis of the physical and chemical properties of the synthesized 

complexes, and how these properties provide direction for specific applications. 

1.1 Background of phenanthroline ligands 

Phenanthroline ligands are polyaromatic with two nitrogen atoms located within 

the structure and are named by the placement of these nitrogen atoms.  1,10-phenanthroline 

(Figure 1(a)) has the two nitrogen atoms on the interior face of the molecule in the closest 

proximity to one another.  Other common phenanthroline ligands have the nitrogen atoms 

placed in the 4,7 position on the outer face of the molecule (Figure 1(b)) or on opposing 

sides of the molecule in the 1,7 positions (Figure 1(c)).  In addition to changing the 

positioning of the nitrogen atoms there are many derivatives of the phenanthroline that 

range from simple substitutions such as 2,9-dimethyl-1,10-phenanthroline (Figure 1(d)), 

commonly called neocouprine, to much more complex derivatives like macrocycles with 

endotopic coordination sites, polyazamacrocycles, and mixed donor macrocyclic systems 

(Figure 1(e)) among others.1   
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Figure 1: Common simple phenanthroline ligands. (a) 1,10-phenanthroline (b) 4,7-
phenanthroline (c) 1,7-phenanthroline (d) 2,9-dimethyl-1,10-phenanthroline. Complex 
phenanthroline derivative: (e) mixed donor macrocyclic system1. 
 

1,10-Phenanthroline (phen) is an organic ligand with !-donor and π-acceptor 

characteristics.2  It is considered to be electron poor due to its conjugated three ring 

arrangement and the electron drawing nature of the nitrogens.2  This compound has two 

nitrogen atoms positioned towards the interior face of the planar structure and as a result 

of this moiety phen is a bidentate chelating ligand.1,2  The rigid three ring structure of this 

ligand does not allow portions of the molecule to flip or twist into another conformation, 

so the two nitrogen atoms will always be in close proximity to one another.1  The structured 

arrangement of phen leads to entropically favored reactions with metal cations.2   Phen is a 

photoluminescent ligand that fluoresces in the ultraviolet region of the electromagnetic 

spectrum.1   The characteristics of phen, including its strong metal binding and electron 

poor aromatic structure, have led to many studies with the purpose of investigating 

catalysis, redox potential, photochemical, and photophysical applications of newly 

synthesized metal-phen complxes.2  Additionally, the planar nature of phen makes it a 

suitable ligand for biological activity via intercalation and groove binding interactions with 

DNA and RNA.1,2  

    

 

(a)                                    (b)                                 (c)                             (d)                         (e)
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1.2 Coordination Complexes: Cu(I) & Cu(II) phenanthroline complexes  

Coordination chemistry focuses on the interactions of metals and ligands: the metal 

can take the form of an atom or ion and the ligand is an atom, ion, or molecule.3  A chelating 

ligand will bind to a metal through two or more points of attachment.3  In coordination 

chemistry, the coordination number of a complex is referred to by the number of covalent 

bonds associated with the central metal.3  Often, the coordination number can be useful in 

predicting the shape of a complex.3  Ligands and counter ions can affect the shape of a 

complex and further distortions can occur in crystal packing.3  

Acid-base reactions are a transcendent part of chemistry; the broadest definition is 

that of Lewis acids and bases which assigns an acid to be an electron-pair acceptor and a 

base to be an electron-pair donor.3  In coordination chemistry, the Lewis acid is often a 

metal cation, the Lewis base is often an electron rich ligand(s).3  Adduct formation will 

occur when the highest occupied molecular orbital (HOMO) electrons from the base 

combine with the lowest unoccupied molecular orbital (LUMO) of the acid.3  Geometry 

and oxidation state are properties that affect HOMO and LUMO and the ability 

complexation to occur.3 

Copper is a d10 transition metal with full 3d atomic orbitals.3  The oxidation of 

copper results in the loss of an electron for the 4s orbital maintaining full 3d orbitals 

however, when copper is oxidized again it becomes a d9 ion.3  d10 ions such as copper(I) 

can have a coordination number of 3, organizing into a trigonal planar geometry; this is 

usually due to ligand crowding.3  Four, five, and six coordinate structures are also common 
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for copper complexes and they can possess tetrahedral, square planar, trigonal bipyramidal, 

square pyramidal, distorted octahedral, and other intermediate shapes.3 

Metal 1,10-phenanthroline complexes are part of the group [M(NN)2]+ and have 

been widely studied for decades.  In the 1970’s and 1980’s research focused on the 

synthesis of [Cu(phen)2]+ 4,5 and its interaction with DNA6.  Copper(I) and copper(II) 

complexes readily self-assemble with 1,10-phenanthroline to form coordination 

complexes; accounts in the literature indicate a wide variety of structures have been 

reported with variations in the synthetic method such as, initial copper source4,7,8, 

coordinated co-ligands1,9, phenanthroline derivatives1, and counterions4,7 impacting the 

resulting metal complex. 

With several mononuclear copper(II) complexes reported in literature, we can start 

to see trends.  The mononuclear product can have a general formula of [Cu(phen)2X]Y 

where X and Y can be the same or different (X or Y = NO3
-, Cl-, H2O, ClO4

-, BF4
-, I-, SCN-

), based on structures reported in the literature.4,5,7  The stereochemistry about the central 

copper atom of the cation [Cu(phen)2X]n+ tends to result in a 5-coordinate complex4,5,7,8 as 

seen in Figure 2, (a)1 and (a)2; trigonal bipyramidal and square pyramidal geometries are 

the most common for 5-coordinate complexes.  For 4-coordinate complexes a 

pseudotetrahedral assignment is given, rather than a square planar, because the chelating 

ligands are twisted out of the plane with the Cu-N bond lengths being significantly different 

and steric repulsion of hydrogen atoms, in the 2 and 9 positions, on opposite coordinated 

ligands (Figure 2 (b)).4 
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Figure 2: Common geometries for copper phenanthroline complexes. (a)1 is a 
representation of a five-coordinate Cu center with trigonal bipyramidal geometry.5  (a)2 is 
a representation of a five-coordinate Cu center with square pyramidal geometry.5 (b) 
Illustration of the steric repulsion of the 2 and 9 position hydrogen atoms that cause the 
phenanthroline ligands to twist out of the plane.5 

Copper(I) phenanthroline complexes are rarer than Copper(II) phenanthroline 

complexes, however there have been some copper(I) complexes reported in the 

literature.7,10  Similar to some of the copper(II) complexes, a mononuclear 4-coordinate 

copper(I) complex was reported and appears to have pseudotetrahedral geometry (Figure 

3a).11  This complex is unique in that it has a Cu(Cl)2
- counter anion; additionally, the Cu-

N bond lengths reported here are significantly longer than those reported for other 

[Cu(phen)2]+ compounds.11  Similarly, a four-coordinate, copper(I) complex with 

tetrahedral stereochemistry was reported, however, it presents as a polymeric chain with 

each cooper center coordinating to one ligand instead of two (Figure 3b,c).10  Most recently, 

a group of copper(I) complexes were reported as part of a comprehensive look at 

stereochemistry and the effects of counterions in both the solution and solid state of a 

system.7  Four Cu(I) complexes of the formula [Cu(phen)2]+Y- (where Y=ClO4
-, I-, SCN-, 

and BF4
-) were reported; pseudotetrahedral geometry was reported and distortion of the 

(a)1                                    (a)2                                                          (b)
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tetrahedral stereochemistry of these 4-coordinate complexes was determined by the 

strength of the counterions ability to coordinate.7   

Figure 3: Select copper phenanthroline complexes reported in literature. (a) Illustrative 
representation of [Cu(C12H8N2)2][CuCl2] structural unit with atom numbering, showing 
30% thermal ellipsoids.11  (b) Illustrative representation of [Cu3

I(µ-CN)3(phen)3]n: 
structural unit with atom numbering, showing 30% thermal ellipsoids (c) and space 
filling.10 Hydrogen atoms are omitted for clarity. 
 

While most of the copper phenanthroline complexes reported are mononuclear, 

there are a couple of polynuclear complexes reported in the literature. [Cu3
I(µ-

CN)3(phen)3]n a tri-nuclear structure reported in 2005  is illustrated in Figures 3 (b) and 

(c)10 and [Cu2(phen)2(µ-Cl)2]Cl2 a di-nuclear structure is illustrated in Figures 4 (a) and 

(b)12.  There is significant evidence that the crystal lattice of copper phenanthroline 

complexes is arranged through π-π stacking between aromatic rings of adjacent 

phenanthroline ligands, as well as, through hydrogen bonding.7,12  Figures 4 (c) and (d) 

illustrate some of these points. 

 

 

(a)                                           (b)                                                               (c)
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Figure 4: Illustration of aromaticity and π-π stacking of select copper phenanthroline 
complexes reported in the literature.  (a) Illustration of x-ray structure of [Cu2(phen)2(µ-
Cl)2]Cl2 with 30% probability of thermal ellipsoids.12  (b) Illustration of hydrogen bond 
networks and π-π stacking for [Cu2(phen)2(µ-Cl)2]Cl2,12 (c) [(phen)2Cu(NCS)]SCN,7 and 
(d) [(phen)2CuCl](ClO4)·H2O.7 
 
1.3 Application of Cu(phen) complexes 

1.3.1 Solar energy applications    

Energy is a basic necessity and with the world population exponentially growing 

the demand for energy is becoming greater and greater.  Theoretical physics has estimated 

that total global energy consumption for an entire year could be potentially captured by 

harvesting solar output, on the Earth’s surface, for only 1.5 hours.13  Finding ways to 

improve on the ability to harness the suns energy is essential for providing affordable, 

renewable energy to the world’s population.  Photovoltaic cells (PV) have the capability to 

directly convert light into electricity and the photoelectric effect is the ability of a material 

to absorb photons and release electrons; upon electron capture the energy is usable as 

electricity.14  There are three distinctive classifications of PV semiconductors: 1) 

crystalline silicon cells, 2) thin film technologies, and 3) multijunction cells.14  The fastest 

growing PV technologies are thin film cells.  PV thin films are at least an order of 

magnitude thinner than crystalline silicon technologies which makes them lighter and 

(a)                                       (b)                                     (c)                                      (d)
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flexible providing the ability of the material to be integrated into the design and architecture 

of buildings.14  A few types of thin film PV cell technologies are: amorphous silicon (a-

Si), Cadmium telluride (CdTe), copper indium gallium diselenide (CIS or CIGS), single 

crystalline gallium arsenide (GaAs), and dye-sensitized solar cells (DSC or DSSC).14  As 

thin film technologies expand into the open market, there is a great need to utilize material 

that will pose the least potential environmental hazards and health concerns.  DSCs were 

developed in the early 1990’s by O’Regan and Graetzel15 and have increasingly become 

an incredibly active focus for many laboratories around the world.  Of specific interest is 

the role of copper-phenanthroline complexes in DSCs.16-21  Figures 5(a) and (b) show an 

illustrative depiction of the components of a DCS and use of a Cu-phen complex as the 

sensitizer, respectively.16,22 

One application for Cu(phen) complexes in DSCs is as a redox mediator.  An ideal 

redox mediator will induce a fast dye regeneration rate and a slow recombination rate.16  

Recombination happens after the redox mediator reduces the dye and becomes oxidized 

and then the dye becomes photoexcited transferring an electron to the oxidized electrolyte 

instead of into the semiconductor.16  As researchers continue to explore possible copper 

based electrolytes for redox mediation some promising results have already shown 

improvement in cell efficiency due to the more positive redox potentials observed for 

Cu2+/+ couples compared to that for the reference I3
-/I- couple.16  Figure 5(c) represents the 

redox process of [Cu(dmp)2]1+/2+ with the LEG4 sensitizer and indicates a solar to electric 

conversion efficiency of 8.3%, which is impressive compared to other metal based redox 

mediators such as [Co(bpy)3]2+/3+.23  However, with the increasing number of copper 
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phenanthroline redox mediator/electrolyte couples being tested, the results indicate that the 

efficiency of the mediator is greatly dependent on the characteristics of the sensitizer.16 

 
Figure 5: Illustrations of DSCs and components. (a) A generic diagram of a DSC utilizing 
S as an unidentified sensitizer (dye) and M as an unidentified redox mediator 
(electrolyte).16 (b) Schematic representation of a DSC where a 2,9-dimethyl-1,10-
phenanthroline based copper complex is employed as a sensitizer and [Co(DTB)3]2+/3+ is 
the redox mediator.22  (c) Illustration of redox mediation by [Cu(dmp)2]1+/2+ of LEG4 
photosensitizer and a table indicating the solar to electric conversion efficiency of two 
copper and one cobalt redox mediation complexes.23 
 

Another area of application for Cu(phen) complexes in solar energy is as a 

photosensitizer.  Photosensitizers, or dyes, are responsible for absorbing sunlight, 

undergoing photoexcitation, and transferring the excited electron to the semiconductor.16  

A good dye should have an absorption spectra that matches the emission spectrum of the 

sun16 (the solar spectrum) (Figures 6 (a)24 and (b)19).  The energy emitted by the sun ranges 

from 45% in the UV and Visible region to 55% in the infrared region (Figure 6 (b)).19  In 

addition to having a broad absorption spectrum, a photosensitizer must have several other 

characteristics specific to the cell it is being used in: the standard potential of the sensitizer, 

S, should be greater than the redox mediator it is coupled with to allow S* to regenerate 

back to S and S* must have a higher energy level than the conduction band where the 

electrons will be transferred.16      

(a)                                                            (b)                                                           (c)
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Figure 6: UV-Vis-NIR spectra of solar energy. (a) Solar spectrum indicating the 
wavelengths of electromagnetic radiation emitted from the sun with indication of relative 
radiation reaching the Earth’s surface.24  (b) Solar spectrum with relative percentages of 
UV, Vis, and IR.19 

 

Ruthenium complexes are the most widely used sensitizers in DSCs however, a 

drawback to the use of ruthenium is that it is more expensive and less abundant than other 

metals.21  Copper complexes are being investigated as possible alternatives to ruthenium 

complexes due to the abundant availability and less costly nature of copper.16,21,22,25  A 

desired property of the Cu+ complexes is the d10 configuration.16  The full d orbital results 

in a strong metal to ligand charge transfer (MLCT) and effectively ensures an efficient 

electron injection from the dye to the semiconductor.16  When copper(I) dyes transfer 

charge to the semiconductor they become oxidized to a copper(II) state and conform to an 

appropriate preferred geometry.16  The reduction back to Cu+ will not occur if the 

copper(II) center coordinates to additional species or if the energy barrier is too high.16  

Successful research has selected ligands that employ steric hindrances to limit the 

flattening and consequent coordination ability of the complexes.16,21,26  These complexes 

also show photoluminescence resulting in an increase in the lifetime of the excited state.16  

However, some bulky substituents such as phenyl did not discourage flattening, rather 

(a)                                                                                          (b)
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encouraged it through π-π stacking;19 Figure 8(c) shows an illustrative depiction of this 

phenomenon.27  Several [Cu(NN)2]+ complexes, with non-phenyl substituents, have shown 

similar photophysical properties to [Ru(NN)]2+ complexes16,19-21,28,29 and this is a perfect 

example of the tunablility available through the exploration of copper complexes.  

[Cu(dsbtmp)2]+ is a complex that has exhibited a lifetime range of 1.2-2.8 µs in several 

coordinating and non-coordinating solvents (Figure 7(a)) which is longer than those 

observed by [Ru(bpy)3]2+, the reference point for MLCT sensitizers.28  Additionally, 

[Cu(diptmp)2]+ and [Cu(dipp)2]+, were reported on for their photophysical results (Figure 

7(b)) with [Cu(diptmp)2]+ reported to have a 2.3 µs lifetime deaerated CH2Cl2.29  With long 

lasting lifetimes being a requirement for successful photosensitizers, these two complexes, 

[Cu(dsbtmp)2]+ and  [Cu(diptmp)2]+, have shown that copper phenanthroline structures are 

worth the investment as the world strives towards renewable and cost efficient energy 

goals. 

 
Figure 7: Photoluminescence spectra for various copper phenanthroline complexes 
reported in literature.  (a) Normalized time-resolved emission intensity decays of 
[Cu(diptmp)2]+ in various coordinating and non-coordinating solvents.28 (b) UV-Vis 
absorption and photoluminescence spectra of [Cu(diptmp)2]+  (blue) and [Cu(dipp)2]+ (red) 
at room temperature.29 

(a)                                                                                             (b)
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1.3.2 Photoluminescence 

 
At this time, no research has been found indicating photoluminescent properties of 

any unsubstituted 1,10-phenanthroline copper complexes.  However, over 35 years ago, 

the photoluminescent properties of 2,9-dimethyl-1,10-phenanthroline (dmp) when 

coordinated to copper were reported.30  It has long been known that copper phenanthroline 

compounds show broad absorption peaks in the visible region of the electromagnetic 

spectrum due to high metal-to-ligand charge transfer (MLCT) and the highly substituted 

phenanthroline derivatives show long lasting photoluminescence.21,30-36  Many of the 

various substituted phenanthroline ligands show strong photoluminescence and it is 

thought that geometry and steric hindrance play a major role in the formation of exciplexes 

and long lasting lifetimes.17,21,26,29,32-36  In fact, it was proposed at the turn of this century 

that the reason the simple less substituted [Cu(NN)2]+ complexes do not photoluminesce is 

due to the rocking and flattening distortions observed (Figures 8(a)36 and (b)28) in solid vs 

solvent states.36  Figures 8 (e) & (f) show the structure of, and absorption spectra for 

unsubstituted, simple substituted, and highly substituted phenanthroline copper 

complexes.34  The peaks between 440-470 nm and a lower energy shoulder are attributed 

to MLCT34 which can also be seen in the absorption spectra for several other 

phenantrholine complexes (Figures 8(c) and (d))27.  The red shift in the peaks is due to the 

increase in the substitutions on the phenanthroline ligand with the increase in substituents 

lowering the electronic absorption energy of the complexes.34  The low energy shoulder is 

attributed to a transition from D2d to D2 symmetry; this distortion is seen when the 

flattening of a complex occurs.34 
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Figure 8: Illustrations of copper phenanthroline complexes with resulting absorption and 
emission spectra. (a) Representative of an ideal D2d symmetry and the rocking or flattening 
that can occur.36 (b) Structural representations of three phen substituted ligands (dmp, dsbp, 
and dsbtmp) shown alone and shown coordinating to copper in the ground and triplet 
states.28 (c) Structural representations of six Cu-phen complexes showing increasing bulky 
substitution in the 2,9 position.27  (d) UV-Vis absorption spectra of the six Cu-phen 
structure in 8(c) with emission spectra of [Cu(I)(dtbp)2]+.27  (e) Structure diagrams of 
[Cu(detp)2]+, [Cu(phen)2]+ and, [Cu(dmp)2]+.34  (f) UV-Vis absorption spectra of 
[Cu(detp)2]+ (blue), [Cu(phen)2]+ (black) and, [Cu(dmp)2]+ (red) at room temperature.34   
 
1.3.3 Medical applications 

As a trace element, copper is essential not only to human life, but to all living 

organisms.37,38  However, it exists in a delicate balance and outside a homeostatic range a 

disease state can take hold.38,39  The human system has several highly specific regulatory 

processes by which copper is absorbed, transported, stored, and removed.37-40  Copper is 

stored in muscle tissue and the liver; if the liver stores become overloaded the copper levels 

can become toxic.38,39,41  Increased levels of copper will damage the liver and the nervous 

system, but can also cause a displacement of other essential metals such as zinc and iron41 

in essential proteins making those proteins defective37.  Copper deficiency is also a concern 

(a) 

(b) 

(c) (d) 

(e) (f) 
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as it is essential in production of melanin, connective tissues, and bone growth41; several 

proteins associated with growth and development utilize copper cofactors37.  By exploiting 

the role of copper as both essential and toxic in human cells there is an excellent 

opportunity to create medicinal therapies based on coordination complexes that can target 

carcinomas and disease causing organisms.   

1.3.3.1 Copper Phenanthroline/DNA Interactions  

Copper is thought to exist in the body in an equilibrium between Cu2+ and Cu+;42 

Cu2+ is the oxidized form of copper ion and is the least destructive, Cu+, the reduced form, 

is highly reactive.37,38  Recently, copper(II) 1,10-phenanthroline complexes have been of 

interest because studies show DNA has a preferential binding with Cu2+ over Cu+.42-44  

Since the 1970’s, it has been known that copper phenanthroline is a DNA nuclease and 

much research has been done to investigate the intercalation of the phenanthroline ligand 

as well as other possible modes of DNA destruction.45-47  As iron does in the Fenton 

reaction, Cu2+ is readily capable of converting hydrogen peroxide into hydroxyl 

radicals.37,40,42  Hydroxyl radicals are part of a group called reactive oxygen species (ROS) 

and cause remarkable damage inside of cells including lipid peroxidation in membranes, 

direct oxidation of proteins, and cleavage of DNA and RNA.37,40   

Metal complexes can interact with DNA through reversible modes such as binding 

in the major groove, minor groove, or through intercalation, as well as, through 

nonreversible modes such as covalent and coordination interactions.42,48-50  Figure 9 shows 

simulated intercalation and cleavage of DNA by the family of known anticancer copper 
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complexes CasiopeínasÒ.49  Metal complexes including [Co(phen)2]+ and [Cu(phen)2]+ 

have tetrahedral geometries that allows intercalation between stacked base pairs in DNA,50 

however newer research is suggesting that square planar geometries are favored.40  

Substituted 1,10-phenanthroline derivatives in the 2,9 and 4,7 positions do not possess the 

ability to interact with DNA in the same way as the unsubstituted 1,10-phenanthroline 

however, substitutions in the 5,6 position did have similar results.43,46  The interaction of 

bis(1,10-phenanthroline)copper(I) with DNA shows several specific regions where the 

metal complex will insert and cause cleavage.51-53  Based on the known specificity of 

[Cu(phen)2]+ it has been widely used as a foot printing agent in determining local DNA 

conformation.51-53  Copper phenanthroline complexes have also been shown to bind to 

many RNA sequences.54 

 

Figure 9: Simulated pictorial representation of the intercalation and cleavage of DNA by 
copper complexes.49  (a) Images of the intercalation of a copper complex into the minor 
groove of DNA and (b) cleavage environment of the base pairs by two different copper 
complexes.49 

1.3.3.2 Medicinal treatments 

Cancer therapies by nature are toxic to the human body and it is hypothesized that 

utilizing a first row transition metal such as copper could potentially create a new drug that 

(a)                                                                                 (b)
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targets carcinomas while possibly being less toxic to the human system overall.42,55  

Ternary copper(II) complexes such as [Cu(phen)2]+ have been reported in cytotoxicity 

studies to have IC50 levels in the submicromolar range.42  IC50 values (half maximum 

inhibitory concentration) are a determination of the concentration required to render half 

of a cellular population unable to replicate.56  Currently, potential cancer drugs are studied 

and compared by their IC50 values, most notably to cisplatin, a well-known platinum based 

cancer drug.  This is important because several cancer cell lines have developed a resistance 

to cisplatin.  With the synthesis and characterization of copper nucleases on the forefront 

of current cancer research42, there have been some valuable discoveries made: 1) square 

planar geometries tend to favor intercalation of DNA and 2) platinum (II) complexes utilize 

the same transport proteins as copper(II).40  The majority of the focus has been based in 

cancer treatments, however there has also been some work done showing the potential 

application of these metal complexes in the detection and treatment of other diseases such 

as hepatitis B57 and tuberculosis58.   Additionally, several metal-phenanthroline complexes 

have shown fungistatic properties.59,60 

1.3.4 Copper and CO2 capture 

Carbon dioxide is greenhouse gas that is produced in large quantities by the burning 

of fossil fuels.  The world is continually producing more and more CO2 that is polluting 

our air and leading to the acidification of our oceans.  Copper complexes can be used as a 

logical approach to decreasing CO2 concentrations by redirecting the excess CO2 produced 

into a more beneficial, value-added, product like carbonate salts, formaldehyde, formic 

acid, and oxalic acid.61  In 2010, a copper complex was reported to be oxidized by CO2 
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from air; the CO2 coordinated to the copper forming oxalate and was later precipitated as 

oxalic acid. 61  The proposed electrocatalytic cycle (Figure 10(a)) from the original copper 

complex, referred to in Figure 10 as [1], involves coordination of CO2
- in an intermediate 

step followed by the terminal ends of the CO2
- radicals bridging together two intermediate 

complexes thus forming the oxalate.61   Figure 10(b) details the various pathways [1] can 

transform, such as a redox reaction through the addition and removal of Cl-, coordination 

of CO2 to form oxalate followed by addition of HCl to precipitate oxalic acid and 

recovering the Cl- reduced complex previously mentioned.61  The species obtained at 

various stages of the transformation processes were characterized and verified through 

electronic absorption, cyclic voltammetry, and ESI-MS .61 

 
Figure 10: Illustrations of the reactivity of a copper coordination complex reported to 
absorb atmospheric CO2.  (a) The proposed electrocatalytic cycle of complex [1].61 (b) 
Diagram of the transformations complex [1] can undergo through introduction of Cl- or 
CO2.61   
 

The ability to capture atmospheric CO2 and transform it into a usable product could 

be a significant tool as the world aims to reduce this overabundant carbon gas.  Oxalic acid, 

for example, is used in as a bleaching agent, cleaning solvent, corrosion inhibitor, in 

photographic supplies, and electrical products, just to name a few.62  

(a)                                                                                 (b)
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1.4 Cleavage of the C-C bond in acetonitrile: the application of copper complexes in 
catalysis 
 

Catalysis is a fundamental area of chemistry that reduces the amount of energy 

required for a reaction to take place and due to this ability, it falls under the umbrella of 

“green” chemistry.  The use of metals and inorganic complexes have long been studied and 

applied in the field of catalysis, however there is a specific area where limited research is 

available: the activation and cleavage of the C-C bond of acetonitrile.  In recent years, there 

has been an increase in reporting of this event and in doing so, the door has been opened 

to the use of this cleavage and activation of the C-C bond in producing CN- for use in 

organic and inorganic synthetic purposes.  As we explore this variation in the production 

of CN- further, there is an impetus to produce new materials.  However, there should also 

be an awareness of the possibility of this event occurring to ensure the safe handling of 

reactions and materials. 

The ability to cleave the C-C bond of acetonitrile bond in situ to form and utilize 

the cyano(-CN) ligand can afford the production of new materials without requiring the 

use of toxic compounds such as KCN, NaCN, and K3Fe(CN)6 among others.63   Figure 11 

illustrates two copper(I) polymeric complexes that were achieved through this application 

of in situ cleavage of the C-C bond in acetonitrile to form complexes where CN is the 

bridging ligand.63,64 
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(a)                                                                  (b) 

Figure 11: Resulting structures from the in situ formation of a µ-cyano group from the 
cleavage of the C-C bond in acetonitrile. (a) 3D microporous CuCN coordination 
polymer.64  (b) One-dimensional copper(I) polymer.63 
 

Much of the research in this area utilizes hydrothermal reaction conditions with 

temperatures ranging between 120-170ºC.  These energy requirements have long been 

thought to be necessary in breaking the particularly stable C-C bond that has an energy 

barrier of 133kcal mol-1 or 506kJ mol-1.  At least one report has been found that details the 

activation of the C-C bond of acetonitrile at room temperature65,66: a dinuclear copper 

cryptate cleaves the C-C bond of acetonitrile though a SN2 type reaction and the cleaved 

methyl group interacts with water to form methanol (Figure 12).65    

 
Figure 12: Illustration of an SN2 mechanistic pathway for the cleavage of the C-C bond in 
acetonitrile.65 
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Other studies have looked at the required conditions for the C-C bond activation of 

acetonitrile and as we compare the reported research, we find that a variety of starting metal 

complexes is utilized.  Besides the fact that different organometallic complexes are used 

we also see the application of copper complexes in various oxidation states.  The use of 

copper(II) starting complexes is quite common and many of the resulting products are also 

copper(II) however, there are also reports of reactions consisting of copper(I) to copper(I) 

64, copper(II) to mixed valence67, and cooper(II) to copper(I)63,68 transformations.  A group 

studying in situ cleavage of the C-C bond of acetonitrile completed a comprehensive study 

reported in 2013 and has shown that in their reactions water was not a requirement to 

activate the C-C bond.69  This study included observing the effects of reaction time, 

chelating ligand, reaction solvent(s), counter ions, organic reductants, and molar ratio 

between the metal complex and the organic reductant.69  The copper(II) systems studied 

involved coordination with the N,N’ donor ligands 2,2’-bipyridine or 1,10-

phenanthroline.69   The authors believe that a protonic nucleophilic reagent (HNu) is 

necessary in either the form of a solvent or reductant.  The results showed that for reactions 

with pyridyl-amines the reaction proceeded in only acetonitrile, however, in reactions 

where aryl-aldehydes were the reductants a solvent system of acetonitrile with an HNu 

solvent was required for the reaction to proceed towards obtaining the desired product.   

The literature shows that copper coordination complexes can successfully cleave 

the C-C bond of acetonitrile despite the high degree of stability it possesses.  Even more, a 

variety of copper complexes have been employed under both extreme and benign 

conditions to effectively activate the C-C bond and it has been demonstrated that a variety 



	 21	

of reaction conditions can lead to this outcome as well.  With the increase in recent years 

of the research and development of complexes involving in situ cleavage of the C-C bond 

of acetonitrile and thus forming a cyanide ion, it is our duty to move forward responsibly 

and bring awareness to the occurrence of this event.  As catalysis is a “green” chemistry 

approach to achieving targeted synthetic outcomes, it is worthwhile to continue to 

investigate the ability of copper complexes in this role; it is a cheaper and less toxic 

resource that should be utilized as we continue to synthesize and investigate materials that 

will have economic viability in the future.  

1.5 Applications of green chemistry through the utilization of solventless synthesis 

Green chemistry, as defined by the American Chemical Society, can be thought of 

as principles that enable the design and development of products and processes through 

alternative means that will reduce waste and conserve energy.70  One way to reduce or 

eliminate hazardous waste is through the implementation of alternative synthetic processes.  

Traditional organometallic synthesis is performed by mixing starting materials in organic 

solvents.  Solvent free reactions reduce or eliminate organic waste which is not only 

environmentally sustainable, but also economically sustainable as organic solvents can be 

expensive.71  In the past, solventless techniques have incorporated a process of grinding, 

heating, and cooling reactions in order to promote the production of a product72, but more 

recently there has been a shift of focus to reduce the energy required by performing the 

solventless reactions at room temperature71-75 and by utilizing the chemical properties of 

specific compounds through gas-phase sublimation-deposition procedures71,73-75.   
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Table 1: Yield and melting point comparisons of imine compounds synthesized through 
either a green solvent free process or a classical approach.72 

 

The successful solventless synthesis of several imines has been reported and Table 

1 shows the comparison of results from the solventless grinding method vs a classical 

method .72  In all instances where both methods were reported, the greener solventless 

synthesis resulted in a higher percent yield of product.72  The employment of green 

chemistry techniques is necessary as we strive to make materials and their applications 

environmentally and economically sustainable.  

 Copper phenanthroline coordination complexes have been studied for potential 

application in many areas including solar energy, medicine, and catalysis.  It is important 

to continue the investigations into this far-reaching complex system, as its full potential 

has not been reached.  Additionally, copper phenanthroline complexes are used today in 

research and industry and finding “green” approaches to synthesizing these useful materials 

will contribute to creating a sustainable future. 
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CHAPTER II 

SYNTHESIS OF COPPER(I) AND COPPER(II) COMPLEXES WITH SIMPLE 

PHENANTHROINE LIGANDS 

2.1 Materials and methods 
 

This section provides information pertaining to the synthesis, purchase, and use of 

all chemicals required for the synthesis of the coordination complexes presented in this 

thesis.  Materials used in the preparation of the precursor copper complex 

tetrakisacetonitrilecopper(I) tetrafluoroborate include a 50% tetrafluoroboric acid in water 

solution purchased from Alfa Aesar, and copper(I) oxide, high-grade acetonitrile, and 

anhydrous ethyl ether purchased from Millipore sigma; the acetonitrile was dried with 

conventional techniques and all other reagents were used as received.  The ligands used in 

this research, 1,10-phenanthroline (phen) and 2,9-dimethyl-1,10-phenanthroline 

hemihydrate (dmp), were purchased from Millipore Sigma and used as received.  All 

organic solvents used in the characterization of the products 1-8 were dried using 

conventional techniques and used without further modification.  All glassware was cleaned 

using an aqua regia procedure and dried in a 140°C oven.  Some reactions were carried out 

under an inert nitrogen atmosphere using Schlenk technique; use of this technique is 

mentioned in the specific reactions where it was carried out.  
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2.1.1 Synthesis of [Cu(CH3CN)4]BF4 

The main precursor copper complex utilized in the synthesis of the product 1-8 

presented in this thesis was [Cu(CH3CN)4]+BF4
-: tetrakisacetonitrilecopper(I) 

tetrafluoroborate.  It was prepared similar to literature76  as follows.  High grade acetonitrile 

(20mL) was bubbled with nitrogen for 20 min.  Copper oxide was added to the reaction 

flask (1.0124g;7.075mmol) and stirred for 5 minutes followed by slow addition of 

tetrafluoroboric acid (4.5mL).  The reaction was set under reflux at 65˚C for 15 min.  

Solution was filtered over a bed of celite and immediately placed in the refrigerator for 24 

hr.  The resulting white precipitate was collected on a medium porosity filter, washed with 

ether, and dried under vacuum for 25 min.  The final product (3.4g, 11mmol, 77% yield) 

was place in a glass vial, capped, and stored in a refrigerator. 

2.2 Experimental section 

 This section will provide details pertaining to the synthesis of compounds 1-8.  

Compounds 2 and 5 were synthesized using one route without additional modifications 

and within their respective sections are referred to as 2 and 5. Compounds 1, 3, 4, 6, 7, 

and 8 were synthesized using various synthetic routes.  The specific products resulting 

from modifications in the synthetic route are notated by an a, b, c, or d.  The first 

synthesis presented for each compound utilizes organic solvent mediation.  Compounds 

1, 4, and 6 include water mediated reactions as their second mode of synthesis. The third 

mode of synthesis for compounds 1, 4, and 6 and the second mode for compounds 7 and 

8 is a solventless mediated reaction where mechanical grinding is employed.  Overall, the 

synthesis for eighteen products is presented with in this chapter. 
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2.2.1 Synthesis of [Cu(phen)2]BF4  compound 1 

 

 

Figure 13: Scheme for the various synthetic routes used in the synthesis of compound 1. 
 

This section contains the synthesis of compound 1, [Cu(phen)2]BF4, and presents a 

detailed description of the four separate synthetic routes resulting in products 1a-d.  A 

scheme of the synthetic conditions for each product of 1 is shown in Figure 13. Product 1a 

was synthesized in a 1:1.8 molar ratio of precursor metal to ligand using organic solvents, 

and Schlenk technique under a nitrogen atmosphere.  Product 1b was synthesized in a 1:2 

molar ratio of precursor metal to ligand in water.  Product 1c was synthesized in a 1:2 molar 

ratio of precursor metal to ligand without solvent by mechanical grinding of the reactants.  

Product 1d was synthesized with an excess of ligand in a 1:4 molar ratio of precursor metal 

to ligand in similar conditions to 1a. 

 

[Cu(CH3CN)4]BF4  +  2C12H8N2 [Cu(C12H8N2)2]BF4 +  4CH3CN

Cu
N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N

1a

1b

1c           

1d

Compound 1
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2.2.1.1 Organic solvent mediation of product 1a  

Schlenk technique was utilized in the synthesis of 1a (Figure 14).  A Schlenk flask 

was fitted with a rubber stopper one long needle for bubbling nitrogen gas in and 3 small 

needles for venting.  The flask was placed in a hot oil bath and heated to ~70°C.  Once this 

temperature was reached, high-grade acetonitrile (5ml) was added to the Schlenk flask and 

bubbled with nitrogen gas for 8 min.  After the initial bubbling period, the long needle was 

removed and nitrogen gas was bubbled through the side arm of the flask.  1,10-

phenanthroline (phen) (0.155g, 0.860mmol) was added; the ligand dissolved immediately 

and was stirred for 4 minutes.  Then, [Cu(CH3CN)4]+BF4
- (0.150g, 0.478mmol) was added 

to the flask; a dark reddish black solution immediately formed and was stirred for an 

additional 5 min at 70°C. 

 
Figure 14: Images of the synthesis of 1a using Schlenk technique. (a) Set up of Schlenk 
flask in hot oil bath with attachment to Schlenk manifold.  (b) Rubber stopper with 1 needle 
inserted for bubbling nitrogen gas and 3 needles for venting. (c) After addition of phen 
ligand and attachment of tubing to side arm of flask for flushing flask with nitrogen gas. 
(d) After addition of [Cu(CH3CN)4]+BF4

- with instantaneous color change of the solution. 
 

a                          b                            d

c
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Following 5 min of heating and stirring, the solution ceased to be stirred and heating 

at 70°C continued for 5 minutes.  After the 5 minutes of heating without stirring was 

completed, the hotplate was turned off and the reaction was slowly allowed to return to 

room temperature.   During the cooling period, the flask continued to be flushed with a 

gentle flow of nitrogen gas.  The solution began to evaporate leaving a dark brown/black 

solid residue inside the flask (Figure 15).  

 
Figure 15: Images of the heating and slow evaporation during synthesis of 1a. (a) Solution 
after 5 min of stirring and heating at 70°C.  (b) Solution after 5 minutes of heating at 70°C 
without stirring. (c) Solution after 20 minutes of slow cooling.  (d) Solution after 1h of 
undisturbed slow cooling at room temperature. 
 

After 1 hour of undisturbed cooling, the contents of the flask were transferred to a 

medium porosity filter and washed with three 5mL portions of diH2O (Figure 16).  Using 

double trap vacuum operations, the product was collected on a filter and dried for 40 

minutes.  The collected product (0.173g, 0.338mmol, 78.6%Yield) was an extremely dark 

crystalline solid that appeared black, in color, to the naked eye and as red crystals under 

the microscope.  Product 1a was also synthesized at room temperature, without heating, 

using Schlenk technique.  The product that resulted from this synthesis was not pure, and 

looked like mostly black solid powder as opposed to red crystals when viewed under the 

microscope.   

a                                b                                c                                d
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(a)                                 (b)                                    (c)                              (d) 

Figure 16: Images of the collection and filtration of 1a. (a) Solution after 1 addition of 5ml 
of diH2O.  (b) collected product on medium porocity filter fritt.  (c) Collected solid 
crystalline product black in color to the naked eye.  (d) Collected product viewed under 
10X lense on a microscope: red in color. 
 

Product 1a is readily soluble in many organic solvents but is easily oxidized in 

solution; the solid state is very stable.  A noteworthy side note is that when the solid black 

product is sonicated in water and left to sit, it is not soluble as the black product, but the 

solution turns blue and the precipitated product has a distinctly purple color (Figure 17 (a)).  

The contents of the test tube were poured out and observed and as the resulting solution 

dried the solid appeared black, with traces of oxidized green product around the edges 

(Figure 17 (c)).  Recrystallization attempts to obtain x-ray quality crystals have not been 

successful to date.  Analysis based on C24H16CuBF4N4.  1H-NMR using as reference 

methanol d4!	(ppm): 8.95, 8.76, 8.22, and 7.96 ppm.  Mp: >400°C. FTIR [cm-1]: 3070 (vC-

Har); 1589 (vC=Car); 1508 (vC=Nar); 1095 (vB-F).  Anal. Calcd for C24H16CuBF4N4: C, 56.44; 

H, 3.16; N,10.97%. Found: C, 56.07; H, 2.97; N, 10.76 %. 
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Figure 17: Images of the effect of water on product 1a. (a) Purple precipitate from mixing 
filtered 1:2 ratio copper phenanthroline product with water and resulting blue solution.  (b) 
contents of test tube poured onto a watch glass and (c) after drying. 

 
2.2.1.2 Water mediation of product 1b 

 1,10-phenanthroline (0.0344g, 0.191mmol) was mixed with 15ml of diH2O, in 5ml 

increments and sonicated with each addition, the resulting solution was colorless with small 

pieces of the white ligand observed in the bottom of the vial (Figure 18 (a)).  

[Cu(CH3CN)4]+BF4
- (0.0287g, 0.0912mmol) was mixed with 10ml of diH2O, in 5ml 

increments and sonicated with each addition, the resulting solution was opaque and orange 

(Figure 18 (b)). 

 
Figure 18:  Images of the starting solutions for the synthesis of product 1b. (left) 1,10-
phenanthroline in diH2O. (center) [Cu(CH3CN)4]+BF4

- in diH2O. (right) Final solutions 
side-by-side for comparison. 
 

The [Cu(CH3CN)4]+BF4
- aqueous solution was added to the aqueous phen solution 

and the immediate appearance of product 1b was observed as a reddish-brown color 

forming in the solution (Figure 19).  As the solutions continued to be added together a dark 

a                                b                                c

a                                b                    c
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black colored product formed. After sonication, the solution took on a homogeneous 

appearance.   

 
Figure 19: Observations of the appearance of product 1b as reactants are added together. 
 

After sitting undisturbed for 3 days settling of the product was observed and the 

solution had an ombré appearance transitioning from black, to purple, to blue as you travel 

up the vial (Figure 20 (a)).  After the product fully settled, the blue colored solution (Figure 

20 (b)) was decanted and the solid product was dried in the oven at 140°C for 20 min and 

appeared black (Figure 20 (c)).  Once cooled, the black solid was collected and its truly 

purple color was seen (Figure 20 (d)).   The collected powder was washed with ether 

(0.043g, 0.081mmol, 89%yield).  Powder analysis of 1b Mp: >400°C. 1H-NMR using as 

reference acetonitrile d3!	(ppm): 8.935, 8.702, 8.183, and 7.951 ppm.  FTIR [cm-1]: 3558 

(vO-H) 3064 (vC-Har); 1587 (vC=Car); 1508 (vC=Nar); 1055 (vB-F).  Anal. Calcd for 

C24H16CuBF4N4: C, 56.44; H, 3.16; N,10.97%. Found: C, 55.25; H, 3.12; N, 10.69%.   

 
(a)                                (b)                                      (c)                                (d) 

Figure 20: Images of the collection of product 1b.  (a) Reaction solution in the process of 
settling 3 days after initially reacted. (b) fully precipitated solid and resulting blue 
solution. (c) dried solid product cooling. (d) collected product, purple color readily 
observed. 
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2.2.1.3 Solventless synthesis of product 1c 
 
  Figure 21 presents the images of the synthesis of product 1c.  The reactants 1,10-

phenanthroline (0.117g, 0.649mmol) and [Cu(CH3CN)4]+BF4
- (0.100g, 0.319mmol) were 

mashed together at room temperature for approximately 7 minutes through mechanical 

grinding using a metal spatula on weigh paper and then transferring and mashing in a glass 

dish.  An initial reaction can be seen between the two colorless reactants as they begin to 

produce a grey product that eventually results in a black product (0.248g, 0.485mmol, 

77.7%Yield).  The solid black product was first washed with water and the solution 

remained colorless, once filtered using double trap vacuum operations, the resulting filtrate 

was purple.  Next, the product was washed with ether and dried for 20 minutes; pure solid 

black product was recovered (0.208g, 0.407mmol, 66.7%yield).  An attempt was made to 

remove the solvent from the filtrate and collect any solids, however there was so little solid 

it was unable to be collected.  Neither the unwashed or washed product displays red crystals 

when view under the microscope.  Powder analysis.  Mp: >400°C.  FTIR [cm-1]: 3565     

(vO-H); 3072 (vC-Har); 1589 (vC=Car); 1508  (vC=Nar); 1053 (vB-F).  Anal. Calcd for 

C24H16CuBF4N4: C, 56.44; H, 3.16; N,10.97%.  Found in unwashed: C, 62.79; H, 4.06; N, 

12.28%.  Found in washed: C, 55.55; H, 3.21; N, 10.86%. 
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(a)                        (b)                            (c)                                (d) 

Figure 21: Images depicting the transformation of two colorless solids to one black solid 
during the synthesis of 1c.  (a) Colorless reactants: [Cu(CH3CN)4]+BF4

- on the top and 
1,10-phenanthroline on the bottom.  (b) After 3 minutes of mashing in the weigh paper and 
(c) after and additional 3 minutes of mashing on weigh paper.  (d) After continued mashing 
on glass dish for 3 minutes.  
 
2.2.1.4 Organic solvent mediation (with excess ligand) of product 1d  

 Using Schlenk technique, a flask was degassed with nitrogen gas for 10 minutes 

followed by the addition high-grade acetonitrile (10 ml) which was bubbled with the 

nitrogen gas for 15 minutes.  1,10-phenanthroline (0.107g, mmol) was dissolved in the 

acetonitrile and stirred for 2 minutes.  [Cu(CH3CN)4]+BF4
- (0.0452g, mmol) was added to 

the flask and formation of product was immediately observed through a dramatic color 

change of the solution from colorless to dark reddish brown (Figure 22(a)).  The product 

was soluble in the volume of solvent used: filtration was performed and no solids were 

retained on the filter frit.  Using double trap vacuum operations, the solvent was removed 

and the remaining solid was dried for 2 hr.  The dried solid appeared to be of two colors 

while still in the flask (Figure 22 (b)).  Once collected, the solid looked to be black and 

uniform in appearance (Figure 22 (c)).  Through a 10X objective lens, the product 

presented as solid black particles and red crystals (Figure 22(d)).   
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Upon washing the collected product, it was found that the true product was the same 

as 1a, a 1:2 ratio of [Cu(CH3CN)4]+BF4
- with 1,10-phenanthroline, and there was unreacted 

excess ligand present that was collected from the filtrate.  Powder analysis for 1d; Mp: 

>400°C.  FTIR [cm-1]: 3377 (vO-H); 3074 (vC-Har); 1589 (vC=Car); 1508 (vC=Nar); 1053 (vB-F).  

Anal. Calcd for C48H34CuBF4N8O: C, 64.84; H, 3.85; N, 12.60%.  Found: C, 64.73; H, 

4.15; N, 12.67 %.  

 
(a)                               (b)                          (c)                (d) 

Figure 22: Images of the synthesis and collection of 1d. (left) Immediate color change 
observed from a colorless solution of ligand and acetonitrile to the dramatically darker 
product after addition of copper precursor.  (left center) Dried product with visible 
striations of darker and light colored solids.  (right center) Collected product with 
homogeneous appearance to the naked eye.  (right) Observation of product under a 
microscope, 10X objective lense, showing black solid powder and red crystals.  
 
2.2.2 Synthesis of Cu6(CN)6(phen)6 compound 2 

 

Figure 23: Scheme of the room temperature synthesis of compound 2 in acetonitrile. 

6[Cu(C12H8N2)2]BF4 +  6CH3CN Cu6(CN)6(C12H8N2)6 + 6C12H8N2 +  6CH3BF4

1d
Dissolved in CHsCN
with pyrazine and 
capped at room temp

Compound 2
Cu

N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N Organic solvent 
– CH3CN

(1:4 molar ratio)
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Figure 23 represents the synthetic pathway for the synthesis of compound 2.  A 6 

dram glass vial was degassed with nitrogen gas for 3 minutes.  High-grade acetonitrile 

(4ml) was added and bubbled with nitrogen for 5 minutes.  Careful attention was made to 

limit the opening of the vial and seal the vial with a cap at all possible times.  The unwashed 

copper precursor complex 1d (0.041g, 0.047mmol) was added to the vial and dissolved 

through sonication for 2 minutes.  Pyrazine (0.007g, 0.08mmol) was added to the vial and 

sonicated for 4 minutes.  The vial was placed in a dark space; after 1 week, red crystals 

were observed (Figure 24).  The small red crystals were collected after one additional week 

sitting undisturbed.  The solution in the vial was pipetted into another vial and left in a dark 

area at room temperature.  At this time, no additional crystal formation has occurred from 

the pipetted reaction solution.  The product remaining in the vial was observed to be small 

red crystals stuck to the bottom of the vial.  To collect the crystals, diH2O (2ml) was added 

to the vial and immediately the crystals moved freely and then settled together (Figure 24 

(b)).  The water was pipetted out into waste and the trace water was evaporated in the 

ventilation hood.  Once dried, the product was collected (0.0013g, 0.00076mmol, 9.6% 

Yield) and small red crystals were observed under the microscope (Figure 24 (c)).  X-ray 

quality crystals of the product were found to be C82H54Cu6N20.  Due to the low yield of this 

product and its insoluble nature, some characterizations were unable to be performed. Mp: 

305°C.  FTIR [cm-1]: 3032 (vC-Har); 2107 (vCN); 1581 (vC=Car); 1504 (vC=Nar).  Anal. Calcd 

for C78H48Cu6N18: C, 57.88; H, 2.99; N,15.58%.  Found: C, 58.10; H, 2.74; N, 14.42%. 
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(a)                                       (b)                                        (c) 

Figure 24: Images of the crystals formed of 2.  (a) First appearance of crystals, observed to 
be stuck to vial.  (b) Freely moving crystals after removal of solution and addition of water.  
(c) Collected dried crystals red to the naked eye. 
 
2.2.3 Synthesis of Cu(phen)2CO3 compound 3 

 

 

Figure 25: Scheme for synthesis of compound 3 through evaporation to obtain product 3a 
and bubbling of CO2 to obtain product 3b. 
 
 This section contains the synthesis of compound 3, Cu(phen)2CO3, by utilizing two 

separate synthetic pathways (Figure 25).  The synthesis of 3 was originally made through 

a recrystallization method for product 1a.  The results were single green crystals with a 

coordinated carbonate which is not found in 1a.  Through analysis of 3a a procedure was 

[Cu(C12H8N2)2]BF4 +  CO2 +  8H2O                      Cu(C12H8N2)2(CO3) . 7H2O  +  HBF4 +  H+

1d

Cu
N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N

Compound 3

3a

3b

1a, 1c, or 1d

Dissolve in CH3CN
followed by evaporation

Dissolve in CH3CN + H2O
& bubbled with CO2
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developed to synthesize 3b, the powder form of compound 3.  The following is a detailed 

presentation of the synthesis of products 3a and 3b. 

2.2.3.1 Synthesis by evaporation (crystal formation) of product 3a  

The copper precursor product 1d unwashed (0.021g, 0.024mmol) was dissolved in 

acetonitrile (6ml) in a glass test tube and sonicated for 1 minute.  The test tube was covered 

in foil, vented with holes, and left in the ventilation hood to evaporate.  The color changes 

observed as product 3a formed are presented in Figure 26: (a) solid black starting material 

of 1d; (b) original deep red solution at onset of dissolving 1d in acetonitrile; (c) lighter red 

colored solution seen after 7 days; and (d) yellow colored solution observed upon crystal 

formation.  After 12 days, distinct single green crystals were observed and collected 

(0.0029g, 0.0048mmol, 20%Yield).  Attempts were made to obtain single crystals of 3 

using the copper precursor product 1a, however they were not successful. Single x-ray 

crystallography found C25H30CuN4O10.  FTIR [cm-1]: 3126(vO-H; ) 3070(vC-Har); 1581 

(vC=Car); 1495 (vC=Car); 1328, 1055(vCO3).  Anal. Calcd for C25H30CuN4O10: C, 49.22; H, 

4.66; N, 9.18%. Found: C, 49.56; H, 4.85; N, 9.39%. 

 
(a)                          (b)                            (c)                          (d) 

Figure 26: Images of the room temperature synthesis of product 3a illustrating the 
transformation from a black solid to a green solid. 
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2.2.3.2 Synthesis by purging CO2 (powder formation) of product 3b  

Product 1d (0.022g, 0.025mmol) was dissolved in acetonitrile (6ml) and sonicated 

for 30 seconds to ensure product was fully dissolved.  Using Schlenk technique, diH2O 

(3ml) was added to a flask and rapidly bubbled with CO2 gas for 2 minutes. The 1d-

acetonitrile solution was added to the flask and continued to be bubbled with CO2 gas at a 

medium-low flow for 1 hour with stirring.  The solution started out as a dark reddish-brown 

solution and transitioned to an orange color, then a yellow color, and eventually a green 

colored solution (Figure 27).  

 
time  =  0m               4m               27m                41m                 58m               1h30m 
Figure 27: Images of the observed color changes that accompany the purging of a solution 
of 1d, in acetonitrile and water, with CO2.  
 

The product (0.0109g, 0.0179mmol, 71.8% Yield) was collected by solvent 

removal using double trap vacuum operations and appeared as a light green solid in the 

flask and as a dark green solid after collection (Figure 28).  The green powder was washed 

with ether and characterized.  Mp: .400°C. FTIR [cm-1]: 3358 (vO-H; ); 3064 (vC-Har); 1585 

(vC=Car); 1517 (vC=Car); 1340, 1047 (vCO3).  Anal. Calcd for C25H30CuN4O10: C, 57.74; H, 

3.88; N, 10.77%. Found: C, 57.68; H, 3.90; N, 10.91%.   
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(a)                                  (b)                               (c)                       (d) 

Image 28: Images of the collection of product 3b.  (a) Solution at beginning of solvent 
removal process. (b) Solution during solvent removal is seen darkening. (c) Solid product 
being dried.  (d) Collected dark green solid product. 
 
2.2.4 [Cu4(OH)4(phen)4(CH3CN)2](BF4)4 compound 4 
 

 
 

 
Figure 29: Scheme for the various synthetic routes used in the synthesis of compound 4. 
 

This section provides a detailed description for the synthesis of compound 4, 

[Cu4(OH)4(phen)4(CH3CN)2](BF4)4, by utilizing three separate modes of synthesis.  A 

scheme of the synthetic conditions for each reaction producing products 4a-c is shown in 

Figure 29.  All products were synthesized using a 1:1 molar ratio of precursor metal to 

ligand.  Product 4a was synthesized in an organic solvent; product 4b was synthesized in 

4[Cu(CH3CN)4]BF4 +  4C12H8N2 +  4H2O                    [Cu4(OH)4(C12H8N2)4(CH3CN)2](BF4)4 +  2CH3CN  +  4H+

Cu
N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N
4a

4b

4c           

Compound 4

Water solvent
(1:1 molar ratio)
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water; and product 4c was synthesized without solvent by mechanical grinding of the 

reactants.   

2.2.4.1 Organic solvent mediation of product 4a 

 Using a 6 dram glass vial, acetonitrile (6 ml) was added along with 1,10-

phenanthroline (0.044g, 0.25mmol) and sonicated until dissolved.  [Cu(CH3CN)4]+BF4
- 

(0.076g, 0.024mmol) was added and a dramatic color change from a colorless solution to 

a dark reddish-brown solution immediately appeared (Figure 30 (a)).  The vial was 

sonicated until all solid particles were dissolved, capped, and placed in a dark undisturbed 

area.  Over the course of the first few hours, the solution began to lighten in color and take 

on a greenish hue.  After three days, x-ray quality single blue crystals were observed 

(Figure 30 (b)).  The reaction solvent was removed and the blue crystals were washed with 

ether and collected (0.061g, 0.039mmol, 65%Yield) (Figure 30 (d)). MP >315ºC.  Through 

single crystal x-ray analysis the product was found to be C56H48Cu4B4F16N12O4.  Anal. 

Calcd for C56H48 B4Cu4F16N12O4: C, 43.27; H, 3.11; N, 10.81%.  Found: C, 39.24; H, 2.64; 

N, 7.52%. The elemental analysis results indicated that the product had lost water and 

acetonitrile so the product was re-synthesized and the wet, unwashed product was tested 

Anal. Calcd for C56H48 B4Cu4F16N12O4: C, 43.27; H, 3.11; N, 10.81%.  Found: C, 42.99; 

H, 3.18; N, 10.81%.  FTIR [cm-1]: 3536 (vO-H; ); 3076 (vC-Hal); 3001, 2943 (vC-Har); 2253 

(vCN); 1585 (vC=Car); 1522 (vC=Nar); 1065 (vB-F). 
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(a)                                    (b)                                   (c)                           (d) 

Figure 30: Images of the synthesis of 4a.  (a) Initial reaction solution upon mixing of 
[Cu(CH3CN)4]+BF4

- and 1,10-phenanthroline in acetonitrile.  (b) After three days, blue 
crystals formed on the bottom of the vial and the solution is green in color. (c) Image of 
blue crystal product in solution.  (d) image of dry blue crystals. 
 
2.2.4.2 Water mediation of product 4b 

The images of the initial synthesis of 4b are presented in Figure 31 (a-c).  1,10-

phenanthroline (0.028g, 0.16mmol) was added to a 6 dram glass vial with diH2O (2.5ml), 

capped, and sonicated for 2 minutes.   [Cu(CH3CN)4]+BF4
- (0.051g, 0.16mmol) was added 

to the vial; the vial was capped, and sonicated for 2 min.  The closed vial was set aside and 

occasionally shaken to encourage product formation (Figure 31 (b and c)).  After a week, 

precipitated blue solid were formed (0.043g, 0.022mmol, 54%yield).  %.  MP >315ºC.   

FTIR [cm-1]: 3566 (vO-H; ); 3093 (vC-Har); 2357 (vCN); 1628 (vC=Car); 1522 (vC=Nar); 993 (vB-

F).  Anal. Calcd for C56H48 B4Cu4F16N12O4: C, 43.27; H, 3.11; N, 10.81%.  Found: C, 37.26; 

H, 2.66; N, 6.92%.  When the experiment was repeated, it was done in a smaller skinnier 

1.5 dram vial and the vial was not shaken periodically.  After 6 days, the resulting product 

did not fully turn blue (Figure 31 (d and e)).   
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(a)                         (b)                                      (c)                     (d)            (e) 

Figure 31: Images depicting the color change observed during the synthesis of product 4b.  
(a) Black insoluble product immediately observed after initial reaction and sonication.  (b) 
After 2 days with periodic shaking of vial.  (c) After 2 weeks with periodic shaking of vial.  
(d)  Synthesis of 4b in a smaller vial immediately after reaction and sonication.  (d) vial 
from (d) after 6 days without shaking.   
 

To further investigate the effects of vial size and shaking, four experiments were 

set up simultaneously.  Two were prepared in the 1.5 dram vials and two were prepared in 

the 6 dram vials; all vials contained diH2O (2.5 ml), 1,10-phenanthroline (0.058g, 

0.32mmol), and [Cu(CH3CN)4]+BF4
- (0.10g, 0.32mmol) (Figure S16).  Then, one 1.5 dram 

vial and one 6 dram vial were sonicated initially and then left undisturbed.  The other 1.5 

dram vial and 6 dram vial were sonicated and shaken periodically for 5 days, after an 

additional 1 week, and then left undisturbed for 4 months.  Initially the effects of the vial 

size and mixing were very noticeable, however after several months the products in all 

vials appeared to have solid blue product throughout.  An overview of the color changes 

observed can be seen in Table 2.   
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Table 2: Images of the effects of vial size and mixing on the reaction of 1:1 ratio 
[Cu(CH3CN)4]+BF4

- with 1,10-phenanthoroline observed over a 4 month period. 
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2.2.4.3 Solventless synthesis of product 4c 

1,10-phenanthroline (0.057g, 0.32mmol) and [Cu(CH3CN)4]+BF4
- (0.10g, 

0.32mmol) were mashed together and through mechanical grinding using fingers and a 

spatula on weigh paper; the solid product initially took on a grey color (Figure 32 (a and 

b)).  The product was put into a 1.5 dram vial and heated on a hot plate at ~100ºC for 

several minutes.  The resulting mixture consisted of black product on the bottom of the vial 

and a little on the sides of the vial with some blue solid on the sides of the vial as well 

(Figure 32 (C)).  The vial was capped and set aside.  After 5 days, the contents of the vial 

were a homogenous blue solid powder (0.091g, 0.058mmol, 72%Yield) (Figure 32 (d)).  

Mp: >300ºC.  FTIR [cm-1]: 3568 (vO-H; ); 3069 (vC-Har); 1632 (vC=Car); 1526 (vC=Nar); 992 

(vB-F).  Anal. Calcd for C56H48 B4Cu4F16N12O4: C, 43.27; H, 3.11; N, 10.81%.  Found: C, 

38.64; H, 2.75; N, 7.91%.   

 
(a)                              (b)                               (c)                    (d) 

Figure 32: Observed color changes of the solid-state reactants during the solventless 
synthesis of 4c.  (a) Initial color change after mashing reactants.  (b) Dark grey color change 
after continued mashing of reactants.  (c) Product in a glass vial after heated at ~100ºC for 
several minutes.  (d) Blue powder product after five days in closed container. 
 
 

 

 



	 44	

2.2.5 Synthesis of [Cu(phen)2Cl]BF4 compound 5 

 

 
Figure 33: Scheme of the synthesis of compound 5 through a layering technique. 
 

This product was synthesized in an attempt to recrystallize product 1a through a 

layering technique that involves slow diffusion (Figure 33).  In a 6 dram glass vial, 1,10-

phenanthroline (0.075g, 0.42mmol) was dissolved in chloroform (5.0ml).  Separately, 

[Cu(CH3CN)4]+BF4
-  (0.62g, 0.20mmol) was dissolved in acetonitrile (4.0ml).  The Cu-

acetonitrile solution was slowly pipetted on top of the phenanthroline chloroform solution.  

Formation of a product was immediately seen at the interface of the two layers.  The two 

layers slowly diffused over time and after 3 days, large green x-ray quality single crystals 

were observed (0.026g, 0.046mmol, 24%yield.  Mp: >315 ºC. FTIR [cm-1]: 3581, 3493 

(vO-H); 3053 (vC-Har); 1585 (vC=Car); 1520 (vC=Car); 1030 (vBF4).  Anal. Calcd for 

C24H18BCuF4N4O: C, 51.09; H, 3.22; N, 9.93%. Found: C, 51.26; H, 2.89; N, 9.91%.   

 
 
 
 

[Cu(CH3CN)4]BF4  +  2C12H8N2 +  Cl- [Cu(C12H8N2)2Cl]BF4 +  4CH3CN

Compound 5

Cu
N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N

In CH3CN

In CHCl3
Layering of 

solutions

3 days
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2.2.6 Synthesis of [Cu(dmp)2]BF4 compound 6 

 

 
Figure 34: Scheme of the various synthetic routes for the synthesis of compound 6. 
 

This section contains the synthesis of compound 6, [Cu(dmp)2]BF4, by utilizing 

three separate synthetic routes.  A scheme depicting the synthetic conditions for each 

product synthesized, 6a, 6b, and 6c, is shown in Figure 34.  All products were synthesized 

at room temperature using a 1:2 molar ratio of precursor metal to ligand.  Product 6a was 

synthesized in an organic solvent; product 6b was synthesized in water; and product 6c 

was synthesized without solvent by mechanical grinding of the reactants.   

2.2.6.1 Organic solvent mediation of product 6a 

 Figure 35 presents images depicting the synthesis of product 6a including the 

organic solvent synthesis (Figure 35 (a and b)); the collected solid powder in visible and 

UV light (Figure 35 (c and d)); and results from recrystallization (Figure 35 (e and f)).  2,9-

dimethyl-1,10-phenanthroline (0.050g, 0.23mmol) was dissolved in acetonitrile (4ml).  

[Cu(CH3CN)4]BF4  +  2C14H12N2 [Cu(C14H12N2)2]BF4 +  4CH3CN

Cu
N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N
6a

6b

6c           

Compound 6

Water solvent
(1:2 molar ratio)

N N
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[Cu(CH3CN)4]+BF4
- (0.036g, 0.11mmol) was added and a vibrant transparent red solution 

was immediately observed.  The solvent was removed using double trap vacuum operations 

and a bright red solid (0.053g, 0.0931mmol, 82%Yield) with red luminescence was 

observed.  The product was crystalized according to literature30 by dissolving the powder 

in a 50:50 water methanol mixture and allowing to evaporate, single red x-ray quality 

crystals were observed after several days.  1H-NMR using as reference acetonitrile d3!	

(ppm):8.577, 8.111, 7.843, and 1.957.  Mp: 330°C.  FTIR [cm-1]: 3074, 3014 (vC-Har); 2945, 

2914 (vC-Hal); 1587 (vC=C); 1504 (vC=Nar);1026 (vB-f-).  Anal. Calcd for C28H24CuBF4N4: C, 

59.33; H, 4.27; N, 9.88%. Found: C, 61.20; H, 3.96; N, 9.91 %. 

 
(a)                       (b)                      (c)                  (d)                (e)               (f) 

Figure 35: Images depicting the formation of product 6a along with luminescence and 
formed crystals.  (a) dmp dissolved in acetonitrile.  (b) product formation after addition of 
[Cu(CH3CN)4]+BF4

-.  (c) red powder collected from reaction.  (d) luminescence of dried 
product under long wave UV (365nm). (e) Red crystals acquired from crystallization.  (f) 
luminescing crystals under long wave UV light (365nm). 
 
2.2.6.2 Water mediation of product 6b 

 The water mediated synthesis of product 6b is shown through pictures in Figure 36.    

2,9-dimethyl-1,10-phenanthroline (0.14g, 0.67mmol) was added to water (5 ml) and 

sonicated.  [Cu(CH3CN)4]+BF4
- (0.097g, 0.31mmol) was added and a dark brown solid 

began to form.  The reaction mixture was sonicated for 2 minutes until a consistent color 

was observed throughout; the vial remained sealed for 1 week.   After one day, a dark 
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orange precipitate began to settle and after 7 days, the precipitate had changed to a bright 

orange color.  The solvent was removed by slow evaporation and a bright orange solid 

(0.162g, 0.29mmol, 93%Yield) with orange luminescence was collected.  The product was 

crystalized according to literature30 by dissolving the powder in a 50:50 water methanol 

mixture and allowing to evaporate, single red x-ray quality crystals were observed after 

several days.  Both the powder and the crystals display photoluminescence with excitation 

by short wave (285nm) and long wave (365nm) UV light.  Mp: 330°C.  1H-NMR using as 

reference acetonitrile d3!	(ppm):8.595, 8.130, 7.826, and 1.957. FTIR [cm-1]: 3074, 3026 

(vC-Har); 2945, 2912 (vC-Hal); 1587 (vC=C); 1500 (vC=Nar); 1026 (vBF4-).  Anal. Calcd for 

C28H24CuBF4N4: C, 59.33; H, 4.27; N, 9.88%. Found: C, 59.19; H, 4.29; N, 10.08%. 

 
(a)                     (b)                       (c)                      (d)                          (e) 

Figure 36: Images representing the color changes that accompany the formation of product 
6b.  (a) 1,10-phenanthroline with diH2O after sonication.  (b) Observed formation of a 
product immediately after addition of [Cu(CH3CN)4]+BF4

-.   (c) The reaction mixture after 
sonication.  (d) The reaction after sitting for 1 day.  (e) The reaction after 7 days. 
 
2.2.6.3 Solventless synthesis of product 6c 
 
 Observed color changes of the solid-state materials during the solventless synthesis 

of 6c are presented in Figure 37.  For the synthesis of product 6c, solid 2,9-dimethyl-1,10-

phenanthroline (0.14g, 0.65mmol) was mixed with [Cu(CH3CN)4]+BF4
- (0.099g, 

0.31mmol) and crushed through mechanical grinding in weigh paper, using fingers and a 
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metal spatula, for several minutes until a bright orange solid product (0.19g, 0.33mmol, 

106%Yield) was obtained.  The solid product of 6c was washed with ether and a reddish-

orange solid product was retained (0.13g, 0.23mmol, 75%yield.  Mp: 325-330°C. FTIR 

[cm-1]: 3612 (vO-H); 3074, 3024 (vC-Har); 2947, 2914 (vC-Hal); 1587 (vC=C); 1500 (vC=Nar);1028 

(vB-F).  Anal. Calcd for C28H26CuBF4N4O: C, 57.50; H, 4.48; N, 9.58%. Found in unwashed 

solid: C, 56.88; H, 4.81; N, 12.20%. Found in washed solid: C: 51.72; H, 4.21; N, 11.32%. 

 
(a)                    (b)                       (c)                             (d)                             (e) 

Figure 37: Images depicting the observed color changes during the synthesis of 6c.  (a) 
Colorless starting materials.  (b) Appearance of a yellow solid product after mashing for 1 
minute. (c) Color change in the product to a light orange after continued mashing for 2 
minutes.  (d) Bright orange solid obtained after 5min of mashing, product unwashed.  (e) 
Reddish orange solid recovered after washing of product. 
 
2.2.7 Synthesis of [Cu(dmp)(MeCN)]BF4 compound 7 

 

 

Figure 38: Scheme of the various synthetic routes for the synthesis of compound 7. 

[Cu(CH3CN)4]BF4  +  C14H12N2 [Cu(C14H12N2)(CH3CN)]BF4 +  3CH3CN
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This section contains the synthesis of compound 7, [Cu(dmp)(MeCN)]BF4, by 

utilizing two modes of synthesis: organic solvent mediation and solventless mediation.  A 

scheme of the synthetic conditions for each product of 7 is shown in Figure 38.  All 

products were synthesized at room temperature using a 1:1 molar ratio of precursor metal 

to ligand.  Product 7a was synthesized in an organic solvent and product 7b was 

synthesized without solvent by mechanical grinding of the reactants.   

2.2.7.1 Organic solvent mediation of product 7a 

 Using Schlenk technique, a Schlenk flask was degassed with nitrogen gas for 10 

minutes.  High-grade acetone (6.8ml) was added and bubbled with nitrogen gas for 10 

minutes.  [Cu(CH3CN)4]+BF4
- (0.250g, 0.796mmol) was added to the flask and stirred for 

4 minutes followed by addition of  2,9-dimethyl-1,10-phenanthroline (0.164g, 0.753mmol) 

to the flask: a brilliant bright red mixture was observed immediately.  After 20 seconds, 

the reaction began to turn orange and after 1 minute, the reaction was light orange with 

yellow solids seen on the side of the flask.  After 3 minutes, the entire reaction was yellow 

and remained yellow as the mixture was stirred for 20 minutes.  These color changes can 

be observed in Figure 39. 

 
(a)                     (b)                        (c)                          (d)                        (e) 

Figure 39: Images depicting the color changes observed during the synthesis of 7a in 
acetone.  (a) Red mixture observed upon the immediate addition of the dmp ligand to the 
flask.  (b) After 20 seconds turning orange.  (center) After 1 minute, light orange with 
yellow solids.  (right center) After 3 minutes only yellow was observed.  (right) After 20 
minutes of stirring followed by settling of the precipitate. 
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 The reaction solution of 7a was collected over a medium porosity filter and washed 

with two 1ml portions of high-grade acetone.  Figure 40 (a-d) showcases the unique color 

transformations this product possesses, as the solution is a darker color than the solid.  

Using double trap vacuum operations, the filtrate was pulled through the filter and once 

again distinctive yellow solid was seen on the filter and red filtrate was observed in the 

collection flask.  The solid yellow product on the filter was dried for 20 minutes and then 

collected (0.275g, 0.688mmol, 91.4%Yield).  1H-NMR using as reference acetonitrile d3!	

(ppm): 8.557, 8.052, 7.852, 1.957 ppm. Mp: 310-315°C.  FTIR [cm-1]: 3074 (vC-Har); 3007, 

2947, 2923 (vC-Hal); 2290 (vCN); 1589 (vC=C); 1508 (vC=N); 1032 (vB-F).  Anal. Calcd for 

C16H15CuBF4N3: C, 48.08; H, 3.78; N, 10.51%.  Found: C, 47.71; H, 3.63; N, 10.46%. 

 
(a)                            (b)                               (c)                                   (d) 

Figure 40: Images of the filtration and collection of product 7a.  (left) reaction mixture on 
filter showing separation of yellow precipitate and red solution.  (left center) remaining 
solid yellow powder after filtering solution.  (right center) Red filtrate.  (right) Collected 
solid yellow product. 

 
After the reaction was filtered the solvent was removed from the red filtrate (Figure 

41 (a-c)).  As the solvent was removed, a pale yellow solid appeared and turned green; the 

product was dried for 20 minutes and collected (0.0234g, 0.060mmol, 7.9%Yield).  Both 

the product collected from the filter and from the filtrate displayed yellow luminescence 

under short and long wave UV light (Figures 41 d and e)). 
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(a)                        (b)                          (c)                        (d)                   (e) 

Figure 41: Images of the collection of a solid product from the filtrate of Reaction 7a and 
the comparison to solid collected on the filter for 7a. (a) Red filtrate being removed.  (b) 
Yellow solid drying on the walls of the flask.  (c) green solid drying under vacuum.  (d) 
green solid collected from filtrate in visible light (top) and long wave UV light (bottom).  
(e) Yellow solid collected from filter in visible light (top) and long wave UV light (bottom). 
 
  The synthesis of 7a was also performed in acetonitrile with similar findings (Image 

S.7.4).  Acetonitrile (5ml) was added to a vial along with 2,9-dimethyl-1,10-phenanthroline 

(0.049g, 0.23mmol) and sonicated to dissolve.  [Cu(CH3CN)4]+BF4
- (0.071g, 0.23mmol) 

was added to the vial and sonicated.  The resulting solution was a bright transparent red.  

Collection of the product took place using double trap vacuum operations where the solvent 

was removed from the flask.  During solvent removal, the solution first turned a dark red 

color as it became more concentrated, however as the solid dried the product turned from 

red, to orange to yellow.  The yellow solid was dried for 40 min (0.084g, 0.21mmol, 

93%Yield).  The product of 7a when synthesized in acetonitrile seems to be less stable than 

the product synthesized in acetone.  

2.2.7.2 Solventless synthesis of product 7b  

Figure 42 presents images depicting color changes observed during the solventless 

synthesis of 7b.  Solid 2,9-dimethyl-1,10-phenanthroline (0.068g, 0.31mmol) was mixed 

with [Cu(CH3CN)4]+BF4
- (0.098g, 0.31mmol) and crushed through mechanical grinding in 

weigh paper, using fingers and a metal spatula, for several minutes until a bright orange 
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solid product unwashed (0.13g, 0.33mmol, 106%Yield) was observed.  The solid product 

was placed inside a glass vial and capped, within 1 hour the product had mostly changed 

to a yellow green color, and within 24 hours, the product was completely changed to a 

chartreuse color with a slightly damp consistency.  The solid was then washed with ether 

and a dry yellow solid was recovered (0.095g, 0.024mmol, 77%Yield).  Mp: 310-315°C.  

FTIR [cm-1]: 3437 (vO-H); 3074 (vC-Har); 3007, 2945 (vC-Hal); 2289 (vCN); 1587 (vC=C); 1500 

(vC=N); 1049 (vB-F).  Anal. Calcd for C16H15CuBF4N3: C, 48.08; H, 3.78; N, 10.51%. Found 

in unwashed: C, 44.18; H, 3.88; N, 9.96%.  Found in washed: C, 43.45; H, 3.78; N, 11.04%. 

 
(a)                        (b)                         (c)                        (d)                            (e) 

Figure 42: Images of the observed color changes that accompany the synthesis of 7b with 
the images on the top taken in visible light and the images on the bottom taken in long 
wave UV light.  (a) Colorless reactants pictured together: copper precursor complex on top 
left of image appears as white crystalline solid and the dmp ligand is the majority of solid 
seen in the picture as a gritty white powder.  (b) After 30 seconds of grinding  (c) After 
1min of grinding.  (d) After 3 minutes of grinding.  (e) After product was sealed in a vial 
for 50 minutes.   
 
 
 
 
 
 
 
 

Time	mashing		=		 				 				 				 				30s				 				 				 				 				 				 				 				 			1min						 				 				 				 				 				 			3min		
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2.2.8 Synthesis of [Cu(phen)(dmp)]BF4 compound 8 

 

 

Figure 43: Scheme of the various synthetic routes used to synthesize product 8. 

This section contains the synthesis of compound 8, believed to have the formula 

[Cu(phen)(dmp)]BF4, by utilizing two separate modes of synthesis.  A scheme of the 

synthetic conditions for each product of 8 is shown in Figure 43.  All products were 

synthesized at room temperature using a 1:1 molar ratio of precursor metal to ligand.  

Product 8a was synthesized in an organic solvent and product 8b was synthesized without 

solvent by mechanical grinding of the reactants.   

2.2.8.1 Organic solvent mediation of product 8a 

 Using Schlenk technique tetrahydrofuran (5ml) was added to a flask with a stir bar.   

The copper precursor product 7a, synthesized in acetone (0.042g, 0.11mmol), was added 

and the partially soluble yellow mixture was stirred for 5 minutes.  1,10-phenanthroline 

(0.021g, 0.11mmol) was added to the flask and immediate and dramatic color changes were 

observed over a 25-minute period (Figure 44 (a-e)): when the two reactants were combined 

[Cu(C14H12N2)(CH3CN)]BF4 +  C12H8N2 [Cu(C14H12N2)(C12H8N2)]BF4 +  CH3CN

8a

8b        

Compound 8

7a
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the color changed from yellow, to orange, to burgundy, to black.  The reaction was stirred 

for 1 hour, but no additional color changes were observed after the 25-minute mark. 

 
(a)                       (b)                         (c)                            (d)                           (e) 

Image 44: Images of the color changes observed during the synthesis of 8a.  (a) 7a in THF. 
(b) and (c) immediate color changes upon adding 1,10-phenanthroline to the flask over a 
10 second period.  (d) Color change observed after 15 minutes of stirring.  (e) Final color 
change observed after 25 min of stirring. 
 

After 1 hour of mixing the reaction, the precipitate that was formed was collected 

over a medium porosity filter frit.  As the product dried on the filter, it visibly changed 

from a dark black color to a deep redder brown color (Figure 45 (a-c)).  The filtrate was a 

transparent yellow color (Figure 45 (d)), much lighter than the reaction solution before 

filtration which was black.  The solvent was removed from the filtrate and the dried solid 

that was retained was red (Figure (45 (e)); the solid collected from the filtrate was not able 

to be collected because it was too small of an amount.  The final solid collected for 8a was 

dark brown (0.050g, 0.092mmol, 84%yield).  1H-NMR using as reference acetonitrile d3!	

(ppm): 8.953, 8.702, 8.595, 8.201, 8.112, 7.933, 7.825, 1.812 ppm. Mp: >400°C. FTIR 

[cm-1]: 3064 (vC-Har); 2837 (vC-Hal); 1589 (vC=Car); 1508 (vC=Nar); 1051(vB-F).  Anal. Calcd 

for C26H20CuBF4N4: C, 57.96; H, 3.74; N, 10.40%. Found: C, 58.58; H, 3.69; N, 10.15%. 
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(a)                         (b)                      (c)                               (d)                      (e) 

Figure 45: Images of the collection of product 8a on the filter and from the filtrate.  (a) 
dark black wet product on filter.  (b) appearance of brown solid on outer edge of filter as 
product dries. (c) Collected brown loid of 8a from filter. (d) filtrate from reaction and 
collection of 8a.  (e) Red solid after removal of solvent from filtrate. 
 
2.2.8.2 Solventless synthesis of product 8b 
 

The solventless synthesis of 8b utilized the precursor copper complex 7a (0.043g, 

0.11mmol) and 1,10-phenanthroline (0.021g, 0.11mmol).  The two reactants were placed 

together on a glass dish and mashed almost continuously for 14 minutes and then 

periodically for an additional 55 minutes.  Figure 46 shows the progression of changes to 

the physical color and luminescence that resulted from mashing the solid yellow 7a 

complex with the colorless solid ligand.  The initial mashing produces a light orange 

product with yellow luminescence.  As the synthesis progresses the product turns to a 

darker orange color, a red color, and finally a dark brown.  This progression of color is 

accompanied by disappearance of the yellow luminescence of the starting copper complex.  

By the time the product has fully formed no yellow luminescence is observed.  After the 

initial reaction, a uniform brown solid was collected (0.050g, 0.092mmol, 87%Yield).  The 

product was washed with ether and a uniform brown solid product was retained (0.045g, 

0.085mmol, 77%yield).  Mp: >400°C. FTIR [cm-1]: 3064 (vC-Har); 2837 (vC-Hal); 1589 
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(vC=Car); 1508 (vC=Nar); 1051(vB-F). Anal. Calcd for C26H20CuBF4N4: C, 57.96; H, 3.74; N, 

10.40%. Found: C, 56.89; H, 3.59; N, 10.12%. 

 
Figure 46: The progression of the synthesis of 8b shown in visible light (top) and UV 
light (bottom).  
 

t =																0m 5m 10m 15m												45m												1h										1h	10m
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CHAPTER III 

CHARACTERIZATION OF COPPER(I) AND COPPER(II) COMPLEXES 

WITH SIMPLE PHENANTHROINE LIGANDS 

3.1 Materials and methods 
 

This section contains information pertaining to the characterization of the precursor 

chemicals and the products presented in this thesis.  Information is provided for the 

instrument specifications and methods used for X-ray crystallography, elemental analysis, 

thermogravimetric analysis, melting point, 1H-NMR, Fourier transform infrared 

spectroscopy (FTIR), electronic absorption spectroscopy, diffuse reflectance spectroscopy, 

and photoluminescence spectroscopy; these techniques were performed on some, or all, of 

the products analyzed.   

  The precursor copper complex, tetrakisacetonitrilecopper(I) tetrafluoroborate, 

was synthesized in the lab and stored in a flame-resistant refrigerator when not being used.  

The ligands used in this research, 1,10-phenanthroline (phen) and 2,9-dimethyl-1,10-

phenanthroline hemihydrate (dmp), characterized as received and stored at room 

temperature.  All organic solvents used in the characterization of the products 1-8 were 

dried using conventional techniques and used without further modification.  All glassware 

was cleaned using an aqua regia procedure and dried in a 140°C oven. 

Single crystal x-ray crystallography was used to determine the molecular 

composition using a Bruker SMATR APEX2 CCD-based x-ray diffractometer equipped 
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with a low-temperature 47 device and Mo-target x-ray tube (wavelength = 0.71073 Å).  

Measurements were taken at 200(2) K or 100(2) K.  Data collection, indexing, and initial 

cell refinements were carried out using APEX2, frame integration and final cell 

refinements were done using SAINT.  An absorption correction was applied using the 

program SADABS.  All non-hydrogen atoms were refined anisotropically. The hydrogen 

atoms in the compounds were placed in idealized positions and were refined as riding 

atoms.  Dr. Vladimir N. Nesterov, at the University of North Texas, collected all x-ray 

crystallographic data for all crystals. 

Elemental analysis was carried out on a Perkin Elmer 2400 Series II CHNS/O 

Elemental Analyzer System obtaining sample measurement with an AD 6000 Autobalance 

with 0.1µg resolution.  Thermogravimetric analysis was carried out on TA Instruments 

Q500 with graphite furnace ranging from ambient to 1000°C with a ramp rate of 20°C/min.  

Samples were held on platinum pans in a nitrogen atmosphere and detected by a Platinel II 

thermocouple.  Melting point was carried out on SRS OptiMelt MPA100.  Proton NMR 

was carried out on an Oxford-400 Varian spectrometer and was recorded at 25 °C; the 

chemical shifts are reported in parts per million (ppm) versus Me4Si. 

FTIR spectroscopy measurements were carried out on a Nicolet 380 FTIR with 

Smart iTx ATR accessory and measurements were taken from 4000-600cm-. Specifications 

of the instrument included an EverGlo light source ranging from 9,600-20cm-1; a helium 

neon reference laser; and a DTGS thermal detector.  Electronic absorption spectroscopy of 

samples in solution was carried out on a Varian Cary UV-Vis Bio 100 with thermoset 

multifunction cuvette holder.  Scans were taken with low and high concentrations in 1cm 



	 59	

quartz cuvettes with a spectral range of 200-800nm.  Solid state absorption spectroscopy 

was carried out on a Perkin-Elmer 900 double-beam UV-vis-NIR spectrophotometer.  

Photoluminescence spectroscopy was carried out using a PTI QuantaMaster Model QM-4 

scanning spectrofluorometer equipped with a 75-watt xenon lamp, emission and excitation 

monochromators, an excitation correction unit, and a PMT detector.  Spectra were taken at 

room temperature and 77K using liquid nitrogen as the cooling agent. Lifetime data were 

acquired using phosphorescence subsystem add-ons to the PTI instrument utilizing a xenon 

flash lamp.  

3.2 Results and discussion for copper(I) and copper(II) complexes  

This section will provide a discussion of the results from the characterization of 

compounds 1-8 using the techniques mentioned in section 3.1.  The characterization 

techniques are presented for each product in the following order: 

1) X-ray Crystallography 
2) Elemental Analysis of C, H, and N% 
3) Thermogravimetric Analysis (TGA) 
4) FTIR Spectroscopy 
5) Electronic Absorption Spectroscopy 
6) Diffuse Reflectance Spectroscopy (for product 1a only) 
7) Photoluminescence Spectroscopy 
8) 1H-NMR 

 
   Compounds 1, 3, 4, 6, 7, and 8 were synthesized using various synthetic routes 

and each resulting product was characterized.  The result of the characterization for 

individual products will be discussed in this chapter.  The results of the various products 

that represent a single compound will be compared in chapter 4.  Overall, the 

characterization results for eighteen products are presented with in this chapter. 
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3.2.1 [Cu(phen)2]BF4 compound 1 

This compound was synthesized and characterized in four ways: organic solvent 

mediation (product 1a), water mediation (product 1b), solventless synthesis (product 1c), 

and with excess ligand (product 1d).  The following sections present the results and 

discussion for products 1a, 1b, 1c, and 1d. 

3.2.1.1 Organic solvent mediation product 1a 

The results from elemental analysis are presented in Table 3, which shows the 

calculated values, based on the chemical formula of compound 1, and actual values 

obtained through elemental analysis for 1a of the percent mass of C, H, and N.  The actual 

percent mass of C, H, and N found in 1a are very closely aligned with the calculated values. 

[Cu(phen)2]+BF4
+ C H N 

Calculated 56.44 3.16 10.97 

Actual 1a 56.07 2.97 10.76 
Table 3: Calculated and actual percent mass of C, H, and N in 1a. 
 

The results of TGA for 1a, Figure 47, showed a steep drop between 400-450°C 

with a percent mass loss of 60.31%.  The sample continues to lose mass of 9.57% up to 

1000°C.  The percent mass remaining after 1000°C is 30.12%.  Table 4 shows the relative 

percent mass of each component of 1a.   In analyzing the components of 1a, the 

decomposition process of this product is not easily determined.  Further investigation into 

the intermediate complexes formed during the decomposition process is needed. 
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Figure 47: TGA curve for 1a. 

Component copper phen tetrafluoroborate 

Calcd - %mass in 1a 
based on [Cu(phen)2]BF4 

12.44 70.56 17.00 

Table 4: Calculated %mass for components of 1a. 
 

Observed in the FTIR spectrum for product 1a, Figure 48, are bands associated with 

the stretching frequencies of C-Har, C=Car, C=Nar, and B-F; the expected ranges of these 

peaks and the observed peaks for 1a are listed in Table 5.  There is one weak peak observed 

for the C-H aromatic functional group associated with the phen ligand.  In product 1a it 

appears at 3070cm-1 shifted slightly to a higher frequency than the uncoordinated ligand, 

which had an observed weak peak at 3059cm-1.  The C=C aromatic and C=N aromatic 

functional groups retain their peaks in the 1600-1450cm-1 range as expected.    The B-F 

bond in the counter anion has an observed peak at 1053 cm-1 that is blue shifted 23cm-1 

from the copper precursor starting material where the B-F peak was observed at 1020cm-

30.12%		
remaining 
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1.   All peaks observed in 1a are consistent with the solid state starting materials with some 

peaks blue shifted, which is expected when boning to a heavy atom. 

 
Figure 48: FTIR spectrum for 1a. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	1a																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		

O-H	Stretch	 3000-3600	 -	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3070	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1589	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1508	 1502	 N/A	
B-F	 1050-1100																		 1053	 N/A	 1020	

Table 5: Expected and observed peaks for the stretching frequencies of the functional 
groups present in 1a and the solid state starting materials. 
 

The results of electronic absorption spectroscopy for 1a in acetonitrile at varying 

concentrations are shown in Figure 49.  At lower concentrations, resolved peaks can be 

observed in the UV region of the spectrum. As the concentration is increased, a consistent 
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peak with increasing absorption and a lower energy shoulder is observed at 440nm.  The 

wavelengths of energy absorbed by the complex, which correlate to the orange color 

observed when 1a is in solution, are indicative of the higher energy required to overcome 

the HOMO LOMO gap.  The absorption bands observed are due to π-π* and MLCT 

transitions as the complex absorbs UV and visible light energy: phen is a strong field 

ligand, which allows for the transition of electrons from the copper atom into empty π 

orbitals.   

 
Figure 49: Electronic absorption spectra for varying concentrations of 1a in acetonitrile. 



	 64	

 
Figure 50: Diffuse reflectance spectrum for 1a. 
 
 Proton NMR was run for 1a in deuterated methanol and the results from 1H-NMR 

for 1a can be seen in Figure 51.  Sharp peaks corresponding to the hydrogen atoms of phen 

labeled A, B, C, and D are observed at ! = 8.95, 8.76, 8.22, and 7.96 ppm respectively.  

These peaks are in the expected downfield range for aromatic protons. 

 
Figure 51: 1H-NMR of 1a in CD3OD. 

A BC
D
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3.2.1.2 Water mediation product 1b. 

The results from elemental analysis are presented in Table 6, which shows the 

calculated values, based on the chemical formula of compound 1, and actual values 

obtained through elemental analysis for 1b of the percent mass of C, H, and N.  The actual 

values of %C, H, and N in 1b are very closely aligned with the theoretical values from 

calculations that include 1.5moles of H2O.  The water observed can be attributed to the fact 

that it was synthesized in water. 

[Cu(phen)2]+BF4
+     1 C H N 

Calculated in 1 56.44 3.16 10.97 

Actual 1b  55.25 3.12 10.69 

Calculated with 1.5 mole H2O 53.60 3.56 10.42 
Table 6: Calculated and actual percent mass of C, H, and N in 1b. 
 

The results of TGA for 1b, Figure 52, showed a steep drop between 400-450°C 

with a %mass loss of 69.78%.  The sample continues to lose mass of 9.92% up to 1000°C 

where the curve is observed to be still decreasing.  The %mass remaining after 1000°C is 

20.31%.  The relative percent masses of the components of 1b are shown in Table 7.   In 

analyzing the percent mass of the components with the decomposition process of this 

product the first drop off at 69.78% correlates to the 70.56% of phen calculated for this 

product based on the formula of compound 1.  The remaining percent mass of 30.82% is 

very similar to the theoretical mass of copper and BF4
- at 29.44%. 
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Figure 52: TGA curve for 1b. 

Component copper phen BF4
- 

Calcd - %mass in 1b 
based on [Cu(phen)2]BF4 

12.44 70.56 17.00 

Table 7: Calculated %mass for components of 1b. 
 

Observed in the FTIR spectrum for product 1b, Figure 53, are bands associated 

with the stretching frequencies of O-H, C-Har, C=Car, C=Nar, and B-F; the expected ranges 

of these peaks and the observed peaks for 1b are listed in Table 8.  There is one broad weak 

peak around 3558cm-1 representing OH stretching associated with moisture in the product.  

There is one weak peak observed for the C-H aromatic functional group associated with 

the phen ligand: in product 1b it appears at 3064cm-1 shifted slightly to a higher frequency 

than the uncoordinated ligand, which had an observed weak peak at 3059cm-1.  The C=C 

aromatic and C=N aromatic functional groups retain their peaks in the 1600-1450cm-1 

20.31%	
remaining 
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range as expected.    The B-F bond in the counter anion has an observed peak at 1055 cm-

1 which is blue shifted 25cm-1 from the copper precursor starting material where the B-F 

peak was observed at 1020cm-1.   All peaks observed in 1b are consistent with the solid 

state starting materials with some peaks blue shifted, which is expected when bonding to a 

heavy atom. 

 
Figure 53: FTIR spectrum for 1b. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	1b																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3558	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3064	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1587	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1508	 1502	 N/A	
B-F	 1050-1100																		 1055	 N/A	 1020	

Table 8: Expected and observed peaks for stretching frequencies of the functional groups 
present in 1b and the solid state starting materials. 
 

The results of electronic absorption spectroscopy for 1b in acetonitrile at various 

concentrations are shown in Figure 54.  At lower concentrations, resolved peaks can be 

50

60

70

80

90

100

110

60010001400180022002600300034003800

%	
Tr
an
sm

itt
an
ce
	(a

.u
.)

Wavenumber	(cm-1)

C-Har

C=Nar

C=Car

BF4-

OH



	 68	

observed in the UV region of the spectrum. As the concentration is increased, a consistent 

peak in the visible region, with a lower energy shoulder, shows increasing absorption at 

439nm.  The wavelengths of energy absorbed by the complex, which correlate to the orange 

color observed when 1b is in solution, are indicative of the high energy required to 

overcome the HOMO LOMO gap.  The absorption bands observed are due to π-π* and 

MLCT transitions as the complex absorbs UV and visible light energy: phen is a strong 

field ligand, which allows for the transition of electrons from the copper atom into empty 

π orbitals.   

 

Figure 54: Electronic absorption spectra for various concentrations of product 1b in 
acetonitrile. 
 

Proton NMR was run for 1b in deuterated acetonitrile and the results from 1H-NMR 

for 1b can be seen in Figure 55.  Sharp peaks corresponding to the hydrogen atoms of phen 
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labeled a, b, c, and d were observed at ! = 8.935, 7.951, 8.702, and 8.183 ppm respectively.  

These peaks are in the expected downfield range for aromatic protons. 

 

Figure 55: 1H-NMR results for product 1b in CD3CN. 
 
3.2.1.3 Solventless synthesis product 1c 

The results from elemental analysis are presented in Table 9, which shows the 

calculated values, based on the chemical formula of compound 1, and actual values 

obtained through elemental analysis for 1c of the percent mass of C, H, and N.  The actual 

values of 1c–washed are a good match for the calculated values of 1 and are extremely 

accurate when compared to calculated values that include 0.5 moles of water.  The ligand 

is extremely hygroscopic and the synthesis of 1c is done in open air.  Even though the 

product was filtered and washed with ether, it seems that some water may have persisted 

in remaining with the product. 

a

b

c
d

N N

a b
dc

solvent

water
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[Cu(phen)2]+BF4
+   1 C H N 

Calculated  1 56.44 3.16 10.97 

Actual 1c - unwashed 62.79 4.06 12.28 

Actual 1c - washed 55.55 3.21 10.86 

Calculated with 0.5 mole H2O 55.46 3.30 10.78 
Table 9: Calculated and actual percent mass of C, H, and N in 1c. 
 

The results of TGA for 1c are presented in Figure 56 with an unwashed sample 

(left) and a washed sample (right).  The curves were very similar showing one steep decline 

between 350-500°C followed by a smaller second mass loss that continued to the maximum 

observable temperature of 1000°C.   The unwashed sample showed an initial loss of 

60.64% and the curve showed an immediate decrease beginning at 25°C; this indicated a 

small amount of moisture was in the sample.  The washed sample shows an initial decrease 

of 56.22% mass, which was slightly less than the unwashed sample.  Both samples 

continued to lose mass of 8.99% for the unwashed sample and 21.44% for the washed 

sample, up to 1000°C.  The percent mass remaining after 1000°C was 30.37% for the 

unwashed sample and 22.34% for the washed sample.  When combining the %mass for the 

last decline with the remaining mass the unwashed and washed samples had a total of 

39.35% and 43.78% respectively.   Table 10 shows the relative percent mass of each 

component of 1c.   In analyzing the components of 1c the decomposition process of this 

product is not easily determined. Further investigation into the intermediate complexes 

formed during the decomposition process is needed. 
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Figure 56:  Results from TGA for product 1c (left) unwashed sample and (right) washed 
sample. 
 

Component copper phen BF4
- water 

Calcd - %mass in 1c  
based on [Cu(phen)2]BF4 
 
Calcd - %mass in 1c  
based on [Cu(phen)2]BF4  . 0.5mol H2O 

12.44 
 
 

12.23 

70.56 
 
 

69.34 

17.00 
 
 

16.70 

0 

 
1.73 

Table 10: Calculated %mass of components for 1c. 
 

Observed in the FTIR spectrum for product 1c, Figure 57, are bands associated with 

the stretching frequencies of O-H, C-Har, C=Car, C=Nar, and B-F; the expected ranges for 

peaks associated with these functional groups and the observed peaks for 1c are listed in 

Table 11.   The FTIR spectrum for product 1c shows a weak broad peak representing O-H 

stretching at ~3565cm-1; this peak indicates that there was a small amount of water present 

in the sample.  One weak peak is observed for the C-H aromatic functional group associated 

with the phen ligand.  In product 1c it appears at 3072cm-1 shifted slightly to a higher 

frequency than the uncoordinated ligand, which had an observed weak peak at 3059cm-1.  

The C=C aromatic and C=N aromatic functional groups retained their peaks in the 1600-

22.34%	
remaining
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1450cm-1 range as expected.    The B-F bond in the counter anion had an observed peak at 

1053 cm-1 that is blue shifted 23cm-1 from the copper precursor starting material where the 

B-F peak was observed at 1020cm-1.   All peaks observed in 1c are consistent with the solid 

state starting materials with some peaks blue shifted, which is expected when bonding to a 

heavy atom. 

 
Figure 57: FTIR spectrum for product 1c. 

 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	1c																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3565	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3072	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1589	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1508	 1502	 N/A	
B-F	 1050-1100																		 1053	 N/A	 1020	

 
Table 11: Expected and observed peaks for stretching frequencies of the functional 
groups present in 1c and the solid state starting materials. 
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3.2.1.4 Organic solvent mediation (excess ligand) product 1d 

 The results from elemental analysis are presented in Table 12, which shows the 

calculated values, based on the chemical formula of compound 1, and actual values 

obtained through elemental analysis for 1d of the percent mass of C, H, and N.  The actual 

values of 1d are extremely accurate when comparing to calculated values that include 1.5 

moles of water.  The product 1d was not washed or filtered and the ligand is extremely 

hygroscopic; these factors are highly likely to contribute to the presence of water in the 

sample.   

[Cu(phen)2]+BF4
+ .  2phen C H N 

Calculated 66.18 3.70 12.86 

Actual in 1d 64.73 4.15 12.67 

Calculated with 1 mole H2O 64.84 3.85 12.60 
Table 12: Calculated and actual percent mass of C, H, and N in 1d. 
 

The results of TGA for 1d, Figure 58, showed an initial loss of 3.897%mass 

between 25-101.53°C.  This mass loss can be contributed to moisture in the sample.  The 

second drop off showed a decrease of 26.70%mass by 295.95°C followed by the largest 

%mass loss of 49.21% at 521.03°C.  The last drop off is still in decline as it reaches the 

1000°C mark with a 6.34% loss.  The calculated percent mass of the components of 1d, 

Table 13, do not specifically correlate to the percent mass losses observed in the TGA 

curve.  Further investigation into the intermediate complexes formed during the 

decomposition process is needed. 
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Figure 58:  Results from TGA for product 1d. 

Component copper phen BF4
- water 

Calcd - %mass in 1d 
based on [Cu(phen)2]BF4 
Calcd - %mass in 1d  
based on [Cu(phen)2]BF4  .  H2O 

12.44 
 

7.15 

70.56 
 

81.07 

17.00 
 

9.76 

0 
 

2.02 

Table 13: Calculated %mass of components for 1d. 

Observed in the FTIR spectrum for product 1d, Figure 59, are bands associated 

with the stretching frequencies of O-H, C-Har, C=Car, C=Nar and B-F-; the expected ranges 

for peaks associated with these functional groups and the observed peaks for 1d are listed 

in Table 14.  The FTIR spectrum for product 1d shows a weak broad peak representing O-

H stretching at ~3577cm-1; this peak indicates that there is a small amount of water present 

in the sample.  One weak peak is observed for the C-H aromatic functional group associated 

with the phen ligand.  In product 1d it appears the peak at 3074cm-1 shifted slightly to a 

higher frequency than the uncoordinated ligand, which had an observed weak peak at 
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3059cm-1.  The C=C aromatic and C=N aromatic functional groups retain their peaks in 

the 1600-1450cm-1 range as expected.    The B-F bond in the counter anion has an observed 

peak at 1058 cm-1 that is blue shifted 28cm-1 from the copper precursor starting material 

where the B-F peak was observed at 1020cm-1.   All peaks observed in 1d are consistent 

with the solid state starting materials with some peaks blue shifted, which is expected when 

bonding to a heavy atom. 

 

 
Figure 59: FTIR spectrum for product 1d. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	1d																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3377	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3074	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1592	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1510	 1502	 N/A	
B-F	 1050-1100																		 1058	 N/A	 1020	

 
Table 14: Expected and observed peaks for stretching frequencies of the functional 
groups present in 1d and the solid state starting materials. 
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3.2.2 Cu6(CN)6(phen)6 compound 2 

The data collected from x-ray crystallography for compound 2 is presented in 

Figure 60 and Table 15.  The results show the single molecule to be a six-copper cycle with 

each copper atom bridged by a cyanide group (Figure 60).  This electron rich copper(I) 

cycle is an inorganic copper analog to benzene: Cu6L6 where L represents the six phen 

ligands chelating to each copper atom through the N-donor atoms in the 1 and 10 positions 

on the phenanthroline ligand.  Together the bridging and chelating ligands sit around the 

copper in a distorted tetrahedral geometry.  In perfect tetrahedral geometry, all four angles 

are at 109.5°.  In the top image of Figure 60, there is a red circle around Cu(1), N(3), C(13), 

N(1), and N(2): N(1) and N(2) are the N-donors in the phen ligand.  At Cu(1), similarly to 

the other copper centers, the bond angles are as follows: C(13)-Cu(1)-N(3) = 123.70°; 

C(13)-Cu(1)-N(1) = 119.20°; C(13)-Cu(1)-N(2) = 118.10°; N(3)-Cu(1)-N(1) = 104.01°; 

N(1)-Cu(1)-N(2) = 78.36°; and N(2)-Cu(1)-N(3) = 103.80°.   

The bottom image of Figure 60 shows how compound 2 sits in a similar position to 

cyclohexane in the chair conformation: four copper atoms sit in a relatively planar position 

with one copper perched up out of the plane at one end and the opposing copper sitting 

down out of the plane at the other end.  The phen ligands chelating to the copper atoms 

alternate in relative upward or downward positioning; this is analogous to the axial and 

equatorial positioning seen on the hydrogen atoms in cyclohexane.  
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Figure 60: Results from x-ray crystallography of a single red crystal of compound 2, (top) 
Top down view of molecule. (bottom) Side view of the molecule depicting the “chair” 
conformation. 
 

Figure 61 is an image of the packing diagram for 2.  The structured arrangement 

shows several items of interest.  First, the arrangement of adjacent molecules of 2 is highly 

impacted by the π-π stacking of the phen ligands; the ligands interject into the space of 

adjacent molecules like gears in the workings of a clock.  Second, the arrangement of the 
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molecules from top to bottom are also highly impacted by π-π stacking as the phen ligand.  

As the ligand perches out of its plane in an “axial” way, as described previously, it interacts 

with the phen ligand on both the molecule above it and the molecule below it: this produces 

the long channels that can be seen when looking into the perpendicular plane of the page.  

Thirdly, the cavity of the molecule can trap other molecules; this is seen in both Figures 60 

(bottom) and 61 where there is a molecule of acetonitrile trapped inside. 

 
 
Table 15: X-ray crystallographic data for 2. 
 

Complex 2

crystal	system triclinic

formula C82H54Cu6N20 V	 (Å3) 1814.2(6) total reflections 24619

formula	weight 1700.69 Z 1 independent reflections 7969

space	group P	 - 1 T	(K) 220(2) data/res/parameters 7969	/	0	 /	487

! (Å) 8.4431	(13) " (Å) 0.71073 R1 [#>	2$(#)] 0.0367

% (Å) 15.889	(2) &calcd (Mgm-3) 1.557 'R2 [# >	2$(#)] 0.0756

( (Å) 15.962(6) ) (mm-1) 1.789 R1 (all	data) 0.0656

* (�)	 114.600(4) crystalsize	 (mm3) 0.04	x	0.03	x	0.02 'R2 (all	data) 0.0859

+ (�) 101.030(4) absorption	 correction semi-empirical from	equivalents GOF	on	F2 1.004

, (�)	 101.578(3) abs.	corr. 	factor 0.9617,	0.9351 ∆&(max),	∆&(min) (e/Å3) 0.384,	-0.340
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Figure 61: Packing diagram results from x-ray crystallography of a single red crystal of 
compound 2. 
 

The results of elemental analysis for 2 is presented in Table 16 and shows the 

calculated values, based on the chemical formula of compound 2, and actual values 

obtained through elemental analysis for 2 of the percent mass of C, H, and N.  The actual 

values of the percent of carbon, hydrogen, and nitrogen in 2 are in relatively good 

agreement with the theoretical values. 

Cu6(phen)6(CN)6     2 C H N 

Calculated in 2 57.88 2.99 15.58 

Actual in 2 58.10 2.74 14.42 
Table 16: Calculated and actual percent mass of C, H, and N in 2. 
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 The results of TGA for 2, Figure 62, shows a loss of 5.718%mass between 25-

220.30°C which is due to moisture in the sample, most likely trapped acetonitrile.  Since 

acetonitrile was shown to be trapped in the crystal structure, it is not unexpected to see this 

drop in the TGA curve.  The steepest drop occurs between 325-375°C with a %mass loss 

of 39.48%.  The sample continues to gradually lose mass of 35.64% up to 1000°C where 

the curve is still decreasing.  The %mass remaining after 1000°C is 19.15%.  In analyzing 

the mass percent of each component in 2, Table 17, the decomposition process of this 

product does not correlate directly to individual components.  Further investigation into the 

intermediate complexes formed during the decomposition process is needed. 

 

Figure 62: Results from TGA for compound 2. 

 



	 81	

Component copper phen CN MeCN 

%mass in 2 w/MeCN 
based on Cu6(CN)6(phen)6 . 2MeCN 
 
 %mass in 2 w/o MeCN 
based on Cu6(CN)6(phen)6 

22.42 
 
 

23.56 

63.58 
 
 

66.80 

9.18 
 
 

9.64 

4.83 
 
 
0 

Table 17: Calculated %mass of components for 2. 
 

Observed in the FTIR spectrum for product 2, Figure 63, are bands associated with 

the stretching frequencies of C-Har, CN, C=Car, and C=Nar; the expected ranges for peaks 

associated with these functional groups and the observed peaks in 2 are listed in Table 18.  

The FTIR spectrum for product 2 shows a weak peak the C-H aromatic functional group 

associated with the phen ligand.  In product 2 this peak appears at 3032cm-1 shifted slightly 

to a lower frequency than the uncoordinated ligand, which had an observed weak peak at 

3059cm-1.  The CN peak observed in 2 is at 2107cm-1; it is much sharper and stronger and 

has a red shift compared to that of the precursor metal complex whose peak is observed at 

2274cm-1.  The C=C aromatic and C=N aromatic functional groups retain their peaks in 

the 1600-1450cm-1 range as expected.  All peaks observed in 2 are consistent with the solid 

state starting materials however, while the C=C aromatic stretch frequencies showed very 

slight blue shifts while the CN and C-H aromatic stretches showed significant red shifts. 
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Figure 63: FTIR spectrum of compound 2. 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	2																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 -	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3032	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 2107	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1581	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1504	 1502	 N/A	
B-F	 1050-1100																		 -	 N/A	 1020	

Table 18: Expected and observed peaks for stretching frequencies of the functional 
groups present in 2 and the solid state starting materials. 
 
3.2.3 Cu(phen)2CO3 compound 3 

 Product 3 was originally synthesized through an attempt to crystalize 1, however 

through the results of the x-ray crystallography of the green crystal it was found to not be 

1, but to have coordinated a carbonate ion.  It is speculated that the carbonate came from 

carbon dioxide and water in the air absorbing into the reaction solution the results and 

discussion of 3a and 3b will help us to better understand this complex and how it is formed. 
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3.2.3.1 Synthesis by evaporation product 3a  

The results of single x-ray crystallography for 3a are presented in Figures 64 and 

65, and Table 19 and agree with previously published data for this compound9.  Product 3a 

was found to be a mononuclear copper centered molecule with distorted octahedral 

geometry.  The central copper atom has an oxidation state of 2+ and is chelated to two phen 

ligands and one carbonate ligand.  Both phen ligands are chelating through their N-donor 

atoms and the carbonate is chelating through two of its oxygen atoms making all ligands 

chelating bidentate.  In perfect octahedral geometry, all twelve angles are at 90°.  In 3a we 

see several angles close to the 90° status quo and several angles that deviate slightly to 

significantly. The range of deviation from 90° is 0.96°-31.65°.  Figure 63 indicates the 

numbering of the central copper atom and the six atoms bonded to that copper: Cu(1), N(1), 

N(2), N(3), N(4), O(1), and O(2).  Of the six atoms bonded to the central copper atom two 

can be identified as axial based on their longer bond lengths relative to the other four atoms: 

Cu(1)-O(2) = 2.4057Å and Cu(1)-N(1) = 2.2325Å    The remaining four atoms can be 

identified as equatorial based on their relatively shorter and similar bond lengths: Cu(1)-

N(2) = 2.0298Å; Cu(1)-N(3) = 2.0752Å; Cu(1)-N(4) = 2.0321Å; and Cu(1)-O(1) = 

1.9794Å.   

The four bond angles from the equatorial plane down to the axial O(2) atom are : 

O(1)-Cu(1)-O(2) = 58.35°; N(2)-Cu(1)-O(2) = 92.22 °; N(3)-Cu(1)-O(2) = 108.52°; and 

N(4)-Cu(1)-O(2) = 96.66°.  The four bond angles from the equatorial plane up to the axial 

N(1) atom are: O(1)-Cu(1)-N(1) = 89.04°; N(2)-Cu(1)-N(1) = 78.68°; N(3)-Cu(1)-N(1) = 

105.12°; and N(4)-Cu(1)-N(1) = 95.35°.  Lastly, the four bond angles in the equatorial 
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plane are: O(1)-Cu(1)-N(2) = 93.95°; N(2)-Cu(1)-N(3) = 94.21°; N(3)-Cu(1)-N(4) = 

80.37°; and N(4)-Cu(1)-O(1) =93.06°.  Additional angles of importance are O(1)-Cu(1)-

N(3) = 164.8° and N(2)-Cu(1)-N(4) = 170.7° which establish which atoms are 

perpendicular to one another and the degree to which they are sitting in a flat equatorial 

plane.  In this case, both angles for atoms across the perpendicular plane are slightly less 

than 180° indicating the equatorial plane is not completely flat. This can be attributed to 

the difference in stretching ability of the chelating oxygen and nitrogen atoms.  The 

smallest angle is seen between the two chelating oxygen atoms at 58.35° and the next two 

smallest angles are between the chelating nitrogen atoms of the two phen ligands at 78.68° 

and 80.37°.  The bonding angles of the chelates increases the out-of-plane torsion strain 

resulting in a distorted octahedral geometry. 
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Figure 64: Single molecule results from x-ray crystallography of a single green crystal of 
product 3a. 
 

 
Table 19: X-ray crystallographic data for 3a. 
 

The structured arrangement in the packing diagram of 3a, Figure 65, shows a couple 

items of interest.  First, the arrangement of adjacent molecules of 3a is highly impacted by 

the π-π stacking of the phen ligands.  Each molecule shows π-π stacking with an adjacent 

molecule creating a chain.  Additionally, each chain is layered on top of another chain 

through the π-π interactions of a third molecule.  Second, the arrangement of the chains 

and layers of molecules are connected through hydrogen bonding with water molecules.  

Several water molecules are clustered in the spaces between phen ligands of separate layers 

creating hydrogen bond networks between the at least four separate molecules of 3a. 

 

Complex 3

crystal	system monoclinic

formula C24H30CuN5O10 V	 (Å3) 2622.6(5) total reflections 36136

formula	weight 612.07 Z 4 independent reflections 5716

space	group P	21/c T	(K) 220(2) data/res/parameters 5716	/	4	 /	417

! (Å) 9.8894(11) " (Å) 0.71073 R1 [#>	2$(#)] 0.0315

% (Å) 26.255(3) &calcd (Mgm-3) 1.550 'R2 [# >	2$(#)] 0.0873

( (Å) 1510.5054(12) ) (mm-1) 0.900 R1 (all	data) 0.0375

* (�)	 90 crystalsize	 (mm3) 0.23	x	0.11	x	0.08 'R2 (all	data) 0.0916

+ (�) 105.958(2) absorption	 correction semi-empirical from	equivalents GOF	on	F2 1.025

, (�)	 90 abs.	corr. 	factor 0.9340,	0.8164 ∆&(max),	∆&(min) (e/Å3) 0.648,	-0.671
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Figure 65: Packing diagram from results from x-ray crystallography of a single green 
crystal of product 3a.  
 

Elemental analysis data is provided in Table 20 where the calculated values, based 

on the chemical formula of compound 3, and actual values obtained through elemental 

analysis for 3a of the percent mass of C, H, and N are shown. The actual values for percent 

C, H, and N in the sample match extremely well to the theoretical values calculated based 

on x-ray crystallographic results of 3. 

Cu(phen)2CO3 . 7H2O    3 C H N 

Calculated in 3a 49.22 4.66 9.18 

Actual in 3a crystals 49.56 4.85 9.39 
Table 20: Calculated and actual percent mass of C, H, and N in 3a. 
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 The results of TGA for 3a are presented in Figure 66 with Table 21 providing 

calculated percent mass values for the components of 3a.  The TGA curve shows an initial 

loss of mass of 8.865% by 112.90º.  The sample then showed decomposition in three 

successively decreasing drops indicating a percent mass loss of 40.95% at 309.58º, 21.25% 

at 415.30º, and 4.81% at 510.80º: the total mass loss from these three declines was 67.01%.  

The last decline on the plot is showed a loss of 10.58% mass and the decomposition 

appeared to be continuing past the 1000ºC maximum temperature observed.  Although not 

exact matches, there did seem to be some correlation between the actual %mass of the 

components of 3 observed in the TGA plot and the theoretical values obtained when 

excluding the water molecules observed in the crystal packing structure.  Since water is not 

coordinated into the complex, it is reasonable to assume that overtime the evaporation of 

the water molecules would occur.  When correlating Figure 66 with Table 21 it can be 

suggested that the coordinated carbonate leaves the complex upon heating at 25ºC to 

~113ºC.  The remaining complex could transition into intermediate forms as some of the 

phen ligands leave at lower temperatures than others.  Further investigation into the 

intermediate complexes formed during the decomposition process is needed. 
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Figure 66: Results from TGA for product 3a. 
 

Component copper phen carbonate water 

%mass in 3  
based on Cu(phen)2CO3  .  7H2O 
 
%mass in 3  
based on Cu(phen)2CO3   

10.42 
 
 

13.13 

59.08 
 
 

74.47 

9.84 
 
 

12.40 

20.67 
 
 
0 

Table 21: Calculated %mass of components for 3a. 
 

Observed in the FTIR spectrum for product 3a, Figure 67, are bands associated with 

the stretching frequencies of O-H, C-Har, C=Car, C=Nar, and CO3
2-; the expected ranges for 

peaks associated with these functional groups and the observed peaks in 3a are listed in 

Table 22.  The FTIR spectrum for product 3a shows a broad peak representing the water 

in the product at ~3126cm-1.  There is a weak peak for the C-H aromatic functional group 

associated with the phen ligand.  In product 3a this peak appears at 3070cm-1 shifted to a 

higher frequency than the uncoordinated ligand, which had an observed weak peak at 
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3059cm-1. The C=C aromatic and C=N aromatic functional groups retain their peaks in the 

1600-1450cm-1 range as expected.  Two peaks associated with the coordinated carbonate 

ligand can be seen at 1327cm-1 and 1055cm-1; both are sharp peaks of medium intensity.  

All peaks observed in 3a are consistent with the solid state starting materials and showed 

small to large blue shifts when compared to the starting materials, which is consistent with 

bonding to a heavy atom. 

 
Figure 67: FTIR spectrum for product 3a. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	3a																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3126	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3070	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1581	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1495	 1502	 N/A	

Coordinated	carbonate	
1325-1225	
&	1090-990	 1327,	1055	 N/A	 N/A	

B-F	 1050-1100																		 -	 N/A	 1020	
Table 22: Expected and observed peaks for stretching frequencies of the functional 
groups present in 3a and the solid state starting materials. 
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The electronic absorption spectra of 3a in water at various concentrations is 

presented in Figure 68.  The two lowest concentrations  are both colorless and show peaks 

that correlate with expected values for phenanthroline ligand at 230nm and 270nm for the 

lowest concentration and 229nm and 267nm for a slightly more concentrated solution.  As 

the concentration is increased, the solution remains colorless and intense absorption is 

observed in the UV region of the spectrum.  The highest concentration of solution is light 

green and results in a peak in the visible region with maximum absorption at 675nm. The 

absorption bands observed for 3a are due to π-π* and MLCT transitions.  The strong field 

ligands present in this product allow for the transition of electrons from the copper atom 

into their empty π orbitals. 

 

 

Figure 68: Electronic absorption spectroscopy for various concentrations of product 3a in 
water. 
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3.2.3.2 Synthesis by purging CO2 product 3b  

The unique properties of product 3 have led to a series of studies that investigated 

the ability of solutions of product 1 to absorb carbon dioxide and coordinate it to a copper 

atom as a chelating ligand as carbonate.  Additional investigations were made into the 

reversibility of this process.   

 Initial synthesis of 3a occurred through dissolving 1d in acetonitrile and leaving it 

to evaporate.  Attempts to repeat this process resulted in finding that very specific ratios of 

1d to acetonitrile were required to obtain pure samples of 3a; use of 1a or 1c, using the 

same protocol, did not result in pure production of 3a.  With the realization that the 

coordinated carbonate must be from carbon dioxide in the air absorbing into the solution 

with water to form carbonic acid, we began a series of studies purging solutions of 1a, 1c, 

and 1d with carbon dioxide; all three precursor copper products resulted in the formation 

of 3b.  The results of elemental analysis and FTIR are shown and discussed below.  

Additionally, the results from electronic absorption spectroscopy studies used to observe 

the transformation of 1a to 3b, are discussed and shown below.  Finally, beginning 

investigations into the reversibility of 3b to 1 are mentioned. 

The results from elemental analysis are presented in Table 23, which shows the 

calculated values, based on the chemical formula of compound 3, and actual values 

obtained through elemental analysis for 3b of the percent mass of C, H, and N.  The actual 

values found in the powder sample have very good similarity to the theoretical calculations 

based on the base copper complex of 3a with two moles of water.   
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Cu(phen)2CO3 . 7H2O C H N 

Calculated in 3 49.22 4.66 9.18 

Actual in washed powder 57.68 3.90 10.91 

Calculated 3 w/2H2O 57.74 3.88 10.77 
Table 23: Calculated and actual percent mass of C, H, and N in 3b - powder. 
 

Observed in the FTIR spectrum for product 3b, Figure 69, are bands associated 

with the stretching frequencies of O-H, C-Har, C=Car, C=Nar,  and CO3
2-; the expected 

ranges for peaks associated with these functional groups and the observed peak in 3b are 

listed in Table 24.  The FTIR spectrum for product 3b shows a broad peak representing the 

water in the product at ~3358cm-1.  There is a weak peak for the C-H aromatic functional 

group associated with the phen ligand.  In product 3b this peak appears at 3064cm-1 shifted 

to a slightly higher frequency than the uncoordinated ligand, which had an observed weak 

peak at 3059cm-1. The C=C aromatic and C=N aromatic functional groups retain their 

peaks in the 1600-1450cm-1 range as expected.  Two peaks associated with the coordinated 

carbonate ligand can be seen at 1340cm-1 and 1047cm-1; the peak at 1340cm-1 is sharp and 

of medium intensity and the peak at 1047cm-1 is stronger and slightly broader.  All peaks 

observed in 3b are consistent with the solid state starting materials. 
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Figure 69: FTIR spectrum for product 3b. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	3b																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3358	 3361	 N/A	
C-H	(aromatic)	stretch	 3010-3100	 3064	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1585	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1517	 1502	 N/A	

Coordinated	carbonate	
1325-1225	
&	1090-990	 1340,	1047	 N/A	 N/A	

B-F	 1050-1100																		 -	 N/A	 1020	
Table 24: Expected and observed peaks for stretching frequencies of the functional 
groups present in 3b and the solid state starting materials. 
 

Electronic absorption spectroscopy was utilized to monitor the reaction of 1a to 3b.  

1a (5.2mg, 0.010mmol) was dissolved in acetonitrile (6ml) and water (2ml).  The 

absorption spectrum of the initial solution was taken and then the solution was slowly 

bubbled with pure CO2 gas while stirring.  Five additional absorption scans were taken 

over a period of 2h.  Figure 70 shows the color change of the solution as it was bubbled 

with the CO2 gas for 1 hour 11minutes and 15 seconds intermittently: the amount of time 
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the solution was actively bubbled for, before the picture and absorption scan was taken, is 

indicated above each image. 

 
Figure 70: Observed color change for a solution of 1a in acetonitrile and water as it was 
bubbled with CO2 gas. 
 
 As the solution is bubbled with carbon dioxide, it can be observed visibly that there 

is a significant change in the color of the solution from a deep red to a green color.  Utilizing 

electronic absorption spectrometry, the disappearance of the peak at 439nm can be seen in 

Figure 71.  Initially, the unbubbled solution shows a broad absorption spectrum ranging 

from the UV region to around 600nm.  After bubbling the solution for 30s, a distinct peak 

at 439nm is observed.  As the solution is bubbled intermittently, the peak slowly 

disappears.  As the peak at 439nm disappears, there is an appearance of a peak at ~680nm 

that coincides with the observed color change of the solution as seen in Figure 70.  Figure 

72 presents a zoomed in view of Figure 71 where the appearance of the peak at 680nm can 

be observed.  The dramatic color change observed is indicative of the formed product’s 

ability to absorb lower energy light due to the smaller HOMO LUMO gap than that of the 

starting product 1a.  In fact, Figure 71 provides evidence of the shrinking of the HOMO 

LUMO gap over the course of the reaction.  

Not	bubbled 30s 45s 1m15s 11m15s 1h11m15s
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Figure 71: Electronic absorption spectra monitoring the transition of 1a to 3b. 
 

 
Figure 72: Electronic absorption spectra monitoring the transition of 1a to 3b zoomed in 
to 550-800nm. 
 
 Preliminary investigations into the reversibility of 3b to 1a have shown promising 

results.  Figure X shows a first attempt at regenerating 1a.  A solution of 3a in acetonitrile 

and water was placed in a hot oil bath and heated at ~110ºC for over 2 hours.  The initial 

solution in Figure 73 Reaction 1, was a blueish color and after significant evaporation 

occurred the solution became turbid and green in color.  Eventually, after the solution 
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completely evaporated, a resulting black solid was observed; green solid could be seen 

mixed in with the black solid.  A second solution, A of Reaction 2 in Figure 73, was placed 

in an oven at ~140ºC for several hours. When removed from the oven the solution had 

evaporated and a black solid remained, B of Reaction 2 in Figure 73.  A small amount of 

the black solid was placed in a clean vial and acetonitrile was added.  A transparent orange 

solution resulted indicating that the black solid is not a burnt or decomposed product.  The 

results of FTIR for this black solid are seen in Figure 74 and Table 25.  The table shows 

evidence that the resulting black product is recovered product 1a. This is apparent through 

the disappearance of the bands associated with CO3
2- vibrations and the near identical 

spectrum to that of 1a. 

 
Figure 73: Observed color changes testing the reversibility of the synthesis of 3b. (left) 
Reaction 1 shows the evaporation of the reaction solution of 3b. (right) Image A: reaction 
solution of 3b; Image B: Same vial after evaporation in an oven at ~140ºC; Image C: black 
solid recovered in Image B dissolved in acetonitrile.  
 

0m 30m 1h >2h

Reaction	1 Reaction	2

A B C
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Figure 74: FTIR spectrum for recovered product in Figure 73, Reaction 2, Image B. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	1a																					
Observed	

Frequencies													
(cm-1)	

Product	1a																					
Observed	

Frequencies													
(cm-1)	

Product	3b																					
Observed	

Frequencies													
(cm-1)	

		 		 		 		 		

O-H	Stretch	 3000-3600	 -	 -	 3358	
C-H		(aromatic	)	stretch	 3010-3100	 3070	 3070	 3064	

C-H	(alkane)	stretch	 2850-3000	 -	 -	 -	

C=N	(nitrile)	stretch	 2200-2400	 -	 -	 -	

C=C	(aromatic)	stretch	 1600-1450																	 1585	 1589	 1585	

C=C	(aromatic)	stretch	 1600-1450																	 1508	 1508	 1517	

Coordinated	carbonate	
1225-1325	
&	990-1090	

-	 -	
1340,	1047	

BF4-	 1050-1100																		 1053	 1095	 -	
Table 25: FTIR peaks for recovered product B in Reaction 2 of Figure 73. 

3.2.4 [Cu(OH)(phen)(CH3CN)]4(BF4)4 compound 4 

 This product was synthesized and characterized in three ways: organic 

solvent mediation, water mediation, and solventless synthesis.  The following sections 

present the results and discussion for products 4a, 4b, and 4c. 
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3.2.4.1 Organic solvent mediation product 4a 

 The results of single x-ray crystallography for 4a are presented in Figures 75 and 

76, and Table 26.  The data resulting from single crystal x-ray crystallography of 4a is 

presented in Table 26.  The single molecule structure of 4a (Figure 75) is tetranuclear with 

four copper atoms bridged together by four hydroxyl groups.  Each copper atom is bridged 

to one other copper atom by two hydroxyl groups and has bidentate chelation by a phen 

ligand.  Additionally, the inner two copper atoms are bridged to a second copper atom 

through a third hydroxyl group and the outer two copper atoms are coordinated to an 

acetonitrile molecule.  The seemingly complex coordination arrangement of each copper 

atom results in a simple 5-coordinate irregular square pyramidal environment for each 

copper atom.   

 
Figure 75: X-ray crystallographic results for the cation of product 4a obtained from a single 
blue crystal of 4a. 
 

The dramatic results of π- π stacking can be seen in both Figures 75 and 76.  The 

single molecule structure shows how product 4 has self-assembled in a way that stacks the 
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electron withdrawing nitrogen based aromatic centers over the electron poor copper atoms.  

This arrangement for the outer copper atoms is similar to the inner copper atoms, which 

are centered over electron rich spaces made by bridging hydroxyl groups.  In the packing 

diagram, Figure 76, the π- π stacking between adjacent phen ligands of neighboring 

molecules is circled in red.  The π- π stacking arranges the molecules into layers.  These 

layers are held together through hydrogen bonding between the BF4
1- counter anions and 

the coordinated and free acetonitrile groups; these hydrogen bond interactions can be seen 

in Figure 76 identified by the yellow circle. 

 

Figure 76: X-ray crystallographic results for 4a packing diagram.  
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Table 26: X-ray crystallographic data results for 4a. 
 
 The results from elemental analysis are presented in Table 27, which shows the 

calculated values, based on the chemical formula of compound 4, and actual values 

obtained through elemental analysis for 4a of the percent mass of C, H, and N.  Table 27 

also shows theoretical values base on the crystal structure formula without acetonitrile, a 

volatile organic solvent, and with additional water molecules.  The actual values for percent 

C, H, and N in 4a–wet are in very good agreement to the theoretical values of compound 

4.  The actual values for 4a–dry match well to the theoretical values calculated without 

acetonitrile and with water.  It is likely that over time, the volatile acetonitrile evaporated 

and a small amount of water absorbed into the product.  

[Cu4(OH)4(phen)4(CH3CN)2]BF4  .  2CH3CN  C H N 

Calculated 43.27 3.11 10.81 

Actual in 4a - wet 42.99 3.18 10.92 

Actual in 4a - dry 39.24 2.64 7.52 

Calculated  (minus - 4CH3CN & plus + 4H2O) 39.42 3.03 7.66 

Table 27: Calculated and actual percent mass of C, H, and N in 4a. 

Complex 4a

crystal	system triclinic

formula C56H48B4Cu4F16	N12O4 V	 (Å3) 1593.0(2) total reflections 21679

formula	weight 1554.46 Z 1 independent reflections 6986

space	group P	 - 1 T	(K) 220(2) data/res/parameters 6986	/	2	 /	443

! (Å) 9.9980(7) " (Å) 0.71073 R1 [#>	2$(#)] 0.0364

% (Å) 13.0529(10) &calcd (Mgm-3) 1.620 'R2 [# >	2$(#)] 0.0993

( (Å) 13.9225 ) (mm-1) 1.419 R1 (all	data) 0.0423

* (�)	 69.6370(10) crystalsize	 (mm3) 0.26	x	0.15	x	0.06 'R2 (all	data) 0.1028

+ (�) 75.1030(10) absorption	 correction semi-empirical from	equivalents GOF	on	F2 1.044

, (�)	 71.4770(10) abs.	corr. 	factor 0.9184,	0.7083 ∆&(max),	∆&(min) (e/Å3) 0.804,	-0.623
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 The results of TGA for 4b are presented in Figure 77.  When analyzing the percent 

mass loss observed on the TGA curve versus the calculated values in Table 28, each of the 

components had an observed value that closely correlated with a calculated value.  The 

TGA curve for 4a showed and initial loss of mass of 4.825% by 76.52ºC that correlates to 

the bridging hydroxyl groups.  This is followed by a mass loss of 2.408% by 230 ºC that 

could be excess ligand.  The sample then shows decomposition in two successively 

increasing drops indicating a percent mass loss of 10.49% by 342.55ºC which correlates to 

the acetonitrile and 24.30% by 428.95ºC which correlates to the tetrafluoroborate anion.  

The last two mass losses of 5.591% by 522.17 ºC and 22.52% by 1000ºC along with the 

remaining %mass of 29.87% account for the theoretical mass of the copper and the phen. 

 
Figure 77: Results of TGA for product 4a. 
 
 

29.87%	
remaining
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Component copper phen µ-OH MeCN BF4
1- 

Calcd - %mass in 4a  
based on  
[Cu4(OH)4(phen)4(CH3CN)2]BF4  .  2CH3CN 

16.35 46.37 4.38 10.56 22.34 

Table 28: Calculated %mass of components for 4a. 
 

Observed in the FTIR spectrum for product 4a, Figure 78, are bands associated with 

the stretching frequencies of O-H, C-Har, C-Hal, CN, C=Car, C=Nar, and B-F; the expected 

ranges for peaks associated with these functional groups and the observed peaks are listed 

in Table 29.  A distinct peak is observed for the OH functional group at 3536cm-1. In 

product 4a there is a weak peak representing C-H aromatic stretching at 3064cm-1 and 

several smaller peaks representing C-H aliphatic stretching at 3001cm-1 and 2943cm-1.  A 

sharp peak is observed for nitrile stretching at 2253cm-1.  The C=C aromatic and C=N 

aromatic functional groups retain their peaks in the 1600-1450cm-1 range as expected.    The 

B-F bond in the counter anion has an observed peak at 1065 cm-1 that is blue shifted 45cm-

1 from the copper precursor starting material where the B-F peak was observed at 1020cm-

1.   All peaks observed in 4a are consistent with the solid state starting materials with some 

peaks blue shifted, which is expected when bonding to a heavy atom. 
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Figure 78: FTIR spectrum for product 4a. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	4a																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3536	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3076	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 3001,	2943	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 2253	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1585	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1522	 1502	 N/A	
B-F	 1050-1100																		 1065	 N/A	 1020	

Table 29: Expected and observed peaks for stretching frequencies of the functional 
groups present in 1b and the solid state starting materials. 
 
 The results of electronic absorption spectroscopy for 4a in acetonitrile are seen in 

Figure 79.  The least concentrated colorless solution showed two peaks in the UV region 

that correlate to expected peaks for the phen ligand at 229nm and 271nm.  A more 

concentrated colorless solution shows a dramatic increase in absorption due to strong 

MLCT bands.  A concentrated light blue solution resulted in strong MLCT bands across 

the whole UV region and a broad peak in the visible region at ~632nm.  The band in the 
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visible region is indicative of the low energy needed to overcome the HOMO LUMO 

gap. 

Figure 79:  Electronic absorption spectra for various concentrations of product  4a in 
acetonitrile. 
 
3.2.4.2 Water mediation product 4b 

The results of elemental analysis for 4b, Table 30, are shown with the calculated 

theoretical values base on the crystal structure formula and based on the evaporation of 

acetonitrile a volatile organic solvent.  The actual values for percent C, H, and N in 4b are 

in very good agreement to the theoretical values calculated without acetonitrile and with 

water.  Since 4b was synthesized in water, it is likely that excess water would be present 

in the product and that over time the volatile acetonitrile would evaporate.  
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[Cu4(OH)4(phen)4(CH3CN)2]BF4  .  2CH3CN  C H N 

Calculated 43.27 3.11 10.81 

Actual in 4b 39.95 3.10 7.87 

Actual in 4a - dry 39.24 2.64 7.52 

Calculated  (minus - 4CH3CN & plus + 4H2O) 39.42 3.03 7.66 

Table 30: Calculated and actual percent mass of C, H, and N in 4b. 
 
 The results of TGA for 4b are presented in Figure 80.  When analyzing the percent 

mass loss observed on the TGA curve versus the calculated values in Table 31, each of the 

components had an observed value that closely correlated with a calculated value.  Initially 

there was a loss of mass of 4.856%, which correlates to the bridging hydroxyl groups.  This 

is followed by a mass loss of 2.262% by 250 ºC that could be excess ligand.  The sample 

then showed decomposition in two successively increasing drops indicating a percent mass 

loss of 16.25% and 16.79%, which correlates to the combined percent mass of acetonitrile 

and tetrafluoroborate anion.  The last two mass losses of 6.287% by 554.37 ºC and 12.08% 

by 1000ºC along with the remaining %mass of 41.47% together equal %9.83% and can 

account for the theoretical percent mass of the copper and the phen at 62.72%. 
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Figure 80: Results of TGA for 4b. 
 

Component copper phen µ-OH MeCN BF4
1- 

Calcd - %mass in 4b  
based on  
[Cu4(OH)4(phen)4(CH3CN)2]BF4  .  2CH3CN 

16.35 46.37 4.38 10.56 22.34 

Table 31: Calculated %mass of components for 4b. 
 

Observed in the FTIR spectrum for product 4b, Figure 81, are bands associated 

with the stretching frequencies of O-H, C-Har, CN, C=Car, C=Nar, and B-F; the expected 

ranges for peaks associated with these functional groups and the observed peaks are listed 

in Table 32.  A broad peak with weak intensity is observed for the OH functional group at 

3566cm-1.  There are two weak peaks for the C-H aromatic functional group associated 

with the phen ligand.  In product 4b, the peak appears at 3093cm-1 and 3064cm-1 shifted to 

a higher frequency than the uncoordinated ligand, which had an observed weak peak at 

3059cm-1. There is an observed peak at 2357cm-1which represents the stretching frequency 

for the CN bond in the acetonitrile.  The C=C aromatic and C=N aromatic functional groups 

41.47%	
remaining
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retain their peaks in the 1600-1450cm-1 range as expected.    The B-F bond in the counter 

anion has an observed peak at 993 cm-1.  All peaks observed in 4b are consistent with the 

solid state starting materials with some peaks blue shifted, which is expected when bonding 

to a heavy atom. 

 
Figure 81: FTIR spectrum for product 4b. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	4b																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3566	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3093	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 None	Observed	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 2357	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1628	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1522	 1502	 N/A	
B-F	 1050-1100																		 993	 N/A	 1020	

Table 32: Expected and observed peaks for stretching frequencies of the functional 
groups present in 4b and the solid state starting materials. 
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3.2.4.3 Solventless synthesis product 4c  

The results of elemental analysis for 4c, Table 33, are shown with the calculated 

theoretical values base on the crystal structure formula for compound 4 and based on the 

evaporation of acetonitrile a volatile organic solvent.  The actual values for percent C, H, 

and N in 4b are in very good agreement to the theoretical values calculated without 

acetonitrile and with water.  Since 4b was synthesized in water, it is likely that excess water 

would be present in the product and that over time the volatile acetonitrile would evaporate.  

[Cu4(OH)4(phen)4(CH3CN)2](BF4)4 . 2CH3CN  C H N 

Calculated 43.27 3.11 10.81 

Actual in 4c 38.64 2.75 7.91 

Actual in 4a - dry 39.24 2.64 7.52 

Calculated  (minus - 4CH3CN & plus + 4H2O) 39.42 3.03 7.66 

Table 33: Calculated and actual percent mass of C, H, and N in 4c. 
 

The results of TGA for 4c are presented in Figure 82.  When analyzing the percent 

mass loss observed on the TGA curve of 4c versus the calculated values in Table 34, each 

of the components had an observed value that closely correlated with a calculated value.  

The TGA curve for 4c showed an initial loss of mass of 4.881% by 111.77ºC which 

correlates to the bridging hydroxyl groups with a theoretical 4.38%mass.  This is followed 

by a mass loss of 2.384% by 230.93ºC which could be excess ligand.  The sample then 

showed decomposition in two successively increasing drops indicating a percent mass loss 

of 13.80% by 382.34ºC that most closely correlates to the acetonitrile and 18.20% by 

477.83ºC which most closely correlates to the tetrafluoroborate anion.  The last two mass 
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losses of 5.470% by 572.19 ºC and 13.03% by 1000ºC along with the remaining %mass of 

42.24% account for the theoretical mass of the copper and the phen. 

Figure 82: Results of TGA for 4c. 
 

Component copper phen µ-OH MeCN BF4
1- 

Calcd - %mass in 4c 
based on  
[Cu4(OH)4(phen)4(CH3CN)2]BF4  .  2CH3CN 

16.35 46.37 4.38 10.56 22.34 

Table 34: Calculated %mass of components for 4c. 

Observed in the FTIR spectrum for product 4c, Figure 83, are bands associated with 

the stretching frequencies of O-H, C-Har, C=Car, C=Nar, B-F; the expected ranges for peaks 

associated with these functional groups and the observed peaks are listed in Table 35.  A 

broad peak with weak intensity is observed for the OH functional group at 3568cm-1.  In 

product 4c there are two peaks for the C-H aromatic functional group associated with the 

42.24%	
remaining
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phen ligand; they appear at 3095cm-1 and 3069cm-1 shifted to a higher frequency than the 

uncoordinated ligand which had an observed weak peak at 3059cm-1.  The C=C aromatic 

and C=N aromatic functional groups retain their peaks in the 1600-1450cm-1 range as 

expected.    The B-F bond in the counter anion has an observed peak at 992cm-1.   All peaks 

observed in 4c are consistent with the solid state starting materials with some peaks blue 

shifted, which is expected when bonding to a heavy atom. 

 
Figure 83: FTIR spectrum for product 4c. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	4c																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 3568	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3069	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 None	observed	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 None	observed	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1632	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1526	 1502	 N/A	
B-F	 1050-1100																		 992	 N/A	 1020	

Table 35: Expected and observed peaks for stretching frequencies of the functional 
groups present in 4c and the solid state starting materials. 
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3.2.5 [Cu(phen)2Cl]BF4 compound 5 

The results from single crystal x-ray crystallography are presented in Figure 84 and 

Table 36.  The molecular structure of 5 was previously published8 and the results presented 

here agree with the published data.  Compound 5 consists of a five-coordinate copper atom 

with near regular trigonal bipyramidal geometry.  The packing diagram, Figure 84 (right), 

shows the π-π stacking commonly observed with phen ligand complexes.  The packing 

diagram shows stair step clusters of the interaction of two molecules of 5 who then have 

additional π-π stacking with a second molecule.  The clusters are arranged through the 

hydrogen bond interactions between the BF4 counter anions, free water molecules, and the 

phen ligands. 

 

Table 36: Results from single x-ray crystallography of 5. 

Complex 5

crystal	system monoclinic

formula C24H18BCuF4N4O V	 (Å3) 2287.0(8) total reflections 22999

formula	weight 664.22 Z 4 independent reflections 4798

space	group P	 - 1 T	(K) 220(2) data/res/parameters 4798	/	0	 /	324

! (Å) 12.446(3) " (Å) 0.71073 R1 [#>	2$(#)] 0.0527

% (Å) 11.442(2) &calcd (Mgm-3) 1.639 'R2 [# >	2$(#)] 0.1533

( (Å) 17.196(3) ) (mm-1) 1.131 R1 (all	data) 0.0613

* (�)	 90 crystalsize	 (mm3) 0.2	x	0.18	x	0.15 'R2 (all	data) 0.1621

+ (�) 110.951(2) absorption	 correction semi-empirical from	equivalents GOF	on	F2 1.044

, (�)	 90 abs.	corr. 	factor 0.8477,	0.8095 ∆&(max),	∆&(min) (e/Å3) 0.3785	-0.827
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Figure 84:  Results from single x-ray crystallography of a single green crystal of compound 
5 (left) cation with BF4

- omitted for clarity and (right) packing diagram. 
 
 

The results from elemental analysis are presented in Table 37, which shows the 

calculated values, based on the chemical formula of compound 5, and actual values 

obtained through elemental analysis of 5 for the percent mass of C, H, and N.  The actual 

values for percent C, H, and N in the sample match extremely well to the theoretical values 

calculated based on x-ray crystallographic results of 5. 

[Cu(phen)2Cl]BF4  .  1H2O C H N 
Calculated 51.09 3.22 9.93 

Actual in 5 51.26 2.89 9.91 
Table 37: Calculated and actual percent mass of C, H, and N in 5. 
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 The results of TGA for 5 are shown in Figure 85.  Based on the theoretically 

calculated percent mass of each component of 5, Table 38, it is possible to speculate about 

the thermal decomposition of 5.  The first mass loss is seen between 25 ºC and 143.60 ºC 

of 1.716%; this loss is probably due to the water hydrogen bonded in the crystal lattice and 

is less than the theoretical value due to evaporation.  The largest mass loss of 64.44% is 

likely due to the removal of the phen ligand.  The last observed mass loss of 9.440% along 

with the remaining mass of 23.54% equals a total mass of 32.98%, which is very close to 

the theoretically remaining mass of the copper, chloride, and tetrafluoroborate anion at 

32.92%. 

 
Figure 85: Results of TGA for compound 5. 
 

Component copper phen chloride BF4 water 

Calcd - %mass in 5 
Based on  [Cu(phen)2Cl]BF4 .H2O 

11.26 63.88 6.28 15.38 3.19 

Table 38: Calculated %mass of components for 5. 

24.53%	
remaining
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Observed in the FTIR spectrum for product 5, Figure 83, are bands associated with 

the stretching frequencies of O-H, C-Har, C=Car, C=Nar, and B-F; the expected ranges for 

peaks associated with these functional groups and the observed peaks are listed in Table 

35.  Two small peaks are observed for the OH functional group at 3568cm-1.  In product 5, 

there are two peaks for the C-H aromatic functional group associated with the phen ligand; 

they appear at 3095cm-1 and 3069cm-1 shifted to a higher frequency than the uncoordinated 

ligand, which had an observed weak peak at 3581cm-1 and 3493cm-1.  C-H aromatic 

stretching is seen in a small peak at 3053, with a slight red shift compared to the same peak 

for the uncoordinated ligand.  The C=C aromatic and C=N aromatic functional groups 

retain their peaks in the 1600-1450cm-1 range as expected.    The B-F bond in the counter 

anion has an observed peak at 1030cm-1.  All peaks observed in 5 are consistent with the 

solid state starting materials with several peaks showing a blue shift, O-H; some C=Car, 

and several showing a red shift, C-Har; some C=Car, and BF4
1-. 

 
Figure 86: FTIR spectrum for 5. 
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Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	5																					
Observed	

Frequencies													
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		

O-H	Stretch	 3000-3600	 3581,	3493	 3361	 N/A	
C-H	(aromatic	)	stretch	 3010-3100	 3053	 3059	 N/A	
C-H	(alkane)	stretch	 2850-3000	 -	 N/A	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	 1585	 1585	 N/A	
C=N	(aromatic)	stretch	 1600-1450																	 1520	 1502	 N/A	
B-F	 1050-1100																		 1030	 N/A	 1020	

Table 39: Expected and observed peaks for stretching frequencies of the functional 
groups present in 5 and the solid state starting materials. 
 
3.2.6 [Cu(dmp)2]BF4 compound 6 

This product was synthesized and characterized in three ways: organic solvent 

mediation, water mediation, and solventless synthesis.  The following sections present the 

results and discussion for products 6a, 6b, and 6c. 

3.2.6.1 Organic solvent mediation product 6a  

The results from single crystal x-ray crystallography are presented in Figure 87 and 

Table 40.  The single molecule structure of 5 was previously published77 and the results 

presented here are consistent with the published data.  Product 6 consists of a four-

coordinate copper atom with distorted tetrahedral geometry (Figure 87 (left)).  The packing 

diagram, Figure 87 (right), shows the π-π stacking commonly observed with 

phenanthroline based ligand complexes.  The packing diagram shows π-π stacking between 

dmp ligands of adjacent molecules.  Additionally, the methyl groups on the dmp ligand of 

one molecule interact with the conjugated rings of a dmp ligand on another molecule.  This 

series of adjacent interactions creates the unique packing observed in 6. 
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Figure 87: Results from single x-ray crystallography of 6a with BF4

- omitted for clarity. 
(left) single molecule and (right) packing diagram. 
 

 
Table 40: Results from single x-ray crystallography of 6a. 
 

The results from elemental analysis are presented in Table 41, which shows the 

calculated values, based on the chemical formula of compound 6, and actual values 

Complex 6

crystal	system orthorhombic

formula C28H24BCuF4N4 V	 (Å3) 2573.68(11) total reflections 21621

formula	weight 566.86 Z 4 independent reflections 5640

space	group P212121 T	(K) 99.99(10) data/res/parameters 5640	/	0	 /	347

! (Å) 11.7430(3) " (Å) 0.71073 R1 [#>	2$(#)] 0.0232

% (Å) 12.1369(3) &calcd (Mgm-3) 1.463 'R2 [# >	2$(#)] 0.0573

( (Å) 18.0579(4) ) (mm-1) 0.903 R1 (all	data) 0.0249

* (�)	 90 crystalsize	 (mm3) 0.1	x	0.05	x	0.04 'R2 (all	data) 0.0580

+ (�) 90 absorption	 correction semi-empirical from	equivalents GOF	on	F2 1.054

, (�)	 90 abs.	corr. 	factor 1.00000,	0.8715 ∆&(max),	∆&(min) (e/Å3) 0.304,	-0.337
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obtained through elemental analysis for 6a of the percent mass of C, H, and N. The actual 

values for percent C, H, and N in the powder sample match well to the theoretical values 

calculated except for the slightly larger percent mass of carbon.  The actual values for 

crystals of 6a are in strong agreement with the calculated values. 

[Cu(dmp)2]BF4      6 C H N 

Calculated for 6 59.33 4.27 9.88 

Actual in 6a - powder 61.20 3.96 9.91 

Actual in 6a - crystals 59.29 4.29 9.80 

Table 41: Calculated and actual percent mass of C, H, and N in 6a. 
 
 The results of TGA for 6a are shown in Figure 88 and a table with the calculated 

percent mass of the components of 6a is presented in Table 42; there is a very close 

correlation when comparing the calculated values to the percent mass loss observed in 

TGA.  The TGA curve shows one large drop with a %mass loss of 71.43% which is very 

close to the calculated percent mass of the dmp ligand at 73.48%.  A second drop, of a 

much smaller mass, 8.105%, is observed between 533.07ºC and 1000 ºC and appears to be 

still declining past our maximum observable temperature of 1000 ºC.  This last observed 

mass loss combined with the remaining mass of 20.47% equals 28.57% and is similar to 

the calculated %mass of the copper and tetrafluoroborate anion combined, 26.52%. 
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Figure 88: Results of TGA for product 6a. 
 

Component copper dmp BF4
- 

Calcd - %mass in 6a  
Based on [Cu(dmp)2]BF4 

11.21 73.48 15.31 

Table 42: Calculated %mass of components for 6a. 
 

Observed in the FTIR spectrum for product 6a, Figure 89, are bands associated with 

the stretching frequencies of C-Har, C-Hal, C=Car, C=Nar, and B-F; the expected ranges for 

peaks associated with these functional groups and the observed peaks are listed in Table 

43. In product 6a there are two small peaks for the stretching of C-H aromatic functional 

groups associated with the phen ligand; they appear at 3074cm-1 and 3024cm-1 with the 

higher frequency peak showing a blue shift and the lower frequency peak showing a red 

shift compared to the uncoordinated dmp ligand which had observed peaks at 3062cm-1 

and 3036cm-1.  The C-Hal stretching frequencies observed for the methyl group on the dmp 

ligand are found to be at 2945cm-1 and 2914cm-1 which are slightly red shifted from the 

20.47%	
remaining
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observed peaks in the uncoordinated dmp ligand of 11cm-1 and 8cm-1 respectively.  The 

C=C aromatic and C=N aromatic functional groups retain their peaks in the 1600-1450cm-

1 range as expected.    The B-F bond in the counter anion has an observed peak at 1026 cm-

1.   All peaks observed in 6a are consistent with the solid state starting materials. 

Figure 89: FTIR spectrum for product 6a. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	6a																					
Observed	

Frequencies													
(cm-1)	

dmp																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		
O-H	Stretch	 3000-3600	 -	 3442	 N/A	
C-H	(aromatic)	stretch	 3010-3100	 3074,	3024	 3062,	3036	 N/A	
C-H	(alkane)	stretch	 2850-3000	 2945,	2914	 2987,	2956,	2922	 3010,	2945	
C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2302,	2274	
C=C	(aromatic)	stretch	 1600-1450																	1587	 1591		 N/A	
C=N	(aromatic)	stretch	 1550-1400	 1504	 1492	 N/A	
B-F	 1050-1100																		1026	 N/A	 1020	

Table 43: Expected and observed peaks for stretching frequencies of the functional 
groups present in 6a and the solid state starting materials. 
 

The results of electronic absorption spectroscopy for varying concentrations of 6a 

in acetonitrile are reported in Figure 90.  The concentrated solution is a transparent orange 
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color and the spectrum it produces shows broad absorption across the UV region and into 

the visible region up to ~550nm.  The high intensity absorption is due to strong MLCT.  

The dilute solution, appearing to be colorless, show distinct peaks in both the UV and 

visible regions of the spectrum.  The two peaks in the UV region, 226nm and 272nm, 

correlate to expected peaks found in the absorbance spectrum of the dmp ligand.  The peak 

in the visible region at 454nm is representative of the absorption of an orange colored 

solution and is indicative of a high energy requirement to overcome the HOMO LUMO 

gap in this complex.  

 
Figure 90: Electronic absorption spectra for various concentrations of product 6a in 
acetonitrile. 
 
 The results from solid state photoluminescence spectroscopy of 7a at room 

temperature are presented in Figures 91 and 92.  The crystalline sample of 6a exhibited 

weak red photoluminescence and the study shows peak emission at 675nm from 

excitation at either 439nm (red trace) or 523nm (green trace).  The lifetime observed at 
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RT was 29.09µs (Figure 92) which suggest intersystem crossing and a triplet excited state 

that results in phosphorescence.  

 
Figure 91: Photoluminescence spectroscopy for product 6a in solid state at room 
temperature (left) excitation and (right) emission. 
 

 
Figure 92: Photoluminescence spectroscopy for lifetime of product 6a in the solid state at 
room temperature. 
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 Results from 1H-NMR for 6a in deuterated acetonitrile are presented in Figure 93.  

On the low field end of the plot, 3 sharp peaks are identified as B=8.577, C=8.111, and 

A=7.843; these peaks correlate to the hydrogen atoms of the dmp ligand as indicated on 

the crystal structure in Figure 93.  An up field peak, at 1.957ppm, is also observed for the 

methyl group hydrogens of the dmp ligand. 

 
Figure 93: 1H-NMR results for product 6a in CDCl3. 
 
3.2.6.2 Water mediation product 6b 

The results from elemental analysis are presented in Table 44, which shows the 

calculated values, based on the chemical formula of compound 6, and actual values 

obtained through elemental analysis for 6b of the percent mass of C, H, and N.  The actual 

values for percent C, H, and N in the sample match extremely well to the theoretical values. 

[Cu(dmp)2]BF4      6 C H N 

Calculated for 6 59.33 4.27 9.88 

Actual in 6b 59.19 4.29 10.08 
 Table 44: Calculated and actual percent mass of C, H, and N in 6b. 
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The results of TGA for 6b are shown in Figure 94 and a table with the calculated 

percent mass of the components of 6b is presented in Table 45; there is a close correlation 

when comparing the calculated values to the percent mass loss observed in TGA.  The 

TGA curve shows mass loss from the onset of the temperature increasing; the mass loss is 

very small and probably due to moisture on the sample.  There is one large decline with a 

%mass loss of 69.98%, which is close to the calculated percent mass of the dmp ligand at 

73.48%.  A second drop, of a much smaller mass, 9.714%, is observed between 528.59ºC 

and 1000 ºC and appeared to be in decline past our maximum observable temperature of 

1000 ºC.  This last observed mass loss combined with the remaining mass of 20.30% equals 

30.01% and is similar to the calculated %mass of the copper and tetrafluoroborate anion 

combined, 26.52%.  The deviations of the observed percent mass losses compared to the 

calculated values of the components is likely due to moisture and impurities in the sample 

tested. 

 
Figure 94: Results of TGA for product 6b. 

20.30%	
remaining
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Component copper dmp BF4
- 

Calcd - %mass in 6b  
Based on [Cu(dmp)2]BF4 

11.21 73.48 15.31 

Table 45: Calculated %mass of components for 6b. 
 

 Observed in the FTIR spectrum for product 6b, Figure 95, are bands 

associated with the stretching frequencies of C-Har, C-Hal, C=Car, C=Nar, and B-F; the 

expected ranges for peaks associated with these functional groups and the observed peaks 

are listed in Table 46. In product 6b there are two small peaks for the stretching of C-H 

aromatic functional groups associated with the dmp ligand; they appear at 3074cm-1 and 

3026cm-1 with the higher frequency peak showing a blue shift and the lower frequency 

peak showing a red shift compared to the uncoordinated dmp ligand which had observed 

peaks at 3062cm-1 and 3036cm-1.  The C-Hal stretching frequencies observed for the methyl 

group on the dmp ligand are found to be at 2945cm-1 and 2912cm-1 that are slightly red 

shifted from the observed peaks in the uncoordinated dmp ligand of 11cm-1 and 10cm-1 

respectively.  The C=C aromatic and C=N aromatic functional groups retain their peaks in 

the 1600-1450cm-1 range as expected.    The B-F bond in the counter anion has an observed 

peak at 1026cm-1.  All peaks observed in 6b are consistent with the solid state starting 

materials. 
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Figure 95: FTIR spectrum for 6b. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	6b																					
Observed	

Frequencies													
(cm-1)	

dmp																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		

O-H	Stretch	 3000-3600	 -	 3442	 N/A	

C-H		(aromatic	)	stretch	 3010-3100	 3074,	3026	 3062,	3036	 N/A	
C-H	(alkane)	stretch	 2850-3000	 2945,	2912	 2987,	2956,	2922	 3010,	2945	

C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2302,	2274	
C=C	(aromatic)	stretch	 1600-1450																	1587	 1591	 N/A	
C=N	(aromatic	stretch)	 1550-1450	 1500	 1492	 N/A	
B-F	 1050-1100																		1026	 N/A	 1020	

Table 46: Expected and observed peaks for stretching frequencies of the functional 
groups present in 6b and the solid state starting materials. 
 

The results of electronic absorption spectroscopy for varying concentrations of 6b 

in chloroform are presented in Figure 96.  Three solutions of increasing concentration were 

studied.  The most dilute solution, which appears almost colorless, has broad absorption 

bands in the UV range at 240nm and 275nm and weak broad absorption in the visible range.  

The middle concentration solution was yellow in color and showed narrow absorption 

bands in the UV region at 241nm and 275nm and also showed measureable absorption in 
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the visible region with a broad band of maximum absorption at 458nm.  The most 

concentrated solution was orange in color and had a strong broad absorption band in the 

visible region at 459nm; the absorption in the UV region was intense and unmeasurable 

due to strong MLCT: dmp is a strong field ligand and allows for transfer of electrons from 

the copper atom to its empty π-orbitals.  All three solutions showed consistent absorption 

maximums in the UV and visible regions. 

Figure 96: Electronic Absorption spectra for various concentrations of product 6b in 
chloroform. 
 
 The results from solid state photoluminescence spectroscopy of 6b at room 

temperature are presented in Figure 97.  The powder sample of 6b exhibited red 

photoluminescence and the study shows peak emission at 684nm and peak excitation at 

530nm.  

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

2.2
2.4
2.6
2.8
3

3.2
3.4

200 250 300 350 400 450 500 550 600 650 700

Ab
so
rb
an
ce
	(a

.u
.)

Wavelength	(nm)

241nm

275nm

458nm
240nm

275nm

459nm



	 127	

Figure 97: Photoluminescence spectroscopy for excitation (left) and emission (right) of  
product 6b in the solid state at room temperature.  

Results from 1H-NMR for 6b in deuterated acetonitrile are presented in Figure 98.  

On the low field end of the plot 3 sharp peaks are identified as B=8.595, C=8.130, and 

A=7.862; these peaks correlate to the hydrogen atoms of the dmp ligand as indicated on 

the crystal structure in Figure 98.  An up field peak at 1.957ppm is observed for the methyl 

group hydrogens of the dmp ligand. 
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Figure 98: 1H-NMR results for product 6b in CD3CN. 
 
3.2.6.3 Solventless synthesis product 6c  

The results from elemental analysis are presented in Table 47 which shows the 

calculated values, based on the chemical formula of compound 6, and actual values 

obtained through elemental analysis for 6a, unwashed and washed, of the percent mass of 

C, H, and N.  The actual values for percent C, H, and N in the unwashed sample are a 

relatively good match to the theoretical values calculated based on the crystal structure of 

6a, with the exception of carbon.  In the washed sample, theoretical and actual values of H 

very close while the values of C and N are slightly different.  These results are indicative 

of impurities within this sample.   

[Cu(dmp)2]BF4      6 C H N 

Calculated for 6 59.33 4.27 9.88 

Actual in 6c – unwashed 56.79 4.12 9.39 

Actual in 6c – washed with ether 51.72 4.21 11.32 
Table 47: Calculated and actual percent mass of C, H, and N in 6c. 
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 The results of TGA for 6c are shown in Figure 99 and a table with the calculated 

percent mass of the components of 6c is presented in Table 48; correlations can be made 

when comparing the calculated values to the percent mass loss observed in TGA.  The 

TGA curve shows mass loss from the onset of the temperature increasing; the mass loss is 

very small and probably due to moisture on the sample.  There is one large decline with a 

%mass loss of 68.09%, which is close to the calculated percent mass of the dmp ligand at 

73.48%.  A second drop, of a much smaller mass, 12.36%, is observed between 521.86ºC 

and 1000 ºC and appeared to still be in decline past our maximum observable temperature 

of 1000 ºC.  This last observed mass loss combined with the remaining mass of 19.55% 

equals 31.91% and is similar to the calculated %mass of the copper and tetrafluoroborate 

anion combined, 26.52%.  The deviations of the observed percent mass losses compared 

to the calculated values of the components is likely due to moisture and impurities in the 

sample tested. 
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Figure 99: Results of TGA for product 6c. 
 

Component copper dmp BF4
- 

Calcd - %mass in 6a  
Based on [Cu(dmp)2]BF4 

11.21 73.48 15.31 

Table 48: Calculated %mass of components for 6c. 
 

Observed in the FTIR spectrum for product 6c, Figure 100, are bands associated 

with the stretching frequencies of O-H, C-Har, C-Hal, C=Car, C=Nar and B-F; the expected 

ranges for peaks associated with these functional groups and the observed peaks are listed 

in Table 49. In product 6c there is a small broad peak observed for the stretching frequency 

of O-H observed at 3612cm-1.  Two small peaks for the stretching of the C-H aromatic 

functional groups associated with the dmp ligand; they appear at 3074cm-1 and 3024cm-1 

with the higher frequency peak showing a blue shift and the lower frequency peak showing 

19.55%	
remaining



	 131	

a red shift compared to the uncoordinated dmp ligand, which had observed peaks at 

3062cm-1 and 3036cm-1.  The C-Hal stretching frequencies observed for the methyl group 

on the dmp ligand are found to be at 2947cm-1 and 2914cm-1 that are slightly red shifted 

from the observed peaks in the uncoordinated dmp ligand of 9cm-1 and 10cm-1 respectively.  

The C=C aromatic and C=N aromatic functional groups retain their peaks in the 1600-

1450cm-1 range as expected.    The B-F bond in the counter anion has an observed peak at 

1028cm-1.  All peaks observed in 6c are consistent with the solid state starting materials. 

Figure 100: FTIR spectrum for product 6c. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	6c																					
Observed	

Frequencies													
(cm-1)	

dmp																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		

O-H	Stretch	 3000-3600	 3612	 3442	 N/A	

C-H		(aromatic	)	stretch	 3010-3100	 3074,	3024	 3062,	3036	 N/A	
C-H	(alkane)	stretch	 2850-3000	 2947,	2914	 2987,	2956,	2922	 3010,	2945	

C=N	(nitrile)	stretch	 2200-2400	 -	 N/A	 2302,	2274	
C=C	(aromatic)	stretch	 1600-1450																	1587	 1591	 N/A	
C=N	(aromatic	stretch)	 1550-1450	 1500	 1492	 N/A	
B-F	 1050-1100																		1028	 N/A	 1020	

Table 49: Expected and observed peaks for stretching frequencies of the functional 
groups present in 6c and the solid state starting materials. 
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 The results from solid state photoluminescence spectroscopy of 6c at room 

temperature (RT) are presented in Figure 101.  The powder sample of 6c exhibited red 

photoluminescence and the study shows peak emission at 652nm and peak excitation at 

553nm. 

 

Figure 101: Photoluminescence excitation and emission spectra for 6c at room 
temperature. 
 
3.2.7 [Cu(dmp)(CH3CN)]BF4 compound 7 

This product was synthesized and characterized in two ways: organic solvent 

mediation and solventless synthesis.  The following sections present the results and 

discussion for products 7a and 7b.   
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3.2.7.1 Organic solvent mediation product 7a  

 The results of single x-ray crystallography for 7a are presented in Figures 102 and 

103, and Table 50. Product 7a is an ionic compound consisting of a mononuclear planar 

structure (Figure102) and a BF4
- counter ion.  The copper(I) center is 3-coordinate with 

one mono-dentate acetonitrile ligand and one bidentate chelating dmp ligand.  Both 

ligands are bonded to the copper center through electron rich nitrogen atoms.  The three 

bond angles about the central copper atom are: N1-Cu1-N2 = 83.27º; N1-Cu1-N3 = 

135.67º; and N2-Cu1-N3 = 140.90º.  Together the three angles equal 359.84º, which 

provides evidence that these ligands can sit in a planar arrangement about the central 

atom. 

 

Figure 102: Single x-ray crystallography results of single molecule of 7a. 
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 The crystal packing diagram, seen in Figure 103, shows an alternating 

arrangement of molecules where the acetonitrile ligand is like a pendulum rocking back 

and forth on alternating molecules.  The dmp ligands of adjacent molecules show partial 

π-π stacking on a central region and on the outer regions, the positively charged copper 

atoms are positioned over the electron rich aromatic rings of the dmp ligands.  The BF4
- 

anions are positioned through hydrogen bonding between both the methyl group of the 

acetonitrile ligand and the various hydrogen atoms of the dmp ligand.  The resulting data 

from the x-ray crystallography analysis is shown in Table 50. 

 

 
Figure 103: Crystal packing diagram of 7a. 
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  Table 50:  Data resulting from x-ray crystallographic analysis of 7a. 
 

The results from elemental analysis are presented in Table 51, which shows the 

calculated values, based on the chemical formula of compound 7, and actual values 

obtained through elemental analysis for 7a of the percent mass of C, H, and N.  The actual 

values for percent C, H, and N in the sample are in excellent agreement to the theoretical 

values calculated based on the proposed structure of 7.   

[Cu(dmp)(phen)]BF4      7a C H N 

Calculated  48.08 3.78 10.51 

Actual in 7a 47.71 3.63 10.46 
Table 51: Calculated and actual percent mass of C, H, and N in 7a. 
 
 The results of TGA for 7a are presented in Figure 104 with Table 52 identifying 

the percent mass of the components of 7a.  The TGA curve shows and initial mass loss of 

21.14% between ~200-300ºC; this percent mass correlates to the calculated percent mass 

for the tetrafluoroborate ion.  The second mass loss of 37.66% occurs between ~300-550ºC 

and the last mass loss represents 11.96% up to 1000ºC.  The remaining mass is 29.24%.  

These masses do not directly match any of the theoretically calculated values.  The 

Complex 7

crystal	system monoclinic

formula C16H15BCuF4N3 V	 (Å3) 1617.65(7) total reflections 39669

formula	weight 399.66 Z 4 independent reflections 3541

space	group P1	21/c	1 T	(K) 100.01(11)) data/res/parameters 3541	/	0	 /	229

! (Å) 11.8123(3) " (Å) 0.71073 R1 [#>	2$(#)] 0.0281

% (Å) 19.2308(4) &calcd (Mgm-3) 1.641 'R2 [# >	2$(#)] 0.0730

( (Å) 7.4947(2) ) (mm-1) 1.396 R1 (all	data) 0.0337

* (�)	 90 crystalsize	 (mm3) 0.1	x	0.05	x	0.03 'R2 (all	data) 0.0758

+ (�) 108.165(3) absorption	 correction semi-empirical from	equivalents GOF	on	F2 1.043

, (�)	 90 abs.	corr. 	factor 1.00000,	0.82039 ∆&(max),	∆&(min) (e/Å3) 0.589,	-0.255
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decomposition of 7a is complex and further studies of possible intermediate complexes 

should be investigated. 

   
Figure 104: Results of TGA for product 7a. 
 

Component copper dmp MeCN BF4
- 

Calcd - %mass in 7  
Based on [Cu(dmp)(CH3CN)]BF4 

15.90 52.11 10.72 21.72 

Table 52: Calculated %mass of components for 7a. 
 

Observed in the FTIR spectrum for product 7a, Figure 105, are bands associated 

with the stretching frequencies of C-Har, C-Hal, CN, C=Car, C=Nar and B-F; the expected 

ranges for peaks associated with these functional groups and the observed peaks are listed 

in Table 53.  In product 7a there is one distinct peak for the stretching of the C-H aromatic 

functional groups associated with the dmp ligand at 3074cm-1 and three smaller peaks 

associated with the stretching of C-H aliphatic bonds at 3007cm-1, 2947cm-1
, and 2923cm-

1.  There is a small peak observed for nitrile stretching at 2290cm-1 which is slightly blue 

29.24%	
remaining
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shifted from the copper precursor, which showed its peak at 2274cm-1.  The C=C aromatic 

and C=N aromatic functional groups retain their peaks in the 1600-1450cm-1 range as 

expected.    The B-F bond in the counter anion has an observed peak at 1032cm-1.  All 

peaks observed in 7a are consistent with the solid state starting materials. 

 
Figure 105: FTIR spectrum for product 7a. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	7a																				
Observed	

Frequencies													
(cm-1)	

dmp																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		

O-H	Stretch	 3000-3600	 -	 3442	 N/A	

C-H		(aromatic	)	stretch	 3010-3100	 3074	 3062	 N/A	
C-H	(alkane)	stretch	 2850-3000	 3007,	2947,	2923	 2987,	2956,	2922	 3010,	2945	

C=N	(nitrile)	stretch	 2200-2400	 2290	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	1589	 1591	 N/A	

C=N	(aromatic)	stretch	 1550-1400	 1508	 1492	 N/A	

BF4-	 1050-1100																		1032	 N/A	 1020	
Table 53: Expected and observed peaks for stretching frequencies of the functional 
groups present in 7a and the solid state starting materials. 
 
 The electronic absorption spectra for varying concentrations 7a in THF is presented 

in Figure 106.  7a was dissolved in tetrahydrofuran (THF) and successive spectra were 

collected as the concentration was slightly increased.  In the UV region, the colorless and 
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middle concentration solution show two resolved peaks at ~244nm and ~264nm while the 

most concentrated solution has one broader peak at 265nm.  Additionally, all three spectra 

show a narrow peak at ~293nm with a lower energy shoulder.  Collectively these peaks 

represent MLCT between the copper and both the dmp and MeCN ligands. 

 
Figure 106: Electronic absorption spectra for various concentrations of product 7a in 
THF. 
 
  The results from photoluminescent spectroscopy studies done on 7a in the solid 

state are presented in Figures 107 and 108.  Figure 107 shows the excitation and emission 

spectra for 7a at room temperature (orange trace) and 77K (blue trace).  Product 7a has a 

life time of 11.67	#s at room temperature (Figure 108).  This phosphorescent material has 

intense yellow luminescence with the emission spectra showing a $max=584nm at room 

temperature and $max=598 at 77K; this red shift of 14nm is observed when the solid is 

cooled.  The excitation spectra show a blue shift of 103nm from room temperature to 77K: 

that is much larger than the observed red shift in the emission spectra.  Excitation peak 

maximums  for room temperature and 77K are $max=445nm and $max=342nm respectively. 
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Figure 107: Photoluminescence spectroscopy for excitation (left) and emission (right) of  
product 7a in the solid state at room temperature (orange trace) and 77K (blue trace). 

  
Figure 108: Photoluminescence spectroscopy for lifetime of product 7a in the solid state 
at room temperature. 
 

Results from 1H-NMR for 7a in deuterated acetonitrile are presented in Figure 109 

along with the structure of 7a with the protons labeled a-e.  On the low field end of the 
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spectrum, 3 sharp peaks, with peak splitting, are identified as c=8.557ppm, b=7.852ppm, 

and d=8.052ppm; these peaks correlate to the aromatic hydrogens of dmp.  In 7a, there are 

2 sets of methyl group hydrogens: one set on dmp labeled a and the other set on acetonitrile 

labeled e.  The peak at 1.957 represents these methyl group hydrogens and when zoomed 

in (see inset) there are two peaks: 1.987ppm and 1.963ppm.    

 
Figure 109: 1H-NMR results for 7a in CD3CN. 
 
3.2.7.2 Solventless synthesis product 7b  

The results from elemental analysis are presented in Table 54, which shows the 

calculated values, based on the chemical formula of compound 7, and actual values 

obtained through elemental analysis for 7b of the percent mass of C, H, and N.  The actual 

values for percent C, H, and N are shown for both the unwashed and washed samples of 

7b.  The actual values of the unwashed sample strongly agree with the theoretical values 

of H and N, but the carbon content is very different. The washed sample also shows strong 

agreement with the theoretical values of H and N, and not the carbon.  The differences 
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between the unwashed and washed samples can account for removal of excess dmp ligand 

as we see the carbon content slightly decrease and the nitrogen content slightly increase.  

The deviations in calculated versus actual values can be attributed to impurities within the 

sample. 

[Cu(dmp)(phen)]BF4      7 C H N 

Calculated for 7 48.08 3.78 10.51 
Actual in 7b - unwashed 44.18 3.88 9.96 
Actual in 7b - washed 43.45 3.78 11.04 

Table 54: Calculated and actual percent mass of C, H, and N in 7b. 
 
 The results of TGA for the unwashed (left) and washed (right) samples of 7b are 

presented in Figure 110 with a table identifying the percent mass of each component 

found in product 7b.  Both curves are very similar in nature for the first two mass losses 

and for the combined total of the last decline with the remaining mass.  The first mass 

losses represent 30.29% and 32.98% for the unwashed and washed samples respectively.  

The second mass loss 13.72% for the unwashed sample and 11.35% for the washed 

sample.  The last mass loss for the unwashed sample reflects a larger decrease of 29.69% 

with a smaller remaining mass of 26.30%.  While the last mass loss for the washed 

sample reflects a smaller loss of 13.98% with a larger remaining mass of 41.69%.  For 

each sample, the total of the last decline with the remaining mass is ~56%.  Based on 

these curves the decomposition process of 7b is unclear and more studies will need to be 

done to fully understand how heat affects this product.  
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Figure 110: TGA curve for 7b (left) unwashed (right) washed. 

Component copper dmp MeCN BF4
- 

Calcd - %mass in 7  
Based on [Cu(dmp)(CH3CN)]BF4 

15.90 52.11 10.72 21.72 

Table 55: Calculated %mass of components for 7b. 
 

Observed in the FTIR spectrum for product 7b, Figure 111, are bands associated 

with the stretching frequencies  O-H, C-Har, C-Hal, CN, C=Car, C=Nar and B-F; the expected 

ranges for peaks associated with these functional groups and the observed peaks are listed 

in Table 56.  In product 7b, there is a weak broad peak associated with water moisture in 

the sample; it is seen at ~3437cm-1.  One distinct peak for the stretching of the C-H aromatic 

functional groups associated with the dmp ligand at 3074cm-1 and two smaller peaks 

associated with the stretching of C-H aliphatic bonds at 3007cm-1 and 2945cm-1.  There is 

a small peak observed for nitrile stretching at 2289cm-1, which is slightly blue shifted from 

the copper precursor which showed its peak at 2274cm-1.  The C=C aromatic and C=N 

aromatic functional groups retain their peaks in the 1600-1450cm-1 range as expected.    The 

26.30%	
remaining 41.69%	

remaining
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B-F bond in the counter anion has an observed peak at 1049cm-1.  All peaks observed in 

7b are consistent with the solid state starting materials. 

 
Figure 111: FTIR spectrum for 7b. 
 

Functional	Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	7b																				
Observed	

Frequencies													
(cm-1)	

dmp																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		

O-H	Stretch	 3000-3600	 3437	 3442	 N/A	
C-H		(aromatic	)	stretch	 3010-3100	 3074	 3062	 N/A	

C-H	(alkane)	stretch	 2850-3000	 3007,	2945	 2987,	2956,	2922	 3010,	2945	

C=N	(nitrile)	stretch	 2200-2400	 2289	 N/A	 2274	
C=C	(aromatic)	stretch	 1600-1450																	1587	 1591	 N/A	

C=N	(aromatic)	stretch	 1550-1400	 1500	 1492	 N/A	
B-F	 1050-1100																		1049	 N/A	 1020	

Table 56: Expected and observed peaks for stretching frequencies of the functional 
groups present in 7b and the solid state starting materials. 
 
 The results from photoluminescent spectroscopy studies done on 7b in the solid 

state are presented in Figures 112 (at room temperature) and 113 (at 77K).  The intense 

yellow luminescence of 7b is recorded in the emission spectra as broad bands with 

$max=574nm at room temperature and $max=570 at 77K.  The excitation spectra at both 
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room temperature and 77K are broad with peak maximums at $max=444nm.  The room 

temperature and 77K excitation and emission spectra for 7b show nearly identical peak 

maximums. 

 
Figure 112: Photoluminescence spectroscopy for excitation (left) and emission (right) of  
product 7b in the solid state at room temperature  

 
Figure 113: Photoluminescence spectroscopy for excitation (left) and emission (right) of  
product 7b in the solid state at 77K.  
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3.2.7.3 Quenching studies of product 7b  

 It was noticed that when leaving Product 7 exposed to the air that the color of the 

product changed as well as the luminescence.  Over time, the yellow solid turned to an 

orange solid and the vibrant yellow luminescence it displayed became quenched.  Some 

preliminary studies were done to better understand what was happening.  The first 

noticeable observations were that the solventless product, 7b, changed over the shortest 

period of time.  For 7a, when the product was synthesized in acetone it was quenched much 

more slowly than the product synthesized in acetonitrile.   

 Initially, 7b was left exposed to air, Figure 114, and it was observed that the yellow 

color quickly changed to light orange in 15 min, but the intense yellow luminescence 

remained.  After 30 min of exposure, the orange color intensified.  Finally, after 20 hours, 

the color of the solid was a deep reddish color and no luminescence was observed. 

 
Figure 114: Images of the time-lapse study of the physical color changes and luminescence 
quenching of 7b by air. 
 
 Upon observing the color change and luminescence quenching of 7b in air, it was 

hypothesized that it was the water in the air that was the quenching agent.  Figure 115 

presents the images of a time-lapse study where by solid dry samples of 7a and 7b were 
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placed on a glass dish and the two samples at the top of the dish were left dry while the two 

samples at the bottom of the dish had 3 drops of water put on them.  Initially, the dry 

samples were yellow in color and displayed bright yellow luminescence under both short 

and long wave UV light.  After adding 3 drops of water to the bottom samples, with 7a on 

the left and 7b on the right, both wet samples began to turn orange and showed some 

variable luminescence while the dry samples remained yellow with intense yellow 

luminescence.  After 15 min of having water on the samples, the wet samples became dark 

brown and showed light orange luminescence and the dry samples both began to show 

small spots of orange color and again retained the intense yellow luminescence.  After a 

5.5 hour period the water on the wet samples dried; the “wet” samples were dark reddish 

brown and displayed no luminescence.  The dry samples were also dark reddish brown in 

color however, they retained luminescence, but it was less intense and more orange in tone.  

30 hours after initially adding the water the wet samples remained dark reddish brown with 

no distinguishable luminescence under short or long wave UV light and the dry samples 

continued to luminesce with much dimmer intensity and warmer tones. 
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Figure 115: Images of the time-lapse study of the physical color changes and luminescence 
quenching of 7 by water. 
 
 Since it is hypothesized that it is the water in the air that is changing Product 7 from 

yellow to orange and quenching the luminescence a reversibility study was done to observe 

the effects of short-term exposure to heat at ~140ºC.  Figure 116 shows the initial color 

changes observed as 7b is exposed to air on a glass dish: initially it presents as a chartreuse 

colored solid, after 45 min, the color has changed to orange, and by 1.5 hours, the color is 

a reddish brown.  After the initial 1.5 hour exposure to air, the glass dish with the sample 

was placed into an oven of ~140 ºC for 2 min.  The physical color of the solid returned to 

yellow and the luminescence under short wave UV light (285nm) was also yellow.  After 

the sample was removed from the oven, it was left exposed to air for 1 hour during which 

time it changed back to an orange color with a warmer luminescence.  The sample was 

again placed in the oven for 2 min, however the color was not changing as quickly, so the 

sample was left in the oven for a total of 4 min at which time the physical color returned to 

Time after	water	drops	added	= 1min																																																						15min	

7a											7b 7a									7b

Dry	samples

Wet	samples

Visible	light Long	wave	UV
light	(365nm)

Time after	water	drops	added	=								5.5	hr 30hr	

7a											7b 7a									7b

Dry	samples

“Wet”	samples

Visible	light Short	wave	UV
light	(285nm)

7a											7b

Long	wave	UV
light	(365nm)



	 148	

yellow and bright yellow luminescence was observed.  The cycle was attempted one more 

time and after leaving the sample exposed to air for 1 hour the color changed to orange.  

However, after leaving the sample in the oven for several minutes up to an hour, and 

checked on periodically, the physical color of the sample did not return to yellow.   

 
Figure 116: Images of the time-lapse study of the physical color changes and luminescence 
quenching associated with the of reversibility of this chemical change observed in 7b. 
 
 Elemental analysis was performed on two of the samples that had been exposed to 

air and left to turn orange.  Table 57 shows the original “actual” values obtained of C, H, 

and N% for 7a and 7b, the actual values for the samples after exposure to air, and the 

calculated values that represent speculated changes in the sample.  Based on the possibility 

that the quenching of 7 is reversible, it is probable that the samples were not completely 

quenched at the time of testing and therefore this analysis is simply to speculate as to what 

components from air are not only quenching 7a, but also changing the physical color.  We 

do not expect the values in this table to be an exact match because the samples tested are 

not pure products. 
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Based on calculated values of C, H, and N in 7 with various moles of CO2 and/or H2O 

added, it is conceivable that they both participate in the changes observed.  There is not a 

dramatic difference in the actual values of C, H, and N from the original sample to the 

quenched sample and all components see a decrease in percent mass.  The actual and 

calculated values for the quenched product of 7a show a relatively good correlation when 

the theoretical values include 1 mole of CO2.  For 7b, there is a more dramatic change and 

the actual values are extremely close to theoretical values that include both CO2 and H2O.   

[Cu(dmp)(phen)]BF4      7 C H N 

Actual in 7a 47.71 3.63 10.46 
Actual in 7a - quenched  47.02 3.57 9.68 
Calculated for 7 w/1CO2 46.02 3.41 9.47 
Actual in 7b - unwashed 44.18 3.88 9.96 
Actual in 7b – unwashed - quenched 42.31 4.01 8.86 
Calculated for 7 w/1CO2 & 2H2O  42.56 3.99 8.76 

Table 57: Elemental analysis for 7 when exposed to air. 
 
3.2.8 [Cu(phen)(dmp)]BF4 compound 8 

This product was synthesized and characterized in two ways: organic solvent 

mediation and solventless synthesis.  The following sections present the results and 

discussion for products 8a and 8b.  Based on the known structures and formulas for 

products 1 and 6, the proposed formula for 8 is [Cu(phen)(dmp)]BF4. 

3.2.8.1 Organic solvent mediation product 8a  

Using the formulas for compound 1 and 6 as a guide, the proposed formula of 

compound 8 is proposed to be [Cu(dmp)(phen)]BF4.  Table 58 shows the calculated values, 

based on this formula, and actual values obtained through elemental analysis for the percent 
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mass of C, H, and N in 8a.  The actual values for percent C, H, and N in the sample are a 

very good match to the theoretical values.   

[Cu(dmp)(phen)]BF4      8 C H N 

Calculated for 8a 57.96 3.74 10.40 

Actual in 8a 58.58 3.69 10.15 
Figure 58: Calculated and actual percent mass of C, H, and N in 8a. 
 

The results of TGA for 8a are shown in Figure 117 and the theoretical percent mass 

of the components of 8a in Table R57.  The TGA curve starts with a small mass loss of 

2.965%; this is possibly associated with excess ligand based on the temperature range.  The 

second mass loss is the largest with a decrease of 49.05% between 300-500ºC.  This 

decrease is very close to the theoretical mass percent of the phen and BF4
- combined to 

have  a theoretical combined mass percent of  49.55%.  The last decline represents a small 

decrease of 8.433%mass that is still in decline at the maximum observable temperature of 

1000 ºC.  This mass loss with the remaining percent mass of 39.54% is  equal to 47.97%, 

which is close to the theoretical combined mass percent of the copper and dmp at  50.43%. 
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Figure 117: TGA curve for 8a. 
 

Component copper dmp phen BF4
- 

%mass in 8  
based on [Cu(dmp)(phen)]BF4 

11.79 38.64 33.44 16.11 

Table 59: Calculated %mass of components for 8a. 
 

Observed in the FTIR spectrum for product 8a, Figure 118, are bands associated 

with the stretching frequencies of C-Har, C-Hal, C=Car, C=Nar and B-F; the expected ranges 

for peaks associated with these functional groups and the observed peaks are listed in Table 

60.  In product 8a there is one distinct peak for the stretching of the C-H aromatic functional 

groups associated with the dmp ligand at 3064cm-1 and one distinct peak associated with 

the stretching of C-H aliphatic bonds at 2837cm-1.  The C=C aromatic and C=N aromatic 

functional groups retain their peaks in the 1600-1450cm-1 range as expected.    The B-F 

39.54%	
remaining
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bond in the counter anion has an observed peak at 1051cm-1.  All peaks observed in 8a are 

consistent with the solid state starting materials. 

 
Figure 118: FTIR spectrum for product 8a. 
 

Functional	
Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	8a																					
Observed	

Frequencies													
(cm-1)	

dmp																																						
Observed	

Frequencies															
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		 		

O-H	Stretch	
3000-
3600	 -	 3442	 3361	 N/A	

C-H	(aromatic	)	
stretch	

3010-
3100	 3064	 3062,	3036	

3059	
N/A	

C-H	(alkane)	
stretch	

2850-
3000	 2837	

2987,	2956,	
2922	

N/A	
3010,	2945	

C=N	(nitrile)	
stretch	

2200-
2400	 -	 N/A	

N/A	
2302,	2274	

C=C	(aromatic)	
stretch	

1600-
1450																	1589	 1591	 1585	 N/A	

C=N	(aromatic)	
stretch	

1550-
1400	 1508	 1492	 1502	 N/A	

B-F	
1050-
1100																		1051	 N/A	 N/A	 1020	

Table 60: Expected and observed peaks for stretching frequencies of the functional 
groups present in 8a and the solid state starting materials. 
 

The results of electronic absorption spectroscopy for varying concentrations of 8a 

in acetonitrile are presented in Figure 119.  Five solutions of increasing concentration were 
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studied and all displayed bands characteristic of the π-acceptor capabilities of both the dmp 

and phen ligands.  The three most dilute solutions have resolved absorption bands in the 

UV range at ~227nm and ~269nm and a lower energy shoulder resulting from π-π* and 

MLCT transitions.  The middle concentration solution, light yellow in color, showed 

measureable absorption in the visible region with a broad band of maximum absorption at 

452nm.  This higher energy band in the visible region is indicative of the high energy 

required to overcome the HOMO LUMO gap in this product. The most concentrated 

solutions were orange and red in color and had strong broad absorption bands in both the 

UV and visible regions extending out to ~570nm.   

 
Figure 119: Electronic Absorption Spectra for various concentrations of product 8a in 
acetonitrile. 
 
 The results of 1H-NMR for 8a in deuterated acetonitrile are presented in Figure 120 

along with the structures of the ligands present in 8a with the protons labeled a-g.  This 
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mixed ligand product has two clusters of peaks in the downfield region of the spectrum.  In 

general, the hydrogens assigned to the phen ligand are shifted more down field than their 

dmp counterpart.  The most downfield peak at 8.954ppm is assigned to the hydrogen 

labeled “a” as it is the only hydrogen in close proximity to an electronegative, electron 

withdrawing, nitrogen atom.  The peak assignment for “b” is at 8.595ppm: it is the only 

triplet peak and represents the only hydrogen coupled by two nonequivalent hydrogens.  

Peaks “c” and “e” are doublet peaks with “c” being shifted down field at 8.112ppm and 

“e” at 7.825ppm: both “c” and “e” are the only protons coupled to one hydrogen atom.  The 

“h” protons from the methyl group are represented by a peak at 1.821ppm.  Product 8a was 

synthesized in THF and there are peaks for the CH2O and CH2 protons  of THF at 3.674 

and 1.812 respectively. 

 
Figure 120: 1H-NMR results for product 8a in CD3CN. 
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3.2.8.2 Solventless synthesis product 8b 

Table 61 shows the calculated and actual values obtained through elemental 

analysis for the percent mass of C, H, and N in 8b.  The actual values for percent C, H, and 

N in the sample are a very good match to the theoretical values calculated based on the 

hypothesized structure of compound 8.   

[Cu(dmp)(phen)]BF4      8 C H N 

Calculated for 8a 57.96 3.74 10.40 
Actual in 8b - washed 56.89 3.59 10.12 

Table 61: Calculated and actual percent mass of C, H, and N in 8b. 
 
 The results of TGA for 8b are shown in Figure 121 and the theoretical percent mass 

of the components of 8b in Table 62.  The TGA curve shows one large decrease in mass 

of 71.42% between 25-507.29ºC.  This decrease is very close to the theoretical mass 

percent of the dmp and phen ligand combined to have 72.08%mass.  The large decrease is 

followed by a small decrease of 7.066%mass that is still declining at the maximum 

observable temperature of 1000 ºC.  This mass loss with the remaining percent mass of 

21.51% is equivalent to the theoretical combined mass percent of the copper and 

tetrafluoroborate anion at 27.90%.  
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Figure 121: Results of TGA for product 8b. 
 

Component copper dmp phen BF4
- 

%mass in 8  
based on [Cu(dmp)(phen)]BF4 

11.79 38.64 33.44 16.11 

Table 62: Calculated %mass of components for 8b. 
 

Observed in the FTIR spectrum for product 8b, Figure 122, are bands associated 

with the stretching frequencies of C-Har, C-Hal, C=Car, C=Nar and B-F; the expected ranges 

for peaks associated with these functional groups and the observed peaks are listed in Table 

63.  In product 8b there is one small distinct peak for the stretching of the C-H aromatic 

functional groups associated with the dmp ligand at 3070cm-1.  The weak intensity of the 

C-H aliphatic stretching did not allow for observable peaks in the expected range.  The 

C=C aromatic and C=N aromatic functional groups retained their peaks in the 1600-

1450cm-1 range as expected.    The B-F bond in the counter anion has an observed peak at 

1053cm-1.  All peaks observed in 8b are consistent with the solid state starting materials. 

21.51%	
remaining
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Figure 122: FTIR spectrum for product 8b. 
 

Functional	
Group		

Expected	
Frequency	
Range															
(cm-1)	

Product	8a																					
Observed	

Frequencies													
(cm-1)	

dmp																																						
Observed	

Frequencies															
(cm-1)	

phen																																						
Observed	

Frequencies															
(cm-1)	

[Cu(CH3CN)4]BF4																																						
Observed	

Frequencies														
(cm-1)	

		 		 		 		 		 		

O-H	Stretch	 3000-3600	 -	 3442	 3361	 N/A	
C-H	(aromatic	)	
stretch	 3010-3100	 3070	 3062,	3036	 3059	 N/A	
C-H	(alkane)	
stretch	 2850-3000	 -	

2987,	2956,	
2922	 N/A	 3010,	2945	

C=N	(nitrile)	
stretch	 2200-2400	 -	 N/A	 N/A	 2302,	2274	
C=C	(aromatic)	
stretch	 1600-1450																	1587	 1591	

1585	
N/A	

C=N	(aromatic)	
stretch	 1550-1400	 1508	 1492	

1502	
N/A	

B-F	 1050-1100																		1053	 N/A	 N/A	 1020	
Table 63: Expected and observed peaks for stretching frequencies of the functional 
groups present in 8b and the solid state starting materials. 
 

40

50

60

70

80

90

100

60010001400180022002600300034003800

%	
Tr
an
sm

itt
an
ce
	(a

.u
.)

Wavenmuber (cm-1)

C-Har

C=Nar

C=Car

BF4-



	 158	

CHAPTER IV 

CONCLUSION 

This thesis has presented the successful synthesis and characterization of various 

copper phenanthroline complexes by utilizing traditional organic solvent based synthesis 

as well as “green” chemistry approaches though solventless synthesis.  Alterations in 

synthesis such as 1) molar ratio; 2) solvent; 3) recrystallization method; and 4) ligand 

substitution lead to the formation of several mononuclear copper(I), polynuclear copper(I), 

and mononuclear copper(II), and polynuclear copper(II) complexes (Figure 123). 

 
Figure 123:  Schematic representation of the synthesis of the compounds presented in this 
thesis. 

Cu
N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N

Copper 
Starting 
Material

phen
Ligand

Cu
N=CCH3

N=CCH3

+
BF4-H3CC=N

H3CC=N

Copper 
Starting 
Material

dmp
Ligand

N N

Compound 1

Compound 2
Compound 3

Compound 4

Compound 5

Compound 6

Compound 7

Compound 8



	 159	

4.1   Effects of Synthetic Medium: Solvent versus Solventless Synthesis 

 The effects of synthetic medium on the synthesis of several compounds were 

investigated by synthesizing the compounds in organic solvent, in water, or without solvent 

through mechanical grinding.  For compound 1, the results of characterization for each of 

the resulting products provides strong evidence that they are the same compound: 

[Cu(phen)2]BF4 with product 1a synthesized in organic solvent, product 1b synthesized in 

water, and product 1c synthesized without solvent by means of mechanical grinding.  The 

synthesis of product 1b, synthesized in water, provided the best yield.  The results from 

elemental analysis, TGA, FTIR and 1H-NMR are similar for the products obtained from 

the various synthetic routes.  The FTIR results for products 1a, 1b, and 1c are presented in 

Figure 124 where the nearly identical nature of the spectra is seen.  These results support 

the claim that all routes of synthesis lead to compound 1.  

Figure 124: Comparison of FTIR spectra for products 1a, 1b, and 1c. 
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DNA6, 45-47, 51-54.  In this thesis, it was found that the solid-state of compound 1 is black to 

the naked eye and shows broad absorption in the UV-Vis region of the electromagnetic 

spectrum.  This broad absorption indicates the potential for application as a black absorber 

in solar energy cells.   

 Compound 4, is a polynuclear copper(II) complex that was synthesized in a 1:1 

molar ratio of copper to phen.  The original synthesis of this compound was product 4a 

which was synthesized in organic solvent and resulted in directly forming x-ray quality 

crystals.  The best results from characterization of product 4a for elemental analysis and 

FTIR were obtained when the crystals were collected by simply pipetting out the solvent.  

The slightly wet product provided elemental analysis results where the differences in the 

percent carbon, hydrogen, and nitrogen from the calculated values based on the crystal 

structure were less than 0.3% from the actual values.  The FTIR spectra showed peaks 

representative of the vibrations associated with the expected functional groups of O-H, C-

Har, C-Hal, CN, C=Car, C=Nar, and B-F.  Attempts to wash this product consistently resulted 

in loss of crystallinity, which in turn resulted in unexpected elemental analysis and FTIR 

results.  Additionally, it was noticed that the retained crystal product, once dry, did not 

provide the expected results.  Upon synthesizing and characterizing compound 4 through 

the alternative synthetic routes of water mediation, product 4b, and solventless synthesis, 

product 4c, it was observed that the results of the dry or powder version of 4a closely align 

with the results of 4b and 4c.  Utilizing percent mass calculations and elemental analysis 

results (Table 64), there is evidence that the dry or powder 4a, 4b, and 4c do not retain the 

coordinated or free acetonitrile indicated in the x-ray crystallography results of 4a and the 
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data suggests that water is absorbed into the product.  For all three products, the TGA 

curves indicate similar percent mass losses with ~53-55% of the total mass of the product 

remaining when the temperature reaches ~550ºC.   

[Cu4(OH)4(phen)4(CH3CN)2](BF4)4	.	2CH3CN		 C	 H	 N	

Calculated		 43.27	 3.11	 10.81	

Actual	in	4a	-	wet	 42.99	 3.18	 10.92	

Actual	in	4a	-	dry	 39.24	 2.64	 7.52	

Actual	in	4b	 39.95	 3.10	 7.87	

Actual	in	4c	 38.64	 2.75	 7.91	

Calculated		(minus	-	4CH3CN	&	plus	+	4H2O)	 39.42	 3.03	 7.66	

Table 64: Comparison of the calculated values of C, H, and N based on the crystal structure 
of 4a, the actual values of C, H, and N obtained from elemental analysis of 4a – wet, 4a – 
dry, 4b, and 4c, and calculated values based on alterations from the crystal structure 
formula. 
 
 Compound 6 is a mononuclear copper(I) complex with two chelating dmp ligands 

and a BF4
- counter ion; this complex was previously published78 using different synthetic 

conditions.  The goal of this research was to develop “green” chemistry techniques to 

synthesize this known complex and to compare the results to what has been reported in 

literature.   

 Amongst the three products of compound 6, [Cu(dmp)2]BF4, reported here: 6a was 

synthesized in organic solvent, 6b was synthesized in water, and 6c was synthesized 

without solvent.  All three methods of synthesis result in bright orange solids with red 
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luminescence.  The results of TGA for products 6a, 6b, and 6c provided consistent results 

that showed a single mass loss of 71%, 70%, and 68% by ~530ºC respectively.  The nearly 

identical FTIR spectra (Figure 125) showcases the vibrational frequencies associated with 

the expected functional groups of compound 6: C-Har, C-Hal, CN, C=Car, C=Nar, and B-F.  

 

Figure 125: Comparison of FTIR spectra for products 6a, 6b, and 6c. 

According to literature compound 6 should have an absorption peak around 450nm 

and an emission peak between 660-700nm for room temperature solid state emission.78  

This range for peak emission, as reported, coincides with excess solvent or ligand retained 

within the crystal lattice: pure [Cu(dmp)2]BF4 has maximum emission at 700nm and excess 

solvent or ligand results in a blue shift towards 660nm.78   Product 6a has an absorption 

peak at 454 in acetonitrile and product 6b has an absorption peak at 459nm in chloroform; 

these values are consistent with the literature.   Comparative photoluminescent spectra are 

presented in Figure 126 for the room temperature emission of products 6a-c: product 6c 

had peak emission at 652nm, product 6a had peak emission at 675nm, and product 6b had 
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peak emission at 684nm.  The red luminescence reported for all 3 products is consistent 

with literature with the shifts in peak emission observed for products 6a-c attributed to 

impurities.  Elemental analysis results of carbon, hydrogen, and nitrogen content for 6a 

and 6b were in strong agreement with calculated values.  However, for 6c there was some 

indication of impurities.  Overall, based on the results of characterization there is strong 

evidence that compound 6 can be synthesized using “green” synthesis alternatives and as 

with compound 1, the water mediated synthesis produces the largest yield. 

 
Figure 126: Comparative photoluminescence spectra for the room temperature emission of 
products 6a-c. 
  

Compound 7 is a mononuclear copper(I) complex with one bidentate chelating dmp 
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characterization from elemental analysis, TGA, FTIR, and 1H-NMR of 7a are in strong 

agreement with the x-ray crystal structure and molecular formula.  Utilizing a “green” 

synthesis technique, product 7b was produced through solventless mediation by 

mechanical grinding.  The products obtained through the two synthetic routes have many 

strong similarities; however, there are also some differences.  The similarities provide 

strong evidence that these two products are polymorphs.  Starting with the synthesis of 7a, 

this product transforms from an orange colored solution to a solid yellow product.  The 

synthesis of 7b initially produces an orange solid, which then turns yellow, and eventually 

becomes a slightly greenish solid.  Both exhibit strong yellow luminescence, turn orange 

when dissolved in most solvents, turn orange in the solid state when left exposed to air, 

and have similar melting points at 320ºC and 319-326ºC for 7a and 7b respectively. The 

TGA curves for the two products show both similar and differing results.  The overall 

appearance of the TGA curves take on similar shapes and have mass losses at similar 

temperature ranges.  The initial mass loss for 7a occurs by 306ºC and the second by 585ºC; 

the initial mass loss for 7b occurs by 357ºC and the second by 540ºC.  However, the 

specific percentage of overall mass lost at each decrease does not show agreement between 

the two products.  Both 7a and 7b possess intense yellow luminescence at room 

temperature.  Figure 127 provides a comparison of the emission spectra of 7a and 7b at 

room temperature.  The solvent mediated product 7a has a maximum emission peak 

observed at 574nm while the solventless product is at 584nm: this is a red shift of 10nm 

observed for the solvent product 7a.  
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Figure 127: Comparative photoluminescence emissions spectra for products 7a and 7b at 
room temperature. 
 
 As mentioned, both complexes turn orange when exposed to air and as the 

appearance of orange solid occurs it eventually leads to quenching of the luminescence.  

The solventless product 7b has a stronger affinity for this change with color changes being 

apparent within 15 minutes.  The solvent product 7a appears to be much more stable with 

no noticeable change within two hours; after being left out overnight the product did show 

an observed color change from yellow to light orange.  Additionally, it was noticed when 

7a was synthesized in acetone is was less reactive to the air than when the product was 
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elemental analysis are not the same, these two products show similar results when 

dissolved in solvent, exposed to heat, exposed to air, and exposed to UV light.  Due to the 

intense yellow luminescence, this compound would be well suited for application as a 

sensor.  Specifically, the changes observed when compound 7 is exposed to water or air 

suggest it could be a good candidate as a sensor for water.  Additionally, the trigonal planar 

geometry of compound 7 showcases one chelating dmp ligand and due to this rare 

coordination environment, it was hypothesized that compound 7 could be a good precursor 

complex in the synthesis of mixed ligand complexes.  This idea was explored during the 

synthesis of compound 8. 

 The last compound synthesizes by both solvent and solventless mediation was 

compound 8: product 8a was obtained through organic solvent mediation and 8b was 

obtained through solventless mediation.  At this time, x-ray quality crystals have not been 

obtained for analysis, however, it is proposed that compound 8 is a mixed ligand 

mononuclear copper(I) complex with one phen and one dmp ligand each possessing 

bidentate chelation and a BF4
- counter ion.   Both products are non-luminescent dark brown 

solids that do not melt below 400ºC.  The results of TGA show that both products have 

large mass losses  between 0-525ºC however, the magnitude of the %mass losses are not 

in agreement: there is a 52% loss for 8a and 71% loss for 8b.  The FTIR spectrum for 

products 8a and 8b (Figure 128) are nearly identical with the intensity of the peaks 

observed for 8a being slightly greater in intensity than those of 8b.  
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Figure 128: Comparison of FTIR spectra for products 8a and 8b. 
 
 Overall, the results of characterization of products 8a and 8b provide evidence that 

compound 8 can be synthesized using organic solvent mediation as well as solventless 

mediation.  Utilizing product 7a as the precursor complex for compound 8 has shown the 

ability for new mixed ligand complexes to be synthesized.  To our knowledge, this is the 

first reporting of the non-substituted 1,10-phenanthroline ligand complexed with the 

substituted dmp ligand to form a mixed ligand compound.   

4.2   Copper Complexes with phen versus dmp 

 The compounds presented in this thesis are coordination complexes of copper with 

simple phenanthroline ligands.  The focus was on using the unsubstituted 1,10-

phenanthroline (phen),  in compounds 1-5, and the di-substituted 2,9-dimethyl-1,10-

phenanthroline (dmp), in compounds 6-7; compound 8 possesses one phen ligand and one 

dmp ligand.  Both ligands are highly conjugated and the effects of the π-π* transitions when 

these complexes absorb light energy is observed in electronic spectroscopy studies.  
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Comparisons of the UV-Vis spectra for the four copper(I) complexes 1a, 6a, 7a, and 8a 

are presented in Figure 129.  For the purposes of the following explanation, it is important 

to know that 1a has 2 phen ligands (bis-phen); 6a has 2 dmp ligands (bis-dmp); 7a has one 

dmp ligand; and 8a has one phen ligand and 1 dmp ligand.  All 4 complexes show similar 

features which are attributed to π-π* and MLCT transitions.  In the dilute solutions, the 

effects of the substituted dmp ligand are seen in the slight red shift of peak absorption 

(Figure 129, solid traces) that occurs in conjunction with the transition from 1a, bis-phen, 

to 6a, bis-dmp; this observation was found in previous work and was attributed to an 

increase in electron delocalization when the phen ligand is substituted, which requires less 

energy for the MLCT transition.34    

A second component to the energy state of the copper phenanthroline complexes is 

the flapping of the ligand, which distorts the geometry and changes the energy dynamic of 

the complex.  Unsubstituted phenanthroline complexes have little steric hindrances which 

allows the ligand to flap and the complex to flatten: the flattened state is a lower energy 

state.  As substitutions in the 2 and 9 position are introduced, steric hindrances are increased 

and the lack of movement allows the complex to have less observable changes in energy.  

In Figure 129, the concentrated solutions showcase this concept as a decrease in energy is 

observed through the transition from product 6a (bis-dmp), to product 8a (1 dmp and 1 

phen) to product 1a, (bis-phen).  This is the same trend we would expect to see based on 

steric hindrances and the flattening ability of the molecule. 
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Figure 129: Comparison of the electronic absorption spectra for dilute (solid trace) and 
concentrated (dotted trace) solutions of the copper(I) complexes 1a, 6a, 7a, and 8a. 
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ligand and the methyl groups of the dmp ligand in the 2 and 9 positions respectively.  
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Lastly, it was observed that cu-dmp complexes appear to be more stable in solution than 

cu-phen complexes. 

4.3   Effects of Modifying the Molar Ratio of Copper to Ligand in the Synthetic Route 

 Dramatic effects were observed when evaluating the effects of changing the molar 

ratio of metal to ligand within the synthetic protocol.  Figure 130 is a schematic 

representation of the effects of molar ratio: altering the molar ratio provides an opportunity 

for tunability within a system. 

 
Figure 130: Schematic diagram showcasing the dramatic effects of molar ratio in the 
synthesis of the copper phenanthroline complexes presented in this work. 
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Utilizing a synthetic route that included [Cu(CH3CN)4]BF4, phen, and acetonitrile 

in a sealed vial produced two very different complexes upon changing the molar ratio from 

1:2 (product 1a) to 1:1 (product 4a).  The 1:2 molar ratio produced a mononuclear copper(I) 

complex with 2 coordinating phen ligands: the black solid is has a 4-coordinate distorted 

tetrahedral geometry.  The 1:1 molar ratio produced a tetranuclear copper(II) complex with 

1 coordinating phen ligand on each copper and four bridging hydroxyl groups: the blue 

solid structure is 5-coordinate with irregular square pyramidal geometry.  Each compound, 

1 and 4, were successfully synthesized using “green” synthetic routes showing the same 

results attributed to altering the molar ratio in the organic solvent synthesis; these results 

were previously discussed in section 4.1. 

 Similarly, changing the molar ratio within the copper dmp protocol also resulted in 

dramatically different products.  Utilizing a synthetic route that included 

[Cu(CH3CN)4]BF4, dmp, and acetonitrile in a sealed vial produced two very different 

complexes when the molar ratio was changed from 1:2 (product 6a) to 1:1 (product 7a).  

The 1:2 molar ratio produced a mononuclear copper(I) complex with two coordinating dmp 

ligands: the orangish-red solid exhibits red luminescence and possesses 4 coordinate 

distorted tetrahedral geometry.  The 1:1 molar ratio also produced a mononuclear copper(I) 

complex, but this complex has one coordinating phen ligand and one coordinating 

acetonitrile: the solid product was yellow in color, exhibited intense yellow luminescence, 

and possessed trigonal planar geometry.  Each compound, 6 and 7, were successfully 

synthesized using “green” synthetic routes showing the same results attributed to altering 
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the molar ratio in the organic solvent synthesis; these results were previously discussed in 

section 4.1. 

4.4   Effects of Variation in Recrystallization Methods 

 Within the unsubstituted copper phenanthroline system, it was observed that slight 

changes in the recrystallization method could lead to dramatic differences in the resulting 

products.  Compounds 1, 2, 3, and 5 were all synthesized in a 1:2 molar ratio of copper to 

phen, however modifications in the recrystallization method including 1) addition of 

pyrazine; 2) evaporation; and 3) addition of chloroform resulted in three distinctly different 

products.  Figure 131 presents a side-by-side look at these products.  Compound 1 is 

included in Figure 131 for comparison purposes, but has been previously discussed in, 

great detail, and will not be talked about here. 
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Figure 131: Schematic representation of the effects of variations in recrystallization 
methods as seen in compound 2 (addition of pyrazine); compound 3 (evaporation); 
compound 5 (introduction of chloroform). 
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 Compound 2 transforms compound 1, a mononuclear molecular unit with two 

coordinated phen ligands into an inorganic copper analog to benzene.  Compound 2 is a 

highly conjugated, electron rich, hexanuclear cycle with each copper atom bridged to 

another copper atom by a cyano (CN-) group.  The formation of the µ-CN- is thought to be 

due to catalytic activity by compound 1 in cleaving the C-C bond of acetonitrile in the 

presence of pyrazine.  As discussed in chapter 1, the activation the C-C bond of acetonitrile 

to form µ-CN- has been reported for several copper complexes with all but one requiring 

heating in the form of reflux or hydrothermal conditions.  Not only have we presented 

catalytic activity, we have successfully done so at room temperature; this is unusual 

because the highly stable C-C bond of acetonitrile usually requires extreme conditions to 

successfully cleave it.  In addition to the unusual reaction that takes place to produce 

compound 2, compound 2 also demonstrates an interesting packing structure.  The π-π 

stacking between adjacent phen ligands of neighboring molecules results in an interlocking 

arrangement producing columns of space that could be used for trapping small molecules.  

Additionally, this compound has potential for application within a medical or biochemical 

field; the rich history of the Cu(phen)2
+/2+ ion demonstrates the affinity of copper 

phenanthroline for DNA and suggests that other copper phenanthroline complexes could 

be effective in this arena. 

 Compound 3 was produced when compound 1 was dissolved in acetonitrile and left 

to evaporate.  It should be noted that the structure for compound 3 was previously reported9, 

however the method of synthesis is vastly different: it this case it is the method of synthesis 

that provides the exciting potential for this product.  Exposing a solution of 1 in acetonitrile 



	 175	

to air allowed the H2O and CO2 from the air to absorb into the solution producing carbonic 

acid.  This series of events lead to the coordination of a carbonate ion (CO3
2-) to the copper 

transforming the 4-coordinate copper(I) ionic complex into a 6-coordinate copper(II) 

covalent complex.  The characterization of compound 3 was carried out on crystals 

synthesized as described here, product 3a, and on a powder product produced by bubbling 

pure CO2 into a solution of compound 1 in acetonitrile and water, product 3b.  The results 

of the characterization of 3a and 3b provide evidence that they are the same product: 

elemental analysis of C, H, and N content closely aligns with expected results, FTIR spectra 

are consistent and show peaks for the vibrational energy associated with CO3
2-, and UV-

Vis absorption peaks are found at 675nm for 3a and 680 for 3b.  Preliminary studies have 

been done showing the reversibility of the reaction where compound 1 absorbed CO2 and 

water to form compound 3, and after heating, returned to compound 1: FTIR spectra 

demonstrating the reversibility of this reaction is provided in Figure 132.  With the growing 

concerns over carbon dioxide in our atmosphere contributing to the warming of Earth, 

compound 1 and 3 are well suited for application in CO2 capture and with the reversibility 

of the reaction there is the potential to produce value added products if the carbonate can 

be collected.  Another potential for application is in CO2 sensing. 
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Figure 132: Comparison of the FTIR spectra for compound 1, compound 3, and compound 
3 after heating for analysis of the effects of heating on reversibility. 
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either of the solid state starting materials: this suggests that the Cl- comes from the 

chloroform solvent where CHCl3 exists in equilibrium with a dissociated Cl-. 

 

4.5   Influencing Factors on Crystals Structure  

Figure 133: Comparative results of x-ray crystallography for copper(I) complexes 
presented in this work: compound 2 (top), compound 6 (middle), and compound 7 
(bottom). 
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Figure 134: Comparative results of x-ray crystallography for copper(II) complexes 
presented in this work: compound 3 (top), compound 4 (middle), and compound 5 
(bottom). 
 
 Contributing factors to observed molecular structures include 1) oxidation state of 

the copper atoms; 2) ligands; 3) ionic or covalent nature; 4) solvent interactions; and 5) 

hydrogen bonding.  Figures 133 and 134 show the single molecule and packing diagrams 
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resulting from x-ray crystallographic analysis of compounds 2-7; the compounds are 

separated according the oxidation state of the copper atoms with Figure 133 showcasing 

copper(I) complexes and Figure 134 highlighting copper(II) complexes.  One of the most 

significant factors affecting the molecular structure of a molecule is the oxidation state of 

the central metal atom.  The copper(I) complexes in Figure 133 possess either 4-coordinate 

distorted tetrahedral geometry (compounds 2 and 6) or 3-coordinate trigonal planar 

geometry (compound 7).  The copper(II) complexes in Figure 134 have higher coordination 

numbers than the copper(I) complexes with compound 3 possessing 6-coordinate distorted 

octahedral geometry and compounds 4 and 5 being 5-coordinate complexes with irregular 

square pyramidal geometry and near regular trigonal bipyramidal geometry respectively. 

 Another highly influencing factor is the ligand.  In this research, it is observed that 

the bidentate, planar phenanthroline ligands conform easily to a 1:1 or a 1:2 metal to ligand 

ratio and in both cases, allow room for additional ligand coordination to the central copper 

atom.  The most interesting features of the influence the phenanthroline ligands have on 

these complexes is observed in the packing diagrams.  Phenanthroline ligands are 

polyaromatic ligands that find natural alignment though π-π stacking of adjacent 

phenanthroline ligands and neighboring copper centers.  The packing diagrams for all 

compounds presented showcase these  π-π stacking interactions: in compounds 2, 3, 5, and 

7 it is easy to see the π-π stacking as it results in parallel alignments of adjacent molecules.  

The influence of the methyl groups on the dmp ligand in compound 6 can be seen in the 

semi ordered arrangement of the packing diagram as compared to the highly-ordered 

arrangement observed in compounds 2, 3, and 5.   
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   Compounds 2 and 3 are covalent in nature and demonstrate highly ordered 

packing diagrams where the parallel π-π stacking of the phenanthroline ligands is easily 

observed.  The ionic compounds 4-7 also present in orderly arrangements, however they 

are more complex due to the addition BF4
- anions.  Some of these same complexes also 

retain solvent within the crystal lattice.  Whether it is through ions alone, solvent molecules 

alone, or ions and solvent together, networks of hydrogen bonding are the connections 

these copper cations utilize to form connecting layers.  Compound 7 nicely demonstrates 

the hydrogen bonding between the BF4
- anion and the hydrogens of both the dmp and 

acetonitrile ligands while compound 4 illustrates the complex yet orderly network of ions 

and solvent molecules working together. 

 Presented in this thesis are a collection of copper phenanthroline based complexes 

that have been successfully characterized and analyzed through the use of techniques 

including: single x-ray crystallography; elemental analysis; TGA; FTIR; UV-Vis 

spectroscopy; photoluminescence spectroscopy: proton NMR: and melting point.  Ligand 

substitution, molar ratio, and solvent environment have each played an important role in 

producing the variety of complexes presented and it is through these small changes that we 

see big impacts. 

Several of the compounds presented were synthesized utilizing various synthetic 

methods including organic solvent mediation, water mediation, and solventless mediation 

by mechanical grinding.  Through the characterization results, the products presented have 

been compared and contrasted to conclude if the various synthetic routes produced the 

same compounds.  In all cases, there is evidence to support the successful synthesis of 
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compounds 1, 4, 6, 7, and 8 using organic solvent mediation and solventless mediation.  

Additionally, products 1, 4, and 6 have also been successfully synthesized using water 

mediation.  This work is part of a larger effort to develop a technique for the successful 

solventless synthesis of organometallic complexes.  Organometallic complexes play a role 

in every aspect of our lives and it is important to provide meaningful research to help guide 

the synthesis of the materials in a “green” direction.  In addition to the reduction of waste 

that accompanies water and solventless mediated synthesis, all compounds reported in this 

research can be synthesized at room temperature, which provides a reduction in energy 

requirements. 

Copper phenanthroline complexes have been studied for decades and based on this 

research, I would project that they will be studied for decades to come.  There is limitless 

potential for modifying synthetic routes, which can result in the formation of novel 

complexes.  These complexes harness the potential to be utilized in a variety of applications 

such as medicine, solar energy, catalysis, carbon capture, and sensors to name a few.  Each 

complex possesses unique properties that are indicative of the arena for which it has the 

potential to be applied.  In some cases, these complexes can be applied in several areas as 

we see with compound 1, which has been used in studying DNA and has demonstrated 

catalytic ability, but also has potential in solar energy as a black absorber or in 

environmental chemistry through CO2 capture. The take home message this research 

provides is that there are many small modifications that can be made to a synthetic 

procedure to provide tunability within a system and choosing “greener” routes for synthesis 

can produce the desired products as well as provide a greener, cleaner, healthier world. 
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CHAPTER IV 

CONCLUSION 

This thesis has presented the successful synthesis and characterization of various 

copper phenanthroline complexes by utilizing traditional organic solvent based synthesis 

as well as “green” chemistry approaches though solventless synthesis.  Alterations in 

synthesis such as 1) molar ratio; 2) solvent; 3) recrystallization method; and 4) ligand 

substitution lead to the formation of several mononuclear copper(I), polynuclear copper(I), 

and mononuclear copper(II), and polynuclear copper(II) complexes (Figure 123). 

 
Figure 123:  Schematic representation of the synthesis of the compounds presented in this 
thesis. 
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4.1   Effects of Synthetic Medium: Solvent versus Solventless Synthesis 

 The effects of synthetic medium on the synthesis of several compounds were 

investigated by synthesizing the compounds in organic solvent, in water, or without solvent 

through mechanical grinding.  For compound 1, the results of characterization for each of 

the resulting products provides strong evidence that they are the same compound: 

[Cu(phen)2]BF4 with product 1a synthesized in organic solvent, product 1b synthesized in 

water, and product 1c synthesized without solvent by means of mechanical grinding.  The 

synthesis of product 1b, synthesized in water, provided the best yield.  The results from 

elemental analysis, TGA, FTIR and 1H-NMR are similar for the products obtained from 

the various synthetic routes.  The FTIR results for products 1a, 1b, and 1c are presented in 

Figure 124 where the nearly identical nature of the spectra is seen.  These results support 

the claim that all routes of synthesis lead to compound 1.  

Figure 124: Comparison of FTIR spectra for products 1a, 1b, and 1c. 
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DNA6, 45-47, 51-54.  In this thesis, it was found that the solid-state of compound 1 is black to 

the naked eye and shows broad absorption in the UV-Vis region of the electromagnetic 

spectrum.  This broad absorption indicates the potential for application as a black absorber 

in solar energy cells.   

 Compound 4, is a polynuclear copper(II) complex that was synthesized in a 1:1 

molar ratio of copper to phen.  The original synthesis of this compound was product 4a 

which was synthesized in organic solvent and resulted in directly forming x-ray quality 

crystals.  The best results from characterization of product 4a for elemental analysis and 

FTIR were obtained when the crystals were collected by simply pipetting out the solvent.  

The slightly wet product provided elemental analysis results where the differences in the 

percent carbon, hydrogen, and nitrogen from the calculated values based on the crystal 

structure were less than 0.3% from the actual values.  The FTIR spectra showed peaks 

representative of the vibrations associated with the expected functional groups of O-H, C-

Har, C-Hal, CN, C=Car, C=Nar, and B-F.  Attempts to wash this product consistently resulted 

in loss of crystallinity, which in turn resulted in unexpected elemental analysis and FTIR 

results.  Additionally, it was noticed that the retained crystal product, once dry, did not 

provide the expected results.  Upon synthesizing and characterizing compound 4 through 

the alternative synthetic routes of water mediation, product 4b, and solventless synthesis, 

product 4c, it was observed that the results of the dry or powder version of 4a closely align 

with the results of 4b and 4c.  Utilizing percent mass calculations and elemental analysis 

results (Table 64), there is evidence that the dry or powder 4a, 4b, and 4c do not retain the 

coordinated or free acetonitrile indicated in the x-ray crystallography results of 4a and the 
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data suggests that water is absorbed into the product.  For all three products, the TGA 

curves indicate similar percent mass losses with ~53-55% of the total mass of the product 

remaining when the temperature reaches ~550ºC.   

[Cu4(OH)4(phen)4(CH3CN)2](BF4)4	.	2CH3CN		 C	 H	 N	

Calculated		 43.27	 3.11	 10.81	

Actual	in	4a	-	wet	 42.99	 3.18	 10.92	

Actual	in	4a	-	dry	 39.24	 2.64	 7.52	

Actual	in	4b	 39.95	 3.10	 7.87	

Actual	in	4c	 38.64	 2.75	 7.91	

Calculated		(minus	-	4CH3CN	&	plus	+	4H2O)	 39.42	 3.03	 7.66	

Table 64: Comparison of the calculated values of C, H, and N based on the crystal structure 
of 4a, the actual values of C, H, and N obtained from elemental analysis of 4a – wet, 4a – 
dry, 4b, and 4c, and calculated values based on alterations from the crystal structure 
formula. 
 
 Compound 6 is a mononuclear copper(I) complex with two chelating dmp ligands 

and a BF4
- counter ion; this complex was previously published78 using different synthetic 

conditions.  The goal of this research was to develop “green” chemistry techniques to 

synthesize this known complex and to compare the results to what has been reported in 

literature.   

 Amongst the three products of compound 6, [Cu(dmp)2]BF4, reported here: 6a was 

synthesized in organic solvent, 6b was synthesized in water, and 6c was synthesized 

without solvent.  All three methods of synthesis result in bright orange solids with red 
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luminescence.  The results of TGA for products 6a, 6b, and 6c provided consistent results 

that showed a single mass loss of 71%, 70%, and 68% by ~530ºC respectively.  The nearly 

identical FTIR spectra (Figure 125) showcases the vibrational frequencies associated with 

the expected functional groups of compound 6: C-Har, C-Hal, CN, C=Car, C=Nar, and B-F.  

 

Figure 125: Comparison of FTIR spectra for products 6a, 6b, and 6c. 
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solvent or ligand results in a blue shift towards 660nm.78   Product 6a has an absorption 
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these values are consistent with the literature.   Comparative photoluminescent spectra are 

presented in Figure 126 for the room temperature emission of products 6a-c: product 6c 

had peak emission at 652nm, product 6a had peak emission at 675nm, and product 6b had 
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peak emission at 684nm.  The red luminescence reported for all 3 products is consistent 

with literature with the shifts in peak emission observed for products 6a-c attributed to 

impurities.  Elemental analysis results of carbon, hydrogen, and nitrogen content for 6a 

and 6b were in strong agreement with calculated values.  However, for 6c there was some 

indication of impurities.  Overall, based on the results of characterization there is strong 

evidence that compound 6 can be synthesized using “green” synthesis alternatives and as 

with compound 1, the water mediated synthesis produces the largest yield. 

 
Figure 126: Comparative photoluminescence spectra for the room temperature emission of 
products 6a-c. 
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characterization from elemental analysis, TGA, FTIR, and 1H-NMR of 7a are in strong 

agreement with the x-ray crystal structure and molecular formula.  Utilizing a “green” 

synthesis technique, product 7b was produced through solventless mediation by 

mechanical grinding.  The products obtained through the two synthetic routes have many 

strong similarities; however, there are also some differences.  The similarities provide 

strong evidence that these two products are polymorphs.  Starting with the synthesis of 7a, 

this product transforms from an orange colored solution to a solid yellow product.  The 

synthesis of 7b initially produces an orange solid, which then turns yellow, and eventually 

becomes a slightly greenish solid.  Both exhibit strong yellow luminescence, turn orange 

when dissolved in most solvents, turn orange in the solid state when left exposed to air, 

and have similar melting points at 320ºC and 319-326ºC for 7a and 7b respectively. The 

TGA curves for the two products show both similar and differing results.  The overall 

appearance of the TGA curves take on similar shapes and have mass losses at similar 

temperature ranges.  The initial mass loss for 7a occurs by 306ºC and the second by 585ºC; 

the initial mass loss for 7b occurs by 357ºC and the second by 540ºC.  However, the 

specific percentage of overall mass lost at each decrease does not show agreement between 

the two products.  Both 7a and 7b possess intense yellow luminescence at room 

temperature.  Figure 127 provides a comparison of the emission spectra of 7a and 7b at 

room temperature.  The solvent mediated product 7a has a maximum emission peak 

observed at 574nm while the solventless product is at 584nm: this is a red shift of 10nm 

observed for the solvent product 7a.  
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Figure 127: Comparative photoluminescence emissions spectra for products 7a and 7b at 
room temperature. 
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elemental analysis are not the same, these two products show similar results when 

dissolved in solvent, exposed to heat, exposed to air, and exposed to UV light.  Due to the 

intense yellow luminescence, this compound would be well suited for application as a 

sensor.  Specifically, the changes observed when compound 7 is exposed to water or air 

suggest it could be a good candidate as a sensor for water.  Additionally, the trigonal planar 

geometry of compound 7 showcases one chelating dmp ligand and due to this rare 

coordination environment, it was hypothesized that compound 7 could be a good precursor 

complex in the synthesis of mixed ligand complexes.  This idea was explored during the 

synthesis of compound 8. 

 The last compound synthesizes by both solvent and solventless mediation was 

compound 8: product 8a was obtained through organic solvent mediation and 8b was 

obtained through solventless mediation.  At this time, x-ray quality crystals have not been 

obtained for analysis, however, it is proposed that compound 8 is a mixed ligand 

mononuclear copper(I) complex with one phen and one dmp ligand each possessing 

bidentate chelation and a BF4
- counter ion.   Both products are non-luminescent dark brown 

solids that do not melt below 400ºC.  The results of TGA show that both products have 

large mass losses  between 0-525ºC however, the magnitude of the %mass losses are not 

in agreement: there is a 52% loss for 8a and 71% loss for 8b.  The FTIR spectrum for 

products 8a and 8b (Figure 128) are nearly identical with the intensity of the peaks 

observed for 8a being slightly greater in intensity than those of 8b.  
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Figure 128: Comparison of FTIR spectra for products 8a and 8b. 
 
 Overall, the results of characterization of products 8a and 8b provide evidence that 
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Comparisons of the UV-Vis spectra for the four copper(I) complexes 1a, 6a, 7a, and 8a 

are presented in Figure 129.  For the purposes of the following explanation, it is important 

to know that 1a has 2 phen ligands (bis-phen); 6a has 2 dmp ligands (bis-dmp); 7a has one 

dmp ligand; and 8a has one phen ligand and 1 dmp ligand.  All 4 complexes show similar 

features which are attributed to π-π* and MLCT transitions.  In the dilute solutions, the 

effects of the substituted dmp ligand are seen in the slight red shift of peak absorption 

(Figure 129, solid traces) that occurs in conjunction with the transition from 1a, bis-phen, 

to 6a, bis-dmp; this observation was found in previous work and was attributed to an 

increase in electron delocalization when the phen ligand is substituted, which requires less 

energy for the MLCT transition.34    

A second component to the energy state of the copper phenanthroline complexes is 

the flapping of the ligand, which distorts the geometry and changes the energy dynamic of 

the complex.  Unsubstituted phenanthroline complexes have little steric hindrances which 

allows the ligand to flap and the complex to flatten: the flattened state is a lower energy 

state.  As substitutions in the 2 and 9 position are introduced, steric hindrances are increased 

and the lack of movement allows the complex to have less observable changes in energy.  

In Figure 129, the concentrated solutions showcase this concept as a decrease in energy is 

observed through the transition from product 6a (bis-dmp), to product 8a (1 dmp and 1 

phen) to product 1a, (bis-phen).  This is the same trend we would expect to see based on 

steric hindrances and the flattening ability of the molecule. 
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Figure 129: Comparison of the electronic absorption spectra for dilute (solid trace) and 
concentrated (dotted trace) solutions of the copper(I) complexes 1a, 6a, 7a, and 8a. 
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Lastly, it was observed that cu-dmp complexes appear to be more stable in solution than 

cu-phen complexes. 

4.3   Effects of Modifying the Molar Ratio of Copper to Ligand in the Synthetic Route 

 Dramatic effects were observed when evaluating the effects of changing the molar 

ratio of metal to ligand within the synthetic protocol.  Figure 130 is a schematic 

representation of the effects of molar ratio: altering the molar ratio provides an opportunity 

for tunability within a system. 

 
Figure 130: Schematic diagram showcasing the dramatic effects of molar ratio in the 
synthesis of the copper phenanthroline complexes presented in this work. 
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Utilizing a synthetic route that included [Cu(CH3CN)4]BF4, phen, and acetonitrile 

in a sealed vial produced two very different complexes upon changing the molar ratio from 

1:2 (product 1a) to 1:1 (product 4a).  The 1:2 molar ratio produced a mononuclear copper(I) 

complex with 2 coordinating phen ligands: the black solid is has a 4-coordinate distorted 

tetrahedral geometry.  The 1:1 molar ratio produced a tetranuclear copper(II) complex with 

1 coordinating phen ligand on each copper and four bridging hydroxyl groups: the blue 

solid structure is 5-coordinate with irregular square pyramidal geometry.  Each compound, 

1 and 4, were successfully synthesized using “green” synthetic routes showing the same 

results attributed to altering the molar ratio in the organic solvent synthesis; these results 

were previously discussed in section 4.1. 

 Similarly, changing the molar ratio within the copper dmp protocol also resulted in 

dramatically different products.  Utilizing a synthetic route that included 

[Cu(CH3CN)4]BF4, dmp, and acetonitrile in a sealed vial produced two very different 

complexes when the molar ratio was changed from 1:2 (product 6a) to 1:1 (product 7a).  

The 1:2 molar ratio produced a mononuclear copper(I) complex with two coordinating dmp 

ligands: the orangish-red solid exhibits red luminescence and possesses 4 coordinate 

distorted tetrahedral geometry.  The 1:1 molar ratio also produced a mononuclear copper(I) 

complex, but this complex has one coordinating phen ligand and one coordinating 

acetonitrile: the solid product was yellow in color, exhibited intense yellow luminescence, 

and possessed trigonal planar geometry.  Each compound, 6 and 7, were successfully 

synthesized using “green” synthetic routes showing the same results attributed to altering 
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the molar ratio in the organic solvent synthesis; these results were previously discussed in 

section 4.1. 

4.4   Effects of Variation in Recrystallization Methods 

 Within the unsubstituted copper phenanthroline system, it was observed that slight 

changes in the recrystallization method could lead to dramatic differences in the resulting 

products.  Compounds 1, 2, 3, and 5 were all synthesized in a 1:2 molar ratio of copper to 

phen, however modifications in the recrystallization method including 1) addition of 

pyrazine; 2) evaporation; and 3) addition of chloroform resulted in three distinctly different 

products.  Figure 131 presents a side-by-side look at these products.  Compound 1 is 

included in Figure 131 for comparison purposes, but has been previously discussed in, 

great detail, and will not be talked about here. 
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Figure 131: Schematic representation of the effects of variations in recrystallization 
methods as seen in compound 2 (addition of pyrazine); compound 3 (evaporation); 
compound 5 (introduction of chloroform). 
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 Compound 2 transforms compound 1, a mononuclear molecular unit with two 

coordinated phen ligands into an inorganic copper analog to benzene.  Compound 2 is a 

highly conjugated, electron rich, hexanuclear cycle with each copper atom bridged to 

another copper atom by a cyano (CN-) group.  The formation of the µ-CN- is thought to be 

due to catalytic activity by compound 1 in cleaving the C-C bond of acetonitrile in the 

presence of pyrazine.  As discussed in chapter 1, the activation the C-C bond of acetonitrile 

to form µ-CN- has been reported for several copper complexes with all but one requiring 

heating in the form of reflux or hydrothermal conditions.  Not only have we presented 

catalytic activity, we have successfully done so at room temperature; this is unusual 

because the highly stable C-C bond of acetonitrile usually requires extreme conditions to 

successfully cleave it.  In addition to the unusual reaction that takes place to produce 

compound 2, compound 2 also demonstrates an interesting packing structure.  The π-π 

stacking between adjacent phen ligands of neighboring molecules results in an interlocking 

arrangement producing columns of space that could be used for trapping small molecules.  

Additionally, this compound has potential for application within a medical or biochemical 

field; the rich history of the Cu(phen)2
+/2+ ion demonstrates the affinity of copper 

phenanthroline for DNA and suggests that other copper phenanthroline complexes could 

be effective in this arena. 

 Compound 3 was produced when compound 1 was dissolved in acetonitrile and left 

to evaporate.  It should be noted that the structure for compound 3 was previously reported9, 

however the method of synthesis is vastly different: it this case it is the method of synthesis 

that provides the exciting potential for this product.  Exposing a solution of 1 in acetonitrile 
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to air allowed the H2O and CO2 from the air to absorb into the solution producing carbonic 

acid.  This series of events lead to the coordination of a carbonate ion (CO3
2-) to the copper 

transforming the 4-coordinate copper(I) ionic complex into a 6-coordinate copper(II) 

covalent complex.  The characterization of compound 3 was carried out on crystals 

synthesized as described here, product 3a, and on a powder product produced by bubbling 

pure CO2 into a solution of compound 1 in acetonitrile and water, product 3b.  The results 

of the characterization of 3a and 3b provide evidence that they are the same product: 

elemental analysis of C, H, and N content closely aligns with expected results, FTIR spectra 

are consistent and show peaks for the vibrational energy associated with CO3
2-, and UV-

Vis absorption peaks are found at 675nm for 3a and 680 for 3b.  Preliminary studies have 

been done showing the reversibility of the reaction where compound 1 absorbed CO2 and 

water to form compound 3, and after heating, returned to compound 1: FTIR spectra 

demonstrating the reversibility of this reaction is provided in Figure 132.  With the growing 

concerns over carbon dioxide in our atmosphere contributing to the warming of Earth, 

compound 1 and 3 are well suited for application in CO2 capture and with the reversibility 

of the reaction there is the potential to produce value added products if the carbonate can 

be collected.  Another potential for application is in CO2 sensing. 
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Figure 132: Comparison of the FTIR spectra for compound 1, compound 3, and compound 
3 after heating for analysis of the effects of heating on reversibility. 
 
 The third complex that resulted from modifications in the recrystallization method 

was compound 5.  It should be noted that compound 5 was previously reported in 

literature8, however the method of synthesis is very different, and the synthesis reported 

here is unique by comparison.  Instead of dissolving compound 1 in acetonitrile, a layering 

technique was used by dissolving the precursor copper complex in acetonitrile and phen in 

chloroform: it was through the introduction of chloroform that the transformation from 

compound 1 to compound 5 was able to occur.  Initially the layering produces compound 

1 which is clearly seen as the two starting solutions slowly diffuse together, however, over 

time the solution turned green and crystals of 5 were produced which included a 

coordinated Cl-.  Compound 5 is a mononuclear copper(II) complex with 2 chelating phen 

ligands and one coordinated chloro:  the solid product is green and the structure is 5-

coordinate with near regular trigonal bipyramidal. Chlorine is not found in compound 1 or 
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either of the solid state starting materials: this suggests that the Cl- comes from the 

chloroform solvent where CHCl3 exists in equilibrium with a dissociated Cl-. 

 

4.5   Influencing Factors on Crystals Structure  

Figure 133: Comparative results of x-ray crystallography for copper(I) complexes 
presented in this work: compound 2 (top), compound 6 (middle), and compound 7 
(bottom). 
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Figure 134: Comparative results of x-ray crystallography for copper(II) complexes 
presented in this work: compound 3 (top), compound 4 (middle), and compound 5 
(bottom). 
 
 Contributing factors to observed molecular structures include 1) oxidation state of 

the copper atoms; 2) ligands; 3) ionic or covalent nature; 4) solvent interactions; and 5) 

hydrogen bonding.  Figures 133 and 134 show the single molecule and packing diagrams 
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resulting from x-ray crystallographic analysis of compounds 2-7; the compounds are 

separated according the oxidation state of the copper atoms with Figure 133 showcasing 

copper(I) complexes and Figure 134 highlighting copper(II) complexes.  One of the most 

significant factors affecting the molecular structure of a molecule is the oxidation state of 

the central metal atom.  The copper(I) complexes in Figure 133 possess either 4-coordinate 

distorted tetrahedral geometry (compounds 2 and 6) or 3-coordinate trigonal planar 

geometry (compound 7).  The copper(II) complexes in Figure 134 have higher coordination 

numbers than the copper(I) complexes with compound 3 possessing 6-coordinate distorted 

octahedral geometry and compounds 4 and 5 being 5-coordinate complexes with irregular 

square pyramidal geometry and near regular trigonal bipyramidal geometry respectively. 

 Another highly influencing factor is the ligand.  In this research, it is observed that 

the bidentate, planar phenanthroline ligands conform easily to a 1:1 or a 1:2 metal to ligand 

ratio and in both cases, allow room for additional ligand coordination to the central copper 

atom.  The most interesting features of the influence the phenanthroline ligands have on 

these complexes is observed in the packing diagrams.  Phenanthroline ligands are 

polyaromatic ligands that find natural alignment though π-π stacking of adjacent 

phenanthroline ligands and neighboring copper centers.  The packing diagrams for all 

compounds presented showcase these  π-π stacking interactions: in compounds 2, 3, 5, and 

7 it is easy to see the π-π stacking as it results in parallel alignments of adjacent molecules.  

The influence of the methyl groups on the dmp ligand in compound 6 can be seen in the 

semi ordered arrangement of the packing diagram as compared to the highly-ordered 

arrangement observed in compounds 2, 3, and 5.   
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   Compounds 2 and 3 are covalent in nature and demonstrate highly ordered 

packing diagrams where the parallel π-π stacking of the phenanthroline ligands is easily 

observed.  The ionic compounds 4-7 also present in orderly arrangements, however they 

are more complex due to the addition BF4
- anions.  Some of these same complexes also 

retain solvent within the crystal lattice.  Whether it is through ions alone, solvent molecules 

alone, or ions and solvent together, networks of hydrogen bonding are the connections 

these copper cations utilize to form connecting layers.  Compound 7 nicely demonstrates 

the hydrogen bonding between the BF4
- anion and the hydrogens of both the dmp and 

acetonitrile ligands while compound 4 illustrates the complex yet orderly network of ions 

and solvent molecules working together. 

 Presented in this thesis are a collection of copper phenanthroline based complexes 

that have been successfully characterized and analyzed through the use of techniques 

including: single x-ray crystallography; elemental analysis; TGA; FTIR; UV-Vis 

spectroscopy; photoluminescence spectroscopy: proton NMR: and melting point.  Ligand 

substitution, molar ratio, and solvent environment have each played an important role in 

producing the variety of complexes presented and it is through these small changes that we 

see big impacts. 

Several of the compounds presented were synthesized utilizing various synthetic 

methods including organic solvent mediation, water mediation, and solventless mediation 

by mechanical grinding.  Through the characterization results, the products presented have 

been compared and contrasted to conclude if the various synthetic routes produced the 

same compounds.  In all cases, there is evidence to support the successful synthesis of 



	 181	

compounds 1, 4, 6, 7, and 8 using organic solvent mediation and solventless mediation.  

Additionally, products 1, 4, and 6 have also been successfully synthesized using water 

mediation.  This work is part of a larger effort to develop a technique for the successful 

solventless synthesis of organometallic complexes.  Organometallic complexes play a role 

in every aspect of our lives and it is important to provide meaningful research to help guide 

the synthesis of the materials in a “green” direction.  In addition to the reduction of waste 

that accompanies water and solventless mediated synthesis, all compounds reported in this 

research can be synthesized at room temperature, which provides a reduction in energy 

requirements. 

Copper phenanthroline complexes have been studied for decades and based on this 

research, I would project that they will be studied for decades to come.  There is limitless 

potential for modifying synthetic routes, which can result in the formation of novel 

complexes.  These complexes harness the potential to be utilized in a variety of applications 

such as medicine, solar energy, catalysis, carbon capture, and sensors to name a few.  Each 

complex possesses unique properties that are indicative of the arena for which it has the 

potential to be applied.  In some cases, these complexes can be applied in several areas as 

we see with compound 1, which has been used in studying DNA and has demonstrated 

catalytic ability, but also has potential in solar energy as a black absorber or in 

environmental chemistry through CO2 capture. The take home message this research 

provides is that there are many small modifications that can be made to a synthetic 

procedure to provide tunability within a system and choosing “greener” routes for synthesis 

can produce the desired products as well as provide a greener, cleaner, healthier world. 
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