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The reaction of the chelating ligand 4-[4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-

1,3,5-triazin-2-yl]-N,N-diethyl-benzenamine, L, with pentacarbonylchlororhenium by 

conventional heating method produces the complexes fac-[ReL(CO)3Cl2] and fac-

[Re2L(CO)6Cl2] in a period of 48 hours. The use of microwaves as the source of heat and 

the increase in the equivalents of one of the reactants leads to a more selective reaction 

and also decreases the reaction time to 1 hour. After proper purification, the 

photophysical properties of fac-[ReL(CO)3Cl] were analyzed. The solid-state 

photoluminescence analysis showed an emission band at 628 nm independent of 

temperature. However, in the solution studies, the emission band shifted from 550 nm in 

frozen media to 610 nm when the matrix became fluid. These results confirm that this 

complex possess a phenomenon known as rigidochromism.  
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CHAPTER 1 

SYNTHESIS AND CHARACTERIZAION OF RHENIUM CARBONYL COMPLEXES 

1.1 Introduction  

The complexes treated in this thesis have a metal center of rhenium(I) and 

pyrazolyl triazines as ligands. Rhenium metal was originally discovered in 1925, and is 

naturally found in molybdenite and other ores.1 Rhenium (I) metal is known to form a 

large variety of tricarbonyl complexes with the coordination of two or more π-donating 

ligands and one halide to form a neutral species.2 These complexes have an octahedral 

geometry (Figure 1) where the three carbonyl groups are in the facial arrangement and 

can be easily synthesized from the organometallic species 

pentacarbonylchlororhenium(I), Re(CO)5Cl.  

Re

L

CO

L CO

X

CO

 

 

 

 Rhenium(I) tricarbonyl complexes can be either neutral or cationic based on the 

other ligands.3 In addition, a large variety of photochemical and photophysical properties 

Figure 1.1 Typical complex geometry of a rhenium tricarbonyl 
species. 
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can be achieved and modified using different types of ligands.4 For instance, the 

rigidochromism phenomenon of the complexes fac-[ReX(α-diimine)]+/0, which is 

explained in detail in chapter 2, has a very unique excited state nature base on the α-

diimine ligand.4b In addition the complex [ReCl(CO)3(phen)]* has remarkable oxidation-

reduction properties.4c  Therefore, the synthesis of a rhenium complex with the 

appropriate choice of ligands controls the final desired photochemical and/or 

photophysical properties.    

For the synthesis of the rhenium complex reported in this thesis, ligand 4-[4,6-

bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-2-yl]-N,N-diethyl-benzenamine, [L1], 

(Figure 1.2) was used, having been first prepared by Yang et al.5 The ligand, L1, contains 

a 1,3,5-triazine ring core, two pyrazolyl groups and one benzene ring with an amine 

group.  Each of these components plays a very specific role in the electronic mechanism 

of the final complex. 

N

N N

NN

N

N

N

 

 
Figure 1.2 Ligand 4-[4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-2-yl]-N,N-

diethyl-benzenamine, L1. 
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The core of the ligand is the heterocyclic molecule 1,3,5-triazine. These 

compounds have been used extensively in syntheses due to the large variety of 

advantages they offer6; in fact, the very inexpensive precursor, 2,4,6-trichloro-1,3,5-

triazine allows the production of many different  derivatives with an extensive use in 

synthesis.7    

The coordination properties of the pyrazolyl group in the ligand aids in the 

attachment to the rhenium metal.8 The relatively easy synthesis of a large variety of 

pyrazole derivatives, as well as multiple coordination possibilities has led to a plethora of 

complexes with remarkable properties.9  

Combining the advantages of the two groups, triazines and pyrazoles, an 

interesting ligand can be formed.  Two pyrazole ligands, along with the triazine core, 

create a very electron poor species. In addition, attachment of an electron-rich group, 

such as a benzene ring with an amine group in the para-position to the free carbon in the 

triazine, forms an ambipolar molecule. This species has been employed in the formation 

of lanthanide complexes with remarkable luminescence properties,5 and the use of this 

ligand with transition metals, like rhenium, can potentially produce similar or enhanced 

photophysical properties. For instance, lanthanides complexes have an emission with a 

fixed wavelength, for its atomic transition nature. On the other hand, the use of transition 

metals allows tuning this emission since it is more ligand base. Change in the ligand will 

change its luminescence properties.      
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The complex formed with the ligand L and Europium reported by Yang, Chi et 

al.5 was made by simply mixing the two reactants in dry tetrahydrofuran at room 

temperature.   However, in the case of pentacarbonylchlororhenium(I), the substitution 

requires the addition of energy because two of the carbonyl groups need to be replaced. 

Thus, the use of microwave as a source of heat was employed not only to achieve the 

desired complex, but also in order to reduce the reaction time.  

Microwave-assisted organic synthesis (MAOS), was first employed in the 1980s 

in organic synthesis10. The use of conventional microwave ovens to accelerate organic 

reactions gained popularity, yet these instruments were not designed for the synthetic 

laboratory where acids and corrosive solvent quickly destroyed the internal cavities.  By 

the late 1980s, several industries started manufacturing microwave ovens specifically for 

chemical synthesis.  Finally, in the last 5 years, MAOS has increased drastically due to 

the different advantages they offer such as higher yields, cleaner reactions, and shortened 

reaction times.     

The reason why MAOS works better than conventional methods is due to the 

improved heat transfer process. The conventional method uses an external source to 

produce the heat needed in the reaction (Figure 1.3a).  In this case the heat has to be 

transferred from the source through the container wall to reach the reaction mixture. This 

process takes longer; the heat transfer time makes the material’s temperature uneven. 

Decreasing the reaction temperature requires the heat source to be removed.  On the other 

hand, the heating process using microwaves interacts directly with the reaction mixture, 
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creating instantaneous localized heating with either the solvent and/or the reactants 

because of interactions with dipole rotation or ionic conduction (figure 1.3b). The heating 

is more even, and since the instrumentation contains an air cooling system, the 

temperature can be easily controlled.11   

 

 

 

Though the use of microwaves as a source of heating has been utilized widely in 

organic chemistry, its application to inorganic reactions has not been well developed.12  It 

should be noted that at a specific wavelength, the microwaves can easily penetrate the 

external part of a material affecting some molecules in the surface, and some in the inside 

of the material.  If the wavelength is changed to one where it interacts 100% with the 

sample treated, only the surface area will be heated and it will resemble the conventional 

b a 

Figure 1.3 Schematic representation of the comparison between a) conventional 
heating, and b) microwave-assisted heating methods. 
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heating. This is called the “skin effect”. Inorganic species have more drastic skin effect 

than organic compounds.13 The reported rhenium complexes possess large organic 

ligands, which overcomes the skin effect. Thus, microwaves can be employed to carry 

out the reaction.  

1.2 Synthetic Methods  

The methodology used by the conventional method was carried out under argon 

atmosphere, using standard Schlenk techniques. Glassware was oven-dried at 300° C for 

3 hours.  Chemicals were purchased from Sigma Aldrich and used as received. Solvents 

were distilled using standard procedures.14  A CEM Discover Class-S system was utilized 

for microwave-enhance synthesis. A 10 ml reaction tube was used for the first tries and 

30 mL tube after setting the best conditions, was employed.   

The ligand L1 was synthesized as reported5 (Figure 3) using   

dimethylphenylaniline that had been distilled twice14. The complex formation was done 

by both, the conventional and microwaves-enhanced methods described in the next 

section.   
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NCl Cl
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1.2.1 Conventional Method 

For the conventional method, 0.86 g (0.24 mmol) of Re(CO)5Cl was added to a 

solution of  0.1g (0.24 mmol) that had been of L1 dissolved in 20 mL of toluene.  The 

reaction was refluxed for several hours as previously reported15.  After the reaction was 

completed, excess solvent was removed using rotary evaporator; the final crude product 

was then purified by column chromatography using THF and hexanes as eluant (1:2). 

Finally, the solvent mixture from each fraction was removed using vacuum and a 

nitrogen trap, and was left to dry overnight under reduced pressure. 

1.2.2 Microwave-assisted Synthesis 

In the syntheses using microwaves as source of heat, three different sets of 

stoichiometric combinations were carried out.  The first being 1 to 1 equivalents of each 

reactant as in the conventional method, the second trial, 2:1 ratio of the ligand L1 to 

a b 

Figure 1.4 Synthesis of the ligand, L1: a) reflux under Ar atmosphere; b) potassium   
5,5-dimethylpyrazolate. 
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pentacarbonylchlororhenium(I), while the third was 2:1 pentacarbonylchlororhenium(I): 

Ligand L1.  The reaction mixture of each set was added to a reaction tube equipped with 

a magnetic stir bar and argon purge lined. The reaction was carried out at 90° C set 

temperature, 100 Watts of power and high speed stirring for 1 hr time duration.    

1.2.3 Characterization Procedures 

NMR spectra were collected from a Varian 500 MHz spectrometer using 

deuterated chloroform as a reference. The IR spectra were collected on a Perkin Elmer 

SpetrumOne FT-IR spectrophotometer using Nujol mulls in potassium windows. The X-

ray data were acquired using a Bruker Kappa APEX CCD area detector system equipped 

with a graphite monochromator an Mo Kα fine-focused sealed tubre (λ = 0.71073Å) 

operated at 1.5kW power (50kV, 30 mA), and the structures were solved using the 

Bruker SHELXTL (version 6.1) software package. The crystal for mononuclear species 

was obtained from slow cooling of the reaction mixture, while the binuclear complexes 

crystal was grown using a layering technique of dichloromethane and hexanes. 

 

1.3 Results and Discussions 

In the reaction carried out using the conventional method, the color of the mother 

liquid changed from yellow to reddish orange after 48 hours of reflux. The first fraction 

was unreacted L1 ligand. Fraction two corresponded to the binuclear complex, fac-

[Re2L1a(CO)6Cl2]. The last fraction was the mononuclear species, fac-[ReL1a(CO)3Cl] 

(Figure 1.5).    
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The reaction implementing microwaves as source of heat and with equimolar 

quantities of the starting materials produced a mixture that was the same as the one 

obtained in the conventional method. Nevertheless, the reaction took only 1 hour versus 

48 hours with traditional heating. When changing the stoichiometry of the reaction, the 

product mixture also changed. In fact, when using two equivalents of the ligand L1 with 

one of the rhenium compound, the major product was the mononuclear complex. In the 

case of having doubled the amount of pentacarbonylchlororhenium(I) with respect to the 

ligand L1, the outcome gave the binuclear complex as major product. 

 

1.3.1  fac-[Re(4-[4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-2-yl]-N,N-diethyl-                           

benzenaminyl)(CO)3Cl] 

  The complex fac-[ReL1(CO)3Cl] was confirmed using 1H-NMR spectroscopy 

(Figure 1.6).  The comparison of the chemical shift between the complex and the ligand 

are summarized in Table 1.1 and the assignment of peaks can be found in Figure 1.7. 

Figure 1.5 Products obtained from the reaction between L1 and 
pentacarbonylchlororhenium(I) using equimolar quantities:  a)  fac-[ReL1a(CO)3Cl] and     

b) fac-[Re2L1a(CO)6Cl2] 



   

10 

 The multiplicity of the proton Hc changed from a singlet in the uncomplexed 

ligand to a doublet (Hc and Hc’) upon complexation. This confirmed the difference 

between the two protons and the coordination of only one of the pyrazolyl parts of the 

ligand L1.  Moreover, the singlets for the protons He and Hf also show the same change. 

This also proves the loss of symmetry in the new species.  

 

 

 

 

e 

g 

c 

c' 

f' 

f 
e' 

d 
b 

a 

Figure 1.6 1H-NMR spectrum of the complex fac-[ReL1(CO)3Cl] 
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Figure 1.8 shows the 13C-NMR spectrum of the complex fac-[ReL1(CO)3Cl]. The 

comparison of the chemical shifts between the complex and the ligand are summarized in 

Table 1.1.  

Table 1.1 1H-NMR data and assignment of the complex fac-[ReL1(CO)3Cl] and 
comparison with the free ligand signals.   

fac-[ReL1(CO)3Cl] δ(ppm)  L15, δ(ppm) Multiplicity Integration Assignment

 8.21 8.39 d 2H A 

 6.70 6.72 d 2H B 

 6.22, 6.16  6.08 s 2H c, c’ 

3.48 3.46 q 4H D 

2.90, 2.69 2.85 s 6H e, e’ 

2.58, 2.33 2.35 s 6H F 

1.20 1.23 t 6H G 

Figure 1.7 1H-NMR signal assignment in the complex  fac-[ReL1(CO)3Cl] 
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The 13C-NMR data for complex fac-[ReL1(CO)3Cl] resembles the free ligand. 

Nonetheless, the signals corresponding to the peaks e, f, l, and p, are split in pairs of 

singlets. This is consistent with that only one of the pyrazolyl groups is coordinated to the 

rhenium atom. The three extra signals at 196.23, 194.17, 191.48 ppm, corroborate the 

presences of the carbonyl groups that are attached to the rhenium element. 

 

 

 

 

 

Figure 1.8 13C-NMR spectrum for the sample fac-[ReL1(CO)3Cl] 
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Table 1.2 13C-NMR data and assignment of the complex fac-[ReL1(CO)3Cl] and 
comparison with the free ligand signals.   

fac-[ReL1(CO)3Cl] 
δ(ppm) 

 L15, δ(ppm) fac-[ReL1(CO)3Cl] δ(ppm)  L1 5, δ(ppm)

196.23(a) ----- 132.93 (i) 131.57 

194.17(b) ----- 118.84(j) 121.11 

191.48(c) ----- 112.68(k) 111.35 

171.06(d) 173.37 111.37, 111.28 (l) 110.68 

163.40, 162.36 (e) 163.98 44.96 (m) 44.64 

156.78, 153.14, 152.74 
(f) 

152.48 15.99, 15.61 (n) 16.06 

146.62(g) 151.59 14.11(o) 14.06 

143.46(h) 143.95 13.58, 13.17 (p)  12.60 

 

The following is the IR spectrum of the fac-[ReL1(CO)3Cl] (Figure 1.9) and the 

comparison data of the complexes with the free ligand and 

pentacarbonylchlororhenium(I)  is summarized in Table 1.3.  
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Table 1.3 IR data assignment from the complex fac-[ReL1(CO)3Cl] and the comparison 
with the free ligand L1.  

fac-[ReL1(CO)3Cl] (cm-1) L15, (cm-1) Re(CO)5Cl (cm-1) Assignment 

2976, 2930 2983, 2955, 2863 - C-H 

2024, 1897, 1870 - 2050, 1958 C≡O 

1585 1587 - C=N 

1553 1560 - C=N 

1485, 1434 1537, 1509, - C=N 

 

The peaks corresponding to the stretches of the C-H and C=N bonds from the free 

ligand, and C≡O stretch of the carbonyl bonded to the rhenium atom are present. In fact, 

the strong signals at 2024 and 1897 and 1870 cm-1 are the characteristic bands for facial 

Figure 1.9 IR spectrum of the complex fac-[ReL1(CO)3Cl] 

cm-1 
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fashion tricarbonyl rhenium complexes16. In addition, there is decrease in the value of the 

wavenumbers for carbon-nitrogen double bound signals from the free ligand to the 

complex. This confirms that the coordination occurs through the electrons lone pairs of 

the nitrogens, and since it is larger than the value reported by Chi Yang et al.5 with 

lanthanides, the coordination bond between the ligand L1 is stronger.        

For the X-ray crystallographic analysis, an orange crystal with approximated 

dimensions of 0.20 x 0.12 x 0.08 mm was used. The complete parameters used in the 

analysis are summarized in Table 1.4, a view of the crystal structure is shown in Figure 

1.9 and Table 1.5 presents the distances and bonds angles in the complex.  
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Figure 1.10 Crystal structure of the fac-[ReL1(CO)3Cl] complex.  
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Table1.4 Crystal data for the fac-[ReL1(CO)3Cl]. 
 
 Empirical formula  C26 H29 Cl N8 O3.50 Re 
Formula weight  731.22 
Temperature  296(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 17.3391(8) Å α= 90°. 
 b = 24.8967(11) Å β= 114.0220(10)°. 
 c = 17.0373(8) Å �γ = 90°. 
Volume 6717.8(5) Å3 
Z 8 
Density (calculated) 1.446 Mg/m3 
Absorption coefficient 3.735 mm-1 
F(000) 2888 
Crystal size 0.20 x 0.12 x 0.08 mm 
Theta range for data collection 2.10 to 26.37°. 
Index ranges -21<=h<=21, -31<=k<=31, -21<=l<=21 
Reflections collected 39094 
Independent reflections 6821 [R(int) = 0.0366] 
Completeness to theta = 26.37° 99.2 %  
Absorption correction Numerical 
Max. and min. transmission 0.7468 and 0.5177 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6821 / 1 / 382 
Goodness-of-fit on F2 1.019 
Final R indices [I>2sigma(I)] R1 = 0.0270, wR2 = 0.0713 
R indices (all data) R1 = 0.0402, wR2 = 0.0787 
Largest diff. peak and hole 0.762 and -0.638 e.Å-3 
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Table 1.5 Bond lengths [Å] and angles [°] fac-[ReL1(CO)3Cl]. 
_____________________________________________________  
Re(1)-C(3)  1.894(5) Re(1)-C(2)    1.900(5) 
Re(1)-C(1)  1.917(5) Re(1)-N(1)   2.162(3) 
Re(1)-N(3)  2.220(3) Re(1)-Cl(1)   2.5005(11) 
O(1)-C(1)  1.151(5) O(2)-C(2)   1.146(5) 
O(3)-C(3)  1.147(6) N(1)-C(4)   1.332(4) 
N(1)-N(2)  1.379(4) N(2)-C(6)   1.377(4) 
N(2)-C(9)  1.396(4) N(3)-C(11)   1.349(4) 
N(3)-C(9)  1.355(4) N(4)-C(9)   1.305(4) 
N(4)-C(10)  1.349(4) N(5)-C(11)   1.307(5) 
N(5)-C(10)  1.355(4) N(6)-C(12)   1.377(5) 
N(6)-N(7)  1.378(5) N(6)-C(11)   1.392(4) 
N(7)-C(14)  1.307(6) N(8)-C(20)   1.365(5) 
N(8)-C(25)  1.444(9) N(8)-C(23)   1.494(6) 
N(8)-C(25A)  1.587(12) C(4)-C(5)   1.393(6) 
C(4)-C(7)  1.488(5) C(5)-C(6)   1.370(5) 
C(5)-H(5A)  0.9300 C(6)-C(8)   1.481(5) 
C(7)-H(7A)  0.9600 C(7)-H(7B)   0.9600 
C(7)-H(7C)  0.9600 C(8)-H(8A)   0.9600 
C(8)-H(8B)  0.9600 C(8)-H(8C)   0.9600 
C(10)-C(17)  1.436(5) C(12)-C(13)   1.348(6) 
C(12)-C(15)  1.471(7) C(13)-C(14)   1.395(8) 
C(13)-H(13A)  0.9300 C(14)-C(16)   1.511(8) 
C(15)-H(15A)  0.9600 C(15)-H(15B)   0.9600 
C(15)-H(15C)  0.9600 C(16)-H(16A)   0.9600 
C(16)-H(16B)  0.9600 C(16)-H(16C)   0.9600 
C(17)-C(18)  1.397(5) C(17)-C(22)   1.398(5) 
C(18)-C(19)  1.374(5) C(18)-H(18A)   0.9300 
C(19)-C(20)  1.380(6) C(19)-H(19A)   0.9300 
C(20)-C(21)  1.420(6) C(21)-C(22)   1.371(5) 
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Table 1.5 Bond lengths [Å] and angles [°] fac-[ReL1(CO)3Cl] (cont.). 
_____________________________________________________ 
C(21)-H(21A)  0.9300 C(22)-H(22A)   0.9300 
C(23)-C(24)  1.471(7) C(23)-H(23A)   0.9700 
C(23)-H(23B)  0.9700 C(24)-H(24A)   0.9600 
C(24)-H(24B)  0.9600 C(24)-H(24C)   0.9600 
C(25)-C(26)  1.538(14) C(25)-H(25A)   0.9700 
C(25)-H(25B)  0.9700 C(26)-H(26A)   0.9600 
C(26)-H(26B)  0.9600 C(26)-H(26C)   0.9600 
C(25A)-C(26A)  1.441(18) C(25A)-H(25C)   0.9700 
C(25A)-H(25D)  0.9700 C(26A)-H(26D)   0.9600 
C(26A)-H(26E)  0.9600 C(26A)-H(26F)   0.9600 
 
C(3)-Re(1)-C(2) 89.7(2) C(3)-Re(1)-C(1)  87.72(19) 
C(2)-Re(1)-C(1) 86.46(18) C(3)-Re(1)-N(1)  93.68(16) 
C(2)-Re(1)-N(1) 99.29(15) C(1)-Re(1)-N(1)  174.09(14) 
C(3)-Re(1)-N(3) 97.46(16) C(2)-Re(1)-N(3)  169.68(16) 
C(1)-Re(1)-N(3) 101.22(14) N(1)-Re(1)-N(3)  72.91(10) 
C(3)-Re(1)-Cl(1) 177.21(15) C(2)-Re(1)-Cl(1)  93.13(16) 
C(1)-Re(1)-Cl(1) 92.45(14) N(1)-Re(1)-Cl(1)  85.88(8) 
N(3)-Re(1)-Cl(1) 79.78(8) C(4)-N(1)-N(2)  105.5(3) 
C(4)-N(1)-Re(1) 138.5(2) N(2)-N(1)-Re(1)  115.9(2) 
C(6)-N(2)-N(1) 111.2(3) C(6)-N(2)-C(9)  131.1(3) 
N(1)-N(2)-C(9) 117.5(3) C(11)-N(3)-C(9)  112.0(3) 
C(11)-N(3)-Re(1) 130.0(2) C(9)-N(3)-Re(1)  115.4(2) 
C(9)-N(4)-C(10) 115.3(3) C(11)-N(5)-C(10)  116.2(3) 
C(12)-N(6)-N(7) 112.0(3) C(12)-N(6)-C(11)  128.5(3) 
N(7)-N(6)-C(11) 118.5(3) C(14)-N(7)-N(6)  103.7(4) 
C(20)-N(8)-C(25) 121.8(5) C(20)-N(8)-C(23)  120.6(4) 
C(25)-N(8)-C(23) 115.0(5) C(20)-N(8)-C(25A)  120.3(6) 
C(25)-N(8)-C(25A) 42.1(5) C(23)-N(8)-C(25A)  112.7(6) 
O(1)-C(1)-Re(1) 177.6(5) O(2)-C(2)-Re(1)  179.3(5) 
O(3)-C(3)-Re(1) 178.4(4) N(1)-C(4)-C(5)  110.2(3) 
N(1)-C(4)-C(7) 121.1(4) C(5)-C(4)-C(7)  128.5(3) 
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Table 1.5 Bond lengths [Å] and angles [°] fac-[ReL1(CO)3Cl] (cont.). 
_____________________________________________________ 
C(6)-C(5)-C(4) 107.8(3) C(6)-C(5)-H(5A)  126.1 
C(4)-C(5)-H(5A) 126.1 C(5)-C(6)-N(2)  105.2(3) 
C(5)-C(6)-C(8) 129.1(3) N(2)-C(6)-C(8)  125.7(3) 
C(4)-C(7)-H(7A) 109.5 C(4)-C(7)-H(7B)  109.5 
H(7A)-C(7)-H(7B) 109.5 C(4)-C(7)-H(7C)  109.5 
H(7A)-C(7)-H(7C) 109.5 H(7B)-C(7)-H(7C)  109.5 
C(6)-C(8)-H(8A) 109.5 C(6)-C(8)-H(8B)  109.5 
H(8A)-C(8)-H(8B) 109.5 C(6)-C(8)-H(8C)  109.5 
H(8A)-C(8)-H(8C) 109.5 H(8B)-C(8)-H(8C)  109.5 
N(4)-C(9)-N(3) 127.3(3) N(4)-C(9)-N(2)  118.0(3) 
N(3)-C(9)-N(2) 114.7(3) N(4)-C(10)-N(5)  122.7(3) 
N(4)-C(10)-C(17) 118.9(3) N(5)-C(10)-C(17)  118.4(3) 
N(5)-C(11)-N(3) 126.1(3) N(5)-C(11)-N(6)  117.1(3) 
N(3)-C(11)-N(6) 116.8(3) C(13)-C(12)-N(6)  105.2(4) 
C(13)-C(12)-C(15) 131.4(4) N(6)-C(12)-C(15)  123.3(4) 
C(12)-C(13)-C(14) 106.8(4) C(12)-C(13)-H(13A)  126.6 
C(14)-C(13)-H(13A) 126.6 N(7)-C(14)-C(13)  112.4(4) 
N(7)-C(14)-C(16) 118.9(6) C(13)-C(14)-C(16)  128.7(5) 
C(12)-C(15)-H(15A) 109.5 C(12)-C(15)-H(15B)  109.5 
H(15A)-C(15)-H(15B) 109.5 C(12)-C(15)-H(15C)  109.5 
H(15A)-C(15)-H(15C) 109.5 H(15B)-C(15)-H(15C) 109.5 
C(14)-C(16)-H(16A) 109.5 C(14)-C(16)-H(16B)  109.5 
H(16A)-C(16)-H(16B) 109.5 C(14)-C(16)-H(16C)  109.5 
H(16A)-C(16)-H(16C) 109.5 H(16B)-C(16)-H(16C) 109.5 
C(18)-C(17)-C(22) 117.0(3) C(18)-C(17)-C(10)  121.3(3) 
C(22)-C(17)-C(10) 121.6(3) C(19)-C(18)-C(17)  121.7(3) 
C(19)-C(18)-H(18A) 119.1 C(17)-C(18)-H(18A)  119.1 
C(18)-C(19)-C(20) 121.6(4) C(18)-C(19)-H(19A)  119.2 
C(20)-C(19)-H(19A) 119.2 N(8)-C(20)-C(19)  122.6(4) 
N(8)-C(20)-C(21) 120.1(4) C(19)-C(20)-C(21)  117.3(4) 
C(22)-C(21)-C(20) 120.7(4) C(22)-C(21)-H(21A)  119.7 
C(20)-C(21)-H(21A) 119.7 C(21)-C(22)-C(17)  121.6(4) 
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Table 1.5 Bond lengths [Å] and angles [°] fac-[ReL1(CO)3Cl] (cont.). 
_____________________________________________________ 
C(21)-C(22)-H(22A) 119.2 C(17)-C(22)-H(22A)  119.2 
C(24)-C(23)-N(8) 110.6(4) C(24)-C(23)-H(23A)  109.5 
N(8)-C(23)-H(23A) 109.5 C(24)-C(23)-H(23B)  109.5 
N(8)-C(23)-H(23B) 109.5 H(23A)-C(23)-H(23B) 108.1 
C(23)-C(24)-H(24A) 109.5 C(23)-C(24)-H(24B)  109.5 
H(24A)-C(24)-H(24B) 109.5 C(23)-C(24)-H(24C)  109.5 
H(24A)-C(24)-H(24C) 109.5 H(24B)-C(24)-H(24C) 109.5 
N(8)-C(25)-C(26) 105.0(8) N(8)-C(25)-H(25A)  110.7 
C(26)-C(25)-H(25A) 110.7 N(8)-C(25)-H(25B)  110.7 
C(26)-C(25)-H(25B) 110.7 H(25A)-C(25)-H(25B) 108.8 
C(26A)-C(25A)-N(8) 102.9(12) C(26A)-C(25A)-H(25C) 111.2 
N(8)-C(25A)-H(25C) 111.2 C(26A)-C(25A)-H(25D) 111.2 
N(8)-C(25A)-H(25D) 111.2 H(25C)-C(25A)-H(25D) 109.1 
C(25A)-C(26A)-H(26D) 109.5 C(25A)-C(26A)-H(26E) 109.5 
H(26D)-C(26A)-H(26E) 109.5 C(25A)-C(26A)-H(26F) 109.5 
H(26D)-C(26A)-H(26F) 109.5 H(26E)-C(26A)-H(26F) 109.5 
____________________________________________________________  
Note: Symmetry transformations used to generate equivalent atoms.  
 

From Figure 1.10, it is clear only one of the pyrazolyl groups is coordinated with 

the rhenium atom, having a distance of (Re(1)- N(1))  2.163 Å.  Meanwhile the other 

pyrazolyl group is actually rotated upwards and not coordinated to the rhenium. This 

agrees with the difference on the chemical shift of the 1H and 13C-NMR signals 

mentioned earlier. 
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1.3.2  fac-[Re(4-[4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-2-yl]-N,N-diethyl- 

benzenaminyl)(CO)6Cl2]  

The 1H-NMR signals for the complex fac-[Re2L1(CO)6Cl2] shows that the peak 

He is the only one that changes from one singlets to two with respect to the free ligand L1 

proving that the   position of the pyrazoly groups (Figure 1.12) is fixed. The chemical 

shift of the proton Hc changed from 6.08 to 6.23 ppm. In addition, the proton Ha and Hb 

also changed their chemical shift, which proves that the complexation is done on the 

sides of the triazine group.   

 

 

Fig. 1.11 1H-NMR spectrum of the complex fac-[Re2L1a(CO)6Cl2].  
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Table1. 6 1H-NMR data and assignment of the complex fac-[Re2L1(CO)6Cl2] and 
comparison with the free ligand signals.   

fac-[Re2L1(CO)6Cl2] 
δ(ppm) 

Free L15 δ(ppm) Multiplicity Integration Assignment

7.81 8.39 D 2H A 

6.82 6.72 D 2H B 

6.23 6.08 S 2H C 

3.48 3.46 Q 4H D 

2.81 2.85 S 6H E 

2.61 2.35 S 6H F 

1.21 1.23 T 6H G 
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Figure 1.12 Structure and proton assignation from the 1H-NMR spectrum of the complex 
fac-[Re2L1(CO)6Cl2]. 
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The 13C-NMR data for complex fac-[Re2L1(CO)6Cl2] was nearly identical to the 

free ligand L1.  The presence of the three additional peaks at 194.75, 191.77 and 190.52 

ppm proves the existence of the three carbonyl groups in the complexes. This data 

supports the coordination of the ligand with the rhenium metal.  

 

 

 

 

 

 

 

 

Figure 1.13 1H-NMR spectrum of the complex fac-[Re2L1(CO)6Cl2].  
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Table 1.7 13C-NMR data and assignment of the complex fac-[Re2L1(CO)6Cl2] and 
comparison with the free ligand signals.  

fac-[Re2L1(CO)6Cl2]δ(ppm)  Free L15 

δ(ppm)
 

fac-
Re2L1(CO)6Cl2]δ(ppm) 

Free L1ref. 

δ(ppm)
 

194.75 ( a) ----- 132.19(i) 131.57 

191.77( b) ----- 124.46(j) 121.11 

190.52( c) ----- 114.40(k) 111.35 

178.29(d) 173.37 111.16(l) 110.68 

162.82(e) 163.98 45.04(m) 44.64 

159.45(f) 152.48 16.19(n) 16.06 

152.43(g) 151.59 15.55(o) 14.06 

147.19(h) 143.95 12.30(p) 12.60 

 

Figure 1.13 shows the IR spectrum of the complex fac-[Re2L1(CO)3Cl2] and 

Table 1.8 summarizes and compares the IR data of the complex with the free ligand L1.      
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The C-H, C≡O and C=N stretches are well correlated from the free ligand versus the 

complex. The C=N stretches are slightly different this complex versus the mononuclear 

species due to both pyrazolyl groups that are rotated upwards in the organic molecule. In 

addition, the presence of the strong signals at 2027 and 1930 and 188 cm-1 (carbonyl 

stretches) confirms the facial fashion of tricarbonyl rhenium complex coordination.  

 

Figure 1.14 IR spectrum of the complex fac-[Re2L1(CO)3Cl2]. 
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Table 1.8 IR data assignment from the complex fac-[Re2L1(CO)6Cl2] and the comparison 
with the free ligand L1 and the complex fac-[ReL1(CO)3Cl].  

fac-[Re2L1(CO)6Cl2], (cm-1) Free L15, (cm-1) fac-[ReL1(CO)3Cl] 
(cm-1) 

Assignment 

2976, 2930, 2869 2983, 2955, 2863 2976, 2930 C-H 

2027, 1930, 1888 ------- 2024, 1897, 1870 C≡O 

1594 1587 1585 C=N 

1560 1560 1553 C=N 

1501, 1415 1537, 1509, 1485, 1434 C=N 

 

A light red crystal with approximated dimensions of 0.24 x 0.02 x 0.02 mm was 

used was used in order to achieve the X-ray crystallographic data.  The complete 

parameters used in the analysis are summarized in Table 1.9, Figure 1.14 shows a view to 

the crystal structure, and Table 1.10 presents the distances and bonds angles in the 

complex. 

The crystal structure shows how the two pyrazolyl groups are moved upwards and 

thus the ligand coordinates to two rhenium elements. The symmetry of the complex is the 

same as the ligand since and identical metal species on opposites sides of the organic 

molecule. This explains why the 1H-NMR and 13C-NMR are equal in the number of 

signals. 
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Figure 1.15 Crystal structure of the fac-[ReL1(CO)3Cl] complex. 
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Table1.9 Crystal data for the fac-[Re2L1(CO)6Cl2]. 
 

Empirical formula  C29 H28 Cl2 N8 O6 Re2 
Formula weight  1027.89 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/c 
Unit cell dimensions a = 12.991(3) Å �= 90°. 
 b = 11.252(3) Å �= 103.062(3)°. 
 c = 23.970(6) Å � = 90°. 
Volume 3413.4(15) Å3 
Z 4 
Density (calculated) 2.000 Mg/m3 
Absorption coefficient 7.296 mm-1 
F(000) 1960 
Crystal size 0.24 x 0.02 x 0.02 mm 
Theta range for data collection 1.74 to 26.02°. 
Index ranges -16<=h<=16, -13<=k<=13, -29<=l<=29 
Reflections collected 37419 
Independent reflections 6711 [R(int) = 0.0702] 
Completeness to theta = 26.02° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8560 and 0.2734 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6711 / 0 / 430 
Goodness-of-fit on F2 1.015 
Final R indices [I>2sigma(I)] R1 = 0.0301, wR2 = 0.0557 
R indices (all data) R1 = 0.0498, wR2 = 0.0625 
Largest diff. peak and hole 0.895 and -1.311 e.Å-3 
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Table 1.10   Bond lengths [Å] and angles [°] for fac-[Re2L1(CO)6Cl2]. 
_____________________________________________________  

Re(1)-C(3)  1.886(7)            Re(1)-C(2)               1.905(6) 
Re(1)-C(1)  1.927(7)            Re(1)-N(1)               2.161(5) 
Re(1)-N(4)  2.247(4)            Re(1)-Cl(1)                   2.4665(15) 
Re(2)-C(28)  1.901(7)            Re(2)-C(29)               1.905(7) 
Re(2)-C(27)  1.928(7)            Re(2)-N(7)               2.150(5) 
Re(2)-N(5)  2.240(5)            Re(2)-Cl(2)         2.4569(15) 
O(1)-C(1)  1.145(7)      O(2)-C(2)        1.161(7) 
O(3)-C(3)  1.174(7)      O(4)-C(27)        1.152(7) 
O(5)-C(28)  1.166(7)      O(6)-C(29)        1.154(7) 
N(1)-C(5)  1.304(8)      N(1)-N(2)        1.377(6) 
N(2)-C(9)  1.378(7)      N(2)-C(7)        1.394(7) 
N(3)-C(11)  1.323(7)     N(3)-C(9)        1.332(7) 
N(4)-C(9)  1.338(7)      N(4)-C(10)        1.339(7) 
N(5)-C(11)  1.347(7)      N(5)-C(10)        1.367(7) 
N(6)-C(11)  1.360(7)      N(6)-N(7)        1.391(6) 
N(6)-C(15)  1.399(7)      N(7)-C(13)        1.324(7) 
N(8)-C(20)  1.367(7)      N(8)-C(23)        1.457(7) 
N(8)-C(25)  1.457(7)      C(4)-C(5)        1.489(9) 
C(4)-H(4A)  0.9800         C(4)-H(4B)        0.9800 
C(4)-H(4C)  0.9800         C(5)-C(6)        1.407(9) 
C(6)-C(7)  1.353(8)      C(6)-H(6A)        0.9500 
C(7)-C(8)  1.475(8)      C(8)-H(8A)        0.9800 
C(8)-H(8B)  0.9800         C(8)-H(8C)        0.9800 
C(10)-C(17)  1.457(8)      C(12)-C(13)        1.494(8) 
C(12)-H(12A)  0.9800        C(12)-H(12B)          0.9800 
C(12)-H(12C)  0.9800        C(13)-C(14)        1.414(9) 
C(14)-C(15)  1.361(9)      C(14)-H(14A)        0.9500 
C(15)-C(16)  1.476(9)      C(16)-H(16A)        0.9800 
C(16)-H(16B)  0.980          C(16)-H(16C)        0.9800 
C(17)-C(18)  1.388(8)      C(17)-C(22)        1.396(8) 
C(18)-C(19)  1.383(8)     C(18)-H(18A)        0.9500 
C(19)-C(20)  1.413(8)     C(19)-H(19A)        0.9500 
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Table 1.10   Bond lengths [Å] and angles [°] for fac-[Re2L1(CO)6Cl2] (cont.). 
_____________________________________________________ 
C(20)-C(21)  1.404(8)     C(21)-C(22)        1.376(8) 
C(21)-H(21A)  0.9500        C(22)-H(22A)        0.9500 
C(23)-C(24)  1.501(9)       C(23)-H(23A)       0.9900 
C(23)-H(23B)  0.9900          C(24)-H(24A)       0.9800 
C(24)-H(24B)  0.9800          C(24)-H(24C)       0.9800 
C(25)-C(26)  1.527(8)       C(25)-H(25A)       0.9900 
C(25)-H(25B)  0.9900         C(26)-H(26A)       0.9800 
C(26)-H(26B)  0.9800         C(26)-H(26C)       0.9800 
 
C(3)-Re(1)-C(2) 87.3(2)              C(3)-Re(1)-C(1)              85.5(2) 
C(2)-Re(1)-C(1) 90.2(3)          C(3)-Re(1)-N(1)        99.0(2) 
C(2)-Re(1)-N(1) 94.2(2)          C(1)-Re(1)-N(1)        173.8(2) 
C(3)-Re(1)-N(4) 170.8(2)        C(2)-Re(1)-N(4)         97.7(2) 
C(1)-Re(1)-N(4) 102.0(2)        N(1)-Re(1)-N(4)         3.12(17) 
C(3)-Re(1)-Cl(1) 94.92(18)      C(2)-Re(1)-Cl(1)         177.39(18) 
C(1)-Re(1)-Cl(1) 91.25(18)      N(1)-Re(1)-Cl(1)         84.11(13) 
N(4)-Re(1)-Cl(1) 79.90(12)     C(28)-Re(2)-C(29)         90.8(3) 
C(28)-Re(2)-C(27) 86.2(3)         C(29)-Re(2)-C(27)         87.7(3) 
C(28)-Re(2)-N(7) 98.2(2)         C(29)-Re(2)-N(7)         97.0(2) 
C(27)-Re(2)-N(7) 173.5(2)       C(28)-Re(2)-N(5)         168.0(2) 
C(29)-Re(2)-N(5) 97.8(2)         C(27)-Re(2)-N(5)         102.3(2) 
N(7)-Re(2)-N(5) 72.62(17)     C(28)-Re(2)-Cl(2)         90.98(19) 
C(29)-Re(2)-Cl(2) 178.14(19)   C(27)-Re(2)-Cl(2)         92.92(18) 
N(7)-Re(2)-Cl(2) 82.25(13)     N(5)-Re(2)-Cl(2)         80.34(12) 
C(5)-N(1)-N(2) 106.1(5)       C(5)-N(1)-Re(1)        138.1(4) 
N(2)-N(1)-Re(1) 115.6(3)       N(1)-N(2)-C(9)        117.7(4) 
N(1)-N(2)-C(7) 110.3(5)       C(9)-N(2)-C(7)        131.3(5) 
C(11)-N(3)-C(9) 114.6(5)       C(9)-N(4)-C(10)       0 117.0(5) 
C(9)-N(4)-Re(1) 114.2(4)       C(10)-N(4)-Re(1)        128.5(4) 
C(11)-N(5)-C(10) 115.4(5)       C(11)-N(5)-Re(2)        114.4(4) 
C(10)-N(5)-Re(2) 129.0(4)       C(11)-N(6)-N(7)        117.7(4) 
C(11)-N(6)-C(15) 132.2(5) N(7)-N(6)-C(15)  110.1(5) 
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Table 1.10   Bond lengths [Å] and angles [°] for fac-[Re2L1(CO)6Cl2] (cont.). 
_____________________________________________________ 
C(13)-N(7)-N(6) 106.2(5) C(13)-N(7)-Re(2)  137.0(4) 
N(6)-N(7)-Re(2) 115.6(3) C(20)-N(8)-C(23)  122.4(5) 
C(20)-N(8)-C(25) 121.0(5) C(23)-N(8)-C(25)  115.7(5) 
O(1)-C(1)-Re(1) 177.1(5) O(2)-C(2)-Re(1)  177.3(5) 
O(3)-C(3)-Re(1) 179.1(5) C(5)-C(4)-H(4A)  109.5 
C(5)-C(4)-H(4B) 109.5 H(4A)-C(4)-H(4B)  109.5 
C(5)-C(4)-H(4C) 109.5 H(4A)-C(4)-H(4C)  109.5 
H(4B)-C(4)-H(4C) 109.5 N(1)-C(5)-C(6)  110.7(6) 
N(1)-C(5)-C(4) 122.3(6) C(6)-C(5)-C(4)  127.0(6) 
C(7)-C(6)-C(5) 107.4(6) C(7)-C(6)-H(6A)  126.3 
C(5)-C(6)-H(6A) 126.3 C(6)-C(7)-N(2)  105.3(5) 
C(6)-C(7)-C(8) 129.0(6) N(2)-C(7)-C(8)  125.7(5) 
C(7)-C(8)-H(8A) 109.5 C(7)-C(8)-H(8B)  109.5 
H(8A)-C(8)-H(8B) 109.5 C(7)-C(8)-H(8C)  109.5 
H(8A)-C(8)-H(8C) 109.5 H(8B)-C(8)-H(8C)  109.5 
N(3)-C(9)-N(4) 124.8(5) N(3)-C(9)-N(2)  118.3(5) 
N(4)-C(9)-N(2) 116.9(5) N(4)-C(10)-N(5)  121.7(5) 
N(4)-C(10)-C(17) 119.0(5) N(5)-C(10)-C(17)  119.2(5) 
N(3)-C(11)-N(5) 125.6(5) N(3)-C(11)-N(6)  118.4(5) 
N(5)-C(11)-N(6) 116.0(5) C(13)-C(12)-H(12A)  109.5 
C(13)-C(12)-H(12B) 109.5 H(12A)-C(12)-H(12B) 109.5 
C(13)-C(12)-H(12C) 109.5 H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 N(7)-C(13)-C(14)  110.2(5) 
N(7)-C(13)-C(12) 123.0(5) C(14)-C(13)-C(12)  126.8(5) 
C(15)-C(14)-C(13) 107.7(5) C(15)-C(14)-H(14A)  126.1 
C(13)-C(14)-H(14A) 126.1 C(14)-C(15)-N(6)  105.8(5) 
C(14)-C(15)-C(16) 129.5(6) N(6)-C(15)-C(16)  124.7(5) 
C(15)-C(16)-H(16A) 109.5 C(15)-C(16)-H(16B)  109.5 
H(16A)-C(16)-H(16B) 109.5 C(15)-C(16)-H(16C)  109.5 
H(16A)-C(16)-H(16C) 109.5 H(16B)-C(16)-H(16C) 109.5 
C(18)-C(17)-C(22) 118.7(5) C(18)-C(17)-C(10)  119.8(5) 
C(22)-C(17)-C(10) 121.4(5) C(19)-C(18)-C(17)  121.3(5) 
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Table 1.10   Bond lengths [Å] and angles [°] for fac-[Re2L1(CO)6Cl2] (cont.). 
_____________________________________________________ 
C(19)-C(18)-H(18A) 119.3 C(17)-C(18)-H(18A)  119.3 
C(18)-C(19)-C(20) 120.1(5) C(18)-C(19)-H(19A)  119.9 
C(20)-C(19)-H(19A) 119.9 N(8)-C(20)-C(21)  121.6(5) 
N(8)-C(20)-C(19) 120.5(5) C(21)-C(20)-C(19)  117.9(5) 
C(22)-C(21)-C(20) 121.2(5) C(22)-C(21)-H(21A)  119.4 
C(20)-C(21)-H(21A) 119.4 C(21)-C(22)-C(17)  120.7(5) 
C(21)-C(22)-H(22A) 119.6 C(17)-C(22)-H(22A)  119.6 
N(8)-C(23)-C(24) 113.3(5) N(8)-C(23)-H(23A)  108.9 
C(24)-C(23)-H(23A) 108.9 N(8)-C(23)-H(23B)  108.9 
C(24)-C(23)-H(23B) 108.9 H(23A)-C(23)-H(23B) 107.7 
C(23)-C(24)-H(24A) 109.5 C(23)-C(24)-H(24B)  109.5 
H(24A)-C(24)-H(24B) 109.5 C(23)-C(24)-H(24C)  109.5 
H(24A)-C(24)-H(24C) 109.5 H(24B)-C(24)-H(24C) 109.5 
N(8)-C(25)-C(26) 111.4(5) N(8)-C(25)-H(25A)  109.3 
C(26)-C(25)-H(25A) 109.3 N(8)-C(25)-H(25B)  109.3 
C(26)-C(25)-H(25B) 109.3 H(25A)-C(25)-H(25B) 108.0 
C(25)-C(26)-H(26A) 109.5 C(25)-C(26)-H(26B)  109.5 
H(26A)-C(26)-H(26B) 109.5 C(25)-C(26)-H(26C)  109.5 
H(26A)-C(26)-H(26C) 109.5 H(26B)-C(26)-H(26C) 109.5 
O(4)-C(27)-Re(2) 176.5(5) O(5)-C(28)-Re(2)  177.1(6) 
O(6)-C(29)-Re(2) 176.0(6) 
______________________________________________________ 
Note: Symmetry transformations used to generate equivalent atoms.  
 
 
1.4   Conclusions  

Two different rhenium complexes were synthesized and characterized using 

microwaves as a source of heat. The reaction time for the formation of both complexes 

was reduced to approximately 2% in comparison to conventional heating.  The 
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stoichiometry of the reaction plays a major role in the product or products formed. Excess 

of the ligand L1 gives a single metal complex which coordinates in a bidentate fashion. If 

the excess reactant is the organometallic species: pentacarbonylchlororhenium(I), the 

result is the binuclear complex with also the same bidentate coordination. Finally, the use 

of equimolar quantities gives a mixture of the two complexes. The two complexes were 

fully characterized using NMR, IR and X-ray crystallography. In addition, the 

mononuclear species lost its symmetry with respect to the free ligand, while the binuclear 

complex retained its symmetry.  
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CHAPTER 2 

LUMINESCENCE PROPERTIES OF RHENIUM CARBONYL COMPLEXES 

 

2.1   Introduction 

 The photophysical properties of tricarbonyl rhenium(I) complexes with 

polypyridine or diimine co-ligands have been heavily focused on for the past three 

decades, especially because of the work done in the 1970s by Wrighton and coworkers.17 

They first reported the phenomenon called rigidochromism, which is the shift in energy 

of the emission peak of a sample based on the rigidity of the matrix that it is dissolved in. 

Though Wrighton obtained these remarkable results, a clear reason as to why this 

behavior occurs was not achievable at that time. A general mechanism as to how rhenium 

complexes produced luminescence has been described by Rillema et al.18 Figure 2.1 

shows that the emission from these types of complexes originates from the relaxation of 

the triplet state of the metal-to-ligand-charge-transfer, 3MLCT, or ligand-centered, 3LC*, 

transition levels.  
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Since these measurements are done in solution, the solvent should also be 

considered for the photophysical properties.  The effect of the rigidity of the media plays 

a major role in what level is the responsible for the emission, either MLCT or IL, inter-

ligand, as explained by Stufkens.19 Figure 2.2 show a comparison between the energy 

levels [(CH3CN)Re(CO)3(phen)]+ and [(quinoline)Re(CO)3(bpy)]+.  
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Figure 2.1 Simplified Jablonski diagram for rhenium complexes of 
the [Re(diimine)(CO)3L]. 

Figure 2.2 Energy level diagram of the lowest occupied excited state of                       
a) [(CH3CN)Re(CO)3(phen)]+ and b) [(quinoline)Re(CO)3(bpy)]+. 

77 K                  298 K   77 K                       298 K 

a)  b) 
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Based on the diagram above, it can be seen that the IL energy level of the 

quinoline in the complex [(quinoline)Re(CO)3(bpy)]+ is maintained while the MLCT 

level decreases when the temperature changes from 77 K to 298K. In addition, not all of 

the complexes of this form will necessarily behave the same way, the MLCT level may 

not increase higher than IL at 77 K (Figure 2.2a). The radiative emission can also be 

produced by a mixture of the two transition levels, MLCT and IL. 

The most reasonable explanation as to why the change of the MLCT energy level 

in function of the medium rigidity and thus the rigidochromic effect has been given by 

Stufkens3 and later on mentioned by Lee20 et al. in their review.  The solvation of the 

complexes that show rigidochromism has a large effect on the MLCT level.  In fluid 

solution, the MLCT excited state changes its polarity with respect to the ground state 

form, the solvent can rearrange itself to solvate the complex. This decreases the MLCT 

energy level. On the other hand, in a glassy media, the solvent does not have the same 

freedom to rearrange itself around the different dipole orientation of the MLCT excited 

state, which produces an increase in its energy level.    

Rigidochromism has rapidly found a plethora of applications. For instance, in the 

area of polymers, it has an extensive use in the monitoring of the polymerization process 

due to the changes in the rigidity of the material.  Rhenium materials could be used as a 

probe in order to evaluate the polymer curing.  Lee et al. have nicely demonstrated the 

process wherein a rhenium complex has been employed in the luminescence probe in the 

isothermal cure process of epoxy resins.21 
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Different rhenium carbonyl complexes have been studied to determine its 

applications as biological photosensors. Iha et al22 have studied fac–[Re(CO)3(phen)(cis-

bpe) and other related rhenium carbonyl complexes for biological photosensors 

applications.  It was also shown by them as to how the change in the emission bands and 

the lifetimes of the rhenium complexes can be used as photonic molecular devices.  

Another important application of this physical phenomenon is the drying process 

of gypsum. Gypsum is used in the ceramic industry as a drywall agent. Rhenium 

complexes can function as probes to monitor the setting of gypsum plaster as indicated by 

Vogler and Kunkely.23 Although the penetrability of the light through the material could 

be questionable, the reproducibility of the data has been achieved. 

Another use for these types of complexes is the elaboration of luminescent 

material for the Organic-Light-Emitter-Diodes, OLEDs. Very interesting work done by 

Gordon et al.24 shows how a tricarbonyl rhenium complex can be incorporated into a 

trifunctional material that has the key units for OLED material. In this case the rhenium 

complex is the emitting component. 

2.2   Photophysical Measurements 

The absorption spectra were collected using a Perkin-Elmer Lambda 900 double 

beam UV/VIS/NIR spectrophotomer. Freshly distilled and degassed solvents were 

utilized in 1 cm quartz cuvettes. Photoluminescence samples were analyzed using a PTI 

QuantaMaster model QM-4 scanning spectrofluorometer, equipped with a 75-watts 

xenon lamp, monochromators for excitation and emission, excitation correction unit and 
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PMT detector. The temperature-dependent studies were carried out using an Oxford 

Optical cryostat employing liquid nitrogen as coolant. For the frozen solutions freshly 

distilled and degassed solvents were employed.   

 

2.3   Results and Discussions 

 

2.3.1 Free Ligand Photoluminescence 

The free ligand L1 forms a pale yellow solution when dissolved in 

dichloromethane. This solution shows blue emission in daylight. The absorption spectra 

(figure 2.3) show that the absorption of the ligand shifts from 387 nm to 393 nm 

depending on the polarity of the solvent. The red-shift suggests that the excited state has 

larger polarity with respect to the ground state, for the polarity of dichloromethane is 

slightly larger than tetrahydrofuran. The analysis also shows that λmax is in lower energy 

when dissolved in toluene. This behavior is due to the π-π interactions that exist between 

the aromatic part of the ligand and toluene which gives a higher stability. 
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The photoluminescence study of the free ligand L1 was carried out in a 10-4 M 

solution of tetrahydrofuran.  Figure 2.4 shows the fluorescence of the ligand has a peak 

maximum at 420 nm, while the excitation spectrum has its λmax at 404 nm.  

Figure 2.3 UV-VIS spectra absorption of the solvent-dependent study for 
the ligand L1. 
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2.3.2 Rhenium Complexes Photoluminescence 

From the two products,  fac-[ReL1(CO)3Cl] and fac-[Re2L1(CO)6Cl2], the former 

was the only one that showed phosphorescence emission in the visible region, thus this 

complex was further photophysically studied and considered for future synthetic 

purposes.25 The UV-VIS absorption spectra (Figure 2.5) of the complex fac-

Figure 2.4 Photoluminescence study of the free ligand L1 in a 10-5 
M tetrahydrofuran solution. 
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[ReL(CO)3Cl]  in different solvents shows  the effect of the polarity of the excited and 

ground states. This is similar to what is seen in free ligand L. In detail, it can be seen that 

as the polarity of the solvent increases from 2-methyltetrahydrofuran to methanol, the 

absorption maxima red-shifts from 427 nm to 449 nm. Thus, the excited state of the 

complex is also more polar than the ground state. 

300 350 400 450 500 550 600

0.0

0.1

0.2

0.3

0.4

0.5

λmax=427nm

λmax=432nm

λmax=432nm

λmax=444nm

λmax=449nm

Ab
so

rb
an

ce

Wavelength, nm

 Toluene
 2-MeTHF
 THF
 CH2Cl2
 CH3OH

 

 

Figure 2.5 UV-VIS Spectra Absorption of the Solvent-Dependent Study for the 
complex fac-[ReL1(CO)3Cl]. 
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In addition, the spectrum that corresponds to toluene shows its absorption at 232 

nm. This is because the π-orbitals of the complexed ligand still interact with the π-orbitals 

of toluene. This produces higher stability to the excited state of the complex despite the 

lower polarity toluene has when compared to 2-methyltetrahydrofunran.  

The photophysical study of the complex fac-[ReL1(CO)3Cl] in the solid state at 

77 K shows a very intense emission  peak at 628 nm. This emission does not shift its 

wavelength in function of the temperature; it only diminishes as the temperature reaches 

298 K.   
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Figure 2.6 Emission and Excitation of the complex fac-

[ReL1(CO)3Cl] in the solid state. 
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The most important result is the study of the complex in solution at different 

temperatures. The photoluminescence spectra of the complex fac-[ReL1(CO)3Cl] in 2-

methyltetrahydrofuran  10-4 M frozen solution shows how the emission of the sample 

changes as a function of the rigidity of the media. In fact, while the complex is still in a 

glassy matrix (90, 100 and 110 K) the emission of the material is constant around 560 

nm. As the media becomes more fluid, (120 and 150 K), the emission shifts to around 

615 nm. This proves that the emission in the rigid media is due to the IL transition. In 

addition, when the matrix becomes fluid the emission seen is now due to the MLCT level 

instead of the IL. This is because the excited MLCT level has lower energy than the IL 

level at room temperature. 
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The life time of each emission also confirms how the character of the emission 

changes its mechanism. Table 2.1 summarizes the emission and corresponding lifetime. 

In detail, it can be clearly seen that as the glassy media gives more freedom to the 

complex, the lifetime of the emission at 550 nm starts to decrease. On the contrary, the 

lifetime of the emission in the fluid media does not decrease drastically when the 

temperature increases. 

Figure 2.7 Temperature-Dependent Study of the complex fac-
[ReL1(CO)3Cl] in 2-methyltetrahydrofuran 10-4 M Frozen Solution 



   

47 

Table 2.1 Lifetime measurements from each emission peak in the frozen solution analysis 
of fac-[ReL1(CO)3Cl] in 2-methyltetrahydrofuran.  

Excitation λmax Emission λmax Temperature (K) Lifetime τ (μs) 
450 550 90 758.5 
450 550 100 576.0 
450 550 110 496.2 
450 610 120 758.4 
450 610 150 732.7 

 

2.4   Conclusions and future directions 

The photophysical properties of the complex fac-[ReL(CO)3Cl] were studied, and 

a rigidochromic phenomenon was found. The excited state of the complex has higher 

polarity than the ground state, which resembles the behavior of the free ligand. The 

emission wavelength of the complex fac-[ReL(CO)3Cl]  in the solid state is independent 

of the temperature. Frozen and fluid solution studies of the complex correlate perfectly 

with what was expected: 1) The LC level is responsible for the emission in the glassy 

media while 2) the MLCT level is responsible for the emission in the fluid matrix. 

The future work on the   fac-[ReL1(CO)3Cl] and fac-[Re2L(CO)6Cl2] complexes 

is the substitution of the chloride and the three carbonyl with tris-pryrazolyl-borates, Tp-1, 

and/or terpyridine ligands. This should produce neutral highly luminescent materials at 

room temperature. The substitution of the carbonyl should not be difficult since there are 

arranged in a facial fashion. Also the ligand L can be employed in the formation of 

square-planar complexes with the metals Iridium and rhodium. These complexes have 

also promising photophysical properties.     
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