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The phenomenon luminescence rigidochromism has been reported since the 1970s in 

tricarbonyldiimine complexes with a general formula [R(CO)3LX] using conventional unipolar 

diimine ligands such as 2,2;-bipyridine or 1,10-phenanthroline as L, and halogens or simple 

solvents as X. As a major part of this dissertation, microwave-assisted synthesis, purification, 

characterization and detailed photoluminescence studies of the complex fac-[ReCl(CO)3L], 1, 

where L = 4-[4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl]-N,N-diethylbenzenamine are reported. The 

employment of microwaves in the preparation of 1 decreased the reaction time from 48 to 2 

hours compared to the conventional reflux method. Stoichiometry variations allows for selective 

preparation of either a mononuclear, 1, or binuclear, fac-[Re2Cl2(CO)6], 2, complex. The 

photophysical properties of 1 were analyzed finding that it possesses significant luminescence 

rigidochromism. The steady state photoluminescence emission spectra of 1 in solution shift from 

550 nm in frozen media to 610 nm when the matrix becomes fluid. Moreover, a very sensitive 

emission spectral analysis of 0.1 K temperatures steps shows a smooth transition through the 

glass transition temperature of the solvent host. Furthermore, synthetic modifications to L have 

attained a family of ambipolar compounds that have tunable photophysical, thermophysical and 

other material properties  that render them promising candidates for potential applications in 

organic electronics and/or sensors - either as is or for their future complexes with various 

transition metals and lanthanides. 
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CHAPTER 1  

INTRODUCTION 

1.1 Overview of Dissertation 

The work reported in this document represents the studies performed by me in my 

doctoral career at the University of North Texas; a publication whereby I contributed peripherally 

and was credited with authorship for is not represented in this dissertation.1,2 The principal focus 

of this dissertation is on the synthesis and photophysical investigations of ambipolar ligands with 

a triazine core and their corresponding rhenium(I) carbonyl complexes. The synthetic 

methodology implemented the use of microwave-assisted organic synthesis, MAOS, which has 

proved to aid in attaining cleaner and faster preparation of the final products. Since the first 

MAOS publications,3,4 its employment in the synthetic organic research laboratories has 

increased exponentially.5 Moreover, applications to coordination chemistry have also been 

reported in the literature.6-9 The novel rhenium(I) poly-imine tricabonyl complexes prepared with 

this methodology have an octahedral structure with the ambipolar ligand acting as a bidentate 

(as opposed to tridentate despite having three N-donor positions, as found crystallographically – 

presumably due to steric considerations) and the carbonyl groups arranged in a facial geometry, 

whereas the X ligand tends to be a halogen or a coordinated solvent molecule; see Figure 1.  

Several of these complexes possess a photophysical phenomenon called luminescence 

rigidochromism.10  
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Figure 1.1 General formula of the rhenium polyimine tricabonyl complexes (left) that 

possess luminescence rigidochromism, where N^N is the polyimine ambipolar ligand with a 
triazine core (right). 

 
A major part of this dissertation entails a new manifestation of the luminescence 

rigidochromism phenomenon by a novel complex with an alternative ligand design from that 

employed in literature manifestations (which are typically associated with commercially-

available ligands). Based on the pioneering work by Wrighton et al.,11 luminescence 

rigidochromism entails a change in the emission energy and quantum yield of a complex as a 

function of the rigidity of its medium/matrix. The detailed luminescence studies in the solid state, 

fluid solution, and rigid media at various temperatures have led to the understanding and 

identification of the electronic transitions responsible for the radiative transitions and their 

photophysical parameters. Further, fluorescence spectroscopic studies of the novel ligands were 

performed to search for novel fluorescent organic materials. The hypothesis is that alterations in 

the functional groups attached to the pyrazolyl portion of the ligand may result in fine or coarse 

tuning in their structural and photophysical properties. Moreover, other properties such as their 

glass transition temperature, film formation capability, and solubility may also change 

significantly, which broadens the applicability of these ligands and complexes. Finally, the 
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photophysical results from these two families of materials provide insightful information 

regarding the thermodynamic properties of molecular glasses. 

Overall, the research work reported in this dissertation is divided into two main projects, 

discussed in Chapters 2 and 3, whereas Chapter 4 summarizes the conclusions, presents 

preliminary results on other related compounds and complexes, and some likely future directions 

of the research started in this dissertation.  

Chapter 2 addresses a detailed analysis of the luminescence rigidochromism 

phenomenon that is present in the rhenium complex with a formula ReL1(CO)3Cl, where L1= 4-

[4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-2-yl]-N,N-diethyl-benzenamine (R = CH3 in 

Figure 1, right). The original work by Wrighton et al. described detailed studies addressing how 

the emission of diimine tricarbonyl complexes have two major and non-equilibrated12 or 

admixed13 characters: intraligand, IL, and metal-to-ligand charge transfer, MLCT. Further studies 

regarding the effect of the typically monodentate anionic ligand X by Wrighton et al.13 show how 

the emission can be fine-tuned. A plethora of investigations of this type of complexes has been 

developed and reviewed by Lees14 and by Rillema and co-workers.15 The results reported in this 

manuscript are compared with examples form the literature addressing their differences and 

similarities. The luminescence rigidochromism phenomenon has also been demonstrated in 

other complex systems such as platinum(II) diimine dithiolate,16 rhodium(III) complexes,17  

hexakis(cyano-C)18 or poly-pyridine19 chromium(III)  complexes, pressure-based studies such as 

cuprous Iodide clusters,20 and ruthenium(II) polypyridyl21 complexes, whereas Omary and co-

workers reported it for cyclotrimeric copper(I) pyrazolate complexes22 in organic solvents and 

three-coordinate gold(I) phosphine complexes in aqueous media.23,24 Regarding the specific 
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complex in this manuscript, systematic photoluminescence studies were performed at various 

temperatures having the sample in the solid state, and in various solutions using transparent 

glass-forming solvents such as 2-methyltetrahydrofuran, ether/iso-propane/ethanol (ratio 5/5/2;  

typically designated “EPA”), and o-terphenyl. Detailed analysis of their multiple photophysical 

parameters such as absorption and emission maxima, radiative and non-radiative lifetimes, 

Stokes shifts, and luminescence rigidochromic and/or thermochromic shifts are presented. 

Chapter 2 also discusses the relationship between the nature of the near vicinity of the complex 

and its photoluminescence properties. 

Chapter 3 focuses on the systematic synthesis and fluorescence characteristics of 

pyrazolyl-triazine ambipolar ligands with various substituents; see Figure 1 (right). The synthetic 

methodological modification to the MAOS technique has reduced the reaction time of the 

ligands’ preparation.25  These ambipolar ligands and their analogues possess an electron rich 

part, the tertiary amine-substituted phenyl ring, and an electron-poor section, the triazine core 

and pyrazoly groups. The substituent alteration provides a means to tune the electronic and 

steric factors, hence the photophysical and structural properties of the ligands themselves and 

their corresponding complexes. 

The ligand modifications were done in the electron-poor portion of the ligand, namely 

the pyrazolyl groups. Detailed fluorescence studies in various conditions, such as solid powder, 

fluid or frozen solutions, and neat or doped films, show drastic variations in the 

photoluminescence spectral profiles.  In fact, these ambipolar fluorophores possess a different 

photophysical phenomenon called luminescence solvatochromism, giving rise to different 

emission spectra/colors and rendering the ligands as solvent polarity probes.  In addition, 
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mixtures of these compounds with specific ratios form homogenous thin films that have bright 

white fluorescence. Moreover, thermal studies of related molecules show the formation of 

molecular glasses26 that will facilitate the employment of the new compositions investigated 

herein for future materials applications. This chapter also discusses a rationalization of the effect 

of the various functional groups attached to the pyrazolyl on the physical properties. 

Finally, chapter 4 presents conclusions, preliminary results on other ligands and 

complexes and possible future directions of this work emphasizing specific pathways in both 

synthetic modifications for the ligands and/or complexes and the range of applications the 

existing or new synthetic targets could be used for.  

I have carried out a preliminary study for the metal-ligand combination in a Master of 

Science (MS) thesis. This Ph.D. dissertation represents a more comprehensive study whereby an 

improved synthetic route for not only the one ligand used in the MS thesis is performed but also 

the metal-ligand combination, in addition to detailed photophysical studies versus the 

preliminary study in the MS project. The latter photophysical studies also included significant 

variations in the medium with different melting and/or glass transition temperatures to 

investigate the possible fine-tuning of the rigidochromic photophysical changes over a broad 

temperature range. 

1.2 Microwave-assisted Synthesis 

Microwave-assisted organic synthesis, MAOS, has brought reduction of reaction time, 

increase in the percent yield, cleaner reaction conditions, and preparation of novel compounds 

not achieved by traditional oil bath heating.5  When a chemical reactions is ran using an oil bath 

the reaction mixture is gradually heated through the walls of the reaction vessel. See Figure 1.2. 
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Figure 1.2 Comparison between conventional and microwave heating 
 

The conventional heating methodology keeps a gradient in the reactions mixture being 

hotter near the walls of the reaction container and not as hot in the center of the vessel. On the 

other hand, microwave irradiation penetrates the walls of the reaction flask and directly heats 

the reactants/reagents mixture. Moreover, when localized “hot spots” might form during the 

microwave heating, high stirring with a magnetic bar allows their diffusion for a more 

homogeneous heating. 

Despite the great development of MAOS in organic chemistry research, its employment 

in the preparation of inorganic materials has not been as exploited.28 Some work in ceramics 

chemistry29 has been reported using microwaves as a source of heat at high temperature and 

pressures; however, the preparation of coordination complexes and organometallic compounds 

is still limited.6-8 Particularly, the vast number of synthetic procedures for rhenium(I) diimine 

complexes is still based on traditional reflux system heated by oil baths.10  Recently, Saji and 

coworkers30 reported the synthesis of novel rhenium complexes using MAOS; they shown better 

yields and results in the preparation of rhenium complexes with diimine ligands. By taking 

advantage of MAOS, the preparation of the rhenium diimine complex presented in chapters 2 
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was achieved in shorter time compared with the traditional oil bath heating. Finally, MAOS was 

also employed to faster prepare the novel family of ambipolar ligands presented in Chapter 3. 

1.3 Luminescence Rigidochromism 

The lowest excited state, which is responsible for luminescence rigidochromism in 

rhenium(I) complexes, reported by Mark Wrighton10 has typically been assigned as metal to 

ligand charge transfer, 3MLCT, and intra-ligand 3IL, emissions.31 A large portion of the fine-tuning 

has come from the modification of the substituents on the diiminie ligand;32 nonetheless, some 

interesting modifications in the spectator ligand have also been reported that show inter-ligand 

electronic processes.33 However, and despite the large number of rhenium diimine examples 

reported, the vast majority have phenantroline or bipyridine derivatives as the diimine ligand32 

whereas fewer examples form other heterocycles have been published, such as oxinates34 and 

tetrazoles35 to name a few. Moreover, the reported literature has mainly focused in the overall 

emission shift from frozen to fluid media while leaving out any detailed study near the glass 

transition temperature and/or melting point of the host solvent. Therefore, the 

photoluminescence studies in this dissertation present a drastic change of the ligand system 

employed to include non-typical dimine that are not commercially-available, and very detailed 

measurements near the glass transition temperature and melting points of multiple host 

solvents; the consequence of such studies on the temperature sensitivity and hypersensitivity to 

within 0.1 K has been investigated. Furthermore, host matrix materials that are solid at ambient 

temperature and liquefy at higher temperature upon heating as opposed to cooling have been 

investigated, which can potentially expand the range of practical applications for such 

luminescence rigidochromic materials (as most such applications require temperature probes 
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above room temperature instead of near cryogenic temperatures). Finally, and despite of the 

fact that luminescence rigidochromism is also present in various other systems,36 the scope of 

this work concentrates only on the use a rhenium(I) complex.  

1.4 Ambipolar Ligands 

The fast development in the use of organic materials for electronic device applications 

has largely pushed the synthesis of novel organic compounds as active semiconductors, 

dopants,37 or passive38 (e.g., insulating) components of various types of such devices.39 

Consequently, the usage of transition metal-containing organic molecules as semiconductors or 

other electronic device components has entailed recent competition with their main group 

counterparts.40, 41  Although the first organic electronic materials employed were conductive 

polymers,42 the preparation of small organic molecules for n-type and/or p-type semiconductors 

has grown.43  Additionally, a novel type of materials with both characteristics, n-type and p-type, 

also known as ambiplar materials,44 has started to be exploited. Consequently, more and more 

organic compounds have raised to the challenge for electronic applications such as OLEDs.45-48 

Ambipolar compounds possess an electro-rich and an electron-poor portion, which allows for 

intramolecular charge transfer when electronically excited. These electronic transitions can be 

affected by modifications of the functional group in the molecule. Additionally, specific examples 

of triazine molecules have shown the capacity of forming molecular glasses,49, 50 which can lead 

to applications as dopants in OLED devices.51  The main ligand used for rhenium(I) complexes 

prepared in Chapter 2 of this manuscript can be synthetically modified to alter its fluorescence 

properties. Moreover, the systematically-prepared mixtures using modified ligands has allowed 
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the preparation of thin films with white photoluminescence, which is highly desired for light 

sources and back lighting of video display applications.  

Finally, Chapter 5 of this dissertation presents an overview of the conclusions of each 

project in preceding chapters as well as some proposals for probable future expansions of the 

entirety of this work in terms of both fundamental and applied research aspects. 
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CHAPTER 2  

LUMINESCENCE RIGIDOCHROMISM 2.0 WITH ± 0.1 K TEMPERATURE SENSITIVITY VIA A NOVEL 

RHENIUM(I) COMPLEX WITH AN AMBIPOLAR LIGAND AND SUPERIOR CHROMOPHORIC 

CHARACTERISTICS 

2.1 Introduction 

The original work by Wrighton1 and coworkers in rhenium complexes with formula fac-

[ReCl(CO)3L], where L= phenantroline or 2,2’-bypyridine, pioneered the “luminescence 

rigidochromism” phenomenon in coordination compounds. See Figure 2.1. 
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Figure 2.1 General structure of the rhenium diimine carbonyl complexes with the typical 
synthetic modifications 

 

This classic example has its lowest excited state made up of several components2 while 

going from rigid to fluid media; these energy levels are the 3MLCT*, 3IL* and the admixture of the 

two: 3MLCT*/3IL*. Figure 2.2 shows the qualitative typical behavior of the 3MLCT* energy level 

of a rhenium(I) diimine complex as the medium where it is dissolved becomes more rigid. The 3π-

π* level does not change its energy significantly, yet it can intermix with the 3MLCT* level if they 

become nearly degenerate and with similar symmetry.2 
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The 3MLCT* level can have higher energy than 3π-π*, near degenerate energy, or the 

lowest excited state for these rhenium(I) complexes depending on the nature of the diimine 

ligand that is attached. Based on the generic structure presented in Figure 2.1, a plethora of 

modifications3 have been done to the R1, R2 and R3 substituents. Additionally, although more 

limited, the use of mono-dentate3 ligands also change the complex’s electronic mechanisms. In 

addition, these luminescent complexes have direct probing applications such as in the curing of 

polymers,4 the hardiness of gypsum5 and sol-gel6 processes; also, there are other applications 

including catalysis,7 oxygen sensors,8 and dopants9 in luminescent devices to name a few. 

 Despites of the large amount of literature10 published on the emission changes from 

frozen media to fluid media, little attention has been put to the detailed process around the 

specific temperature where the major emission shift occurs.  Wrighton11 and coworkers reported 

a general monitoring of rigidochromism luminescence from 77K to room temperature; however, 

Figure 2.2 Qualitative schematic energy diagram of the MLCT and IL levels behavior 
under media change from rigid to fluid. The 3MLCT level is higher than 3π-π* (left) or near 

degenerate to it (right) in rigid medium 
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and to our best knowledge, further detailed studies at the glass transition temperature have not 

been published. Thus, this situation has motivated us to pursue a deeper study on not only the 

photophysics but also the preparation of novel rhenium(I) complexes with the generic formula 

RexClz(CO)yL1 where L1 = 4-[4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-2-yl]-N,N-diethyl-

benzenamine. Scheme 2.1 shows the general synthesis of the novel complex. 
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Scheme 2.1 General synthesis of the rhenium complexes using the microwave-assisted 
methodology 

 

The employment of an ambipolar ligand with greater conjugation of π moieties adds novel 

features to the complex herein; in fact, the larger extension of the π cloud along with the well-

separated electron-poor and electron-rich portions of the molecule position us to evaluate the 

relationship between the ground and excited states’ molecular/electronic structural changes on 

the one hand with the fluid and rigid medium surroundings on the other hand.12 

2.2 Synthesis 

Synthesis of fac-[ReCl(CO)3L1], (1). The preparation of this complex starts by dissolving 

0.2 g, (0.48 mmol), of L1 in 20 mL of freshly distilled diethyl ether followed by 0.086 g, (0.24 

mmol) of Re(CO)5Cl. The reaction was carried out in a microwave reaction tube equipped with a 

stirring magnet bar and purged with argon. The reaction mixture was then set at 40° C using 70 
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Watts of power with high stirring, 2 hours of reaction time, and extra air cooling. The product 

was an orange suspension which was filtered and washed with three 20-mL portions of hexanes. 

The crude solid was further purified by passing it through two silica gel chromatographic columns, 

the first column employs acetonitrile as the mobile phase, and the second column uses a mixture 

of toluene/dichloromethane/tetrahydrofuran, 1:3:1. 1H-NMR (500 MHz, CDCl3) δ 8.21 (d,2H), 

6.70 (d, 2H), 6.22 (s, 2H), 6.16 (s, 2H), 3.48 (q, 4H),2.90 (s, 3H), 2.69 (s, 3H), 2.58 (s, 3H), 2.33 (s, 

3H), 1.2 (t, 6H);13C-NMR (100 MHz, CDCl3) δ 196.2, 194.2, 191.4, 171.1, 163.4, 162.4, 156.8, 153.1, 

152.7, 146.62, 143.5, 132.9, 118.8, 112.7, 111.4, 111.3, 45.0, 16.0, 15.6, 14.11, 13.6, 13.2. 

Synthesis of fac-[Re2Cl2(CO)6L1], (2). The preparation of this complex was done employing 

the same procedure used for 1. However, the stoichiometry of the reaction was reversed using 

two equivalents of the compound Re(CO)5Cl, 0.86 g, (0.24 mmol) and one of the ligand L1, 0.05 

g, (0.12 mmol). The product was a red suspension which was also filtered and washed with three 

20-mL portions of hexanes. The crude solid was further purified by passing it through two silica 

gel chromatographic columns, the first column uses acetonitrile as mobile phase, and the second 

one uses toluene/dichloromethane/tetrahydrofuran, 1:3:1.  1H-NMR (500 MHz, CDCl3) δ 7.8 (d, 

2H), 6.8 (d, 2H), 6.2 (s, 2H), 3.5 (q, 4H), 2.8 (s, 6H), 2.6 (s, 6H), 1.2 (t, 6H); 13C-NMR (100 MHz, 

CDCl3) δ 194.7, 191.8, 190.5, 178.3, 162.8, 159.4, 152.4, 147.2, 132.2, 125.5, 114.4, 111.2, 45.0, 

16.2, 15.5, 12.3. 

2.3 Physical Measurements 

The photoluminescence set of experiments are based on the original conditions used on 

the classic complex by Wrighton11 and coworkers. Historically, one of the best solvents that form 

a clear glass is the mixture of isopentane, ethanol, and diethyl ether, also called EPA,13 with a 



18 

ratio of 5/5/2 respectively. Additionally, two other solvents, namely, 2-methyltetrahydrofuran14 

(2-MeTHF) and o-therphenyl15 (OTP) were also employed for further comparison. Diethyl ether 

was dried using equimolar quantities of sodium-benzophenone mixture following standardized 

procedures16 and degassed by bubbling argon through it for at least 15 minutes. 2-MeTHF was 

purchased in a sealed bottle and cannulated out using Schlenk techniques; it was then degassed 

using the pump-freeze-thaw technique. The compound OTP is a solid at room temperature, 

which gives a good comparison temperature range within its glassy stage. To prepare the sample, 

the OTP was gently warmed with a heat gun before added to a warm and dried volumetric flask. 

The UV-VIS absorption spectra were acquired using a Perkin-Elmer Lambda-900 double-

beam UV/Vis/NIR spectrophotometer. Photoluminescence spectra were collected with a PTI 

QuantaMaster Model QM-4 scanning spectrofluorometer equipped with a 75-watt xenon lamp, 

emission and excitation monochromators, excitation correction unit, and a PTM detector. All 

steady-state photoluminescence spectra reported in this manuscript were corrected for the 

detector wavelength-dependent response. The temperature-dependent analyses were collected 

with an Oxford, optical cryostat and employing liquid nitrogen or helium as coolant. 

2.4 Results and Discussions 

2.4.1 Synthetic Results 

Previous work on the original synthesis of these complexes has been reported in 

the master’s thesis17 of the author. Further modifications and improvements in the 

procedure include the substitution of the solvent from toluene, which has a high boiling point 

of 110.6° C to instead use dried diethyl ether with a boiling point of 34.6° C. Other typical 

procedures use somewhat higher boiling points solvents such as benzene,18,19 or methanol20 

for ionic complexes. 
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The procedure reported in this manuscript can be done at a temperature as low as 40°C and for 

only 1 hour. The substitution of the carbonyl ligands follows a cis geometry as reported by 

Zingales et al.18 where the first substitution occurs on one of the cis-carbonyls with respect to the 

chlorine atom. The second substitution also replaces another cis carbonyl ligand giving the final 

facial geometry of the tricabonyl rhenium compound. This process is accelerated using the more 

efficient microwave heating described in section 2.2. Additionally, higher purification was 

achieved by modifying the older purification methodology; in fact, the mother liquor passes 

through a first flash chromatographic column using only acetonitrile as an eluent and silica gel as 

stationary phase before the employment of a second column with a mixture of 

toluene/dichloromethane/tetrahydrofuran, 1:3:1 as eluent. The extra acetonitrile column gives 

an easier separation of the complexes. After the samples are dried under reduce pressure, X-ray 

quality crystals were grown by slow evaporation using toluene as solvent. The crystal structure 

for the mono-nuclear complex, fac-[ReCl(CO)3L1], is shown in Figure 2.3. 

 

Figure 2.3 Crystal structure of the complex fac-[ReCl(CO)3L1] 
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The structure or the fac-[ReCl(CO)3L1] complex shows the typical octahedral geometry 

with the three carbonyl ligands in the facial geometrical arrangement. Selected bond lengths and 

angles of the rhenium coordination sphere are summarized in Table 2.1.  

Table 2.1 Summary of selected bond distances and angles for fac-[ReCl(CO)3L1] 
 Distance/Å  Angle/Degrees 

Re-Cl 2.5064(8) Cl-Re-N1 79.25(6) 
Re-N1 2.213(2) Cl-Re-N2 86.07(6) 
Re-N2 2.166(3) Cl-Re-C1 92.15(11) 
Re-C1 1.920(3) Cl-Re-C2 94.20(12) 
Re-C2 1.910(4) N1-Re-C1 100.77(12) 
Re-C3 1.903(4) C1-Re-C2 87.19(14) 
C1-O1 1.147(4) C2-Re-N2 99.00(12) 
C2-O2 1.154(4) N2-Re-N1 72.94(9) 
C3-O3 1.154(4) C3-Re-N1 97.67(12) 

  C3-Re-C1 87.31(14) 
  C3-Re-C2 89.00(15) 
  C3-Re-N2 94.12(12) 

 

The bonding distances and angles around the coordination of the rhenium metal fall 

within a distorted octahedral geometry with minor deviations. As expected based on relative 

covalent radii, the rhenium-chloro bond is the longest bond distance at 2.5064(8) Å in complex 

1. The two rhenium-nitrogen and the three rhenium-carbon distances fall just above 2 Å whereas 

the carbon-oxygen triple bond of the carbonyl are around 1.1 Å. Regarding the angles on the 

equatorial portion of the coordination sphere, the N1-Re-N2 and the C1-Re-C2 are somewhat 

small at 72.94(9)° and 87.19(14)° respectively. These could be due to the forced position where 

the bidentate ligand needs to coordinate. Additionally, and consequently, the highly steric nature 

of the ligand might also force the two equatorial carbonyl ligands to come closer, making their 

bond angle smaller than that of an ideal octahedral geometry. Finally, the Cl atom is slightly tilted 

towards the diimine ligand, probably due to the electron-poor nature of the pyrazolyl groups. 
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2.4.2 Photoluminescence Study 

The photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in the 2-MeTHF shows 

the phenomenon luminescence rigidochromism. In fact, the emission peak appears at 560 nm at 

the highest temperature of the glassy medium, 96 K. On the other hand, in the lowest 

temperature of the fluid matrix, 100 K, the maximum emission appears at 610 nm. See Figure 

2.4. 
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Figure 2.4 Normalized photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in a 
10-3M 2-MeTHF solution at various temperatures 

 

The middle of the rigidochromic shift is located at 98 K is with a maximum emission of 585 nm 

(pink spectra in Figure 2.4); consequently, the temperature range from 97 to 99 K is the focus of 

study for both steady state luminescence spectra and lifetimes. The complete 

photoluminescence results are summarized in Table 2.2.  
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Table 2.2 Summary of photoluminescence lifetime of the complex fac-[ReCl(CO)3L1] in a 10-3M 
solution at various temperatures  
T/K λmax/exc/nm λmax/em/nm τ1/µs % τ2/µs % 

77.0 450 555 453 35.00 1108 65.00 
  595 442 44.08 1167 55.92 

90.0 450 556 444 33.97 1129 66.03 
  595 361 33.80 1042 66.20 

91.0 450 555 548 44.57 1119 55.43 
  595 419 37.98 1150 62.02 

92.0 450 555 532 40.43 1254 59.57 
  595 535 52.70 1317 47.30 

93.0 450 555 456 38.94 1123 61.06 
  595 471 45.98 1293 54.02 

94.0 450 555 427 39.37 1141 60.63 
  600 434 40.81 1287 59.19 

95.0 455 563 590 49.10 1460 50.90 
  600 476 49.81 1622 50.19 

96.0 455 565 333 37.82 1228 82.18 
  600 470 51.00 2966 48.00 

97.0 460 570 523 53.23 1528 46.77 
  600 293 35.09 2214 64.91 

97.1 450 570 673 56.79 1568 43.21 
97.2 450 570 729 59.82 1551 40.18 
97.3 450 570 634 64.07 1662 35.93 
97.4 450 570 657 61.21 1620 38.79 
97.5 450 575 591 49.75 1675 50.25 
97.6 450 575 585 47.94 1544 52.06 
97.7 450 575 623 60.48 1728 39.52 
97.8 450 580 438 48.46 1688 51.54 
97.9 450 580 402 38.68 1538 61.32 
98 450 580 709 67.74 2107 32.26 

98* 450 580 - - 1208 100 
98.1 450 585 142 42.79 1504 57.21 
98.2 450 585 425 46.02 1834 53.98 
98.3 450 590 672 38.85 2040 61.15 
98.4 450 590 531 51.95 2225 48.05 
98.5 450 595 571 44.67 2141 55.33 
98.6 450 595 467 38.83 2170 61.17 
98.7 450 600 621 45.36 2846 54.64 
98.8 450 600 289 40.12 2524 59.88 
98.9 450 600 402 41.57 2670 58.43 
99.0 450 600 530 43.77 2802 56.23 
99.5 450 600 790 50.2 3103 49.8 

100.0 450 608 - - 2920 100 
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In regards to the host-solvent, the glass transition temperatures of 2-MeTHF has already 

been reported experimentally14 at 91-98 K and 103 K whereas the theoretical21 studies place it in 

a range from 130 to 142 K.  In our results, the more drastic shift of the emission peak upon 

variation of temperature appears within the range of 97-99K. At the precipice of the glass 

transition window, 97 K, the temperature increments taken are reduced to 1/10 K every 20 min 

to allow thermal equilibrium. See Figure 2.5. The spectra show how the luminescence 

rigidochromic shift happens in a very narrow window from 97 to 99 K. Above and below those 

temperatures the emission shift changes at a very slow rate. Moreover, when looking “inside” 

the luminescence rigidochromic shift, Figure 2.5 (bottom), the maximum emission smoothly 

shifts from 569 to 601 nm, with an energy difference of 936 cm-1. 

Further scrutinizing of the energy of the emission peak shows a linear correlation between 

the peak maximum energy and the temperature within the narrow window of 97 to 99 K, see 

Figure 2.6. 

These results suggest that the complex undergoes a very smooth decrease in its rigid 

environment inside the very narrow range of 97-99 K. Consequently, the higher molecular 

freedom at 99 K allows the excited state to be stabilized by the solvent which has higher facility 

to move and properly solvate the 3MLCT* causing a decrease in its energy. Additionally, the 

luminescence rigidochromism happens exactly between the two glass transition temperatures 

reported using pure physical measurements as reported by Oguni14 and coworkers, 91 K and 

103K. In fact, they reported their results based on two cooling rates achieving two glass transition 

temperatures. The first being the alpha-glass transition temperature, 91 K in the liquid state 

whereas the second at 103 K in the metastable crystalline phase. 
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Figure 2.5 Normalized photoluminescence rigidochromic shift spectra of the complex 
fac-[ReCl(CO)3L1] in a 10-3M 2-MeTHF solution; (top) Close look at the rigidochromic shift and 

(bottom) Inside look at the transition point 
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Figure 2.6 Emission energy at λmax as function of temperature of the complex fac-

[ReCl(CO)3L1] in a 10-3 M 2-MeTHF frozen solution 
 

Regarding the luminescence lifetimes, the general trend reported in the literature11 

shows a drastic drop while going from rigid to fluid media. On the other hand, our detailed 

lifetime analysis presented in Figure 2.7 shows the opposite behavior while monitoring the close 

range of 90 to 105K. In fact, as we decrease the step size of temperature measured, the long 

lifetime (black squares) smoothly increases while crossing the glass transition temperature within 

the range of the two main Tg temperatures, 91-103K, as reported by Oguni14 and coworkers. This 

lifetime-increase comes from a drop on the knr due to the narrowing of the ground-state potential 

well while in freezing media. Furthermore, the excited-state potential well intersects the ground-
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state well at lower energy in glassy versus liquid media. Consequently, the value of knr is higher 

in the glassy media compared to the just reached fluid. 22-24 See Figure 2.7. 

 
Figure 2.7 Potential-energy diagram for ground (GS) and excited state(ES) of ClRe(CO)3(phen) 

 

Furthermore, the luminescence lifetime of the complex fac-[ReCl(CO)3L1] at 

temperatures lower than 98K does not significantly change as it does in the 97-99K range. See 

Figure 2.8. In fact, the sample shows two main lifetimes with values around 500 µs (35% 

contribution) and 1500 µs (65 % contribution). Additionally, and while looking “inside” the 

luminescence rigidochromic temperature at the very small range of 98.0 to 98.1 K, a very 

interesting point is found; the emission decay gives single lifetime values of 1208 µs at 98.0K and 

1444 µs at 98.1K (Figure 2.9, green stars). This single decay could be assigned to the energy level 

where the two lowest excited state, 3MLCT* and 3π-π*, are at near-perfect degeneracy and their 

equilibrium state can be fitted to a single exponential decay component as shown in Figure 2.10. 

Moreover, when the temperature reaches 98.2K or higher, the fitting will require a double-

exponential decay. See Figure 2.11 This stays consistent until the 3MLCT* level is only responsible 

for the emission. Finally, notice that the excitation of each run was kept in the range of 450 nm 

while the emission was done following the rigidochromic peak as it shifts from higher to lower 

energy. 
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Figure 2.8 Luminescence emission maxima lifetimes of the complex fac-[ReCl(CO)3L1] in a 2-

MeTHF solution at various temperatures 
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Figure 2.9 A close look at the luminescence emission lifetimes in the rigidochromic 

temperature range of the fac-[ReCl(CO)3L1] 
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Figure 2.10 Lifetime fitting of the single exponential decay for the (top) 98.0K and 
(bottom) 98.1K temperatures of the maximum emission peak done on a 2-MeTHF 10-3M fac-

[ReCl(CO)3L1] complex solution 
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Figure 2.11 Lifetime fitting of the double exponential decay for the 98.2K temperature 

of the maximum emission peak done on a 2-MeTHF 10-3M fac-[ReCl(CO)3L1] complex solution 
   

Figure 2.12 shows the schematic and qualitative description of the luminescence emission 

below, at, and above the glass transition temperature of 2-MeTHF. In general, the emissions at 

70, 98.0 and 98.1K are coming from an admixture of the two excited states; 3IL* and 3MLCT*. In 

fact, at 70K the major contributor is the triplet π-π* level while at 110K all the emission comes 

from the 3MLCT* level only. 

 
Figure 2.12 Qualitative description of the radiative decay levels as passing through the 

rigidochromic temperature 
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When passing the range from 98.0 to 98.1K, the two levels cross the point where they 

come to a degenerate state. The emission lifetime shows the single decay of 1508 µs at 9 8.1K, 

which is a temperature close enough to see the degeneracy of the two emitting energetic levels. 

In general, the change in the 3MLCT* has been rationalized by Lees;25 the less rigid the solvent 

surrounding the complex is, the more freedom the solvent has for rearranging to stabilize the 

excited triplet state and thus redshifts its emission. Moreover, and to our best knowledge, the 

results presented here are the first detailed experimental evidence to such statement. Finally, 

the temperature dependence spectra show drastic decrease in intensity after passing relatively 

far above the glass transition temperature of the solvent.11 

 
Figure 2.13 Photoluminescence Spectra of the complex fac-[ReCl(CO)3L1] in a 10-3 M EPA frozen 

solution at 77K 
 

Regarding the use of different solvents as host, the studies performed in the complex fac-

ReCl(CO)3L1 in two other different hosts show how the polarity of the solvent also affects the 

photoluminescence profile. Figure 2.13 shows the photoluminescence spectra of the complex 
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fac-[ReCl(CO)3L1] in the classic glassy EPA media at 77K. 

In frozen EPA solution (weighed dielectric constant: 6.63), the emission spectra of the 

complex fac-[ReCl(CO)3L1] shows a somewhat clear structured profile; there are three main 

emission peaks located at 505, 560 and 625 nm. The emission at 505 nm is only present when 

excited at higher energy, 365 nm, and the excitation scan based on that 505 nm emission peak 

does not show the 469 excitation peak. This could be due to the fact that with higher excitation 

energy the π-π* energy of the ligand is easily reached. The main peak at 560 nm is reached when 

the excitation energy is at 469 nm, and the low energy emission at 625 nm is present only when 

excited at 470 nm or lower energies. Additionally, there is a wavelength dependency in the main 

peak from 552 to 576 nm with a shift of 755 cm-1. Possibly, the 3MLCT* level and the π-π* are 

degenerate enough that some intermixing is occurring. Thus, when exciting with higher energy 

more π-π* character is present making it more blue-shifted. Furthermore, the fact that the 

emission shows a well-defined shoulder at 505 nm along with the mixture of levels, suggest that 

the mixing is not ideal. Next, Table 2.3 compares the reproduced value from the original Mark 

Wrighton’s complex and our fac-[ReCl(CO)3L1] at various temperature and dissolved in the EPA 

mixture. 

The complex fac-[ReCl(CO)3L1] shows overall the luminescence rigidochromism 

phenomenon between 90 and 120 K. On the other hand, the original Wrighton’s complex shows 

the shift extended broader in the temperature range from 120 to 298 K having the major change 

from 210 to RT. The overall rigidochromic shift from 77 K to 120 K for fac-[ReL1(CO)3Cl] is 1,163 

cm-1 while exciting with the low energy peak of 470. In contrast, Wrightons’s complex is 3,144 

cm-1 also using the low energy excitation of 460 nm. Typically, rhenium complexes show 
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luminescence rigidochromic shifts26 around 1,500 cm-1. Likewise, the temperature dependence 

studies of the fac-[ReCl(CO)3L1] complex in EPA also shows an interesting intensity behavior; the 

emission seems to keep its intensity constant at temperatures lower than the glass transition 

temperature of the solvent host. See Figure 2.14. Moreover, the maximum emission peak does 

not blue shift significantly below 90K. 

Table 2.3 Comparison of the luminescence properties of the complex fac-[ReCl(CO)3L1] and the 
original complex reported by Mark Wrighton in the in a 10-3M EPA solution 
fac-[ReCl(CO)3L1] ReCl(CO)3phen (phen = 1,10-phenanthroline) 

T/K Exc/nm Emi/nm τ/µs Exc/nm Emi/nm τ/µs  
77 470 560 749, 2027 460 549 7.35  
90 470 560 639, 1848 460 550 6.82  

120 470 590 476, 1602 460 550 3.84  
150    460 560   
180    460 560   
210    460 560   
250        
298    460 665   
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Figure 2.14 Photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in a 10-4 M EPA 

solution at various temperatures 
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Even though the solvent mixture EPA forms a very good glassy media27 upon fast cooling, 

its multi-solvent composition (diethyl ether, isopropyl and ethanol) makes it somewhat difficult 

to use when detailed spectroscopic studies are pursued in frozen media. Therefore, for solvent 

comparison other detailed studies were done using different solvents.  

The first alternative for solvent comparison is the already mentioned 2-MeTHF (dielectric 

constant: 6.97). The photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in rigid 2-

MeTHF shows a slight difference in his profile compared to the one in EPA. First, the maximum 

emission at 553 nm while exciting at 360 nm red-shifts to 570 nm when exciting at 470 nm with 

an energy shift of 539 cm-1. In addition, when excited at 360 nm, the shoulder at 505 nm appears 

in the emission spectrum. Also, the lower energy shoulder also appears at 610 nm when the 

excitation is at 470 nm. See Figure 2.15.  
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Figure 2.15 Excitation dependent photoluminescence spectra of the complex fac-

[ReL1(CO)3Cl] in frozen 10-3 M 2-MeTHF solution 



34 

The photoluminescence of the complex fac-[ReCl(CO)3L1] was then studied using another 

glassy host: o-therphenyl, OTP (dielectric constant: 0.0088).28 This solvent was chosen for being 

a solid at room temperature which allows measurements in the glassy media over a very large 

window of temperatures ranging from 70K to near 298K. See Figure 2.16.  
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Figure 2.16 Excitation dependent photoluminescence spectra of the complex fac-

[ReCl(CO)3L1] in frozen 10-4 M OTP solution 
  

The first experiment at 70 K shows structured photoluminescence spectra. However, this 

solvent shows a more prominent high energy emission, 527 nm, when excited with higher energy, 

365 nm. Additionally, the maximum peak, 580 nm, decreases drastically in intensity to below the 

high-energy peak of 527 nm; however, its blue shift only goes from 580 to 570 nm (308 cm-1).  
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The shoulder at lower energy, 624 nm, is also present when excited with the lowest energy, 470 

nm.   

Overall, the first two hosts, EPA and 2-MeTHF, have similar polarities based on their 

dielectric constants (663 and 693 respectively), and thus, when comparing their 

photoluminescence spectra, only minor change in wavelength dependency was found going from 

755 cm-1 in EPA to 539 cm-1 in 2-MeTHF. Furthermore, the OTP host which has a dielectric 

constant of 0.0088 produces the least wavelength dependency of the major emission peak. 

Additionally, OTP is the only one from this study that shows a more prominent presence of the 

high-energy emission when excited with higher energy. This could be caused by the fact that the 

aromatic rings of the OTP may have stronger interactions with the electron-rich portion of L1, 

stabilizing the ligand which then destabilizes the 3MLCT* level. 

While still in the glassy OTP media, but going from 70 to 230K, the luminescence intensity 

of the complex fac-[ReCl(CO)3L1] decreases gradually, showing a linear relationship between the 

emission intensity and temperature as shown in Figure 2.17. The error on the intensity of the 

emission is ±1500 arbitrary units while the temperature error is ±0.1 K. 

The change in temperature from rigid to fluid media also shows the expected 

rigidochromism phenomenon. However, due to the drastic intensity-drop and fracturing of the 

glassy OTP-host above its Tg, the luminescence rigidochromic shift is harder to see as shown in 

the normalized spectra shown in Figure 2.18. 
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Figure 2.17 Photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in a 10-4M OTP 

solution at various temperatures (top). Linear fit of the correlation between temperature and 
luminescence energy emission of the complex fac-[ReCl(CO)3L1] in a 10-4M OTP solution 
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Figure 2.18 Normalized Photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in 10-4M 

OTP while passing through the glass transition temperature of the solvent 
 

The main luminescence lifetimes of the fac-[ReCl(CO)3L1] in frozen OTP are graphed in 

Figure 2.19. The data shows a steady decay of the two main components of the main emission. 

These results also show a small but clear drop between 90 and 100K. This could be related to 

another phase transition on the OTP matrix. However, further studies need to be performed. The 

full summary of photoluminescence experiments is reported in Table 2.4.  The overall behavior 
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of the lifetimes in OTP is comparable to those from the EPA and 2-MeTHF by having two 

components and drastically decreasing when the temperature of the fluid media approaches RT. 
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Figure 2.19 Photoluminescence lifetimes of the complex fac-[ReCl(CO)3L1] in a 10-4M OTP 
solution at various temperatures. The error on each temperature is ±0.1 K 
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Table 2.4 Summary of the luminescence excitation and emission maxima, and lifetimes of the 
complex fac-[ReL1(CO)3Cl] in frozen OTP solution 

T/K λmax/exc/nm λmax/exc/nm τ1/µs % τ2/µs % 
70 365 527 137 74.6 493 25.4 

 470 573 194 68.49 618 31.51 
 490 625 204 62.80 735 37.20 

80 365 527 144 73.45 495 26.55 
 470 574 180 68.25 622 31.75 
 490 625 200 68.04 809 31.96 

90 365 527 132 73.35 473 26.65 
 470 574 157 66.46 614 33.54 
 490 625 187 61.39 714 38.61 

100 365 527 140 72.44 799 27.56 
 470 574 182 72.86 666 27.14 
 490 625 202 61.2 707 38.8 

110 365 527 140 75.17 491 24.83 
 470 574 155 63.53 562 36.47 
 490 625 154 60.49 684 39.51 

120 365 527 125 72.49 461 27.51 
 470 574 146 65.08 550 34.92 
 490 625 150 63.67 667 36.33 

130 365 527 134 72.04 466 27.96 
 470 574 142 65.77 553 34.23 
 490 625 201 69.77 781 30.23 

140 365 527 113 71.56 441 28.44 
 470 574 130 63.53 519 36.47 
 490 625 167 66.41 702 33.59 

150 365 527 132 68.59 432 31.41 
 470 574 143 68.95 558 31.05 
 490 625 135 65.86 629 34.14 

160 365 527 107 69.9 438 30.1 
 470 574 112 66.91 495 33.09 
 490 625 113 64.82 603 35.18 

170 365 527 134 72.82 469 27.18 
 470 574 143 75.27 750 24.73 
 490 625 119 66.43 599 33.57 

180 365 527 123 74.81 599 25.19 
 470 574 108 70.39 490 29.61 
 490 581 114 68.15 581 31.85 

190 365 527 136 79.78 524 20.22 
 470 574 118 73.19 503 26.81 
 490 625 127 71.13 604 28.87 
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Table 2.4 Summary of the luminescence excitation and emission maxima, and lifetimes of the 
complex fac-[ReL1(CO)3Cl] in frozen OTP solution (continued) 

T/K λmax/exc/nm λmax/exc/nm τ1/µs % τ2/µs % 
200       

 470 574 98.0 75.09 475 24.91 
 490 625 124 71.80 587 28.20 

210 365 527 77.5 70.01 458 29.99 
 470 574 87.6 78.41 470 21.59 
 490 625 97.6 74.45 572 25.55 

220 365 527 81.5 74.46 502 25.54 
 470 574 78.9 78.88 409 21.12 
 490 625 99.6 79.82 602 20.18 

230 365 505 100 78.42 552 21.58 
 470 574 87.0 76.76 399 23.24 
 490 625 81.7 80.23 515 19.77 

240 365 505 114 78.71 560 21.29 
 470 574 81.0 81.36 400 18.64 
 490 625 100 81.01 528 19.99 

250 365 505 87.2 74.73 396 25.27 
 470 574 72.40 84.35 352 15.65 
 490 625 94.51 84.46 482 15.54 

260 365 505 45.54 80.05 239 19.95 
 470 574 61.52 87.10 268 12.90 
 490 625 88.45 87.79 363 12.21 

270 365 505 131 96.27 940 3.72 
 470 574 42.4 72 245 245 
 490 625 142 100 -------- ------- 

280 470 574 36.7 100 -------- ------- 
 490 625 71.3 100 -------- ------- 
       

 

Overall, the photoluminescence lifetimes of the complex fac-[ReCl(CO)3L1] is composed 

of two major components below the glass transition temperature of the solvent host. As well 

stated in the literature25, this comes from two different excited state levels, 3MLTC* and 3IL*. 

When comparing the three host solvents, the results show how the nature of the solvent affects 

the emission spectra profile; in fact, the less polar solvent, OTP, shows that in the frozen media 

the high-energy emission is more prominent.  This is because frozen OTP destabilized the quite 
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polar 3MLCT*. Additionally, the phenyl rings on the OTP may stabilize the π-π* on the ligand 

making it easier to reach. Consequently, the emission has more IL contribution, making the higher 

energy emission the major contributor. 

On the other hand, when using a more polar solvent such as 2-MeTHF, the appearance of 

the higher energy emission is not as prominent. Even though the frozen polar solvent does not 

have enough freedom to stabilize the 3MLCT* level, it is not as drastic as the non-polar solvent. 

As the temperature rises above Tg, the 3MLCT* level drops well below the IL level becoming the 

only emitting state. Correlating these results with the physical glass transition temperatures 

reported for the two solvents employed, 2-MeTHF14,21 and OTP,28 we find that our results are in 

accordance with their findings. Additionally, this complex’s luminescent properties seem very 

dependent upon the orientation of the host while measuring the glass transition temperature; 

overall, the general polarity of the solvent needs to be carefully considered when studying the 

transitioning from fluid to frozen media.12 

In the solid state, the comparison between the low and high-temperature excitation and 

emission spectra shows a small shift of 658 cm-1 in the emission maximum which can be assigned 

to the presence of the phenomenon called luminescence thermochromism. See Figure 2.20. 

The temperature dependence excitation and emission spectra for the high-energy 

excitation show a similar profile. Table 2.5 summarizes all the photoluminescence data collected 

for the fac-[ReCl(CO)3L1] in the solid state with their corresponding lifetimes and percentage 

contribution on the emission peak reported in microseconds. The results show a drastic decrease 

in all the components of the lifetimes along with an increase in contribution from the shorter 

lifetime component. While following the lower energy shoulder, the lifetimes also follow similar 
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behavior as the main peaks.  The temperature dependent photoluminescence excitation and 

emission spectra of the solid sample are shown in Figure 2.21. 
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Figure 2.20 Normalized photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in the 

solid state at 70 and 200 K 
 

Table 2.5 Summary of the excitation, emission and lifetime photoluminescence results for the 
complex fac-[ReCl(CO)3L1] in the solid state at various temperatures 

T/K λmax/exc/nm λmax/exc/nm τ
1
 % τ

2
 % 

70 490 590 554 55.01 2058 44.99 
  656 1162 88.86 4443 11.14 

90 490 590 458 65.15 1772 34.85 
  656 328 67.23 2193 32.77 

110 490 590 329 71.85 1323 28.15 
  656 720 81.52 2709 18.48 
  605 491 70.27 1965 39.73 

130 490 590 297 81.27 1152 18.73 
  656 321 77.15 1711 22.85 
  605 426 81.95 1933 18.05 

160 490 615 358 84.36 1748 15.64 
  650 145 80.84 991 19.16 

200 513 615 138 79.47 847 20.53 
  650 123 88.08 1109 11.92 
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Figure 2.21 Photoluminescence spectra of the complex fac-[ReCl(CO)3L1] in the solid state at 

various temperatures 
 

Finally, the emission spectra show a gradual decay in the intensity with the disappearance 

of the shoulder at 640 nm, possibly due to a slightly higher 3MLCT* character as it rises in 

temperature and more thermal broadening is present. In fact, this temperature dependency is 

possibly caused by a loosening in the molecular packing of the complex at higher temperature. 

2.4.3 UV-VIS Absorption 

A UV-VIS absorption spectra comparison between the fac-[ReCl(CO)3Cl] in various 

solvents shows how the MLCT absorption band is sensitive to the polarity of the solvent.  See 

Figure 2.22. The inset in Figure 2.22 shows the UV-VIS absorption of the Ligand L1 in THF has the 

intramolecular charge transfer (CT) absorption at the 394 nm compared with the complex’s MLCT 

at 432 nm with a 2,233 cm-1 energy difference. Moreover, when comparing the complex’s spectra 

in various solvents, the maximum absorption peak redshifts as the solvent becomes more polar; 
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this suggests that the excited state is more polar than the ground state of the complex. Notice 

that toluene is a special case since its aromaticity can have important π-π interactions with the 

benzyl ring of the ligand; consequently, it would stabilize the excited state making the absorption 

peak more redshifted.  

 
Figure 2.22 UV-VIS spectra of the complexes fac-[ReCl(CO)3L1] in various solvents and the free 

ligand in THF (inset) in 10-5 M solutions 
 

2.5 Conclusions 

The preparation of the fac-[ReCl(CO)3L1] was optimized using microwave-assisted 

synthesis, extra cooling, and a low boiling point solvent. Additionally, the luminescence 

rigidochromism was analyzed in detail showing the presence of a smooth phase transition from 

97 to 99K in 2-MeTHF solvent. Furthermore, when the solvent media was changed to a very non-

polar host such as OTP, the major component of the emission is the IL level. Detailed analysis of 

the temperature dependence photoluminescence emission in OTP also showed a linear 
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relationship between emission intensity and temperature in an enormous range from 70 to 230K. 

After these results, further investigation is being performed by modifying the ambipolar ligands 

to search for further understanding of the electronics process of the rhenium complexes. 
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CHAPTER 3 

MICROWAVE-ASSISTE SYNTHESIS OF AMBIPOLAR POLY-IMINE COMPOUNDS AND THEIR 

PHOTOPHYSICAL PROPERTIES  

3.1 Introduction 

This chapter presents how the further synthetic modifications on the ligand L1 generated 

a small family of ambipolar compounds with versatile molecular glass-forming and photophysical 

properties. While in Chapter 2 the luminescent organometallic compound was hosted by a low 

molar mass organic molecular glass, such as 2MeTHF, chapter 3 focuses on the photophysical 

and thermophysical properties of the amorphous materials, namely the compounds L1 to L4. See 

Figure 3.1. 
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Figure 3.1 General structure of the compounds synthesized 

 

The substituents on the R position of the pyrazolyl groups show how hindrance and 

electron-withdrawing groups (EWG) affect the overall glass-forming and electronic properties of 

these analogous compounds. While going back to the literature, we find that some of the 

pioneering work regarding low molar mass organic glasses has been addressed by Rosenberg,1 

and Mikawa and coworkers.2, 3 Further fundamental studies regarding the relationship between 

their glass-forming capacity and the molecular structure of these compounds have been reported 

by Shirota.4 Additionally, great efforts in understanding their dynamics and thermodynamics 
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along with their connection to supercooled liquid has also been addressed.5-9 Furthermore, 

application-oriented research of amorphous materials on organic electronics strongly started to 

develop with the work by Stroghriegl,10 and Bassler;11 notwithstanding, main group based 

inorganic semiconductors have historically and deservedly dominated the “arena” of electronic 

devices largely relying on silicon and gallium-based materials.12  

Despite the early fundamental work on organic optoelectronics,13 devices based on 

mainly organic components did not start to develop until the work on conductive polymers.14 

Furthermore, and as inorganic semiconductors became an established area of research and 

develpment,15 three important directions of organic counterparts surged: Organic Field Effect 

Transistors, OEFT;16 Organic Light Emitting Diodes, OLEDs;17 and Organic Photovoltaics, OPVs.18 

In fact, organic semiconductors debuted in the “electronic devices arena” via way of conductive 

polymeric materials19, 20 and in small crystalline molecules21 where both presented their 

advantages and disadvantages.22   

 
 

 

 

  

 

Figure 3.2 General description of an OLED device 
 

Regarding the specific area of OLEDs, the door opened when Tang et al.23 reported the 

first complete functional OLED device. During the further developments in OLEDs, the approach 
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generally maintained a set-up built of separately arranged layers as shown by Figure 3.2. 

In general, an OLED device is designed through a series of stacked layers between an 

aluminum metal cathode and an Indium Tin Oxide, ITO, anode. In fact, the typical three-layers 

set up is made of a n-type24 material for electron transport functionality, a p-type25, 26 material 

for hole-transport, and an emissive material sandwiched between them.27, 28 However, reduction 

of the dopant efficiency from charge-transfer complex formation between the emissive material 

and the n/p-type layers29 has inspired researchers to simplify the three-layers set up to one mesh-

like layer involving emissive and hybrid n/p-type ambipolar organic strips30. This contemporary 

design has brought about advantages in the built up of OLEDs that incorporate novel ambipolar 

materials.  

In particular, small ambipolar organic compounds offer easy fine-tuning of the electronic 

properties,31 the capacity of forming amorphous solids4 that allows homogenous doping in OLED 

devices, and can be sublimed giving a more versatile and facile manufacturing process. 

Consequently, larger efforts in the synthesis of novel organic compounds has continued.31-37 

Finally,  a plethora of research has also been done on the engineering of OLED38, 39 devices, yet it 

is outside of the scope of the work presented in this chapter which concentrates on the synthesis 

and the required fundamental photoluminescence properties of ambipolar materials30 for 

applications on OLEDs.17 

The compound L1 described in Chapter 2 has already been reported as a good 

fluorophore with characteristics such as, high quantum yields, blue emission and an electronic 

ambipolar profile,40 making it a great candidate for OLEDs applications.41 Furthermore, as a 

triazine-core compound, L1 can be modified to gain the capability of forming an amorphous 
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solid.42 Additionally, the implementation of MAOS43 has reduced the reaction times and 

simplified the synthetic procedures; in fact, it allows to change the groups attached at the 

pyrazolyl sections producing drastic effects on the thermal and photophysical properties of the 

final ambipolar material. Herein, we report the further synthetic modifications of L1 that allows 

the fine-tuning of the needed properties for applications in organic electronics.44-47  

3.2 Synthesis 

The synthesis of the L1 was first reported by Chi Yang et al.40 and employed the formation 

of a potassium pyrazolate salt that would then react with an already prepared triazine-based 

precursor.48  This procedure requires drastic moisture-free conditions and freshly distilled 

solvents. The procedure reported herein uses a modified methodology based on published 

MAOS49, 50 that accelerates the reaction and does not require extremely dry conditions. In 

general, the reaction is performed in a 10-mL tube equipped with a magnetic bar and open to 

the atmosphere. Synthesis of all ligands herein involve two in situ steps that were performed in 

a CEM Discover class-S microwave reactor under similar heat, time, and power conditions as 

described for L1. Small procedure variations for each compound are described in their individual 

description section. 

L1.  The synthesis starts by putting 125 mg (1.3 mmol) of the 3,5-dimethylpyrazole and a 

slight excess benzyl chloride making sure they are well mixed before irradiation. Then, the 

reaction is set to reach 150° C using a maximum of 300 W of power for 10 minutes. After the N-

substituted pyrazole is formed, it is then passed through a short silica column using an eluent 

gradient from dichloromethane (DCM) to a 1 to 9 mixture of DCM/ethanol; column separation of 

this step is not necessary, but does simplify the purification of the final product. The solvent is 
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then removed using rotary vaporization to achieve an oil. Then, 0.4 equivalents of 4-(4,6-

dichloro-1,3,5-triazin-2-yl)-N,N-diethtylaniline, L1Cl, is added and pre-mixed into a slush before 

irradiation of 225W to reach 130 °C for 10 minutes.50 After the second step in the reaction is 

finished, the crude product is washed with hexanes to remove an unreacted intermediate, then 

further purification is done using a chromatographic column with a gradient of eluents from ethyl 

acetate, dichloromethane/hexanes (2/1) to finally Methanol and silica gel as stationary phase. 

1H-NMR (400 MHz, CDCl3) δ 8.39 (d, 2H), 6.72 (d, 2H), 6.08 (s, 2H), 3.46 (q, 4H), 2.85 (s, 6H), 2.35 

(s, 6H), 1.23 (t, 6H); 13C-NMR (100 MHz, CDCl3) δ 173.37, 163.98, 152.48, 151.59, 143.95. IR (ATR) 

2983, 2955, 2863, 1587, 1560, 1537, 1509. 

L2. The preparation of L2 followed the same procedure as L1; however, extra care should 

be taken since the 3,5-diisopropyl-1H-pyrazole is extremely hydroscopic to avoid incorrect 

stoichiometric measurements. The reaction uses 200 mg (1.3 mmol) of the 3,5-diisopropyl-1H-

pyrazole and the excess benzyl chloride in a microwave reaction flask. Then, 0.4 equivalents of 

L1Cl are well mixed with the substituted pyrazole before irradiation of 225W to reach 130 °C for 

10 minutes. The crude product is washed with hexanes and then purified using a 

chromatographic column with a mixture of toluene/dichloromethane/tetrahydrofuran with a 

3/9/1 ratio as eluent and silica gel as stationary phase. After the solvent was removed, the sample 

was kept in a desiccator under vacuum. 1H-NMR (400 MHz, CDCl3) 8.3 (d, 2H), 6.9 (d, 2H), 6.1 (s, 

2H), 4.2 (q, 2H), 3.3 (s, 6H), 3.0 (q, 2H) 1.3 (d, 6H), 1.2 (d, 6H), 1.1 (t, 4H); 13C-NMR (100 MHz, 

CDCl3) 176, 172, 164, 162, 155, 131, 105, 28, 27, 23, 22, 12. IR (ATR) 2965, 2923, 2867, 1375, 

1354, 1571, 1540, 1508, 1375, 1179, 1047, 984, 808. 
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L3. The synthesis starts by putting 265 mg (1.3 mmol) of the 3,5-bis(trifluoromethyl)-1H-

pyrazole, and the excess benzyl chloride also making sure they are well mixed before irradiation. 

Then, 0.4 equivalents of L1Cl  are well mixed with the substituted pyrazole before irradiation of 

225W to reach 130 °C for 10 minutes. Finally, the crude product is extracted with two 5 mL 

portions of tetrahydrofuran. Further purification is done using a chromatographic column with 

toluene/acetonitrile having a 3/1 ratio as eluent and silica gel as stationary phase. 1H-NMR (400 

MHz, CDCl3) 8.4 (d. 2H), 7.1 (s, 2H), 6.8 (d, 2H), 3.4 (q, 4), 1.2 (t, 6) 19F-NMR (CDCl3, CF2CO2H 

external reference) -58.25, -63.01. IR (ATR) 2918, 2849, 1560, 1379, 1133, 1030, 803.  

L4. First, the 3,5-di(tert-butyl)-1H-pyrazole was prepared using a conventional literature 

procedure.51 Next, the L4 formation synthesis starts by putting 234 mg (1.3 mmol) of the 3,5-

di(tert-butyl)-1H-pyrazole and the excess benzyl chloride making sure they are well mixed before 

irradiation. Then, 0.4 equivalents of L1Cl,  are well mixed with the substituted pyrazole before 

irradiation of 225W to reach 130 °C for 10 minutes. Further purification is done using a 

chromatographic column with a mixture of toluene/dichloromethane/tetrahydrofuran with a 

3/9/1 ratio as eluent and silica gel as stationary phase. 1H-NMR (400 MHz, CDCl3) 8.46 (d, 2H), 

6.88 (d, 2H), 6.19 (d, 2H) 3.45 (q, 4H), 1.31 (s, 9H), 1.25 (s, 9H).  

3.3 Results and Discussions 

3.3.1 Synthetic Results 

The MAOS of L1 reported in this manuscript, which employs a slightly modified literature 

procedures,49, 52 has prevented the usage of drastic dry tetrahydrofuran as solvent. Additionally, 

MAOS has reduced the reactions times from at least 6 hours40, 48  to 20 minutes. Furthermore, 
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this methodology was also implemented in the preparation of L2 to L4. The overall synthetic 

route of the ligands is summarized in Scheme 3.1. 
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Scheme 3.1 Synthesis of the Ligands L1 to L4 using MAS 

 
The first synthetic step on the formation of L1 can be used as example to show the 

formation of the N-benzyl substituted pyrazole intermediate that leads to our desired product. 

See Figure 3.3.  
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Figure 3.3 1H-NMR spectra that shows the formation of the 3,5-dimethyl-N-benzoylpyrazole in 

step one of the synthesis of the ligand L1 
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The 3,5-dimethyl-1H-pyrazole reacts with excess benzyl chloride to form the 3,5-

dimethyl-1N-bezylpyrazole. The 1H-NMR spectrum of a reaction’s mixture aliquot shows the clear 

formation of the N-substituted pyrazole intermediate as the signal for the H attached to the 

nitrogen (9.3 ppm) atom disappears and the two hydrogens atoms on the methyl groups split in 

two different 1H-NMR signals at 2.28 and 2.16 ppm. After the worked up of this intermediate 

compound in our synthesis, L1 is obtained presumably as seen on Scheme 3.2.49 

  
       

  

 

 

 

 

 

 

 

 

 

 

Scheme 3.2 Proposed mechanism for the formation of L1 
 

None of the intermediates in in Scheme 3.2 are isolated. The material is worked up 

towards the product. The same procedure was done for compounds L2-L4. 
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Regarding compound L3, the presence of the fluorinated methyl groups allows for a very 

fast and facile sublimation procedure that can further purify the material. The conditions used 

were a set temperature of 110 °C and vacuum with a pressure 10-5 Torr, for 12 hours giving a 

substantial quantity of pure L3.    

The compound L4 required the preparation of the precursor 3,5-di-(tert-butyl)-1H-

pyrazole before the first step in the synthesis. This pyrazole was synthesized and purified per 

literature.51 No further purification was done. See Scheme 3.3 for the synthetic description and 

Figure 3.4 for the 1H-NMR spectrum. 
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Figure 3.4 1H-NMR spectrum of the 3,5-tert-buthyl-1H-pyrazole 

 

In regards with the structure of each compound reported in this chapter, first the x-ray 

crystal structure for L1, which was grown from methanol, is detailed shown in Figure 3.5.  
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Figure 3.5 Crystal structure of the L1 grown from a concentrated methanol solution in a 
small vial by slow evaporation; hydrogens atoms have been remove on c and b for clarity 

 

When looking at the unit cell, two L1 molecules are stabilized by one molecule of water 

and one of methanol. See Figure 3.45a. Moreover, Figure 3.5b shows that there is a perpendicular 

alignment when going from one of the molecules to the other. If the packing is viewed from the 

axis intersecting the water and methanol molecules are located, we can see that L1 also aligns 

with itself in a face to face fashion as shown in Figure 3.5c. Further analysis of the face to face 

packing revels that the ligand has an off-centered packing; the electron-rich part of one molecule, 

the benzyl ring, faces the electron-poor portion, the triazyl ring, of its neighbor molecule. With 

distances between the centroids of 4.084 Å. 

Due to the low energy barrier of free rotation of the isopropyl groups, L2 did not form 

single crystals suitable for X-ray analysis. Regarding L3, its crystal structure reveals an opposite 

way of packing compared with L1; in fact, the molecules of L3 pack on a face to tail fashion, 

a b 

c d 



58 

contrary to what the face to face arrangement in L1. See Figure 3.6a.  

            

    

  

 

Figure 3.6 Crystal structure of L3 grown from a concentrated toluene/acetonitrile solution by 
slow evaporation; hydrogens have been removed for clarity 
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Notice that there is a molecule of toluene on the periphery of the molecular packing in L3. See 

Figure 3.6b. which presumable helps them stay together. A closer look at the linear packing of 

L3, Figure 3.6c shows that there is "an attempt to form a dimer” where two molecules are closer 

to each other with a distance of 4.037 Å while on the other side is and 4.077 Å. This is still a very 

small difference of less than 0.05 Å, yet it might be significant enough to play a role in the 

luminescence properties of the compound.  

Further analysis of the L3 crystal structure shows that the ligand has a stepwise alignment 

when seen from one of the “face to tail dimers” view as shown in Figure 3.6d. Additionally, we 

can also see how the arrangement is slightly off-center, yet it is not as drastic as L1. Moreover, 

the “bottom view” of the system allows us to see how the molecules of toluene are situated in a 

cavity near the fluorinated methyl groups closer to the center of the L3 molecule. This is 

somewhat expected since this is where the hydrophobic fluorinated methyl groups of each 

molecule are closer to each other. 

3.3.2 UV-VIS Absorption and Diffuse Reflectance Studies 

The UV-VIS absorption spectra of L1 to L4 in various solvents shows how the excited states 

can be fine-tuned based on functional group modifications. Figure 3.7 shows the UV-VIS 

absorption spectra of compounds L1 to L4 in a 10-5 M DCM solution. 

The lower energy peak from 380 to 420 nm corresponds to the CT band from the electron-

rich part of the molecule, to the electron-poor portion. The higher energy peaks from 255 to 260 

nm are assigned to the π-π* absorption band. It can clearly be observed that the CT of L3 has a 

drastic red shift in comparison with L1, L2 and L4. This can be rationalized as that excited state 

for the L3 is more polar than aliphatic counter parts. Moreover, when looking at the π-π* 



60 

absorption bands, the L3 has the higher absorption energy; the fluorinated methyl groups pull 

the electron density way from the main aromatic rings demanding higher energy to excite from 

π to π*. 
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Figure 3.7 UV-VIS absorption spectra of L1 to L4 in a 5X10-5M dichloromethane solution 

 

Additionally, when comparing only the L1 and L2 ligands, the L1 shows what it seems to 

be two band at high energy absorption, 260 nm. On the other hand, the L2 has a single broad 

band at 266 nm. This difference can be explained by the fact that the ligand L1 might form a 

dimer even in diluted solution and the double peak at 266 nm can be a combination of the 

monomeric and dimeric absorptions. Additionally, the CT absorption of L1 is slightly redshifted 

with respect of L2 also suggesting a dimer formation. On the contrary, the iso-propyl groups of 

the L2 have enough steric hindrance to avoid the dimerization. Finally, L4 shows a similar profile 
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as L1 and L2, yet its CT absorption peak broadens to the what would seem the addition of both 

CT from L1 and L2. Additionally, the CT of L3 does not change significantly from solvent to solvent. 

See Table 3.1. 

Table 3.1 Summary of the L1 to L4 UV-VIS absorption and diffuse reflectance results 
 Acetonitrile DCM  Eg/eV 
 λmax ε λmax Ε  

L1 379 23180 391 27510 0.064 
L2 379 27720 380 26500 0.073 
L3 413 83050 420 31500 0.065 
L4 391 24870 393 28500 0.069 

 

The diffuse reflectance spectra of the samples are shown in Figure 3.8. Compound L2 and 

L4 show a slightly larger tailing beyond 600 nm. This could be caused by the fact that the 

compound forms a better amorphous material and covers better the white surface of the sample 

increasing its absorbance slightly in to 600 nm range. Consequently, less light is reflected. On 

other hand, the L3 has a slightly broader profile probably due to the presence of the fluorinated 

methyl groups that can aggregate easier and might form extended “oligomeric structures.” As in 

Figure 3.6c. Moreover, the sharp declines at short wavelengths are due to strong sample 

luminescence in the solid state with an apparent increase in I versus I0 to attain fake negative 

absorbance in the range where the sample absorbs very strongly in the solution UV-Vis spectra. 

The maximum absorption in the solution samples represents the monomers whereas the 

dimerization/oligomerization usually leads to lower extinction coefficients that do not show 

negative values even though the sample could be extremely luminescent.  The complete UV-VIS 

absorption result on the L1 to L4 samples are summarized in Table 3.2. 
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Figure 3.8 UV-VIS-NIR diffuse reflectance spectra of the Ligands L1 to L4 in the solid form 

 

3.3.3 Photoluminescence Studies 

The photoluminescence results of compounds L1 to L4 are reported in various conditions 

including solid state, diluted solutions, and dropcast neat films. Specific and significant 

photophysical properties of each compound are addressed in detail. 

The compound L1 has been studied to a certain degree regarding its luminescence 

properties when complexed with lanthanides;40 however, detailed analyses on it as a free ligand 

have not been addressed. The photoluminescence spectra of L1 in the solid form is shown in 

Figure 3.7. 
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Figure 3.9 Photoluminescence spectra of L1 in the solid state at various temperatures 
 

The compound L1 has an excitation and emission profile with an emission peak at 475 nm 

and an excitation peak at about 432 nm. The sample has a Stoke shift of 2096 cm-1 at room 

temperature. L1 does not change its photoluminescence profile too drastically when cooled to 

77K; in fact, the emission spectrum only becomes slightly more structured with three more 

shoulder peaks at 500, 530 and 580 nm. The stoke shift decreases to 1,185 cm-1 when the 

temperature reaches 77K. The excitation spectrum also becomes slightly more structured at low 

temperature. The emission spectra of L1 on a dropcast thin film showed a broader emission with 

a clearly defined shoulder at 536 nm and the maximum peak at 488 nm, see Figure 3.10.  
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Figure 3.10 Photoluminescence spectra of L1 at various temperature in a drop cast thin 

film 
 

The overall profile of the emission spectra does not show any wavelength dependency 

while exciting at 337, 378 and 425 nm. The only difference is that the spectra varies in intensity 

just slightly. When performing the photoluminescence study of the L1 in a 2-MeTHF frozen 

solution, the emission spectrum is blue shifted to 427 nm in comparison with the solid state at 

473 nm at room temperature. Upon freezing the solution down to 77 K, the emission becomes 

narrower and slightly blue shifted to 425 nm. See Figure 3.11. 
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Figure 3.11 Photoluminescence spectra of the Ligand L1 in a 10-6 M 2-MTHF solution at 

298 K and 77 K 
 

Additionally, and interestingly, the CT excitation peak drastically red shifts from 393 to 

413 nm with energy difference of 1,232 cm-1 when going from fluid to solid media. This could be 

caused by the ground state being more polar than the excited state.53 The high-energy peak in 

the excitation spectrum is at 370 nm and could be assigned to the π-π* level. Table 3.2 shows the 

full detailed photoluminescence results of the L1 in a dropcast film.  

As the temperature rises, the lifetimes of the sample gradually decrease in a somewhat 

predictable trend. The lifetimes show two contributions, one long (≈20 ns) and one short (≈4 ns), 

the shorter one becomes the only present at higher temperature. 

Regarding L2, the material tends to form an amorphous solid quite easily, thus, for 

application in organic electronics, dropcast analyses are presented as the main vehicle of 

comparison. Figure 3.12 shows the photoluminescence spectra of L2 in a drop cast film at 70K.  
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Table 3.2 Summary of a L1 dropcast film photoluminescence studies at various temperatures 
T/K λmax/exc/nm λmax/exc/nm τ1/ns  % τ2/ns % 
70 337 485 9.13 83.8 44.01 16.17 

  535 12.18 73.4 47 26.6 
90 337 490 10.82 72.2 37.21 27.80 

  535 5.99 73.9 35.16 26.1 
120 337 495 9.31 81.9 37.05 18.11 

  535   30.88 100 
150 337 497 7.24 98.1 62.57 1.918 

  535   28.74 100 
180 337 500 10.7 74.8 36.02 1.918 

  535   23.47 100 
210 337 501 10.7 98.8 36.02 25.21 

  535 1.89 100   
250 337 504 3.46 100  9.20 

  535 2.84 100   
298 337 508 2.46 100   

 

The emission spectra of L2 in the drop cast film shows a somewhat broad shape with a 

maximum peak at 492 nm; these spectra are achieved by exciting at 337 and 375 nm. However, 

when the excitation wavelength is lower in energy, 435 nm, a blue shifted double peak appears 

at about 471 nm. Moreover, the photoluminescence spectra of the L2 dropcast neat film has a 

very drastic drop in its intensity when the temperature rises from 210 to 250 K. See Figure 3.13. 

This could be speculated to be a phase transition temperature. Additionally, the fluorescence 

lifetimes of L2 behave in a comparable way to L1; the low temperature emission has two main 

components around 4 and 20 ns. Furthermore, the main short lifetime ends up around 5 ns when 

the temperature reaches 250 K. The overall photoluminescence results are summarized in Table 

3.3. 
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Figure 3.12 Photoluminescence spectra of the L2 on a drop cast film at 70K 
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Figure 3.13 Photoluminescence spectra of the L2 dropcast neat film at various temperatures 
 

Table 3.3 Summary of the L2 dropcast photoluminescence studies at various temperatures 

T/K λmax/exc/nm λmax/exc/nm τ1/ns  % τ2/ns % 
70 337 470 2.16 89.67 14.42 10.33 

  490 5.20 100   
90 337 470 2.96 96.02 22.14 9.62 

  490 5.58 83.97 16.03  
120 337 470 4.60 90.38 22.14 9.62 

  490 4.01 94.19 5.81  
150 337 470 1.74 93.83 13.71 9.17 

  490 2.76 95.71 4.54  
180 337 470 1.75 91.92 10.5 8.08 

  490 1.78 93.33 5.29  
210 337 470 0.99 95.9 8.04 4.1 

  490 1.89 100 6.67  
250 337 470 5.63 100   

  490 1.361 100   
298 337 470     

 

Regarding the photoluminescence spectra at 70 K of L3, which is shown in Figure 3.14, it 

shows two main emission peaks at 555 and 527 nm. The signal at 555nm was obtained while 

exciting at 370, 465 and 480 nm while the peak at 527 was present with the higher energy 
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excitations of 370 and 465 nm. While monitoring the excitation spectra, all emissions showed a 

high-energy excitation peak of 370 nm. On the other hand, the low energy excitation maximum 

of 460 nm shows two main peaks that shift in function of the main fixed emission. In fact, the 

main emission peak at 555 nm gives a maximum excitation signal at 481 nm while the smaller 

higher energy emission at 525 gives a 461 nm excitation maximum. Further temperature 

dependence analysis for L3 with both emission peaks being monitored are reported Figure 3.15. 

Notice that the spectra have normalized intensity to clearly show the difference in the two main 

emission peaks. 
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Figure 3.14 Photoluminescence spectra of the L3 with in the solid state at 70 K 
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Figure 3.15 Normalized photoluminescence spectra of L3 in the solid state at various 

temperatures 
 

The emission spectra show a very interesting shift of emission from 68 to 120K. Before 

classifying it as luminescence thermochromism, this behavior might be a simple growth of 

another peak that comes for the more structured emission at lower temperature. However, the 

gaited emission study for the 68K spectra show that there are two well resolved spectra with very 

high differences in their lifetime and intensity. Figure 3.16 shows the two spectra taken at 

different delay times and sensitivities. 

The gated emission spectra analysis shows that the lower energy emission at 558 nm has 

a longer lifetime. This could be due to the much-tied packing in the solid state of the compound 

while the short lifetime comes only from the monomeric excitation and emission process. The 

results of the photoluminescence spectra for the dropcast L3 sample do not show any significant 
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changes in the emission profile at low temperature based on excitation wavelength as shown in 

Figure 3.17. 
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Figure 3.16 Normalized time-resolved photoluminescence spectra of the ligand L3 in the solid 

state at 68 K 
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Figure 3.17 Photoluminescence spectra of the Ligand L3 on a drop cast thin film at 70 K 
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Figure 3.18 Photoluminescence spectra of L3 on a drop cast thin film at various temperatures 

 

However, and as shown in Figure 3.18, the emission profile shows a combination of shift 

and intensity change as the temperature rises from 70 to 298 K. The sample shows the major 

emission peak at 512 nm at 70 K while at 180 K the maximum peak is at 533 nm with shift of 770 

cm-1. Moreover, as the temperature continues to rise, a new peak appears at 499 nm. This 

behavior could be caused to the packing loosening and a more monomeric emission forms at 

room temperature. The overall photoluminescence results are summarized in Table 3.4. 

In contrast with L1 and L2 the L3 neat film shows that the long lifetime survives from 70 

K to room temperature. This could be rationalized as that the affinity to self-assembly of L3 is 

stronger compared with L1 or L2. Even if the solvent evaporates fast while preparing the dropcast 

film, there is still enough time for L3 to partially self-assemble. 
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Table 3.4 Summary of the L3 dropcast film photoluminescence studies at various temperatures 
T/K λmax/exc/nm λmax/exc/nm τ1/μs  % τ2/μs % 
70 337 480 1.63 79.2 8.05 20.8 

  512 4.05 68.86 11.36 32.14 
  610 5.75 61.81 10.91 38.19 

90 337 480 2.90 76.3 12.97 23.7 
  512 7.12 93.13 109.9 6.874 
  610 2.45 62.08 12.07 37.92 

120 337 480 3.67 82.51 17.13 17.49 
  523 2.34 48.68 8.752 51.32 
  610 3.8 53.97 10.02 46.03 

150 337 480 1.29 64.42 7.08 35.58 
  526 3.65 75.36 13.15 24.64 
  610 2.75 74.76 12.68 25.24 

180 337 480 1.72 72.75 8.35 27.25 
  533 4.26 77.53 20.36 22.47 
  610 3.36 65.65 22.88 34.35 

210 337 480 2.34 36.35 5.06 63.65 
  535 2.35 71.88 11.79 28.12 
  610 1.88 61.28 6.775 38.72 

250 337 480 1.51 84.29 11.52 15.71 
  536 2.00 66.08 8.33 33.92 
  610 4.12 47.29 6.30 52.71 

298 337 480 1.75 89.12 12.66 10.88 
  535 2.44 91.52 28.65 8.47 
  610 1.63 84.2 11.77 18.8 

 

Regarding the overall properties of these new compounds, several integrated 

experiments were done. In fact, to continue the studies on L3, it shows a reach solvent dependent 

luminescence behavior. L3 tends to aggregate with itself rather strongly, so “oligomerization” in 

solution is plausible. This might be justified by the second emission peak that appears in the 

concentration dependence study shown in Figure 3.19 bottom. 
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Figure 3.19 Photoluminescence spectra of L3 in dichloromethane at various concentrations 

(top). Normalized concentration dependence photoluminescence spectra of L3 in cyclohexane 
(bottom) 

 

The compound L3 can be characterized as very polar, which makes it easy to dissolve in 

solvents such as dichloromethane. Additionally, as the excited sate is also polar due to the CT 

process, the emission maximum will be located at lower energy since the polar solvent stabilizes 
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the excited state. See Figure 3.19 top. On the other, hand, a non-polar solvent such as 

cyclohexane destabilizes the excite state making its emission redshifted compared to the 

dichloromethane solution. Additionally, the emission profile in dichloromethane does not show 

the presence on any other band nor shoulder that might suggest any aggregation Table 3.5 

summarizes the position of the maxima excitation and emission peaks in various solvents. 

Table 3.5 Summary of the photoluminescence studies of L3 in various 10-5 M solutions 
L3 λmax/exc/nm λmax/emi/nm 

Cyclohexane 413 422 
Diethyl ether 412 555 
DCM 424 575 

 

Regarding the behavior of the emission spectra in solution of compounds L1 and L2 we 

find that the maximum emission of L1 is located at lower energy versus L2 in a polar solvent such 

as acetonitrile. See Figure 3.20. Since L1 has smaller aliphatic substituents in the pyrazolyl groups 

in comparison with L2, the solvent interacts with the L1 excited state are easier and redshift its 

emission spectrum. Moreover, this can also be supported by the fact that two compounds have 

very similar emission profile in the solid state. 

The emission spectrum of L3 on the other hand bluehifts when dissolved in diethyl ether. 

The solvent is not polar enough to stabilize the L3 excited state makes the emission in solution 

blue-shifted with respect to the solid-state emission.   
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Figure 3.20 Photoluminescence Spectra of compounds L1, L2 and L3 in diluted solutions 
 

As these ligands are presumably good candidates for OLED applications, the luminescence 

quantum yield of these compounds a required measurement.  Table 3.6 summarizes the 

quantum yields of L1, L2 and L3 in solution and thin film.  

Table 3.6 Luminescence percent quantum yields for the compounds L1, L2 and L3 in a dropcast 
film and 10-5 M dichloromethane solution.  

Compound Thin Film Solution 
L1 73 80 
L2 5 29 
L3 45 4 

 

The quantum yield for L1 is reasonable high in both thin film and solution. This makes it a 

good emitter candidate as it keeps its efficiency in both conditions. Contrary, L2, performs very 

poorly, especially in the think film. This could be caused by fact that the iso-propyl groups 
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attached to the pyrazolyl are very loose enhance the non-radiative decay. Interestingly, L3 has 

the opposite behavior as L2. The good packing in the film due the strong interactions between 

each L3 molecule might reduce the molecular vibrations among them. This will make the film 

more rigid thus enhancing the radiative decay. On the other, the emission in solution is drastically 

quenched by the strong interactions between the L3 excited state and the solvent.  
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Figure 3.21 Photoluminescence spectra of the solution mixture composed by L1 and L3 
in dichloromethane 

 

Continuing with OLEDs application context, the pursuit for a white emitter is an important 

task. In the case of the materials presented in this chapter, a white emitting solution was found 

using the proper mixture of L1 and L3. See Figure 3.21. The white emission color comes from a 
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combination of the blue luminescence from L1 and the greenish yellow emission of L3. The 

mixture goes from 70 to 80% composition of L3 and the rest of L1 giving a range from “cold” to 

“warm” white emission. Further studies of various combinations are still being researched. 

Finally, the emission and excitation spectra of L4 in DCM shows it maxima at 388 and 447 

nm, respectively. This profile is not surprisingly comparable with L1 since the t-butyl groups on 

the parazoyl portion of L4 might just act as larger version of the methyl groups in L1. See Figure 

3.22. 
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Figure 3.22 Photoluminescence spectra of L4 in a 10-5 M dichloromethane solution 
 

3.3.4 Thermogravimetrical Analysis, (TGA) and Differential Scan Calorimetry (DSC)  

The thermogravimetrical analysis for the compounds L1 and L3 are shown in Figure 3.23. 

The analysis shows how the temperature range from 109 to 155 °C is optimal for the sublimation 
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of L1 while for L3 the best range is from 124 to 190 °C. 
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Figure 3.23 Thermogravimetrical Analysis of L1 with a heating rate of 5°C/minutes 
 

The two compounds have an overlapping temperature where both can be sublimed; 

therefore, easier processability in OLED fabrication could be achieved.  

Continuing the thermal analysis of these complexes, the DSC curve for L2 shows a complex 

behavior suggesting a meta-stable state based on the swing from an endothermic process at 69° 

C to an exothermic process at 84° C, then possible a glass transition temperature a near 100° C 

with its melting point at 160° C.  See Figure 3.24. Further detail analyses on these sample are still 

under way.  
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Figure 3.24 Differential scan calorimetric curve of L2 with a heating rate of 10 °C/minute 
 

Regarding L3, its DSC curve analysis seems more of a crystalline material with only its 

melting point showing at 183.51° C. See Figure 3.25. This behavior is somewhat expected since 

the material tends to from a well-packed crystalline solid as shown in section 3.24 in this chapter. 

Finally, it could be argued that the small step near 118° C could be considered as a glass transition 

temperature, yet further studies needs to be performed to assure its reproducibility.  
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Figure 3.25 Differential scan calorimetric curve of L3 with a heating rate of 10 °C/minute 
 

3.4 Conclusions 

In summary, the preparation of a novel family of ambipolar ligands has been achieved 

through MAOS with shorter reaction times and avoiding the need of drastic dry synthetic 

conditions. The photophysical properties of the material prepared show their promising 

preliminary characteristics for OLED applications such as bright and tunable luminescence, 

reachable sublimation temperature, and glass-forming capability. In fact, the mixture of 

compounds L1 and L3 show white color luminescence in solution while L2 has a turquoise 

emission as an amorphous thin film. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 Summary of Achieved Research 

The presented work in this dissertation “looks inside” the phenomenon luminescence 

rigidochromism. The clear connection between the glass transition temperature of the solvent-

host and the luminescent rhenium complex shows a smooth and narrow transition range from 

97 to 98 K. Additionally, when the presumable two emitting states, MLCT and IL, approach 

degeneracy, a single decay lifetime can be obtained.  Moreover, the polarity of the solvent-host 

also plays a key role in the luminescence profile. In fact, the non-polar solvent produces the 

largest contribution from in the ligand-based emission. 

The employment of microwave-assisted synthesis has allowed us to optimize the 

preparation of not only the novel rhenium complexes reported in Chapter II but also a new family 

of ambipolar organic compounds. In fact, these triazine-containing compounds were prepared 

without the necessity of drastic moisture-free conditions. After their purification, the 

photoluminescence and thermophysical properties of these materials make them promising 

candidates for applications on OLED devices. 

4.2 Future Directions 

The optimization in the synthesis of the ambipolar triazine-based compounds opens the 

door for the further preparation of substituted pyrazolyl compounds with a larger variety of 

substituents. See Figure 4.1. 
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Figure 4.1 Future ambipolar compounds with electron-donating and withdrawing groups 

 

These modifications will further tune its physical, electronic, and reactive properties. 

Thus, with a larger variation on electron-withdrawing and donating groups, a systematic 

Hammett study can be performed with respect to their UV-Vis absorption profiles. These new 

ligands could also be reacted with rhenium to form more luminescent rigidochromic complexes 

as reported in Chapter 2. In fact, a preliminary study performed in the complex fac-[ReCl(CO)3L2] 

shows how the iso-propyl groups on the ligand might hinder the complexes luminescence 

sensitivity to its surroundings. See Figure 4.2. 
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Figure 4.2 Normalized photoluminescence emission spectra of the complex fac-[ReCl(CO)3L2] in 
a 10-3M 2-MeTHF from 95 to 105 K with 1 K increments 
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When this preliminary result is compared with the luminescent rigidochromic profile of 

the fac-[ReCl(CO)3Cl] we find that the rigidochromic shift is smaller, going from 555 to 590 nm 

while the original complex goes from 555 to 617 nm. Additionally, the main change in the L2 

analogue happens from 98 to 103 K while the original starts at about 93 K and finishes at 101 K.  

Further modifications to the ligand attached might make the complexes soluble enough in more 

non-polar solvents hence broadening its capacity to study other solvent-host/guest systems.  

Replacing the 3 and 5 positions groups on the pyrazolyl group with 4-X (X=F/Cl/Br/I 

whichever possible) would increase/tune the e-deficiency and intermolecular interactions. 

Moreover, changing the positioning of R or X on the Pyrazolyl substituents (3-, 4-, and/or 5-) will 

also tune the e-deficiency. Additionally, substitution of the pyrazolyl itself on the L1 family with 

other heterocycles such as tetrazole or tetrazines will increase the e-deficiency, hence red-shift 

the absorption/emission of the intramolecular CT while the use of Imidazole will decrease the e-

deficiency and blue-shift the absorption/emission.  Consequently, the versatility of this materials 

can be focused to further application in OLED devices. As proven by Forrest and coworkers, the 

combination of fluorescent and phosphorescent materials can potentially lead to 100 percent 

efficiency. Moreover, as the L1 family has a very high sensitivity to its surroundings, its emission 

can be easily fine-tuned buy an appropriate OLED host material. In fact, and after complexation 

the systematic addition of negative ligands instead of the chloro (X) to fac-[ReCl(CO)3Cl] would 

also lead interesting electronic properties that might include LLMT and or LLMCT.3 These 

properties can also be exploit for the preparation of the emitter material in an OLED device. Even 

further steps can be taken to prepare carbonyl-free rhenium (I) complexes for applications on 

OLEDs. 
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  Regarding the synthesis of the triazine precursor,1 the main product in the original 

reaction shows an enormous potential for further bi- and tridentate ligands synthesis. Figure 4.3 

shows the 1H-NMR spectrum of the main product form the original reaction of diethyl aniline and 

cyanuric chloride. 
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Figure 4.3 Structure and 1H-NMR of the major product prepared reacting cyanuric chloride and 

diethylaniline 
 

Having a phenyl group in the electron-rich portion of the compound will drastically alter 

its photophysical and thermophysical properties. Moreover, the two other substitution sites left 

will allow further synthetic modifications as suggested for the original L1 family. Furthermore, 

these new compounds will also have the capacity to complex with rhenium and/or other metals 

increasing vastly the potential on fine-tuning the π-π* and MLCT emitting levels. 

With respect to the second step of the original reaction for the L1 to L4 preparation,2 the 

addition of only one pyrazoly group to the triazine core could directly affect the electronic 

properties of the rhenium complex as it presents less hindrance. See Scheme 4.1. 
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Scheme 4.1 Structure of a single-pyrazoly-triazine compound to complex with rhenium 

 

The MLCT process might become more exposed and be more sensitive to its surroundings 

allowing its interactions with bulkier solvent-host. Additionally, the substitution of the other site 

of the triazine with an aromatic linker to another complex could potential form a variety of bi-

nuclear complexes. These complexes might be good candidates for charge transfer processes 

that will be easily analyzed through electrochemical techniques. In fact, the bi-nuclear complex 

presented in Chapter 2 with formula fac-[Re2Cl2(CO)6L1], see Figure 4.4, is already a good starting 

point for electrochemical studies and determine if there is an electronic communication between 

the two metal atoms. 

 Complex fac-[Re2Cl2(CO)6L1] can also be used as a metal inorganic framework building 

block when X=Cl is replaced with bidentate ligands such 4,4’-bis(piperidine) having long alkyl 

bridges between the piperidine rings to use as gas storage material for methane and other 

alkanes. Additionally, further modifications of the overall structure of the triazine-based ligand 

can be achieved to generate 2,4,6-tris(pyrazolyl)triazine and/or 2,4,6-tris(pyrazolyl)triazine with 
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4-COOH substituents. These modifications can lead to the formation of useful metalorganic 

frameworks building blocks. 

 
Figure 4.4 Crystal structure the complex fac-[Re2Cl2(CO)6L1] 

 

Additionally, ligands such as L1, can also coordinate to other metals besides rhenium. For 

instance, a preliminary work on rhodium (I) has started with the collaboration of this 

manuscript’s author regarding the preparation of a tridentate [RhL1NO3] complex as show in 

Figure 4.3.  

 
Figure 4.5 Crystal structure of a [RhL1NO3] 
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The substitution of the nitrate ion from the rhodium atom by a bridging bidentate ligand 

could also lead to interesting charge transfer phenomena.  Further work in the preparation of 

analogous L1 to L4 iridium (I) complexes are also under way. 

Finally, L1 has also been preliminarily studied in solution for the detections of several 

metal ions. Figure 4.6 show the first set of photoluminescence studies in various solutions. 
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Figure 4.6 Preliminary solution photoluminescence studies of L1 with various metal ions in 

tetrahydrofuran 
 

The vast modification on the L1 compound proposed earlier in this chapter will also play 

an important role in the sensitive and selective detection of dissolved metallic ions. Furthermore, 

the introduction of water soluble functional groups such as carboxylic, hydroxyl or sulfonic 

groups will also increase the versatility of its detection. 
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