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Abstract

Ruthenium complexes of the type trans-[Ru(dcbpyH2)2(Cl)2], trans-[Ru(dcbpyH2)2(H2O)2]
and trans-[Ru(dcbpyH2)2(NCS)2] (dcbpyH2=4,4%-dicarboxylic acid-2,2%-bipyridine) were
synthesized and characterized by NMR, UV–vis absorption and emission spectroscopy. The
proton NMR spectra of the trans isomers, in the aromatic region, show only three peaks
corresponding to the two dcbpy ligands in which all the pyridine rings are trans to each other
and magnetically equivalent. The 13C-NMR spectrum of the trans isomer is characterized by
a relatively simple pattern of resonances from the four equivalent pyridine rings. The lowest
energy metal-to-ligand charge-transfer transition maximum of the trans-[Ru(dcbpyH2)2(Cl)2]
complex is at 14500 cm−1 in DMF solution and shows onset of weak and broad emission
signals above 11100 cm−1. This is a significantly larger red shift compared with any of the
trans ruthenium(II) polypyridyl complexes reported to date. The absorption and emission
maxima of the trans complexes are red shifted compared with the cis analogues, which is due
to the CO2H contribution in the trans isomer that stabilizes the LUMO relative to the
LUMO of the cis isomer. The enhanced red response of the trans complexes renders them as
suitable dyes for dye-sensitized titanium dioxide mesoporous electrodes. The electronic
spectra of cis- and trans-[Ru(dcbpyH2)2(Cl)2] complexes were calculated by ZINDO/S and
compared with the experimental data. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Spectroscopic; ZINDO study; Ruthenium complexes; cis-trans Isomers; Sensitizers

1. Introduction

Ruthenium polypyridyl complexes have been studied extensively for many years
[1,2] in part because of their possible applications in energy conversion processes
[3,4]. The majority of the ruthenium complexes reported, containing two bipyridyl
and two monodentate ligands, have a cis configuration [2b], although the synthesis
and crystal structure of a few trans complexes have been described [5,6]. A case of
particular interest is the cis-[Ru(dcbpyH2)2(NCS)2] complex. This complex is one of
the most efficient heterogeneous charge transfer sensitizers known to date and is
widely used in the nanocrystalline TiO2 solar cell [4,7–12]. The present paper
reports the synthesis and characterization of trans isomers of [Ru(dcbpyH2)2(X)2]
(where X=Cl−, H2O, NCS−).

2. Experimental

2.1. Analytical measurements

UV–vis and fluorescence spectra were recorded in a 1-cm path length quartz cell
on a Cary 5 spectrophotometer and a Spex Fluorolog 112 Spectrofluorometer,
respectively. The emitted light was detected with a Hamamatsu R2658 photomulti-
plier operated in single photon counting mode. The emission spectra were photo-
metrically corrected using a calibrated 200W tungsten lamp as a reference source.
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A dilute solution of quinine sulfate was used as quantum yield standard. The
solutions were prepared to give approximate concentrations of 10 mM, and purged
with nitrogen. The emission lifetimes were measured by exciting the sample with a
pulse from an active modelocked Nd YAG laser using the frequency doubled line
at 532 nm. The emission decay was followed on a Tektronix TDS 640 A Digitizing
Oscilloscope using a Hamamatsu R928 photomultiplier to convert the light signal
to a voltage waveform. Proton and 13C-NMR spectra were measured on a Bruker
200 MHz spectrometer and the reported chemical shifts were against TMS.

2.2. Synthesis

The cis-[Ru(dcbpyH2)2(Cl)2], cis-[Ru(dcbpyH2)2(H2O)2] and cis-[Ru(dcbpyH2)2-
(NCS)2] were synthesized using the previously described procedure [4,13]. For
convenience, hereafter, these complexes are referred to as cis-dichloro, cis-diaqua
and cis-dithiocyanate complexes, respectively. Scheme 1 shows the details of the
strategy adopted for the synthesis of the trans complexes. The chloride ligands in
the cis-dichloro complex are labile to substitution and in coordinating solvents like
water and DMSO, the chloride ligands are readily displaced to form the respective
diaqua and dmso complexes. The cis-dichloro complex also undergoes photoin-
duced cis-to-trans isomerisation in organic solvents. Photolysis of the cis-dichloro
complex in ethanol solution at room temperature (r.t.) resulted in the trans-dichloro
complex as an insoluble product. Similarly, the cis-diaqua complex was dissolved in
water at pH 3.5 and left under room light for several days to obtain the
trans-diaqua complex as an insoluble product. The trans-dithiocyanato complex
was synthesized by reacting the trans-dichloro complex in DMF solvent with an
excess of ammonium thiocyanate under argon. The yield of the trans-dithiocyanate
complex was low (:15%) even in the dark and at low temperature. The majority
of the product that formed during the synthesis was the cis-dithiocyanato complex.

3. Results and discussion

3.1. NMR spectroscopic studies

The NMR data of these complexes are shown in Table 1. The NMR spectra of
transition metal complexes are extremely useful to identify the cis and trans
isomers. Because of the symmetry of the cis-isomers of the type [Ru(dcbpyH2)2(X)2]
(where X=Cl−, H2O, NCS−) show six peaks in the aromatic region corresponding
to two different pyridine ring protons in which two are trans to each other and the
remaining two are trans to the X ligands (Table 1). The downfield shifted proton
resonance peaks due to H-6, H-3 and H-5 were assigned to pyridine rings trans to
each other, and the high field proton resonances to pyridine rings trans to X ligands
[14]. On the other hand, the proton NMR spectra of the trans isomers in the
aromatic region show only three peaks corresponding to the two dcbpy ligands in
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Scheme 1.

which all the pyridine rings are trans to each other and magnetically equivalent. It is
interesting to note that the H-6 and H-5 proton peak positions in the trans configura-
tion are very close to the corresponding peak positions in the cis configuration that
were assigned to the pyridine trans to pyridine. However, there is a :0.1 ppm upfield
shift of the H-6 proton compared with the cis isomer H-6 proton. The trans-dichloro
complex shows 0.88 ppm chelation induced shifts (CIS, compared with the free ligand)
for the H-6 proton because of dp donation from the ligand to the metal centre. Nev-
ertheless, the H-3 and H-5 protons show 0.47 and 0.36 ppm CIS values, respectively.
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Table 1
1H-NMR data of the aromatic region for ruthenium complexes and the ligand 4,4%-COOH-2,2-
bipyridine in D2O solution containing 0.05 M NaODa

5 5% 36% 3%Complex/ligand 6

7.87 (dd) 8.40 (d)dcbpy 8.78 (d)
8.13 (dd) 7.39 (dd) 8.86 (d)7.80 (d) 8.69 (d)9.84 (d)cis-[Ru(dcbpyH2)2(Cl)2]b

8.22 (dd) 7.52 (dd) 8.94 (d)cis-[Ru(dcbpyH2)2(NCS)2] 8.77 (d)9.55 (d) 7.82 (d)
8.18 (dd) 7.50 (dd) 8.90 (d)7.78 (d) 8.74 (d)cis-[Ru(dcbpyH2)2(H2O)2] 9.38 (d)
8.12 (dd)trans-[Ru(dcbpyH2)2(Cl)2] –9.66 (d) 8.87 (s) ––

– 8.03 (d) –9.48 (d) 8.83 (s)trans-[Ru(dcbpyH2)2 –

(NCS)2]
7.75 (b) – 8.70 (b)trans-[Ru(dcbpy)2(H2O)2] –9.35 (b) –

a In ppm with respect to TMS; (d), doublet; (dd), doublet of doublet; (s), singlet; (b), broad signal.
b After a few minutes of the solution preparation new resonances appear more upfield than those of

the dichloro species due to substitution of the chloro ligands.

The proton decoupled 13C-NMR spectra of the cis and trans isomers show
different carbon resonances that were identified by comparison with known
bipyridine complexes [15]. The 13C-NMR spectra of cis isomers show 12 resonance
peaks consisting of six sets due to two different dcbpy ligands. In the cis-dithio-
cyanato complex, besides these 12 peaks, there is a single resonance peak at 132.84
ppm, which is assigned to the carbon of the N-coordinated NCS. The 13C-NMR
spectrum of the trans-dithiocyanato isomer is characterized by a relatively simple
pattern of resonances from the four equivalent pyridine rings. The pattern consists
of six single resonance peaks coming from the dcbpy carbons and one resonance
peak at 155.27 ppm, which was assigned to the trans NCS ligands. There is a
noteworthy difference between the cis-NCS carbon resonance (132.84 ppm) and the
trans-NCS resonance (155.27 ppm), which we attribute to deshielding of trans-NCS
carbons. Since chemical shift is a measure of electron density around that atom, this
indicates that in a trans configuration the thiocyanato ligands have less electron
density due to the weak p back bonding from the ruthenium centre to the axial
thiocyanate ligands compared with cis-NCS. Our finding for trans-NCS carbon
resonance is consistent with a known ruthenium complex that contains trans-NCS
ligands [16].

3.2. Electronic spectra

The cis and trans isomers in solution show a distinct difference in colour. The
electronic properties of these isomers are considerably different and they are shown
in Table 2. The UV–vis absorption spectrum of the trans-dichloro complex in
DMF solution shows at least three metal-to-ligand charge-transfer (MLCT) absorp-
tion bands in the visible region at 14 500, 16 900 and 22 700 cm−1 (Fig. 1). The
band in the UV at 31 200 cm−1 with a shoulder at 32 900 cm−1 is assigned to an
intra ligand (p–p*) charge transfer transition [17]. On the other hand, the cis-
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Table 2
Electronic spectral data of the cis- and trans-bis(4,4%-dicarboxylic acid-2,2%-bipyridine)ruthenium (X2) complexes (X=Cl−, H2O, NCS−) in DMFa

Emission hmax (cm−1) at 298 KComplex t (ns) at 298 KAbsorption maximum (cm−1)b (o 104 M−1 cm−1)

23 000 (1.0)cis-[Ru(dcbpyH2)2(Cl)2] 31 600 (3.45)16 900 (1.1) 11 800 –
27 000 (1.09) 32 700 (4.92)20 000 (1.19) 13 300dcis-[Ru(dcbpyH2)2(H2O)2]c –

18 600 (1.42)cis-[Ru(dcbpyH2)2(NCS)2] 25 100 (1.40) 31 800 (4.82) 12 000 24
22 700 (0.80),trans-[Ru(dcbpyH2)2(Cl)2] 31 300 (2.78)14 500 (0.60), 16 900 (0.84) \11 100 –
26 300 (0.74) 32 100 (2.2)18 900 (0.88) 12 500dtrans-[Ru(dcbpy)2(H2O)2] –

17 200 (1.25), 18 900 (1.172)trans-[Ru(dcbpyH2)2(NCS)2] 24 900 (1.02) 31 800 (3.93) 11 500 12
– –cis-[Ru(bpy)2(H2O)2]e 15 20020 800 –
– – 14 30020 200 –trans-[Ru(bpy)2(H2O)2]e

a The emission spectra were obtained by exciting at the l maximum of the complexes.
b The values in parentheses are95%.
c Measured in water at pH 4.5.
d Weak and broad emission maximum.
e Reference [5b].
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Fig. 1. UV–vis absorption spectra of trans-bis(2,2%-bipyridine-4,4%-dicarboxylic acid)ruthenium(II) (X2)
complexes (X=Cl−, H2O and NCS−). The concentration of the solutions was 1.5×10−5 M in DMF,
1-cm cell. The trans-diaqua complex was measured in water.

dichloro complex in DMF solution shows only two distinct broad bands in the
visible region at 16 900 and 23 000 cm−1, which were assigned to a MLCT
transition. The lowest energy MLCT band in the trans-dichloro complex (14500
cm−1) was significantly red shifted compared with the cis-dichloro complex (16 900
cm−1) and for any of the trans-Ru(II) polypyridyl complexes reported to date in
the literature [5,6]. This red shift is due to stabilization of the LUMO of the
dcbpyH2 ligand in the trans species relative to the cis, as demonstrated below using
ZINDO calculations (Section 4.3).

The cis-diaqua complex is insoluble in organic solvents such as ethanol,
methanol, acetonitrile and acetone but soluble in water. The replacement of anionic
chloride ligands by neutral aqua ligands blue shifts the lowest energy MLCT
absorption maxima from 16 900 (measured in DMF) to 20 000 cm−1 (measured in
H2O). The observed blue shift of the cis-diaqua complex result from stabilization of
the metal t2g orbitals, which is in agreement with Lever’s electrochemical
parametrization of ligands for metal complexes [18]. The trans-diaqua complex in
water shows two bands at 18 900 and 26 300 cm−1. Nonetheless, the band at
18 900 cm−1 is broad and appears as a convolution of two bands.

The UV–vis absorption of the trans-dithiocyanato complex in DMF shows three
intense MLCT bands at 24 900, 18 900 and 17 200 cm−1 (Table 2). The band at
31 800 cm−1 was assigned to the intra ligand p–p* transition of dcbpy ligand. The
lowest energy MLCT maximum shifts from 18 600 to 17 200 cm−1 upon cis-to-
trans isomerization. The interesting phenomenon of trans complexes is the presence
of three broad visible bands compared with cis that has only two visible absorption
bands.
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The absorption maxima of cis- and trans-Ru(II)(2,2%-bipyridine)2(H2O)2] has
been reported at 20 800 and 20 300 cm−1, respectively [5b]. Our data are consistent
with the trend that the trans complexes are red shifted compared with the cis
analogues [19].

The red shift (2700 cm−1) of the lowest energy MLCT absorption in the
spectrum of the trans-dichloro complex compared with the spectrum of the
trans-dithiocyanato is due to the strong s donar property of the Cl− compared
with the NCS− ligand. The chloride ligands causes destabilization of the metal t2g

orbitals, and raising them in energy closer to the ligand p* orbital results in lower
energy MLCT transitions (Fig. 1). According to Lever’s electrochemical
parametrization the chloride ligand has a parameter value of −0.24 and the
thiocyanate ligand has a value of −0.06. Our electrochemical and absorption data
are in good agreement with reported parametrization scale for ligands [18].

The trans dichloro and dithiocyanate complexes are stable in ethanol at r.t.
However, the trans-diaqua complex in aqueous solution slowly converts to the
more stable cis-diaqua complex at r.t. Hesek et al. has observed, even under dark
conditions, the formation of the more stable cis-Ru(II)(2,2%-bipyridine)2(DMSO)2]
from trans-Ru(II)(2,2%-bipyridine)2(H2O)2] in the presence of dmso solvent [6].

3.3. Emission spectra

The trans-dichloro complex in DMF solution at r.t. shows no detectable emission
up to 11 100 cm−1. However, the onset of a weak and broad emission signal is
discernible above 11 100 cm−1. Hence, the emission from the trans-chloro complex
is expected to be in the 11 100–9100 cm−1 region, beyond the detector response of
our equipment. Excitation of the trans-diaqua complex at 19 200 cm−1 in aqueous
solution at r.t. shows a broad emission maxima centered at 12 500 cm−1.

When excited in the lowest energy MLCT absorption band, the trans-dithio-
cyanato isomer in DMF solution at 298 K exhibits a luminescence consisting of a
single band with a maximum at 11 500 cm−1 (Fig. 2). Excitation of these
complexes at different wavelengths within the manifold of the MLCT bands gave
the same emission maxima. This phenomenon shows that exciting the complex
between 26 300 and 15 400 cm−1 leads to population of the same luminescent
state. The excited state lifetimes of the trans- and cis-dithiocyanato isomer,
measured at 298 K under aerobic conditions, are 12 and 24 (95) ns, respectively.

4. DFT and ZINDO calculations

4.1. Computational details

DFT calculations were carried out using Gaussian 98 [20] running on an SGI
Origin 2000 computer, while ZINDO calculations used HyperChem 5.1 (Hyper-
cube, Florida) [21] run on a PC Pentium II 400 MHz. Becke’s three parameter
hybrid functional [22] with LYP correlation functional [23] (B3LYP) and an
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effective core potential basis set LanL2DZ [24] was employed in the DFT
calculations.

As a starting geometry for DFT calculations, we used an optimized geometry at
the molecular-mechanics level. The electronic spectra of [Ru(dcbpyH2)2Cl2] were
calculated with ZINDO/S [21], utilizing the Ru parameters obtained from Ref. [25]
and Cl parameters from Ref. [26]. The overlap weighting factors s–s and p–p
were set at 1.265 and 0.585, respectively [21]. The number of singly excited
configurations used was 1250 (e.g. 25×25 occupied x virtual orbitals).

4.2. Geometry optimization

The geometries of the cis- and trans-[Ru(dcbpyH2)2Cl2] complexes were opti-
mized with the B3LYP functional and using the LanL2DZ basis set. The structures
of the complexes were optimized with no symmetry restraints. Geometry optimiza-
tion of the trans isomer produced a structure with D2 point group symmetry, while
the cis isomer has C2 point group symmetry. Both cis- and trans-[Ru(dcbpyH2)2Cl2]
complexes display a pseudooctahedral arrangement of ligands around the metal
atom with a Cl�Ru�Cl angle of 180° for the trans and 93.2° for the cis isomer. The
configuration of the dcbpyH2 ligand compares favourably with those reported for
other 2,2%-bipyridyl complexes [5b]. The average ring C�C and C�N bond lengths
are 1.40 and 1.37 A, . The C�C bond length between the two aromatic rings of
dcbpyH2 ligand is 1.47 A, and is similar to the values reported in the bpy complexes.
All carboxyl groups are in the same plane as the aromatic rings of the ligand. The
calculated Ru�N distances (2.078 A, ) in the trans-[Ru(dcbpyH2)2Cl2] complex are
close to those of a related complex, trans-[Ru(bpy)2(OH2)2], where the Ru�N
distances are 2.090(3) and 2.099(3) A, . The dihedral angle between the plane defined
by Ru and two nitrogen atoms of one dcbpyH2 ligand and that defined by Ru and
the symmetry-related nitrogen atoms of the other dcbpyH2 ligand was calculated to

Fig. 2. Emission spectra of cis and trans-dithiocyanatobis(2,2%-bipyridine-4,4%-dicarboxylic acid)-
ruthenium(II) complexes measured at 298 K under aerobic conditions in DMF solution.
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be 22.5°. The Ru�N distances in the cis isomer (2.043 and 2.057 A, ) also agree very
well with those reported for cis-[Ru(dcbpyH2)2(NCS)2], where the Ru�N distances
are between 2.036(15) and 2.058(12) A, [14b].

4.3. Electronic spectra

The three highest occupied molecular orbitals (HOMO) for cis- and trans-
[Ru(dcbpyH2)2(Cl)2] complexes are mostly formed from 4d(Ru) orbitals. Their
contribution ranges from 65 to 92% for the trans isomer, and from 70 to 80% for
the cis isomer (Table 3). Other contributions to HOMO-2, 1, 0 come mainly from
the ‘dcbpyH2’ p orbitals. The lowest virtual orbitals are almost entirely localized on
two dcbpyH2 ligands with a contribution of 4d(Ru) orbitals (1–14% for trans, and
3–12% for the cis isomer). It is noteworthy that the dp (b3) Ru orbital directed
towards the dcbpyH2 ligands in the trans isomer is coupled to the p* orbitals of
both dcbpyH2 ligands and is thereby delocalized to a considerable degree, much

Table 3
Frontier molecular orbitals (ZINDO/S) of Ru(dcbpyH2)2Cl2

a

Orbital Atomic orbital contributions (%) fromdG b o (eV)c

Ru Cl CO2H

cis-Ru(dcbpyH2)2Cl2 (C2 point group)
LUMO+3 3.0b 0.2 25.6−1.73
LUMO+2 28.90.02.5−1.73a

0.812.4 14.7−2.08aLUMO+1
b −2.32 4.5 0.5 16.5LUMO
a −7.56HOMO 70.2 5.9 0.2

HOMO-1 0.63.776.5−7.66b
a −7.71HOMO-2 80.0 0.64.2
bHOMO-3 0.10.8−9.48 0.1

0.9 4.9 0.1HOMO-4 a −9.52

trans-Ru(dcbpyH2)2Cl2 (D2 point group)
−1.55b2LUMO+3 31.80.02.8

b3 17.613.5 0.1−1.69LUMO+2
29.30.0−1.69a 0.8LUMO+1

1.1 14.2LUMO b1 −2.30 0.5
65.4HOMO 3.4b3 2.1−7.46
80.8HOMO-1 4.3b2 0.8−7.50

0.20.192.0HOMO-2 −7.77a
HOMO-3 −9.33 1.2 0.0 0.0b2

a 0.0HOMO-4 1.3−9.38 0.0

a HOMO, 101; LUMO, 102.
b Irreducible representation. For the trans isomer: z axis is Cl�Ru�Cl, x axis goes in between dcbpyH2

ligands.
c Molecular orbital energy.
d The organic ligand contributes the remainder to 100%.
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greater than any dp orbital in the cis isomer. The carboxyl function contributes
14–32% to the low lying p* orbitals in the trans isomer and in the cis isomer.

According to the ZINDO/S calculations there are three major absorption bands
in these complexes in the visible and near UV region. The intense visible region
absorption at 16 900 cm−1 is assigned to dp(Ru)�p*(L) transition, i.e. HOMO
(a)�LUMO (b) (with two other contributions, see Table 4) for the cis isomer, and
HOMO (b3)�LUMO (b1) for the trans isomer. For the latter complex there is also
an additional transition at 690 nm, which can also be assigned to an MLCT
transition, HOMO-1 (b2)�LUMO (b1).

There are low intensity Ru d�d transitions in the visible region at 24 800 cm−1

for the cis isomer and 20 050 cm−1 for the trans isomer.
The intense UV region band near 320 nm is the internal p�p* ligand transition,

formally, according to ZINDO/S calculations, from HOMO-4 and HOMO-5 (cis
complex) to LUMO. The electronic spectra calculations are summarized in Table 4.
Overall, there is excellent agreement between the experimental and predicted
electronic spectra.

Table 4
Comparison between experimental and calculated (ZINDO/S) electronica,b

CalculatedExperiment

hn (cm−1) fhn (cm−1) Assignment

cis-Ru(dcbpyH2)2Cl2 (C2 point group)
16 950 0.377 101�102 (35%), 99�102 (28%), 100�10317 100

(24%)
23 050 101�105 (56%)0.15022 550

23 000 0.108 101�105 (55%), 101�104 (28%)
100�104 (79%)23 450 0.353

23 900 0.104 99�105 (74%)
101�114 (64%)0.03124 800

0.365 98�102 (34%), 97�103 (22%)31 75031 645
31 950 0.198 100�115 (52%)

97�102 (22%)32 500 0.951

trans-Ru(dcbpyH2)2Cl2 (D2 point group)
14 500 14 750 0.017 100�102 (94%)
16 900 17 250 0.431 101�102 (89%)

20 05019 600 0.011 101�108 (89%)
100�103 (88%)0.37423 25022 700
101�103 (89%)0.25623 900

25 200 0.106 99�105 (92%)
31 250 32 500 1.354 98�102 (38%)

a Spectra of Ru(dcbpyH2)2Cl2.
b HOMO, 101; LUMO, 102; L, dcbpyH2.
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5. Conclusions

The electronic spectral properties of cis- and trans-[Ru(dcbpyH2)2(X)2] (where
X=Cl−, H2O, NCS−) complexes were examined. The absorption and emission
maxima of the MLCT bands in the spectra of the trans complexes are red shifted
compared with its cis analogues. There is excellent agreement between the experi-
mental and predicted spectra of both the cis and trans complexes. The 13C-NMR
data unambiguously show that the complexes containing thiocyanate ligands are
N-coordinated. The discovery that trans complexes exhibit enhanced light harvest-
ing in the red and near IR region opens up the way to improve significantly the
overall efficiency of nanocrystalline photovoltaic devices. On the other hand, to
improve the synthetic yields of the trans isomers one has to engineer at a molecular
level using novel ligands.

Further details on the molecular orbital energies and mixing in the cis- and
trans-dichloro species can be found at: http://www.chem.yorku.ca/profs/lever fol-
lowing the publications link to this paper.
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