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Abstract

A series of compounds of the type [(bpy)2Ru(3,3%-XX-2,2%-bpy)]2+ or [(dmb)2Ru(3,3%-XX-
2,2%-bpy)]2+, where X is CH2OH, COOH, COOCH3, COOC2H5, and COOCH2C6H5 and
bpy and dmb are 2,2%-bipyridine and 4,4%-dimethyl-2,2%-bipyridine, respectively, have been
synthesized. [Ru(bpy)2((COOCH3)2bpy)](PF6)2·2CH3CN crystallized in the monoclinic space
group P21/c with a=15.347 (3), b=22.767 (4), c=12.971 (3) A, , and Z=4. 1H-NMR
spectra were assigned. The proton on the carbon atom neighboring the nitrogen coordination
site shifts upfield upon coordination to ruthenium(II). Electronic absorptions occur over the
visible region from 550 to 400 nm, which are attributed to metal-to-ligand charge transfer
and in the UV region from 250 to 350 nm, which are associated with intraligand processes.
The absorbance in the visible region of the spectrum displays two components, Ru(dp)�
p*(bpy) and Ru(dp)�p*((COOR)2bpy) for R=CH3, C2H5 and CH2C6H5, in the other cases
the Ru(dp)�p* transitions to the three bipyridine ligands overlap. Reduction potentials
attributed to the Ru(III/II) couple range from 1.22 V for the CH2OH derivative to 1.40 V
versus SSCE for the COOC2H5 derivative. Reductions attributed to the first reduction of the
coordinated (3,3%-XX-2,2%-bpy) ligand occur over the range −0.88 to −1.36 V versus SSCE.
Emission maxima at room temperature in acetonitrile range from 614 nm for the CH2OH
derivative to 711 nm for the ester derivatives; their emission lifetimes at room temperature in
acetonitrile vary from 940 to 258 ns, respectively. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords: NMR; Ruthenium(II) complexes; 3,3%-Dicarboxyl-2,2%-bipyridine ligand

1. Introduction

Considerable attention has focused on the preparation and properties of rutheni-
um(II) heterocyclic ligand complexes due to their stability and photophysical
properties. Such complexes ranging from simple monometallic to larger arrays have
been reviewed by a number of contributors in the area [1–3]. Complexes of this
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type are of high interest from both a fundamental point of view where the dynamics
of excited state electron and energy transfer are under investigation and from a
practical point of view where photochemical devices related to light-to-energy
conversion have been proposed or devised [4–10].

We have pioneered the use of multidentate heterocyclic ligands for the prepara-
tion of mixed-metal and multimetallic complexes [11–14] and have studied applica-
tions of these complexes as catalysts in solar photoelectrochemical cells [15,16]. Our
most recent reports in the area have been related to monometallic and bimetallic
complexes based on 4,5-diazafluorenone [17–20]. Nucleophiles in solutions contain-
ing ruthenium(II) coordinated to 4,5-diazafluorenone attacked the carbonyl carbon
atom, opened the five-membered ring and resulted in new complexes containing
bipyridine ligands substituted in the 3 position. This allowed us to prepare and
investigate the properties of [Ru(bpy)2(3-COOHbpy)]2+ and then extend our
studies to ruthenium(II) complexes with substituents in the 3,3% positions of one of
the three bipyridine ligands for subsequent use as dyes in solar energy cells. The
presence of these substituents in close proximity was expected to result in steric
distortions as well as the normal Hammett s donor–acceptor effects. Here we vary
the substituents from the electron donating group, CH2OH, to the electron with-
drawing groups, COOR, where R=H, CH3, C2H5 and CH2Ph, and show that
molecular distortions are another means for altering physical properties of rutheni-
um(II) complexes. The structures of the various ligands used are shown in Fig. 1.

Fig. 1. Structures of various ligands, abbreviations, and labels for 1H-NMR assignments.
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2. Experimental

2.1. Materials

Ruthenium trichloride trihydrate was obtained on loan from Johnson–Mathey.
Argon and nitrogen gases were purchased from Lightner Welding. Tetrabutylam-
monium hexafluorophosphate (TBAH) was purchased from Southwestern Analyti-
cal Chemicals and was stored in a desiccator. Silver trifluoromethanesulfonate
(silver triflate or AgTFMS) was purchased from Aldrich and stored in a vacuum
desiccator in the dark. Methanol, tetrahydrofuran, acetonitrile, methylene chloride,
chloroform, and ethanol were purchased from Fisher.

Methanol and ethanol were dried by placing 5 g of clean, dry magnesium
turnings and 0.5 g of iodine in a flask under argon gas, followed by 50–75 ml of
commercially purchased absolute methanol or ethanol. The mixture was warmed
until the iodine disappeared. Commercial absolute methanol or ethanol (900 ml)
was then added and the solution was refluxed for 30 min. The methanol or ethanol
was then distilled directly into the reaction vessel.

Tetrahydrofuran (THF) was refluxed under argon gas in the presence of sodium–
potassium alloy and benzophenone until a blue color formed. The solvent remained
in contact with the alloy until it was distilled for use.

Reagents used in the preparation of 3,3%-dicarboxy-2,2%-bipyridine, 3,3%-dicar-
boxy-4,4%-dimethyl-2,2%-bipyridine, 3,3%-dicarbomethoxy-2,2%-bipyridine, 3,3%-dicar-
boethoxy-2,2%-bipyridine, 3,3%-dicarbobenzoxy-2,2%-bipyridine and 3,3%-dimethylol-
2,2%-bipyridine were purchased from G.F. Smith or Aldrich and were used without
further purification.

cis-Dichlorobis(2,2%-bipyridine)ruthenium(II) and cis-dichlorobis(4,4%-dimethyl-
2,2%-bipyridine)ruthenium(II)were prepared according to published procedures [21].

Elemental analyses were carried out by M-H-W Laboratories, Phoenix, AZ.

2.2. Preparation of 3,3 %-dicarboxy-2,2 %-bipyridine, dcbpy

A modification of the procedure of Smith and Richer was followed [22]. A
sample of 1,10-phenanthroline (8.0 g, 0.04 mol) was added to a 2 l round bottomed
flask containing 800 ml of distilled water and 3.2 g (0.08 mol) of NaOH. Potassium
permanganate crystals (19.0 g, 0.12 mol) were then slowly added at room tempera-
ture (r.t.) using a powder dropping funnel while stirring the solution. After the
addition, the solution was refluxed for at least 2 h. The resulting mixture was
filtered while hot to remove the MnO2. The filtrate was reduced to half of its
original volume and it was acidified using acetic acid. Silver nitrate (13.6 g) was
then dissolved in a minimum amount of distilled water and slowly added to
concentrated filtrate with stirring. The resulting white precipitate was collected by
filtration and was added to 500 ml boiling distilled water. The boiling mixture was
saturated with hydrogen sulfide gas (hydrogen sulfide was obtained by the reaction
of solid sodium sulfide and 6 M hydrochloric acid) [22]. Black silver sulfide
precipitated from the solution. Hydrogen sulfide was bubbled through the solution
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until the solution appeared to be clear and the black precipitate began to clump
together. The mixture was filtered while hot and a slightly yellow colored solution
was obtained. The solution was decolorized with carbon while the solution was
boiling. A clear solution was obtained after filtration. The filtrate was reduced to 20
ml and a white solid precipitated from the solution. The precipitate was collected
and dried in a vacuum oven. A 4.26 g (0.017 mol, 43.6%) yield of white product was
obtained. The compound decomposed within the range 250–252°C. 1H-NMR
(DMSO, ppm): d 12.95 (s, 2H, COOH); 8.66 (d, 2H); 8.26 (d, 2H); 7.52 (dd, 2H).
Anal. Calc. for C12H8N2O4: C, 59.02; H, 3.30; N, 11.47. Found: C, 59.38; H, 3.12;
N, 11.41%.

2.3. Preparation of 3,3 %-dicarbomethoxy-2,2 %-bipyridine, [(COOCH3)2bpy]

A 3.65 g (0.015 mol) sample of 3,3%-dicarboxy-2,2%-bipyridine was dissolved in 110
ml of freshly distilled methanol containing 3.29 ml (0.030 mol) of N-methylmor-
pholine. The solution was placed in an ice-bath for at least 10 min and 2.31 ml
(0.030 mol) of methylchloroformate was added dropwise over a period of 20 min.
The whole procedure was performed under an argon atmosphere. The solution was
then stirred at r.t. for at least 30 min and the solvent was removed using a rotary
evaporator. The solid residue was dissolved in 110 ml chloroform. This solution
was washed three times with 25 ml portions of saturated sodium bicarbonate. The
chloroform layer was concentrated by rotary evaporation. A white crystalline
product precipitated from the solution. The solid was removed by filtration and
washed with a small amount of cold, absolute ethanol. The crystalline product was
dried in a vacuum oven overnight. A 3.02 g (0.0111 mol, 73.90%) yield of product
was obtained. M.p.: 153–155°C (lit. m.p. 152°C) [23]. IR (KBr, cm−1): C�H, 2950;
Ar�H, 3100. 1H-NMR (CDCl3, ppm): d 8.75 (d, 2H); 8.35 (d, 2H); 7.43 (dd, 2H);
3.65 (s, 6H).

2.4. Preparation of 3,3 %-dicarboethoxy-2,2 %-bipyridine, [(COOCH2CH3)2bpy]

A similar procedure to that used to prepare 3,3%-dicarbomethoxy-2,2%-bipyridine
was used for synthesizing 3,3%-dicarboethoxy-2,2%-bipyridine. The solvent was
freshly distilled ethanol instead of distilled methanol. M.p.: 84–86°C. IR (KBr,
cm−1): C�H, 2985; Ar�H, 3100 cm−1. 1H-NMR (CDCl3, ppm): d 8.75 (d, 2H);
8.35 (d, 2H); 7.40 (dd, 2H); 4.10 (q, 4H); 1.05 (t, 6H). Anal. Calc. for C16H16N2O4:
C, 63.99; H, 5.37: N, 9.33. Found: C, 63.55; H, 5.31; N, 9.18%.

2.5. Preparation of 3,3 %-dicarbobenzoxy-2,2 %-bipyridine, [(COOCH2Ph)2bpy]

A mixture of 2.44 g (0.01 mol) 3,3%-dicarboxy-2,2%-bipyridine, 4.54 g (0.022 mol)
N,N-dicyclohexylcarbodiimide, 2.38 g (0.022 mol) benzyl alcohol and 0.29 g (0.002
mol) 4-pyrrolidinopyridine in dichloromethane (40 ml) was magnetically stirred 16
h at r.t. under argon gas until esterification was complete. The N,N-dicyclohexyl-
urea which formed was removed by filtration and the filtrate was washed with
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distilled water (3×40 ml), 5% acetic acid solution (3×40 ml), and again with
distilled water (3×40 ml). The methylene chloride layer was separated from the
water layer and dried with MgSO4. The solvent was then evaporated slowly in a
fume hood. A 3.47 g (0.0081 mol) (yield, 82%) sample of white crystals was
collected and dried in the vacuum oven. M.p.: 84–86°C. IR (KBr, cm−1): C�H,
2985; Ar�H, 3100. 1H-NMR (CD3CN, ppm): d 8.57 (d, 2H); 8.18 (d, 2H); 7.38 (dd,
2H); 7.29 (m, 6H); 7.11 (m, 4H); 5.05 (s, 4H). Anal. Calc. for C26H20N2O4: C, 73.57;
H, 4.75; N, 6.60. Found: C, 73.66; H, 5.00; N, 6.71%.

2.6. Preparation of 3,3 %-dimethylol-2,2 %-bipyridine, [(CH2OH)2bpy]

A 1.31 g (0.0048 mol) of 3,3%-dicarbomethoxy-2,2%-bipyridine was dissolved in 130
ml of freshly distilled THF under argon gas. The solution was placed in an ice-bath
for at least 10 min. A solution of Red Al (sodium bis[2-methoxyethoxy]-
aluminum(hydride)) containing 0.021 mol of reagent was prepared with 20 ml of
freshly distilled THF. This solution was added dropwise into the reaction mixture
in a period of 30 min. After 1 h at 0°C, the excess Red Al reagent was decomposed
by slow addition of a saturated aqueous NH4Cl solution. CHCl3 (100 ml) was then
added and the resulting liquid was decanted. The residue was washed with 3×100
ml of CHCl3. The organic layers were combined, dried, and rotary evaporated to
dryness yielding a tan colored solid which was recrystallized in ethyl acetate
resulting in 0.64 g (0.0030 mol, 62% yield) of product. M.p.: 144–146°C (lit. m.p.
144–145°C) [24]. IR (KBr, cm−1): C�H, 2950; Ar�H, 3100. 1H-NMR (DMSO,
ppm): d 8.52 (d, 2H); 8.05 (d, 2H); 7.49 (dd, 2H); 5.25 (t, 2H); 4.35 (d, 4H).

2.7. Preparation of 3,3 %-dicarboxy-4,4 %-dimethyl-2,2 %-bipyridine, dcdmb

A 9.0 g (0.04 mol) sample of 4,7-dimethyl-1,10-phenanthroline was added to a 2
l round bottom flask containing 1200 ml of distilled water and 4.8 g (0.12 mol) of
NaOH. Potassium permanganate (19.0 g, 0.12 mol) was then slowly added at r.t.
After the addition, the solution was stirred a r.t. for 20 h, then refluxed for 2 h. The
resulting mixture was filtered. The filtrate was reduced to about one quarter of its
volume and acidified using acetic acid. After filtering, the filtrate was treated with
a solution of silver nitrate (9.0 g) and H2S as above, and then decolorized with
carbon. The solid was collected by reducing the filtrate volume to near dryness, and
then recrystallized twice using a 1:1 water–ethanol mixture. A white product was
obtained (2.6 g, 0.0095 mol, yield 23.9%). 1H-NMR (D2O, ppm): d 8.56 (d, 2H);
7.76 (d, 2H); 2.61 (s, 6H). Anal. Calc. for C14H12N2O4·H2O: C, 57.93; H, 4.86; N,
9.32. Found: C, 58.26; H, 4.87; N, 9.32%.

2.8. Preparation of [(bpy)2Ru(dcbpy-H)](PF6)

cis-Dichlorobis(2,2%-bipyridine)ruthenium(II) (0.2600 g, 0.5 mmol) and 3,3%-dicar-
boxy-2,2%-bipyridine (0.1221 g, 0.5 mmol) were refluxed in 50 ml ethanol for 6 h.
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While still hot, the solution was filtered. The filtrate was concentrated to dryness
using a rotary evaporator. A small amount of distilled water was added to dissolve
the solid and the resulting solution was loaded onto a cation exchange chromatog-
raphy column (Sephadex SP-25, Pharmacia, 40–120 mesh) and the complex was
eluted with an aqueous solution of sodium chloride. The first fraction obtained with
pure distilled water contained an impurity and was discarded. The fraction obtained
with 0.2 M sodium chloride contained the desired complex. The complex was then
precipitated by adding saturated aqueous NH4PF6 solution. It gave one spot on a
silica gel TLC plate using 5:4:1 acetonitrile–water–saturated KNO3(aq) as the
developing reagent. M.p.: 227–229°C. IR (KBr, cm−1): PF6

−, 837. Anal. Calc. for
RuC32H23N6O4PF6·H2O: C, 46.89; H, 3.05; N, 10.25. Found: C, 46.95, H, 2.88; N,
10.17%.

2.9. Preparation of [(bpy)2Ru((COOCH3)2bpy)](PF6)2

cis-Dichlorobis(2,2%-bipyridine)ruthenium(II) (0.2600 g, 0.5 mmol) and 3,3%-dicar-
bomethoxy-2,2%-bipyridine (0.1361 g, 0.5 mmol) were refluxed in 50 ml ethanol for
6 h. While still hot, the solution was filtered. The filtrate was concentrated to
dryness using a rotary evaporator. A small amount of distilled water was added to
dissolve the solid and a saturated aqueous NH4PF6 solution was added to the
above solution. The reddish-brown colored precipitate was collected on a fine frit,
washed with distilled water and then with ethyl ether. The solid was dried in a
vacuum oven overnight. The solid was dissolved in acetonitrile and a small amount
of ethyl ether was slowly added. The mixture was placed in the refrigerator for
several days. A small crystalline cluster grew from the solution which gave one spot
on a silica gel TLC plate using 5:4:1 acetonitrile–water–saturated KNO3(aq) as the
developing reagent. M.p.: 286–287°C. IR (KBr, cm−1): PF6

−, 837. 1H-NMR in the
aliphatic region (CD3CN, ppm): d 3.80 (s, 6H). Anal. Calc. for
RuC34H28N6O4P2F12: C, 41.86; H, 2.89; N, 8.61. Found: C, 41.01; H, 3.03; N,
7.65%.

2.10. Preparation of [(bpy)2Ru((COOCH2CH3)2bpy)](PF6)2

cis-Dichloro-bis(2,2%-bipyridine)ruthenium(II) (0.2600 g, 0.5 mmol) and 3,3%-di-
carboethoxy-2,2%-bipyridine (0.1501 g, 0.5 mmol) were refluxed in 50 ml ethanol for
6 h. While still hot, the solution was filtered. The filtrate was concentrated to
dryness using a rotary evaporator. A small amount of distilled water was added to
dissolve the solid and a saturated aqueous NH4PF6 solution was added to the
above solution. The reddish-brown colored precipitate was collected on a fine frit,
washed with distilled water and then with ethyl ether. The solid was dried in a
vacuum oven overnight. The solid was dissolved in acetonitrile and a small amount
of ethyl ether was slowly added. The mixture was placed in a refrigerator for several
days. A small crystalline cluster grew from the solution. It gave one spot on a silica
gel TLC plate using 5:4:1 acetonitrile–water–saturated KNO3(aq) as the develop-
ing reagent. M.p.: 254–255°C. IR (KBr): PF6

−, 841 cm−1. 1H-NMR in the aliphatic
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region (CD3CN, ppm): d 4.31 ppm (q, 4H); 1.25 ppm (t, 6H). Anal. Calc. for
RuC36H32N6O4P2F16: C, 43.08; H, 3.21; N, 8.37. Found: C, 43.22; H, 3.12; N,
8.38%.

2.11. Preparation of [(bpy)2Ru((COOCH2Ph)2bpy)](PF6)2

cis-Dichlorobis(2,2%-bipyridine)ruthenium(II) (0.2600 g, 0.5 mmol) and 3,3%-dicar-
bobenzoxy-2,2%-bipyridine (0.212 g, 0.5 mmol) were refluxed in 50 ml ethanol for 6
h. While still hot, the solution was filtered. The filtrate was concentrated to dryness
using a rotary evaporator. A small amount of distilled water was added to dissolve
the solid and a saturated aqueous NH4PF6 solution was added to the above
solution. The reddish-brown colored precipitate was collected on a fine frit, washed
with distilled water and then with ethyl ether. The procedures outlined in the
previous preparation were used to purify the complex. M.p.: 205–207°C. IR (KBr,
cm−1): PF6

−, 841. 1H-NMR in the aliphatic region (CD3CN, ppm): d 5.27 ppm (s,
2H). Anal. Calc. for RuC46H36N6O4P2F12·H2O: C, 48.21; H, 3.32; N, 7.33. Found:
C, 48.41; H, 4.17; N, 7.01%.

2.12. Preparation of [(bpy)2Ru((CH2OH)2bpy)](PF6)2

cis-Dichlorobis(2,2%-bipyridine)ruthenium(II) (0.2600 g, 0.5 mmol) and 3,3%-
dimethylol-2,2%-bipyridine (0.1081g, 0.5 mmol) were refluxed in 50 ml ethanol for 6
h. While still hot, the solution was filtered. The filtrate was concentrated to dryness
using a rotary evaporator. A small amount of distilled water was added to dissolve
the solid and a saturated aqueous NH4PF6 solution was added. An orange colored
precipitate was collected. The procedures outlined for preparing [(bpy)2Ru-
((COOCH2CH3)2bpy)](PF6)2 were used to purify the complex. M.p.: 213–215°C. IR
(KBr, cm−1): PF6

−, 841. 1H-NMR in the aliphatic region (CD3CN, ppm): d 3.8 (t,
2H); 4.6 (d, 4H). Anal. Calc. for RuC32H28N6O2P2F12: C, 41.79; H, 3.07; N, 9.14.
Found: C, 42.00; H, 3.32; N, 9.30%.

2.13. Preparation of [Ru(dmb)2(dcdmb)](PF6)2

A 0.20 g sample of dcdmb (0.74 mmol) and 0.41 g of Ru(dmb)2Cl2 (0.74 mmol)
were refluxed in 80 ml ethanol for 10 h. The solution was filtered. The filtrate was
evaporated to dryness using a rotary evaporator. A small amount of distilled water
was added to dissolve the solid and the resulting solution was loaded onto a cation
exchange chromatography column (Sephadex SP-25, 40–120 mesh) and the com-
plex was eluted with an aqueous solution of sodium chloride. The fraction obtained
with 0.2 M NaCl contained the desired complex. The complex was precipitated by
adding HPF6. The solid was then recrystallized from acetone. The yield was 0.2 g
(26.5%). 1H-NMR in the aliphatic region (CD3CN, ppm): d 2.45 (s, 6H); 2.49 (6H);
2.22 (6H). Anal. Calc. for RuC38H36N6O4P2F12: C, 44.24%; H, 3.52; N, 8.15.
Found: C, 44.66; H, 2.55; N, 8.23%.
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2.14. Preparation of [Ru(dmb)2(dcbpy-H)](PF6)

A 0.29 g sample of Ru(dmb)2Cl2 (0.5 mmol) and 0.12 g dcbpy (0.5 mmol) were
added to a 100 ml flask containing 60 ml ethanol. The resulting solution was
refluxed for 6 h and then filtered. The filtrate was evaporated to dryness. The solid
was dissolved in a small amount of water and loaded onto a cation exchange
column (Sephadex SP-25, 40–120 mesh) and the complex was eluted with an
aqueous solution of sodium chloride. The fraction obtained with 0.2 M NaCl
contained the desired complex. The complex was precipitated by the dropwise
addition of saturated NH4PF6. A pure complex (0.25 g) was obtained by recrystal-
lizing the product in acetone (yield=49.8%). 1H-NMR in the aliphatic region
(CD3CN, ppm): d 2.45 (12 H). Anal. Calc. for RuC36H31N6O4PF6: C, 50.34; H,
3.64; N, 9.79. Found: C, 50.40; H, 3.12; N, 9.80%.

2.15. Physical measurements

UV–vis spectra were obtained using a Hewlett–Packard model 8452A diode
array spectrophotometer. IR spectra were obtained using a Perkin–Elmer model
1600 FT-IR spectrophotometer. Proton NMR spectra were obtained with Varian
XL-300 and Varian Inova 400 FT-NMR spectrometers. Cyclic voltammograms
were obtained using an EG&G PAR model 263A potentiostat/galvanostat. The
measurements were made in a typical H-cell using a platinum disk working
electrode, a platinum wire counter electrode and a silver/silver chloride reference
electrode in acetonitrile. The supporting electrolyte was 0.1 M tetrabutylammonium
hexafluorophosphate (TBAH).

Emission spectra were obtained using a Spex Fluorolog 212 spectrofluorometer
using either 4:1 ethanol–methanol, methylene chloride or acetonitrile as solvent. All
emission spectra were corrected for instrument response. Excited-state lifetimes
were determined by exciting the sample at 450 nm using a frequency tripled
Continuum Surlite ND:YAG laser run at �20 mJ/10 ns pulse. Oscilloscope control
and data curve fitting were accomplished with a program developed in-house.
Emission quantum yields were determined using [Ru(bpy)3]2+ as a standard which
has a known emission quantum yield of 0.062 at 25°C [25] in acetonitrile. All
emission samples were prepared in HPLC or better grade solvents, filtered through
0.45 PTFE filters, then freeze–pump–thaw degassed a minimum of three times
prior to measurement. Errors were 91 in the last digit, unless otherwise indicated.

Sample preparation for photophysical measurements involved dissolving a small
amount of sample (�2 mg) in the appropriate solvent and the absorbance of the
solution was measured. The concentration of the solution was altered in order to
achieve an absorbance of about 0.10 at 450 nm. Such a concentration provides
enough material for data acquisition but excludes any self-quenching processes
from occurring. A 3–4 ml aliquot of the solution was then placed in a 10 mm
diameter Suprasil (Heraeus) non-fluorescent quartz tube equipped with a tip-off
manifold. The sample was then freeze–pump–thaw degassed for at least three
cycles (to approximately 75 millitorr) removing any gases from the sample. The
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manifold was then closed and the sample was allowed to equilibrate to r.t. Solvent
evaporation was assumed to be negligible, therefore concentrations were assumed
to remain constant throughout this procedure. Measurements at 77 K were
performed by direct immersion of the sample tube in a suprasil Dewer flask filled
with liquid nitrogen.

Emission quantum yields were then calculated using Eq. (1) [26].

f= (Ao/As)(Is/Io)fstd (1)

In Eq. (1), Io is the integral of the standard emission envelope, Is is the integral of
the sample emission envelope, Ao is the absorbance of the standard, As is the
absorbance of the sample, f is the emission quantum yield of the sample and fstd

is the emission quantum yield of the standard.

2.16. X-ray structure determination

A red needle of [Ru(bpy)2((COOCH3)2bpy)](PF6)2·2CH3CN with dimensions
0.60×0.25×0.15 mm was affixed with Paratone-N oil (Exxon) to the end of a
glass fiber mounted on a goniometer head and transferred to the cold stream of the
diffractometer. X-ray data were collected at −110°C on an Enraf–Nonius CAD-4
diffractometer using graphite monochromated Mo–Ka radiation (l=0.71069 A, )
and controlled by a Silicon Graphics O2 computer. The unit cell dimensions were
determined from the setting angles of 24 reflections with 20BuB22°. The crystal
system was determined to be monoclinic and the space group was uniquely
determined to be P21/c. Data were collected for one quadrant with +h, +k, 9 l,
and 252u545° by the v-scan mode. Relevant data collection parameters are
given in Table 1. The structure was solved by direct methods [27] and refined by
full-matrix least-squares techniques using the TEXSAN crystallographic package [28].
The data were corrected for Lorentz and polarization effects, as well as by an
empirical absorption correction using the program DIFABS [29]. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included at idealized
positions but were not refined. Neutral atom scattering factors and anomalous
dispersion factors were used as supplied in the TEXSAN package [30,31].

3. Results

3.1. Preparation of compounds

An outline for the synthesis of the ligands is shown in Scheme 1. The procedure
for the 3,3%-dicarboxy-2,2%-bipyridyl synthesis was taken from Smith and Richter
[22]. The yield was approximately the same as that reported in the literature. The
procedure for the synthesis of 3,3%-dicarbomethoxy-2,2%-bipyridine, 3,3%-dicar-
boethoxy-2,2%-bipyridine, and 3,3%-dimethylol-2,2%-bipyridine reported by Rebek [24]
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Table 1
Crystallographic data for [Ru(bpy)2((3,3%-COOCH3)2bpy)](PF6)2·2CH3CN

Formula C38H34N8O4P2F12Ru
1057.74Formula weight
P21/cSpace group
15.347(3)a (A, )

b (A, ) 22.767(4)
c (A, ) 12.971(3)

112.69(2)b (°)
4181(2)V (A, 3)
4Z
4214Number of data (I\2s(I))

Number of parameters 586
1.680Dcalc (g cm−3)
−110T (°C)
0.71069Wavelength (A, )
5.57m(Mo–Ka) (cm−1)
0.051Ra

0.057Rw
b

3.32Sc

0.63 and −0.88Max. and min. peak (e A, −3)
0.8506–1.000Trans. factors

a R=S
Fo�−�Fc
/S�Fo�.
b Rw= [Sw(�Fo�−�Fc�)2/SwFo

2]1/2, w= [sc
2(Fo)]−1.

c S= [Sw(�Fo�−�Fc�)2/(No−Nv)]1/2.

was followed. The overall yield was approximately 10% lower than the yield
reported.

The general procedure for the synthesis of the complexes follows: A 1:1 molar
ratio mixture of the appropriate ruthenium dichloro precursor and the 3,3%-X,X-
2,2%-bipyridine or dcdmb ligand in absolute ethanol was refluxed under argon about
6 h, during which time the violet solution became more red–orange indicating
formation of the complex. After isolation, two different methods of purification
were used. First, the carboxalate derivatives were purified by loading them onto a
cation exchange chromatography column (Sephadex SP-25, Pharmacia, 40–120
mesh) and eluting the desired fraction with an aqueous NaCl solution. The
remaining complexes were purified on a neutral alumina (50–70) column, eluting
the desired fraction by gradually increasing the acetonitrile:toluene ratio. Purifica-
tion of the diester derivatives on a neutral alumina column was a better purification
method than the cation exchange method because the yield for the ester complex
decreased when eluted through the aqueous NaCl solution, perhaps due to hydrol-
ysis. The three ester complexes were further purified by recrystallization in a
mixture of acetonitrile and diethyl ether. A dark reddish crystal cluster was
collected in each case.
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3.2. X-ray structure

An ORTEP [32] drawing of the [Ru(bpy)2(COOCH3)2bpy)]2+cation is shown in
Fig. 2. Final fractional atomic coordinates and equivalent isotropic thermal dis-
placement parameters for the non-hydrogen atoms are given in Table 2, and
selected bond distances and angles are given in Table 3. The [Ru(bpy)2(COOCH3)2-

Scheme 1. Scheme for the synthesis of 3,3%-X,X-2,2%-bipyridine.
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Fig. 2. ORTEP drawing of the [Ru(bpy)2((COOCH3)2bpy)]2+ cation. Ellipsoids are drawn at the 50%
probability level and hydrogen atoms have been omitted for clarity.

bpy)]2+ cation is found on a general position in the monoclinic space group P21/c.
The asymmetric unit is completed by two hexafluorophosphate counterions and two
molecules of acetonitrile.

The coordination geometry of the Ru atom is that of a distorted octahedron with
a RuN6 core. Four nitrogen atoms belong to two 2,2%-bipyridine ligands which lie
in the cis configuration and the other two to the derivatized 2,2%-bipyridine ligand
with methyl ester groups in the 3,3% positions. The distortion from octahedral
symmetry results from the small bite angles of the bipyridine ligands and the
different bond distances to the various coordinating ligands. The N(1)�Ru�N(2)
bite angle was 78.2 (2)°; the N(3)�Ru�N(5) bite angle was 78.4 (3)°; and the
N(4)�Ru�N(6) bite angle was 78.5 (3)°. The distances of Ru�N varied from 2.052
(6) A, for Ru�N(4), 2.055 (6) A, for Ru�N(1), 2.059 (6) A, for Ru�N(2), 2.067 (6) A,
for Ru�N(5), 2.080 (6) A, for Ru�N(6) to 2.084 (6) A, for Ru�N(3). The shortest
distances on an average were to the derivatized 2,2%-bipyridine ligand with methyl
ester groups in the 3,3% positions. The bipyridine ligands are distorted with dihedral
angles of 2.3° between the pyridine rings defined by N(4) and N(6), 6.6° between the
pyridine rings defined by N(3) and N(5) and 28.1° between the pyridine rings
defined by N(1) and N(2). The distances between the bridge-head carbon atoms of
the bipyridine rings remained nearly constant ranging from 1.47 to 1.50 A, and the
distances from the aromatic ring to the carbonyl carbon atoms were the same
within experimental error, 1.49 (1) and 1.503 (9) A, .
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Table 2
Positional parameters and Beq for [Ru(bpy)2((3,3%-COOCH3)2bpy)](PF6)2·2CH3CN

z BeqAtom x y

0.73721(5) 1.57(1)Ru(1) −0.12522(3)0.26053(5)
O(1) 2.4(1)0.7384(4)0.1456(4) −0.3987(2)

2.9(2)0.1410(4) −0.3459(2) 0.5912(5)O(2)
0.8170(4) 2.2(1)O(3) −0.3557(2)0.3491(4)

−0.3955(3) 4.7(2)0.6679(5)0.3618(5)O(4)
1.7(2)0.2945(4) −0.1926(3) 0.6541(5)N(1)

0.8037(5) 1.5(2)0.2212(4)N(2) −0.1978(3)
0.6052(5) 1.8(2)0.1299(4)N(3) −0.1165(3)
0.8384(5) 1.5(2)−0.0619(3)N(4) 0.2404(5)
0.6517(5) 1.8(2)N(5) −0.0545(3)0.2844(4)

0.3922(4) 2.0(2)N(6) −0.1235(3) 0.8684(5)
3.3(2)0.3733(7) −0.4118(4) 0.8760(7)C(1)

0.7141(7) 2.2(2)0.3485(6)C(2) −0.3543(4)
1.7(2)0.3350(5) −0.2940(3) 0.6647(6)C(3)

C(4) 2.3(2)0.5970(7)0.3821(6) −0.2841(4)
2.1(2)0.3836(6) −0.2288(4) 0.5526(6)C(5)

0.5864(6) 1.7(2)0.3404(5)C(6) −0.1843(3)
0.6887(6) 1.6(2)C(7) −0.2479(3)0.2853(5)

1.7(2)0.2243(5) −0.2501(3) 0.7556(6)C(8)
1.5(2)0.1711(5) −0.2977(3) 0.7640(6)C(9)

0.6883(7) 2.2(2)−0.3494(4)C(10) 0.1520(6)
3.7(3)0.1229(7) −0.4499(4) 0.6666(8)C(11)

−0.2939(3) 2.0(2)0.8371(7)0.1258(6)C(12)
2.0(2)0.1298(5) −0.2426(4) 0.8960(6)C(13)

0.8740(6) 1.9(2)0.1761(5)C(14) −0.1956(4)
2.2(2)0.0553(6) −0.1518(4) 0.5833(7)C(15)

C(16) 2.5(2)0.4922(7)−0.0269(6) −0.1435(4)
2.6(2)−0.0347(6) −0.0971(4) 0.4208(7)C(17)
2.4(2)0.0405(6) −0.0605(4) 0.4436(7)C(18)

−0.0704(3) 2.1(2)0.5347(7)0.1220(6)C(19)
2.0(2)0.2078(6) −0.0340(4) 0.5655(6)C(20)

0.5109(7) 2.7(2)0.2125(6)C(21) 0.0170(4)
0.5466(8) 3.4(3)0.2973(7)C(22) 0.0476(4)
0.6309(9) 3.5(3)0.0262(4)C(23) 0.3743(7)

0.3654(6) 2.4(2)−0.0244(4)C(24) 0.6835(7)
0.1593(6) 2.2(2)C(25) −0.0318(4) 0.8145(7)

3.0(2)0.1525(7) 0.0143(4) 0.8806(8)C(26)
0.9733(8) 3.3(3)0.2298(7)C(27) 0.0296(4)

2.6(2)0.3136(6) −0.0014(4) 1.0007(7)C(28)
C(29) 1.9(2)0.9302(7)0.3171(6) −0.0467(3)

2.1(2)0.4014(6) −0.0828(4) 0.9467(7)C(30)
1.0377(7) 2.6(2)C(31) 0.4860(6) −0.0761(4)

−0.1119(4) 3.2(2)C(32) 1.0497(7)0.5622(6)
3.0(2)0.5501(6) −0.1530(4) 0.9687(7)C(33)

0.4658(6) 2.3(2)−0.1581(4)C(34) 0.8804(7)
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Table 3
Selected bond lengths (A, ) and angles (°) for [Ru(bpy)2((COOCH3)2bpy)](PF6)2·2CH3CN

Bond lengths
1.48(1)C(29)�C(30)Ru(1)�N(1) 2.055(6)

Ru(1)�N(2) 1.47(1)2.059(6) C(19)�C(20)
1.50(1)C(2)�C(3)Ru(1)�N(3) 2.084(6)

C(7)�C(8)2.052(6) 1.503(9)Ru(1)�N(4)
C(9)�C(10)2.067(6) 1.49(1)Ru(1)�N(5)

1.461(9)O(3)�C(1)Ru(1)�N(6) 2.080(6)
O(1)�C(10) 1.332(9)1.321(9) O(3)�C(2)

1.172(9)O(4)�C(2)1.45(1)O(1)�C(11)
1.207(9)O(2)�C(10)

Bond angles
96.1(3)N(5)�Ru(1)�N(6)N(1)�Ru(1)�N(2) 78.2(2)
78.5(3)N(1)�Ru(1)�N(3) 89.9(2) N(4)�Ru(1)�N(6)
84.1(2)N(4)�Ru(1)�N(5)N(1)�Ru(1)�N(4) 172.6(3)

N(3)�Ru(1)�N(6)99.6(2) 173.4(2)N(1)�Ru(1)�N(5)
N(3)�Ru(1)�N(5)94.6(3) 78.4(3)N(1)�Ru(1)�N(6)

97.2(2)N(3)�Ru(1)�N(4)N(2)�Ru(1)�N(3) 94.3(2)
N(2)�Ru(1)�N(4) N(2)�Ru(1)�N(6) 91.3(2)99.0(2)

172.5(2)N(2)�Ru(1)�N(5)

Table 4
Specific IR stretches for the complexes and ligands

C�O (cm−1)COOH (cm−1) O�H (cm−1)Complexes/ligands

2750–3600 1720[Ru(bpy)2(dcbpy-H)](PF6)
[Ru(dmb)2(dcbpy-H)](PF6) 3421 1716

1717dcbpy 2500–3400
17353425[Ru(dmb)2(dcdmb)](PF6)2

16963300–3500dcdmb
1733[(bpy)2Ru((COOCH3)2bpy)](PF6)2

1712(COOCH3)2bpy
1732[(bpy)2Ru((COOC2H5)2bpy)](PF6)2

1724(COOC2H5)2bpy
1731[(bpy)2Ru((COOCH2Ph)2bpy)](PF6)2

1717(COOCH2Ph)2bpy
3579[(bpy)2Ru((CH2OH)2bpy)](PF6)2

3251(CH2OH)2bpy

3.3. IR spectra

The characteristic vibrations for the complexes and the free ligands are tabulated
in Table 4. The FT-IR spectra of free ligands containing C�O groups displayed a
strong absorption in the 1700 cm−1 region, which was absent for the 3,3%-
(CH2OH)2bpy derivative. The ligands with the COOH groups gave a broad
absorption centered at 2912 cm−1. Ligands containing the O�H group displayed
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the characteristic O�H absorption between 3200 and 3500 cm−1, which was absent
for the ester derivatives. An absorption located in the 1500–1600 cm−1 region
characteristic of bipyridine units was present in all the compounds. This absorption,
located at 1574 cm−1 for 3,3%-(COOH)2bpy, splits into two absorptions for the
other free ligands with one peak located at approximately 1579 cm−1 and the
second peak located near 1560 cm−1.

The [Ru(bpy)2(dcbpy-H)](PF6) compound showed the characteristic COOH ab-
sorption in the region between 2750 and 3600 cm−1. The absorption was shifted
towards higher energy compared with the free ligand where the corresponding
COOH stretch occurred between 2500 and 3400 cm−1. The C�O stretches for the
complex and the free ligand occurred at similar positions near 1600 cm−1. The
[Ru(bpy)2((CH2OH)2bpy](PF6)2 complex showed an O�H stretch at 3579 cm−1

which is at higher energy compared with the O�H stretch of the free ligand located
at 3251 cm−1. The [Ru(bpy)2(3,3%-(ester)2bpy)](PF6)2 derivatives showed a C�O
stretch at 1732 cm−1 for the three different ester complexes. The stretches were
shifted towards higher energy compared with the C�O stretches of the free ligands,
which occurred at 1712, 1724 and 1717 cm−1 for the methyl ester, ethyl ester and
benzyl ester, respectively.

3.4. 1H-NMR spectra

Data for proton assignments according to the symbols used in Fig. 1 are listed in
Table 5. Assignments of 1H signals in the aromatic region were determined by
examining COSY spectra, as shown in Fig. 3, for [Ru(bpy)2(dcbpy-H)](PF6), by
comparing coupling constants and by comparing spectra of complexes with ligands
containing methyl substituents in the 4,4% positions to spectra for complexes
containing ligands with protons in those sites. These procedures were used to make
unambiguous assignments for the acid derivatives and then these assignments were
used by analogy for the ester derivatives. According to the data, the a and a% proton
resonances are most affected upon coordination. These shift upfield by over 0.5
ppm. The consequence of this results in the c, c% and d proton resonances lying
furthermost down field for these complexes since coordination of ruthenium does
not affect their resonances as dramatically.

3.5. UV–6is spectra

A summary of the important UV–vis features are given in Table 6. Spectra are
shown in Fig. 4 for four complexes. The extinction coefficients were obtained from
Beer’s law studies and were determined from at least four points. Absorptions were
located across the UV–vis region commencing at approximately 550 nm. Three
distinct peaks and two shoulders were observed. The peaks were located in the
420–450, 280–290 and 240 nm regions. Shoulders were found at about 500 and 320
nm. The assignments for the absorption bands were made on the basis of the well
documented optical transitions in [Ru(bpy)3]2+ [33,34]. The very obvious shoulders
around 500 nm for the three ester complexes were assigned as dp�p*(bpy-ester)
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transitions. The absorbances between 430–460 nm were assigned to metal-to-ligand
charge transfer (MLCT) transitions (dp�p*(bpy)). The second transitions at
higher energy between 280–290 nm were assigned to ligand centered charge transfer
which were consistent with other reported LC (p�p*) transitions for these type of
complexes [35,36]. The MLCT transitions between 450–500 nm follow the energy
trend: [Ru(bpy)2((CH2OH)2bpy)]2+\ [Ru(bpy)2(dcbpy-H)]+\ [Ru(bpy)2((CO-
OMe)2bpy)]2+� [Ru(bpy)2((COOEt)2bpy)]2+� [Ru(bpy)2((COO-CH2Ph)2bpy)]2+

[37].

Fig. 3. 1H-NMR spectrum and COSY of [Ru(bpy)2(dcbpy-H)+.
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Table 6
UV–vis spectra data of complexes in CH3CNa

lmax (nm), o (M−1cm−1)Complexes

LC (p–p*)MLCT (dp–p*)b LC (p–p*)

242 (2.4×104)448 (1.1×104)[Ru(bpy)2((CH2OH)2bpy)](PF6)2 288 (5.3×104)
246 (1.9×104)[Ru(bpy)2((COOCH3)2bpy)](PF6)2 500 (4.6×103) 288 (5.1×104)
246 (2.2×104)288 (5.6×104)[Ru(bpy)2((COOC2H5)2bpy)](PF6)2 498 (1.0×104)

[Ru(bpy)2((COOCH2Ph)2bpy)](PF6)2 246 (2.4×104)500 (5.2×103) 286 (5.6×104)
244 (2.2×104)288 (6.4×104)458 (1.2×104)[Ru(bpy)2(dcbpy-H)](PF6)

288 (8.12×104)458 (1.14×104) 244 (9.1×104)[Ru(dmb)2(dcbpy-H)](PF6)
288 (6.90×104)448 (1.21×104) 242 (7.23×104)[Ru(dmb)2(dcdmb)](PF6)2

240 (3.0×104)280 (8.7×104)451 (1.4×104)[Ru(bpy)3](PF6)2
c

a In acetonitrile; T=2391°C; lmax in nm, 91 nm; o=M−1 cm−1, error=90.1.
b Lowest energy transition. See text for details.
c See Ref. [59].

Fig. 4. UV–vis spectra of [(bpy)2Ru(3,3%-X,X-2,2%-bpy)]2+ in acetonitrile, X,X=3-COO-3%-COOH,
(—), CH2OH (- - -), 3,3%-COOCH3 (···), 3,3%-COOCH2Ph (··· - ···).

3.6. Electrochemistry

The oxidation and reduction potentials for all the complexes were determined by
cyclic voltammetry. Redox potentials for all the complexes are tabulated in Table
7. Cyclic voltammograms of all complexes were obtained in dry acetonitrile using
TBAH as the electrolyte with a scan rate of 100 mV s−1. The observed couples



136 B.-Z. Shan et al. / Coordination Chemistry Re6iews 211 (2001) 117–144

were all ‘reversible’, where the reversibility as used here implied that the separation
between the anodic and the cathodic peak potentials was less than 100 mV for a
one-electron process and no degradation products were observed on the following
scan [38]. The E1/2 values were determined by the equation E1/2= (Eanodic+
Ecathodic)/2. The values of DE were calculated by subtraction of cathodic potentials
from anodic potentials for a specific redox couple. The general behavior was very
similar to that of analogous ruthenium complexes, and the assignment of the
various couples followed directly from previous reports [39–42] and are noted by
Eqs. (2)–(5).

[Ru(II)(bpy)(bpy)(X,X-bpy)]2+ −e−� [Ru(III)(bpy)(bpy)(X,X-bpy)]3+ (2)

[Ru(II)(bpy)(bpy)(X,X-bpy)]2+ +e−� [Ru(II)(bpy)(bpy)(X,X-bpy−)]+ (3)

[Ru(II)(bpy)(bpy)(X,X-bpy−)]++e−� [Ru(II)(bpy)(bpy−)(X,X-bpy−)]
(4)

[Ru(II)(bpy)(bpy−)(X,X-bpy−)]+e−� [Ru(II)(bpy−)(bpy−)(X,X-bpy−)]−

(5)

The cyclic voltammograms for some of the complexes are displayed in Fig. 5.
Oxidations of the ruthenium(II) center were observed in the region between +1.22
and +1.40 V for all the complexes, whereas the reduction of the three coordinated
ligands was observed in the negative potential region. Reduction of the substituted
bipyridine ligand occurred first, followed by the sequencial reduction of the other
two bipyridine ligands. Difficulties arose in determining the reduction potentials of
the carboxylic acid derivatives due to irreversible hydrogen evolution at the
electrode.

Table 7
Redox properties of complexesa,b

Oxidation (V) Reductions (V)Complexes

E1/2(DE) E1/2(DE)

[Ru(bpy)2((CH2OH)2bpy)](PF6)2 −1.54(96)1.22(82) −1.36(82) −1.66(55)
[Ru(bpy)2((COOCH3)2bpy)](PF6)2 −1.46(82)1.35(82) −1.68(96)−0.92(82)

1.40(62) −0.92(74) −1.43(56) −1.61(68)[Ru(bpy)2((COOC2H5)2bpy)](PF6)2

[Ru(bpy)2(4,4%-(COOC2H5)2bpy)](PF6)2
c −1.361.38 −1.56−0.93

[Ru(bpy)2((COOCH2Ph)2bpy)](PF6)2 −1.59(92)−1.41(78)−0.88(88)1.38(82)
−1.40(88)−0.60(irr) −1.62(104)1.36(86)[Ru(bpy)2((dcbpy-H)](PF6)

[Ru(bpy)2(4,4%-(COOH)2bpy)](PF6)2
c −1.38(96) −1.62(150)1.38(96)

1.27(100) −0.68(irr)[Ru(dmb)2((dcbpy-H)](PF6) −1.43(126) d

1.26(82) −1.48(80)[Ru(bpy)2((dcdmb)](PF6)2 −0.68(irr) d

−1.32(60)1.28(60) −1.52(60)[Ru(bpy)3](PF6)2
c −1.78(60)

a All samples measured in 0.1 M TBAH–CH3CN; error in potential was90.02 V vs. SSCE.
b T=2391°C; scan rate=100 mV s−1; DE in parenthesis.
c See Ref. [59].
d Masked.
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Fig. 5. Cyclic voltammograms of [(bpy)2Ru(3,3%-X,X-2,2%-bpy)]2+ in acetonitrile, from top to bottom:
X,X=CH2OH, 3-COO-3%-COOH, 3,3%-COOCH2Ph, 3,3%-COOEt, 3,3%-COOCH3.
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3.7. Emission properties

Photophysical data of emission maxima, emission lifetimes, and emission quan-
tum yields are listed in Table 8. The room temperature spectra in acetonitrile for
five complexes are given in Fig. 6. All the spectra show structureless, broad peaks.
Emission maxima occurred at 614, 637, 660, 711, 711 and 711 nm for [Ru(bpy)2-
((CH2OH)2bpy)]2+, [Ru(bpy)2(dcbpy-H)]+, [Ru(dmb)2(dcbpy-H)]+, [Ru(bpy)2-
((COOCH3)2bpy)]2+, [Ru(bpy)2((COOC2H5)2bpy)]2+, and [Ru(bpy)2((COOCH2-
Ph)2bpy)]2+, respectively. Emission maximum follow the energy trend [Ru-
(bpy)2((CH2OH)2bpy)]2+\ [Ru(bpy)2(dcbpy-H)]+\ [Ru(dmb)2(dcbpy-H)]+\ [Ru-
(bpy)2((COOCH3)2bpy)]2+�[Ru(bpy)2((COOC2H5)2bpy)]2+�[Ru(bpy)2((COOCH2-

Ph)2bpy)]2+.
Emission spectra at 77 K in 4:1 EtOH–MeOH are shown in Fig. 7. The spectra

differ from spectra obtained at room temperature. Firstly, the spectra showed

Table 8
Photophysical data for the ruthenium complexes

fem
alabs (nm)aComplexes lem t (ns)a r.t. tblem

b

(nm) 77 K (ms) 77 K(nm)a r.t.

4.92 2.3×10−3[Ru(bpy)2((CH2OH)2- 614 580 448 940
bpy)](PF6)2

258[Ru(bpy)2((COO- 1.88711 650 500 1.2×10−3

CH3)2bpy)](PF6)2

4.5×10−2[Ru(bpy)2(4,4%-(COO- 475 615660
CH3)2bpy)](PF6)2

c

1.1×10−31.90[Ru(bpy)2((COO- 711 650 498 271
C2H5)2bpy)](PF6)2

425[Ru(bpy)2((COOC- 1.91711 651 500 4.4×10−4

H2Ph)2bpy)](PF6)2

4.10 2.2×10−3[Ru(bpy)2(dcbpy-H)]- 458 534637 597
(PF6)

2.6×10−3[Ru(dmb)2(dcbpy-H)]- 4.23671458660 617
(PF6)

4.6×10−2[Ru(dmb)2(dcdmb)]- 625 458
(PF6)2

2.86[Ru(bpy)2(3,5- 637 846460
(COOH)2bpy)]-
(PF6)2

d

1060d[Ru(bpy)2(4,4%-(CO- 655 460 3.9×10−2f

OH)2bpy)](PF6)2
e

6.2×10−2[Ru(bpy)3](PF6)2
g 600 582 451 890 5.20

a In acetonitrile solution: T=298 K; error=92 nm; lex=450 nm.
b Lifetimes were measured in 4:1 C2H5OH–CH3OH (v/v) at 77 K.
c See Ref. [60].
d See Ref. [61].
e See Ref. [62].
f In H2O: see Ref. [63].
g See Ref. [59].
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structure, a peak and a shoulder. Secondly, the emission maxima were shifted to
higher energy and occurred at 580, 597, 617, 625, 651, 651 and 651 nm for
[Ru(bpy)2((CH2OH)2bpy)]2+, [Ru(bpy)2(dcbpy-H)]+, [Ru(dmb)2(dcbpy-H)]+,
[Ru(dmb)2(dcdmb)]2+, [Ru(bpy)2((COOCH3)2bpy)]2+, [Ru(bpy)2((COOC2H5)2-
bpy)]2+, [Ru(bpy)2((COOCH2Ph)2-bpy)]2+, respectively. The blue shift was be-
tween 30 and 60 nm compared to the emission maxima at room temperature. The
values showed a trend consistent with those found in other measurements with the
energy order being [Ru(bpy)2((CH2OH)2bpy)]2+\ [Ru(bpy)2(dcbpy-H)]+,\
[Ru(dmb)2(dcbpy-H)]+\[Ru(dmb)2(dcdmb)]2+\ [Ru(bpy)2((COOCH3)2bpy)]2+�
[Ru(bpy)2((COOC2H5)2-bpy)]2+� [Ru(bpy)2((COOCH2Ph)2-bpy)]2+.

The room temperature emission lifetimes for the complexes were measured in
acetonitrile and were 940, 671, 534 and 258 ns for [Ru(bpy)2((CH2OH)2bpy)]2+,
[Ru(dmb)2(dcbpy-H)]+, [Ru(bpy)2(dcbpy-H)]+, [Ru(bpy)2((COOCH3)2bpy)]2+, re-
spectively. The emission lifetimes at 77 K were measured in 4:1 EtOH–MeOH and
the lifetimes were 4.92, 4.23, 4.10 and 1.9 ms for [Ru(bpy)2((CH2OH)2bpy)]2+,
[Ru(dmb)2(dcbpy-H)]+, [Ru(bpy)2(dcbpy-H)]+ and [Ru(bpy)2((ester)2bpy)]2+, re-
spectively. Emission lifetimes followed the same trend as emission energies with
[Ru(bpy)2((CH2OH)2bpy)]2+\ [Ru(dmb)2(dcbpy-H)]+� [Ru(bpy)2(dcbpy-H)]+\
[Ru(bpy)2((COOCH3)2bpy)]2+� [Ru(bpy)2((COOC2H5)2bpy)]2+� [Ru(bpy)2((CO-
OCH2Ph)2bpy)]2+ both at room temperature and at 77 K.

The emission quantum yields at room temperature were measured in acetonitrile
and the data are listed in Table 8. The emission quantum yields were calculated by

Fig. 6. Emission spectra of [(bpy)2Ru(3,3%-X,X-2,2%-bpy)]2+ in acetonitrile at r.t., X,X= (a) 3-COO-3%-
COOH, (b) CH2OH (c) 3,3%-COOCH3 (d), 3,3%-COOEt, (e) 3,3%-COOCH2Ph.
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Fig. 7. Emission spectra of [(bpy)2Ru(3,3%-X,X-2,2%-bpy)]2+ in 4:1 C2H5OH–CH3OH at 77 K, X,X= (a)
3-COO-3%-COOH, (b) CH2OH, (c) 3,3%-COOCH3, (d) 3,3%-COOEt, (e) 3,3%-COOCH2Ph.

comparison with the well documented emission quantum yield for [Ru(bpy)3]2+

[25]. Emission quantum yields fall in the (1–3)×10−3 range for complexes with the
exception of [Ru(bpy)2((COOCH2Ph)2bpy)]2+, which is an order of magnitude
smaller.

4. Discussion

4.1. Preparations

The preparation of the ligands utilized procedures, which smoothly resulted in
the formation of the desired products. Highest yields of 3,3%-(COOH)2bpy required
the slow addition of KMnO4 at room temperature to an alkaline solution followed
by refluxing the solution to oxidize 1,10-phenanthroline to the desire product.
Addition of KMnO4 to a refluxing alkaline solution resulted in a decreased yield of
3,3%-(COOH)2bpy and an increased yield of 4,5-diazafluorenone, one of the byprod-
ucts formed in the reaction where KMnO4 was added at room temperature. Ring
opening of 4,7-dimethyl-1,10-phenanthroline was favored under mild conditions;
the ring opens first rather than oxidation of the 4,7-dimethyl substituents. The ester
derivatives were formed by addition of two catalysts to the appropriate alcohol
solution containing 3,3%-(COOH)2bpy. One catalyst deprotonated the acid groups
(e.g. N-methylmorpholine); the other catalyst underwent addition to the deproto-
nated carboxyl group (e.g. methylchloroformate) to yield a good leaving group
which was then replaced by the solvent resulting in formation of the derivatized
ester ligand. Formation of 3,3%-(CH2OH)2bpy was produced directly from the ester
derivative rather than by reduction of 3,3%-(COOH)2bpy. The reagent found accept-
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able for affecting this transformation was sodium bis(2-methoxyethoxy) aluminum
hydride.

The preparation of the complexes followed typical published procedures where
the ligand was reacted with Ru(bpy)2Cl2 or Ru(dmb)2Cl2 to yield the mixed ligand
complexes. Since the complexes contained two ionizable protons as noted by Eq.
(6), various forms of the complexes were potentially isolable.

Ru(COOH)2 X
K1

Ru(COOH)(COO−) X
K2

Ru(COO−)2 (6)

In the case of the 4,4%- or 3,5-dicarboxyl derivatives, [Ru(bpy)2(4,4%-(COOH)2-
bpy)]2+ [43–49] and [Ru(bpy)2(3,5-(COOH)2bpy)]2+ [44,45] were isolated. How-
ever, here the singly deprotonated [Ru(bpy)2(dcbpy-H)]+ and [Ru(dmb)2(dcbpy-
H)]+ species were obtained, although in the case of [Ru(dmb)2(dcdmb)]2+, the
doubly protonated form was isolated by precipitation with HPF6. The conditions
under which the complexes were isolated appears to be the key factor since the pKa

values for the first deprotonation step are 0.7 for the 3,5-dicarboxyl derivative
[50,51], 1.85 for the 4,4%-dicarboxyl complex [41] and �2 for the 3,3%-derivatives
isolated here [52].

4.2. X-ray structure

The X-ray structure of the ruthenium(II) coordination sphere revealed bond
lengths similar to those of other ruthenium bipyridine complexes [53,54]. It was
particularly surprising to find similar Ru�N bond distances for coordinated 3,3%-
(COOCH3)2bpy (2.055 (6) and 2.059(6) A, ) as for those found for [Ru(bpy)3]2+

(2.056 A, ). The bite angles of the coordinated ligands (N�Ru�N) were also similar
to those found in [Ru(bpy)3]2+ (78°) [53]. The dihedral angles for the two
unsubstituted bipyridine ligands fell in the range (2–6°) normally found for such
structures. The only unusual structural property was the large dihedral angle of
28.1° found for the 3,3%-substituted ligand.

4.3. Physical and photophysical properties of the ruthenium complexes

The physical and photophysical properties of the complexes reported here can be
compared to complexes containing like substituents in other ring positions and can
be assessed by the Hammett s function approach [55]. Complexes with substituents
in the 3,3% positions also contain an added steric problem due to a twist of �30°
about the carbon–carbon bridge head. The following addresses these concerns.

First, within the 3,3% series, according to the electron donor–electron withdrawal
concept, the CH2OH group is an electron donor whereas the COOH and COOR
groups are electron acceptors. Deprotonated carboxyl groups, on the other hand,
have Hammett constants comparable to hydrogen, which is taken to be the
standard [56]. Consequently, relative to [Ru(bpy)3]2+, the electron donor group
shifts the redox potentials for [Ru(bpy)2((CH2OH)bpy)]2+ to more negative values
and the MLCT absorption to higher energy. The ester groups result in the opposite
effect, red-shifting the absorptions of the ruthenium complexes to 485 nm and the
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redox potentials to more positive values. Since at least one of the acid groups was
deprotonated, the MLCT absorption for the carboxyl complexes were similar in
energy to that of [Ru(bpy)3]2+. Similar effects were found for emission properties
where emission decay lifetimes of the 3,3%-substituted bipyridine complexes followed
the energy gap law [57,58]. A plot of emission lifetimes versus Eem was linear with
a correlation coefficient of 0.97. The plot was basically composed of three points
since the ester derivatives gave almost the same results.

The second of these concerns, steric problems, can be made by comparison of
properties for 3,3% derivatives to analogous 4,4%-(COOR)2bpy (R=COOH and
COOCH3) [37–43] and 3,5-(COOH)2bpy [50,51] ruthenium complexes. Comparison
of the photophysical properties of [Ru(bpy)2((COOCH3)2bpy)]2+ to those of
[Ru(bpy)2(4,4%-(COOCH3)2bpy)]2+ clearly indicates a red shift in the absorption
from 475 to 500 nm, a red shift in room temperature emission energy from 660 to
711 nm, and a decrease in emission lifetime from 615 to 258 ns. The three acid
complexes, [Ru(bpy)2(3,3%-(COOH)2bpy)]2+, [Ru(bpy)2(3,5-(COOH)2bpy)]2+ and
[Ru(bpy)2(4,4%-(COOH)2bpy)]2+ absorb near 450 nm, emit in the energy sequence
[Ru(bpy)2(3,5-(COOH)2bpy)]2+ (637 nm)\ [Ru(bpy)2(4,4%-(COOH)2bpy)]2+ (655
nm)\ [Ru(bpy)2(3,3%-(COOH)2bpy)]2+ (660nm) with emission lifetimes of 846,
1060 and 671 ns, respectively. The major change, however, is in the emission
quantum yields, which are about an order of magnitude less for the 3,3%-substituted
derivatives. The �30° twist about the carbon–carbon bridge-head does have a
rather dramatic effect by disrupting the p conjugation of the bipyridine ligand
diminishing the photophysical properties of the electron donor–acceptor systems.

5. Supplementary material

Crystallographic data (30 pages) including experimental details, atomic coordi-
nates, Biso/Beq, anisotropic displacement parameters, bond lengths, bond angles,
torsion angles, non-bonded contacts out to 3.6 A, and least-square planes are
available from the author.
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