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Abstract

[Ru(tpy)(azpy)(X)]+ (tpy = 2,2:6',2"-Terpyridine, azpy = 2-(Phenylazo)-
pyridine and X =CI, Br, I, NO, and NCS’) have been prepared and their propertics
were investigated by spectroscopic, electrochemical and single crystal X-ray
diffraction techniques. Results from X-ray data revealed that the complexes have 2
isomers, the 1 and 2 isomer, as shown below.  The crystal structures of 4 complexes,
[Ru(tpy)(azpyXCDICL (1), [Rultpy)(azpy)(CVDI(BE,) (2), [RultpyXazpy)(NO,)I(BF,)
(3) and [Ru(tpy)(azpy)(NCS)I(BF,) (4) have been studied by X-ray crystallography.
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2,2".6'2"-Terpyridine
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2-(Phenylazo)pyridine

Crystals of (1) are 1 isomer and crystals of (2)-(4) are 2 isomer.  The complexes of
the 2 isomer are obtained in much greater yield than the 1 isomer, and are described in
detail. The spectroscopic and electrochemical data show that the chemistry of
[Ru(tpy)(azpy)(X)]+ complexes are varied with the nature of X ligand. It is found
that the Ru'/Ru' oxidation potential of [Ru(tpy)(azpy)(NOz)]Jr complex, 1.103 V, is
the highest in this series, it indicates that the NO, ligand is better TC-acceptor to
stabilize Ru(fl) center than other X ligand in these complexes. Furthermore, resulfs
from infrared spectra confirmed this property, i.c., the azpy azo stretching mode
(Ve Was used to be diagnosticl of the X ligand TC-accepting behavior, which the
strongly TC-accepting X ligands increased the azpy N=N(azo) stretching vibration.
Ligands may be arranged in order of their Tl-acceptor ability as; NO, > NCS > halide
(CI, Br, I), corresponded to the ligand field strength of ligand (X) in the

spectrochemical series.
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Chapter 1

INTRODUCTION

1.1 Introduction

Ruthenium(Il) is well recognized as a metal ion capable of entering into d70-p7U
back-bonding with TC-acceptor ligands such as polypyridyl and (l-diimine ligands.
‘This interaction results in the more stability of ruthenium(II) center, There has been
considerable interest in ruthenium complexes that contain polypyridyl and Ol-diimine
ligands such as 2,2'-bipyridine (Sullivan, et /., 1980). The polypyridine complexes
of ruthenium(IT) have generated considerable interest in areas such as photochemistry,
photophysics, and electrochemistry, particularly as a result of the interesting excited-
state and redox properties of the [Ru(bpy)3}2+ (bpy = 2,2"-bipyridine) and related
complexes.  There are many advantages of polypyridine complexes of ruthenium(Il)
such as the ruthenium(Il) complexes of 2,2'-bipyridine (bpy) and its derivatives act as
photosensitizers in solar cells (Nazeeruddin, ef al., 1993).

In terms of structure and synthesis, the use of bidentate ligands in complexes such
as Ru(LL),Cl,, where LL = bidentate ligand, afforded many isomers. Therefore
tridentate ligand such as 2,2:6'2"-terpyridine (tpy) has been used to avoid the
structural problem. Results from previous studies have shown that complexes of the
type [Ru(tpy)(bpy)X]", where X = CI, H,0, NO,, pyridine (py), have some
interesting properties, For example the {Ruw(tpy)(bpy)(O)]2+ complex, the oxidized
form of [Ruu(tpy)(bpy)(OHZ)]2+, is capable of DNA cleavage agent (Thorp and Grover,
1991).




In this research, 2-(phenylazo)pyridine (azpy) was chosen as the bidentate ligand,
The azpy ligand is a strong TT-acid, stronger than 2,2"-bipyridine (bpy) and other
familiar N-N donor ligands, and is recognized as a stabilizer of the lower oxidation

states of ruthenium (Krause and Krause, 1980).

@

1

N\131

2-(phenylazo)pyridine (azpy) 2,2".6"2"-terpyridine (ipy)
Figure 1 Structures of 2-(phenylazo)pyridine and 2,2":6',2"-terpyridine.

Therefore, in this work, it is our of interest to investigate the chemistry of
complexes of the type [Ru(tpy)(azpy)X]', where X = CI, Br, I, NO, and NCS’
These complexes have been synthesized and characterized by UV-Visible absorption
spectroscopy, '"H NMR spectroscopy, infrared spectroscopy and cyclic voltammetry,
In addition, X-ray diffraction methods have been used to determine the crystal
structures of complexes which single crystals are available. Efforts are being made
to study the chemistry of these complexes by varying the nature of the X ligand.

Furthermore, we hope that resulﬁ from characterization of these complexes will

be advantages for other researches.




1.2 Review of Literatures

Synthesis and characterization of ruthenium(II) with tpy ligand have been studied
since 1970s ;

Balzani and Tokel-Takvoryan studied the electrochemistry and electrogenerated
chemiluminescence (ecl) of four ruthenium(Il) chelates, Ru(L)xn+ x=3n=21-=
2,27 -bipyridine(bpy); x =3, n =2, L = 1,10-phenanthroline (phen); x =2, n = 2, L=
2,2":6" 2”-terpyridine (tpy). All compounds showed evidence of several one-electron
reduction and oxidation stepé to form products stable during cyclic voltammetric
scans. The bpy, phen and tpy complexes produce ecl via redox reactions of oxidized
and reduced forms to form emitting species, which have been identified as the triplet
state by comparison with their lumninescence spectra; the ecl of the bpy complex is the
most intense. (Tokel-Takvoryan, et al., 1973)

Meyer and Sullivan studied the isomers of [Rultpy)(PPh,)CL] complexes. They
have been characterized by infrared spectroscopy, UV-Visible absorption
spectroscopy, 'H and *'P NMR spectroscopy and cyclic voltammetry, (Sullivan, ef
al., 1980)

Thorp and Grover studied the [Ru(tpy)(bpy)Ol** complex with electrochemistry,
UV-Visible absorption spectroscopy and electrophoresis. This complex showed DNA
cleavage agent property. (Thorp and Grover, 1991)

Thorp and Gupta studied the new DNA cleavage agents based on [Ru(tpy)-
(bpy)()]2+ complex, oxoruthenium(IV), which 1,10-phenanthroline (phen), 2,4,6-
tripyridyl-triazine (tpt) and N,N,N’,N’-tetramethylethyleneciiamine (tmen) replace 2,2'-
bipyridine (bpy). These compiexe.s were investigated by electrochemistry, UV-Visible
absorption spectroscopy, electrophoresis and single crystal X-ray diffraction. (Gupta,

et al., 1993)




Pramanik, ef al. studied the chemistry of [Ru(tpy)azpy)Cl]" complex and the
monodentate ligand was varied. In addition, [Ru(tpy)(aZpy)(OHz)]2+c01nIJlex acts as a
catalyst for the oxidation of water to oxygen via [Ru(tpy)(azpy)(O)]zJr complex.

(Pramanik, et al., 1998)

Synthesis and characterization of the ruthenium(II) complexes with azpy ligand
have been investigated since 1980s ;

Krause and Krause studied the three isomers of [Ru(azpy),CL) complex, i.e. two
of cis-isomers (Ol and B) and a trans-isomer ()., They were characterized by
infrared spectroscopy, BC NMR spectroscopy, UV-Visible absorption spectroscopy
and cyciic voltammetry. The results show that azpy ligand has the pofential to be
better TC-acceptor than bpy ligand to stabilize ruthenium(Il) center, (Krause and
Krause, 1980)

Chakravarty and Goswami studied the complex of [Ru(azpy)z(P)z]nJr, where P =
tertiary phosphine, which was synthesized via [Ru(azpy)z(OHz)2]2+. The results show
that the bulkiness of phosphine ligand result in decrease the rate of reaction. The
important role of aquo-complex, [Ru(azpy)z(OH2)2]2+, is precursor to synthesize the
derivative complexes of ruthenium(Tl) with azpy ligand. (Goswami, et al., 1982)

Goswami, Chakravarty and Chakravorty studied the isomers of [Ru(azpy),(OIL,)
(CGHSN)]2+ and [Ru(azpy)z(OHZ!)(py)]u complexes, which were synthesized via [Ru-
(azpy)z(OHz)z]H . The solvolysis of [Ru(azp},r)z(OHz)z]2+ showed that the solution of
the fc isomer (N(py), N(py) span trans positions, N(azo), N(azo) cis positions) in
donor solvent (S) such as benzonitrile (C,H,N), the MLCT band energy undergoes
significant shifts from acidic aqueous solution values due to substitution of
coordinated water by solvent molecules. In acetonitrile and benzoniirile, the shifts are

hypsochromic as expected from the Dq order (RCN > H,0). (Goswami, et al., 1983)




Goswami, Mukherjee and Chakravorty studied the [Ru(L)z(bpy)]2+complexes,
where I = 2-(phenylazo)pyridine (azpy) and 2-(m-tolylazo)pyridine (tap). The
electrochemical data show the highly positive metal oxidation potentials. A correlation
of MLCT transition energy with the difference between the formal potentials of the
ruthenium(IID)-ruthenium(IT) couple and the first ligand reduction couple is noted.
From this correlation one can predict the energy of the MLCT band to be within

+1000 cm ' of experimental value. (Goswami, ef al., 1983)

The [Ru(tpj,r)(azpy)(X)]+ complexes, where X = CI, Br, I, NO, and NCS, were
synthesized and characterized by spectroscopic, electrochemical and single crystal
X-ray diffraction techniques,  Results from this work provide us some insight

information on chemistry of those complexes,

1.3 Objective

1. To synthesize [Ru(tpy)azpy)(X)]" complexes, where X = CI, Br, [, NO,,
and NCS..

2. To investigate the chemistry of [Ru(tpy)(azpy)(X)]" complexes by
spectroscopic and electrochemical techniques.

3. To analyze and to summarize the chemistry of [Ru(tpy)(azpy)(X)]”

complexes.




Chapter 2

METHOD OF STUDY

2.1 Materials

2.1.1 Chemical substances

Products of Fluka Chemical, Buchs, Switzerland

1. 2-aminopyridine, C.HN,, A.R. grade

2. nitrosobenzene, CH,NO, A.R. grade

3. 2,246',2"-terpyridine, C,;H,;N,, A.R. grade
Products of E. Merck, Darmstadt, Germany

1. Potassium thiocyanate, KSCN, AR, grade

2. Silica gel 60 GF,,
Products of BDH Chemical Ltd., England

1. Lithiym bromide, LiBr, A.R. grade

2. Sodium iodide, Nal, A.R. grade

3. Sodimm nitrite, NaNO,, A.R. grade

4, Silver nitrate, AgNO,, A.R. grade
Products of Aldrich Chemical CL, Inc., USA

Ruthenium(IIT) trichloride hydrate, RuCl,«3H,0, A.R. grade

Products of Farmitalia Carlo Erba, Miland

Sodium hydroxide, NaOH, A.R. grade
Products of Riedel-de Haen
Lithium chloride, LiCl, A.R. grade




Products of Hopkin & Williams
Ammonium tefrafluoroborate, NH,BF,, A.R. grade

2.1.2 Solvent (all other chemicals were reagent grade and used without further

purification.)

Products of Lab-Scan Analytical Science
1. Hexane, CGHIZ’_ AR, grade
2. Methanol, CH,0H, A.R. grade
3. Dimethylsulfoxide, (CH,),SO, A.R, grade
4. Acetonitrile, CH,CN, A.R. grade

Products of E. Merck, Darmstadt, Germmany

1. Absolute ethanol, C,H,OH, A.R. grade
2. Acetone, C;HO, AR. grade
3. Dichloromethane, CH,Cl,, A.R. grade

Products of J.T. Baker

1. Benzene, CH,, AR, grade
2. Ether, (C,H,),0, AR. grade

Products of Farmitalia Carlo Erba, Miland

1. Ethylacetate, C,;H,0,, L.R. grade
2. N,N-Dimethylformamide, C,HLNO, A.R. grade

2.2 Preparation of Complexes
The 2-(phenylazo)pyridine ligand was prepared by modified literature methods

(Krause and Krause, 1980). Rum(tpy)Cl3 complex was synthesized by modified
published procedures (Sullivan, e/ al,1930).  The [Ru(tpy)(azpy)(C}]Cl and [Ru-~




(tpy)azpy)(CDI(BF,) complexes were prepared by modified literature methods
(Takeuchi, et al., 1984).  The [Ru(tpy)(azpy}X)I(BF,) complexes, where X = Br, I
NCS and NO,, were prepared by modified published procedures (Hecker, ef ai,,
1991).

2.2.1 Preparation of 2-(phenylazo)pyridine ligand, azpy.

2-aminopyridine (3.88 g , 41.2 mmol) reacted with nitrosobenzene (4.03 g, 37.6
mmol) in 13.5 mL NaOH (25 M) and 2 mL benzene. The green solution was changed
to brown color. The reaction mixture was heated for 30-45 min with stirring, then
extracted with § x 50-mL of benzene. The benzene solution was heated in water bath
and the activated carbon was added, with stirring and then filtered off. The red-orange
filtrate was obtained. The solvent was evaporated and the residue was purified by
silicé gel column chromatography (Ethylacetate : Hexane 1:1) to give a red-orange

oily solution. The yield was 28 %.

222 Preparation of Trichloro(2,2":6'2"-terpyridine)ruthenium(I1I) complex,

Rum(tpy)Cl3.

To 38 mL of absolute ethanol in a 100-mL round-bottom flask was added 0.399 g
(1.53 mmol) of RuClL,:31,0 and 0.349 g (1.50 mmol) of tpy. The mixture was heated
at reflux for 4 h while vigorous magnetic stirring was maintained. Then the reaction
was cooled to room temperature, and the fine brown powder which had appeared was
filtered from the reddish yellow solutioﬁ. ;r].“hé product was \';'aslled with 3 x 30-mL of

absolute ethanol followed by 3 x 30-mL of ether and air-dried. The yield was 88 %.




2.2.3 Preparation of Chloro(2-(phenylazo)pyridine)(2,2":6',2"-terpyridine)-
ruthenium(1I) chloride complex, [Ru(tpy)(azpy)}CDICL

A 203 mg (0.454 mmol) of Ru'(tpy)Cl, and 83 mg (0.454 mmol) of 2-
(phenylazo)pyridine were heated at reflux for 4 h in 28 mL of 3:1 absolute ethanol :
H,0 containing 65 mg (1.53 mmol) of LiCl and 0.7 mL of Et,N as reductant with
vigorous stirring.  Then the reaction mixture was filtered while hot. The dark red
solution was allowed to evaporate for a few days, then the black solid came out. The
black solid then was isolated by filtration and washed with 2 x 10-mL of 3 M HCI,

2 x 10-mL of acetone, 2 x 10-mL of ether and air-dried. The yield was 63 %.

2.2.4  Preparation of Chloro(2-(phenylazo)pyridine)(2,2':6',2"-terpyridine)-
ruthenium(II) tetrafluoroborate complex, [Ru(tpy)(azpy)(CDI(BF,).

A 50 mg sample of [Ru(tpy)(azpy)(CDICI (0.0847 mmol) was dissolved in 15 mL
of 4 : 1 acetone : H,O. Then the solution of 45 mg of NH,BF,(0.43 mmol) was added
to the red solution. The red solution was allowed to stand for 2 days at room
temperature.  The black solid was collected by vacuum filtration and washed with

20 mL of cooled water, 30 mL of ether and air-dried. The yield was 85 %.

2.2.5 Preparation of Isothiocyanato(2-(phenylazo)pyridine)(2,2":6',2"-terpyridine)-
ruthenium(II) tetrafluoroborate complex, [Ru(tpy)(azpy)(NCS)XBF ).

A 52 mg sample of [Ru(tpy)(azpy)(CDICI (0.0881 mmol) and 30 mg of AgNQ,
(0.1762 mmol) were heated together at reflux for 1 h in 12 mL of 3:1 aceton.e/HQO
solvent mixture. AgCl was filtered off. The dark orange solution was heated for 15

min and- 52 mg of KSCN (0.5286 mmol) was added to the solution. The mixture was
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heated at reflux with stitring for 1 h then cooled to room temperature. A 45 mg of
NH,BF, (0.43 mmol) was added to the red solution. The small black crystals
precipitated after 5 days.  The solid was collected by vacuum filtration and washed
with 20 mL of cooled water followed by 30 mL of ether and air-dried.  The yield was
79 %.

2.2,6 Preparation of Nitro(2-(phenylazo)pyridine)(2,2':6',2"-terpylidine)ruthenium—
- (ID) tetrafluoroborate complex, [Ru(tpy)(azpy)(NOJI(BF Bl

A 52 mg sample of [Rultpy)(azpy)(CD]IC1 (0.0881 mmol) and 30 mg of AgNO;
(0.1762 mmol) were heated at reflux for 1 hin 12 mL of 3:1 acetone : H,O. AgCl was
filtered off. The dark orange solution was heated for 15 min and adding 40 mg of
NaNO, (0.579 mmol) in the solution. The mixture was refluxed for 1 h the color was
changed from dark brown to red.  After the solution was cooled to room temperature
then 45 mg of NH,BF, (0.43 mmol) was added to the red solution. The small black
solid precipitated after 5 days, The solid was collected on a frit and washed with

20 mL of cooled water followed by 30 mL of ether and air-dried. The yield was 89 %.

2.2.7  Preparation of Bromo(2-(phenylazo)pyridine)(2,2':6',2"~te1pyridine)-

ruthenium(I0) tetrafluoroborate complex, [Rultpy)(azpy)(Br)}(BF,).

A 52 mg of [Ru(tpy)(azpy)(CDIC1(0.0881 mmol) and 30 mg of AgNO, (0.1762
mmol) were dissolved in 12 mL of 3:1 acetone : H,0. The solution was heated at
reflux and stirfed for 1 h, whereupon it changed from deep red to dark orange. AgCl
was filtered off. The solution was heated for 15 min and adding 42 mg of LiBr
(0.4836 mmol) in solution. The mixture was heated at refluxed for 1 h and cooled to

room temperature. Then 45 mg of NHBF, (0.43 mmol) was added in the red
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solution. Keep the red solution opened air until the small black solid had appeared
(5 days). The solid was collected by suction filtration and washed with 20 mL of
cooled water followed by 30 mL of cther before it was dried in air. ~ The yield was

94 %.

2.2.8 Preparation of Iodo(2-(phenylazo)pyridine)(2,2":6',2"-terpyridine)ruthenium-
(ID) tetrafluoroborate complex, [Ru(tpy)(azpy)(DI(BF ).

A 52 mg of [Ru(tpy)(azpy)(CD)]CI (0.0881 mmol) in a 50-mL round bottom flask
was dissolved in 3:1 mixture of acetone : H,0 and adding 30 mg of AgNO, (0.1762
mmol). The solution was heated at reflux with stirring for 1 h. The reaction was
halted after the solution changed from deep red too dark orange. AgCl was filtered
off. The solution was heated for 15 min and added 271 mg of Nal (1.808 mmol). The
mixture was heated for 1 h and cooled to room temperature. A 45 mg of NH,BF,
(0.43 mmol) was added in the red solution. The red solution was allowed to stand for
5 days until the small black solid came out.  Then it was collected by suction
filtration, washed with 20 ml. of cooled water followed by 30 mL of ether and air-

dried. The yield was 92 %.

2.2.9  Preparation of Chloro/Todo(2-(phenylazo)pyridine)(2,2":6',2"-terpyridine)-
ruthenium(1l) tetrafluoroborate complex, [Ru(tpy)(azpy)(CUDI(BE,).

A 207 mg (0.469 mmol) of RurF(tp)f)Cl3 and 85 mg (0464 mmol) of
2-(phenylazo)pyridine were heated at reflux for 5.30 h in 28 mL of 3:1 absolute
ethanol : F,O containing 5.224 g of Nal and 0.4 mL of Et,;N as reductant with vigorous
stiring.  The solution was filtered while hot, the obtained black solid was unreacted

I

Ru (ipy)Cl,. A 177 mg of the black solid and 85 mg (0.464 mmol) of 2-(phenylazo)-
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pyridine were refluxed with sitrring for 1.30 h in 30 mL of 3:1 absolute ethanol/H,0
containing 182 mg (1.36 mmol) of LiCl and 0.6 mL of triethylamine. Then the dark
red solution was filtered. A 15 mL of saturated aqueous NH,BF, solution was added
to the dark red solution. The solution was allowed to evaporate for 7 days in
darkness, then the black solid came out. The black solid then was isolated by filtration
and washed with 2 x 10-mL of H,0, 2 x 10-mL of ether and air-dried. The clear red
crystals were selected from the black solid. Then X-ray single crystal diffraction of this

complex was done.

2.3 Melting Point Apparatus

Melting point of the complexes were measured on Thomas Hoover

Capillary melting point apparatus, range in 30 - 300°C.

2.4 Electrospray Mass Spectroscopy

Electrospray mass spectra were measured on a VG Quattro triple quardrupole

system mass spectrometer with alcohol mobile phase.

2.4 UV-Visible Absorption Spectroscopy

Ultraviolet and visible absorption spectra were recorded by using a Hewlett-

Packard 8452A diode atray spectrophotometer,
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2.5 Infrared Spectroscopy

Infrared spectra were obtained by using a Perkin Elmer Specttum GX FT-IR
spectrophotometer from 370 to 4,000 cm'l, and Perkin Elmer 783 Infrared

Spectrophotometer from 200 to 400 cm'l, all samples were prepared in KBr pellets.

2.6 Nuclear Magnetic Resonance Spectroscopy

'H NMR specira were recorded in d,-DMSO with a FT-NMR Varian UNITY

SNOVA 500-MHz with Me,Si as an intermal standard.
2,7 Cyclic Voltammetry

Electrochemical experiments were performed usiné a CS-2000 (Cypress).
A standard three-electrode configuration was used, with platinum wire working ,
platinum gauze counter and a Ag/AgNO, reference electrode. Electrochemical
measurements were done in CH,CN and 10 mM tetra-n-butylammonium-
hexafluorophosphate ([NBu,]PF,) was used as the supporting electrolyte.  Ferrocene
was added at the end of each experiment as an internal standard; all potentials are
quoted vs the ferrocene/ferrocenium couple (Fchc+). The solvent was used as
received. N, was bubbled through the solutions prior to measurement. The

electrochemical cell was shown in Appendix A.




14

2.8 Single Crystal X-ray Diffraction

Some X-ray structures of [Ru(tpy)(azpy)(CD]Cl and [Ru(tpy)(azpy)(NO,)IBF,
were determined by CCD X-ray diffractometer with SHELXL program (Department of
Physics, National Tsing Hua University, Taiwan, R.0.C)).

The X-ray structure of [Ru(tpy)(azpy)(CVDIBF, complex was determined by
CCD X-ray diffractometer with SHELXL program (School of Chemistry, University
of Bristol, UK.).

The X-ray structure of [Ru(tpy)(azpy)(NCS)IBF, complex was determined by
CCD X-ray diffractometer with teXsan program (Department of Chemistry, Faculty of

Science, Monash University, Clayton, Victoria, Australia).




Chapter 3

RESULTS

3.1 Preparation of Complexes

The [Ru(tpy)azpy)CH(CI) complex was synthesized by reaction of the free azpy

ligand with {Ru(tpy)CL,]. This complex was used as a precursor to prepare ruthenium

complexes containing various ligands other than Cl, [Ru(tpy)(azpy)Xr complexes

(where X = Br, I, NO,, and NCS). These complexes were obtained by the reaction

of [Ru(tpy)(azpy)Cl]" with AgNO, in acetone : H,O (3 : 1) solution followed by

reaction with LiBr, Nal, NaNO, or KSCN and were precipitated by BF, salt. Some
of the physical properties of these complexes are summarized in Table 1 and 2.
Table 1  The physical properties of ligand and compounds.
Physical properties
Compounds
Appearance Color Melting point (°o)
Azpy ligand Liquid (oily) Red 30
[Ru(tpy)(azpyXCDI(BF,) Rod like Black More than 250
[Rultpy)azpy XBnI(BE,) Rod like Red crystal More than 250
[Ru(tpy)(azpy)(DI(BF,) Needle Black More than 250
[Ru(tpyXazpy)(NCS)I(BF,) Plate Black More than 250
[Ru(tpy)(azpy)(NO,)I(BF,) Cubic Red crystal More than 250

15
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Table2  Solubility of ligand and compounds.

Compounds
Solvent
Azpy Ru-Cl Ru-Br Ru-I Ru-NO, Ru-NCS
1,0 -+ - - - - -
Methanol +++ ++ ++ -+ ++ ++
Ethanol +++ + + + + +
Acetonitrile +++ i+ +++ +++ +++ +++
Acetone +++ +++ +++ 4+ +++ +++
DPMSO At ++-+ +++ +++ ot +4+
DMF 4+ +4+ +4+ 4+ +H+ 4
CHCI, +++ - - - - -
- CH,C, +-t - - - - -
Hexane 4+ - - - - -
Ru-Cl = [Ru(tpy)azpy)(CDI(BF,)
Ru-Br = [Ru(tpy)(azpy)(Br)I(BF,)
Ru-I = [Ru(tpy)(azpy)(DI(BF,)
Ru-NO, = [Ru(tpy)(azpy)(NO,)I(BE,)
Ru-NCS = [Ru(tpy)(azpy)(NCS)I(BF,)
4+ = soluble (well), in the range 2.0 — 5.0 mg/mL
++ = soluble (fair) , in the range 0.5 — 2.0 mg/mL
+ = soluble (poor) , less than 0.5 mg/mL

- = insoluble
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The solubility of ligand and compounds were quanlitative analysis. Azpy ligand can
be soluble much greater than Ru(ll) complexes. Then the solubility scale is focused

on Ru(Il) complexes.
3.2 Electrospray Mass Spectroscopy

The electrospray mass spectroscopy is important technique to study the
molecular weight of the complexes.  The electrospray mass spectra (ES-MS) of [Ru-
(tpy)(azpy)X1(BF,) complexes, where X = CI, Br, I, NO,, NCS' and CI/I, are shown
in Figure 2-7, respectively.  The parent peak, which gives 100% relative abundance,
is the molecular weight of each complex ion.  So the expected structure will be

confirmed by this method.
3.3 UV-Visible Absorption Spectroscopy

UV-Visible absorption spectroscopy is the technique to study the electronic
transitions of the ligand and complexes. The UV-Visible absorption spectra of The
[Ru(tpy)(azpy)X](BF,) complexes, where X = CI, Br, I, NCS, and NO,, in
acetonitrile solution are shown in Figure 8-12, respectively.  These complexes give

intense bands in the visible region, which klm are in the 506-520 nm range.

3.4 Infrared Spectroscopy

Infrared spectroscopy is important technique to study the molecular structures of
the complexes. The infrared spectra of azpy ligand, [Ru(tpy)(azpy)(CDI(CI) complex,
and [Ru(tpy)(azpy)X1(BF,) complexes, where X = Br, I, NCS, and NO,, are shown

in Figure 13-18, respectively.  The interesting intense vibration frequencies of azpy
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ligand around the ruthenium(I[) central metal atom are C=C, C=N, N=N(azo)
stretching vibration and C-H out of plane bending in monosubstituted benzene. The

intense N=N(azo) stretching frequencies are in 1,421-1,312 om’ range.
3.5 Nuclear Magnetic Resonarnce Spectroscopy (IH NMR)

'"H NMR spectroscopy is one important technique to determine molecular
structure because the different proton in the molecular structure will show the different
chemical shift. The 'H NMR spectra of azpy, tpy ligands and [Ru(tpyXazpy)X](BF,)
complexes, where X = CI, Br, I, NO,, and NCS, are recorded in d-DMSO as shown
in Figure 19-25, respectively.,  The ' NMR spectra of ligands and complexes show
seven signals for nine hydrogens of azpy and six signals for eleven hydrogens of tpy

ligands.
3.6 Cyeclic Voltammetry

The cyclic voltanumetry is important technique to study the electrochemistry of
the ligand and complexes.  The cyclic voltammogram of azpy ligand and [Ru(tpy)-
(azpy)XI(BF,) complexes, where X = CI, Br, I, NCS|, and NO,, are recorded in
acetonitrile solution as shown in Figure 26-31, respectively. Ferrocene was added at

the end of each experiment as an internal standard.
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Figure 8 UV-Visible absorption spectrum of [Ru(tpy)(azpy(CDI(BF,) in acetonitrile.
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Figure 11 UV-Visible absorption spectrum of [Ru(tpy)(azpy)(INCS)I(BF,) in acetonitrile.
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Figure 17 Infrared spectrum of [Ru(tpy)(azpy)(INCS)I(BF,) complex. (range 400-2,500 cm'l)
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Figure 19 "H NMR spectrum of 2-(phenylazo)pyridine ligand in d,-DMSO.
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Figure 22 "H NMR spectrum of [Ru(tpy)(azpy)(Br)](BF,) complex in d,-DMSO.
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Figure 23 'H NMR spectrum of [Ru(tpy)(azpy)(D1(BE ) complex in d,-DMSO.
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Figure 24 "H NMR spectrum of [Ru(tpy)(azpy)(NO,)](BF,) complex in d.-DMSO.
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Figure 25 'HNMR spectrum of [Ru(tpy)(azpy)(NCS)I(BF,) complex in d,-DMSO.
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Figure 26 Cyclic voltammogram of 2-(phenylazo)pyridine in acetonitrile. (scan rate 50 mV/s)
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Figure 27 Cyclic voltammogram of [Ru(tpyXazpy)(CDI(BF,) in acetonitrile. (scan rate 50 mV/s)
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Figure 28 Cyclic voltammogram of [Ru(tpy)(azpy)(Br)1(BF,) in acetonitrile. (scan rate 50 mV/s)
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Figure 29 Cyclic voltammogram of [Ru(tpy)(azpy)D)](BF,) in acetonitrile. (scan rate 50 mV/s)
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Figure 30 Cyclic voltammogram of [Ru(tpy)(azpy)(NCS)I(BF,) in acetonitrile. (scan rate 50 mV/s)

Ly




2
‘; —
<
= 0=
©
=t
-
-] -
-2 i ] 1 I T 1 1 L) l ] L} ) 11 r R} 1 ¥ ¥ ] 1 1 'y 1 ] 1 14 4 1 ] T 1 1] T [ 1
1500 1000 500 O -500 -10008 -1500 -2000
Potential (mV)
Figure 31 Cyclic voltammogram of [Ru(tpy)(azpy)(NO,)}(BF ) in acetonirile. (scan rate 50 mV/s)
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3.2 Single Crystal X-ray Diffraction

Crystal structure

49

The X-ray crystallography is the most important technique to identify the

geometry of the complexes.

The crystal structures of 4 complexes, [Ru(tpy)(azpy)CIICI (1), [Rultpy)(azpy)-
(CUDI(BE,) (2), [Rutpy)(azpy)INOHI(BF,) (3) and [Ru(tpy)(azpy)(NCS)(BE,) (4),

are shown in Figure 32-35, respectively. The crystallographic data are listed in Table

3-14. These complexes have two isomer, 1 and 2 isomer (Figure 36), the crystals of

(1) are 1 isomer and the crystals of (2)-(4) are 2 isomer.

Table 3 The crystallographic data for [Ru(tpy)(azpy)CI]CI.

Identical code mylom
Empirical formula C,s Hy,y Ny CL, Ru
Formula weight 588.45
Temperature 295(2) K
Wavelength 0.71073

Crystal system monoclinic
Space group P2(1)/n

Unit cell dimensions a=8.7780(9) A

b=22.607(2). A

¢ =12.8686(14) A

Volume 2516.8(5) A’
Z 4
Density (calculated) 1.553 mg/m?'

oL =90°
B =99.755(2)°

¥ =90°




Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reftections collected
Observed reflection [/ > 20 ()}
Independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [I > 2G(D)]

R indices (all data)

Largest diff. Peak and hole

0.862 mm"

1184

0.50 x 0.40 x 0.20 mm
1.80 t0 28.28

50

1<K 11,305k <25, -16 51517

16145

4429

6033 [R(int) = 0.0411]
Full-matrix least-squares on ¥
6033/0/327

0.937

R1 =10.0524, wR2 =0.1439