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Abstract—Quantum-chemical method of the density functional theory was employed to calculate, with the use 
of a B3LYP hybrid exchange-correlation functional, the IR absorption and Raman spectra of [Ru(bpy)2(CN)2] 
and [Ir(bpy)2(CN)2]+ complexes. All the normal vibrational frequencies were analyzed and new assignments of 
a number of bands in the IR absorption and Raman spectra were made. The role of vibrational motions of metal 
atoms and ligands in the vibronic deformation of electron shells in the course of electron transfer was discussed. 
This was done using data on surface-enhanced Raman spectra of [Fe(bpy)2(CN)2] and [Ru(bpy)3]2+ complexes 
adsorbed on the surface of colloid silver.
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technology. To make such a systematic choice, it is 
necessary to know the relationship between the structure 
and optical properties of dye molecules. For this purpose, 
a number of quantum-chemical calculations of electron 
absorption spectra of the most important sensitizers 
based on complexes of ruthenium(II) and iridium(III) 
with polypyridines have been carried out in recent years 
[2–5]. However, their IR and Raman spectra have not been 
calculated using modern methods of quantum chemistry 
with full confi guration optimization; in [6, 7], vibration 
spectra of comparatively small fragments of complex 
ions were calculated.

Calculations based on the density functional theory 
(DFT) seem to be necessary for the following reasons. 
Primarily, the confi guration optimization of bipyridyl 
complexes of ruthenium(II) and iridium(III), based 
on a search for the minimum of the full energy gradient 
“E/”qi, and a simultaneous calculation of force constants, 
i.e., second derivatives “2E/”qi2 with respect to all internal 
coordinates qi, are related tasks. Their solution makes it 
possible to establish a profound relationship between the 
structure and the observed IR and Raman spectra, which 

Dye-sensitized solar cells (DSSC) based on TiO2 
crystals are of considerable interest as renewable 
power sources because of providing a high coeffi cient 
of light conversion to electricity (up to 10.4%) [1–3]. 
DSSCs commonly use sensitizers based on complexes 
of ruthenium with bipyridine (bpy) and other organic 
ligands [1–4]. The most successful example of DSSC is 
a Gratzel cell in which ruthenium(II) bis(4,4'-dicarboxy-
2,2'-bipyridyl)-bis(isothiocyanate) is used as sensitizer; 
similar dyes with cyano ligands [1–3] and without 
carboxy groups also served for this purpose. All these 
organometallic dyes absorb visible light and, being in the 
excited state, provide electron transfer to TiO2 crystals on 
whose surface they are adsorbed. After that, the oxidized 
chromophore is reduced by the electrolyte and the cycle 
is repeated.

The requirements to a sensitizing chromophore are 
universal: high light absorption coeffi cient in the entire 
intense solar spectrum, ability to inject an electron 
into the conduction band of TiO2, and fast reduction 
by the electrolyte. The choice and optimization of 
the chromophore are highly important for the DSSC 
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can be used to develop criteria for choice of sensitizers for 
DSSC, together with determining a correlation between 
the structure and electronic absorption and luminescence 
spectra. These latter are also important for designing 
organic light-emitting diodes (OLEDs). Although the 
functions of dyes in DSSC and OLED devices are the 
opposite, the common theoretical approach to both types 
of dye molecules seems to be useful.

The success in choosing and synthesizing effi cient 
light emitters in OLEDs and dyes-converters of luminous 
energy to electricity in DSSCs depends on the knowledge 
of the nature of excited states of these molecules and 
their capacity for electron transfer. As follows from 
calculations, molecules of the [Ru(bpy)2(CN)2] and 
[Ir(bpy)2(CN)2]+ types are closely similar in structure, 
as well as in IR and Raman spectra. A certain analogy 
is observed in electronic absorption spectra of these 
sensitizing dyes in the UV and visible spectral ranges. 
To reveal a deeper correlation between their capacity for 
electron transfer and luminescence, a detailed knowledge 
of all the vibration modes and their activity in IR, Raman, 
and vibronic optical absorption and luminescence spectra 
is required. It is these effects of electron-vibration 
(vibronic) interaction and Frank–Condon factors that 
determine the rates of energy and electron transfer and 
those of intercombination and internal conversion [3], 
which is of fundamental importance for selection of dyes 
for DSSCs and OLEDs.

Electron transfer from an excited dye molecule must 
be induced by an electron–electron interaction between 
the surface of the semiconductor and an electron shell of 
the dye, with the vibrational motion of nuclei presumably 
being the driving force for the electron transfer, because 
only this motion governs the dynamics of all kinetic 
processes. It is the vibronic perturbation by intermolecular 
modes mixed with internal vibrations of the dye that 
induces the electron transfer and generates a current in 
the DSSC circuit.

In adsorption of ruthenium complexes on the surface 
of nanoclusters of silver and other metals, the so-called 
surface-enhanced resonance Raman scattering (SERRS) 
is observed. To determine the nature of the SERRS effect 
and its relation to the electron transfer and operation 
effi ciency of solar cells, it is necessary to know in detail the 
vibrational frequencies of the organometallic complexes 
themselves, used in DSSC. As model sensitizers for 
DSSCs and OLEDs were chosen the simplest complexes 
of ruthenium(II) and iridium(III) with bipyridyl and cyano 
ligands, which have already been studied experimentally 
and exhibit basic features of most of other dyes. These 
are compounds [Ru(bpy)2(CN)2] and [Ir(bpy)2(CN)2]+, 
further designated as complexes (I) and (II). In this study, 
a detailed analysis of IR and Raman spectra of these dyes 
and of the relationship between the spectra and their 
structure was made using a modern, suffi ciently precise, 
quantum-chemical method.

Calculation procedure. The equilibrium con-
fi gurations, IR spectra, and Raman spectra of complexes 
(I) and (II) were calculated in terms of the density 
functional theory (DFT) by the B3LYP method (Becke–
Lee–Yang–Parr three-parameter hybrid exchange-
correlation functional) in the Lan12DZ basis set of atomic 
orbitals by the GAUSSIAN 03 software package [11]. 
The vibrational frequencies were calculated by analytical 
calculations of Hessian matrix for the equilibrium 
confi guration, optimized in the ground (singlet) state.

The calculated forms of normal vibrations were 
compared with the published band assignment in Raman 
spectra of the complexes [Ru(bpy)2(phen)]2+ (phen is 
1,10-phenanthroline [12]), [Ru(bpy)2(BIK)]2+ {BIK is 
a bidentate ketone [bis(1-methylimidazol-2-yl) ketone 
[13]}, [Fe(bpy)2(CN)2], and [Ru(bpy)3]2+ [14] and with 
characteristic IR group frequencies [15]. This comparison 
made it possible to assess the potential of this calculation 
procedure for prediction of frequencies and forms of 
vibrations and absorption band intensities in IR and 

Fig. 1. Optimized structure and atom numbering for the 
[Ru(bpy)2(CN)2] complex.
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Raman spectra of the complexes under study, to estimate 
the correction for the vibrational anharmonicity and 
electron correlation (scaling factor), and to assign those 
bands in the experimental spectra of Ru(II) complexes 
[12–14], whose vibration forms had not been described 
in the literature. The averaged value of the scaling factor 
for the vibrational frequencies was 0.9756.

Structural analysis of [Ru(bpy)2(CN)2] and 
[Ir(bpy)2(CN)2]+ complexes. The numbering of atoms 
and the optimized confi guration of the [Ru(bpy)2(CN)2] 
complex are shown in Fig. 1, and some of the calculated 
equilibrium confi guration parameters of complexes (I) 
and (II) are listed in Table 1. As can be seen in Table 1, 
the calculation procedure overestimates the bond lengths 
between the metal ion and ligands (by 0.03 Å, on average). 
It is noteworthy that the lengths of these bonds are shorter 
for the Ir(III) complex, compared with the Ru(II) complex, 
which must refl ect on the corresponding frequencies in the 
vibration spectra. This particularly refers to the bond with 
CN ligands. The presence of these ligands also leads to 
nonequivalence of the M–N bonds for bipyridyl ligands: 
the asymmetry of the M–N3 and M–N8 bond lengths 
reaches a large value (~0.05 Å), in agreement with 
X-ray diffraction data [16]. At the same time, the structural 
differences between the bpy ligands in both complexes are 
small (d”0.005Е), i.e., the nature of the metal ion has nearly 
no effect on the confi guration of the bipyridyl ligands.

When complexes (I) and (II) are formed, the C–C 
bridge bond becomes shorter (by 0.02 Å on average), 
as also does the C=C bond of pyridine rings, and the 
lengths of bonds adjacent to the nitrogen atom, via 
which the ligand is coordinated with the Ru(II) or Ir(III) 
ion, increase. In a calculation of the free ligand 2,2'-
bipyridyl in the cis conformation, the most stable form 
is the conformer having a C2 symmetry, with a dihedral 
angle between the rings equal to 43°. In the complexes 
under study, the cis conformation of 2,2’-bipyridyl takes 
a nearly planar structure: the dihedral angle between the 
rings is smaller than 1° (Table 1).

The difference between the energies of molecular 
orbitals (MO) of both complexes, [M(bpy)2(CN)2]n+, is 
large, which is accounted for by the difference between 
the charges of the complexes [n = 0 for complex (I) and 
n = 1 for complex (II)]. The large positive charge of the 
Ir(III) ion leads to a substantial decrease in the energies 
of the highest occupied (HO) and lowest unoccupied 
(LU) molecular orbitals (–0.345 and –0.215 a.u.), 
compared with the Ru(II) complex (–0.184 and –0.090 

a.u., respectively). The dπ atomic orbitals (AO) of Ru(II) 
lie closer to π*-MO of cyano groups than the dπ-AO of 
Ir(III), which causes stronger effects of back electron 
density transfer for the [Ru(bpy)2(CN)2] complex.

In the model of Dewar and Chatt–Duncanson [17, 18], 
the binding of the d-shell of the metal ion with the ligand 
is determined by the electron density transfer (donation) 
from the σ orbital of the CN group to the unoccupied 
dσ-AO of the metal ion and by the simultaneous back 
transfer from the occupied dπ-AO of the metal ion to 
the π*-antibonding MO of the cyano ligand. Indeed, 
the HOMOs of both complexes are mostly localized on 
CN groups, with a pronounced electron density transfer 
to the metal ion (Fig. 2a). The LUMO (Fig. 2b) has no 

Table 1. Bond lengths (Å), bond angles, and dihedral 
angles (deg) for the ground state of [Ru(bpy)2(CN)2] and 
[Ir(bpy)2(CN)2]+ complexes
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Table 2. Calculated frequencies ν (cm–1), IR intensities IIR (km mol–1), and Raman intensities IRam (Å4 a.m.u.–1) for the 
ground state of the complexes under study

a
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a ν, stretching vibration (bond stretching); deformation vibrations: δ(b ∠) scissor, ω fan-like, r pendular, τ torsion, and γ out-of-plane.

Table 2. (Contd.)

contribution from CN groups, it is mostly localized on bpy 
ligands and has a π*-antibonding nature in the pyridine 
rings. At the same time, this π*-MO is a bonding orbital 
with respect to the interring C–C bonds.

Analysis of vibration spectra of the [Ru(bpy)2(CN)2] 
and [Ir(bpy)2(CN)2]+ complexes. The vibration spectra 
of the molecules under study, which are composed of 45 
atoms, have 129 normal vibrations. The most interesting 
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of these, for analysis of the relationship between the 
structure and the spectra, are represented in Table 2, which 
lists the calculated forms of normal vibrations and their 
frequencies and intensities. In the table, a continuous 
numbering of all the normal modes is given in accordance 
with increasing vibration frequencies. Standard letter 
designations are used for assignment of vibration types.

Stretching vibrations of CN groups. According 
to Bellamy [15], the range 2200–2000 cm–1 is a chara-
cteristic range both for organic nitriles and for various 
inorganic compounds containing a –C≡N group. In the 
IR absorption spectrum of the compound cis-[(4,4'-
(CO2H)2bpy)2Ru(CN)2], the characteristic bands of 
a co-ordinated cyanide group are observed at 2073 
and 2059 cm–1 [19]. In our calculation, the stretching 
vibrations of two CN groups at 2066 cm–1 (in-phase) and 
2059 cm–1 (out-of-phase) in the IR spectrum of complex 

Fig. 2. (a) Highest occupied and (b) lowest unoccupied molecular orbitals of the [Ru(bpy)2(CN)2] complex, calculated by the DFT/B3LYP 
method in the Lan12DZ basis.

Fig. 3. IR spectrum of the [Ru(bpy)2(CN)2] complex in the S0 
state, calculated by the DFT/B3LYP method. Line half-width 
10 cm–1, Imax = 290.5 km mol–1. (I) Intensity and (ν) wave 
number; the same for Figs. 4–6.

Fig. 4. IR spectrum of the [Ir(bpy)2(CN)2]+ complex in the S0 
state, calculated by the DFT/B3LYP method. Line half-width 
10 cm–1, Imax = 283.3 km mol–1.

Fig. 5. Raman spectrum of the [Ru(bpy)2(CN)2] complex in the 
S0 state, calculated by the DFT/B3LYP method. Line half-width 
10 cm–1, Imax = 1310.8 Å4 a.m.u.–1.

(a) (b)

ν, cm–1 ν, cm–1

ν, cm–1
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(I) form a medium-intensity absorption band (Fig. 3, 
Table 2). In the IR spectrum of complex (II), this band is 
shifted to higher frequencies (by approximately 60 cm–1) 
(Fig. 4) and its intensity decreases (Table 2). In the 
Raman spectra of the complexes under study, the band of 
stretching vibrations of CN groups has a medium intensity 
(Table 2, Figs. 5 and 6). The considerable differences in 
the frequencies and intensities of vibrational modes of the 
stretching vibrations of the C≡N bonds in complexes (I) 
and (II) are due to differences in their force constants 
k, C≡N bond lengths, and bond polarities, which result 
from the nature of a complexing agent, Ru(II) or Ir(III). 
For example, k(C≡N) for complex (I) is 33.8 mdyne Å–1 
at a bond length of 1.193 Å, and that for complex (II), 
35.6 mdyne Å–1 at a bond length of 1.187 Å (Table 1). The 
C≡N bond is more polar in the complex [Ir(bpy)2(CN)2]+, 
whereas the polarity of the M–C bond is higher in the 
complex with Ru(II) (Table 3).

C=C vibrations. Stretching vibrations of C=C bonds, 
with a minor contribution from stretching vibrations of 
C–C σ-bonds between the pyridine rings, are manifested 
in a narrow frequency range (modes 111–108, Table 2). 
In the IR spectrum of complex (I), to these vibrations 
corresponds a very weak band peaked at 1603 cm–1 (I = 
3.7 km mol–1). In the IR spectrum of complex (II), this 
band is shifted by only 4 cm–1 to higher frequencies, 
but is more intense (I = 24.6 km mol–1). In the Raman 
spectrum, this type of vibrations gives rise to the most 
intense band peaked at 1598 cm–1 for complex (I) (Fig. 4), 
and at 1608 cm–1 for complex (II) (Fig. 6). There are no 
published experimental data for the IR and Raman spectra 
of the complexes, calculated in this study, and, therefore, 

we used, for comparison, spectra of similar bipyridyl 
complexes, reported in [14, 19–23]. The comparison 
yielded rather close results. For example, in the SERRS 
spectrum of the [Fe(bpy)2(CN)2] complex, the band of 
stretching vibrations ν(C=C) is observed at 1604 and 
1607 cm–1 for the [Ru(bpy)3]2+ complex [14]. The Raman 
spectrum of the [Ni(bpy)(H2O)2]SO4 complex contains 
an intense band at 1604 cm–1 (in aqueous solution) and 
1603 cm–1 (in a solid sample) [20]. The close values of 
the calculated and experimental frequencies of different 
complexes confi rm the above conclusion that the structure 
of bipyridyl ligands only slightly depends on the nature of 
a metal ion.

C=C and C=N vibrations. The interaction of 
vibrations of aromatic C=C and C=N bonds of pyridine 
rings gives rise to a very weak absorption band peaked 
at 1563 cm–1 in the IR spectra of the Ru(II) and Ir(III) 
complexes under study (Table 2, modes 107–104; Figs. 3, 
4). In the Raman spectrum, the bands corresponding to 
these ring vibrations, peaked at 1550 cm–1 for complex (I) 
and 1563 cm–1 for complex (II), have medium intensities 
(Figs. 5, 6). Comparison with the known experimental 
data for similar metal-complexes of bypyridyls again 
gives a good agreement.

In [14], the band at 1564 cm–1 in the resonance Raman 
spectrum of the [Fe(bpy)2(CN)2] complex and the band 
at 1562 cm–1 for [Ru(bpy)3]2+ were assigned to ν(C=C) 
vibrations, which not quite corresponds to the calculated 
animation of vibrations. In free 2,2'-bipyridine, ν(C=C) 
and ν(C=N) vibrations are mixed, according to the results 
of our calculations, with ν(C=C) and ν(C–C) vibrations 
and give rise to a medium-intensity band in the IR 
spectrum, peaked at 1580 cm–1, and the most intense band 
at 1586 cm–1 in the Raman spectrum of 2,2’-bipyridine. 
These vibrations are similar to those experimentally found 

Fig. 6. Raman spectrum of the [Ir(bpy)2(CN)2]+ complex in the 
S0 state, calculated by the DFT/B3LYP method. Line half-width 
10 cm–1, Imax = 703.8 Å4 a.m.u.–1.

ν, cm–1

Table 3. Charges on atoms and ligands, calculated by 
Mulliken for the ground state of the [Ru(bpy)2(CN)2] and 
[Ir(bpy)2(CN)2]+ complexes
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in the Raman spectrum of a free ligand at 1579 cm–1 
for a single crystal (1591 cm–1 in a CCl4 solution) 
[21]. In the IR spectrum of the solution, they are 
observed at 1579 cm–1 [22], also in good agreement 
with our calculation for 2,2’-bipyridine. The shift of these 
frequencies in the ligand upon complexation (Table 2) is 
undoubtedly due to bipyridine fl attening and to enhanced 
conjugation between the rings.

Vibrations of the interring C–C σ-bond. Due 
attention has not been given in the literature to analysis 
of vibrations of the interring C–C σ-bond. However, our 
calculations demonstrated that these vibrations are of 
fundamental importance for vibronic interactions and 
related effects in electronic spectra. Bands of stretching 
vibrations of C–C bonds in the sensitizing dyes under 
study are intense in Raman spectra, especially in 
the excited triplet (T1) state if the complex becomes 
asymmetric upon excitation. As can be seen in Table 2, 
vibrations of the C–C σ-bond are responsible for 
vibrational modes 103 and 102, which form a narrow 
medium-intensity band in the Raman spectrum, peaked 
at 1483 cm–1 for complex (I) (Fig. 5) and at 1498 cm–1 
for complex (II) (Fig. 6), and also for modes 97, 96 
(1423 cm–1) and 95–92, which form a very intense band 
at 1320 cm–1 for complex (I) [1324 cm–1 for complex (II)] 
(Figs. 5, 6). In modes 97–92, vibrations of C–C bonds 
are mixed with planar deformation vibrations of CH. 
In [14], the bands at 1489 and 1430 cm–1 in the SERRS 
spectrum of the [Fe(bpy)2(CH)2] complex were assigned 
to mixed ν(C=N) and δ(CH) vibrations; in [12], the 
band at 1488 cm–1 for the [Ru(bpy)2(BIK)]2+ complex 
was attributed to ν(C=C) vibrations mixed with δ(CH).

According to quantum-chemical calculations, mixed 
δ(CH) and ν(C=N) vibrations of chelate cycles at 
frequencies in the range 1460–1470 cm–1 (modes 101 and 
100), as well as ν(C=C) and ν(C=N) vibrations of pyridine 
rings, mixed with planar deformation vibrations of CH at 
1445–1435 cm–1 (modes 99, 98), do occur, but are low-
active in Raman spectra. Therefore, band assignments in 
[12, 14] are not quite correct. A DFT B3LYP calculation 
yields a more accurate interpretation of Raman bands in 
this spectral range.

The intense band peaked at 1320 cm–1 in the Raman 
spectrum of complex (I) (Fig. 5) has an additional peak 
at 1273 cm–1, resulting from combination of asymmetric 
bond vibrations in pyridine rings and deformation 
vibrations of CH (modes 91–86). These vibrations are 
less active in complex (II) and do not lead band splitting, 
with only steps formed on the right wing of the band 

at 1324 cm–1, associated with vibrations of the C–C 
σ-bond (Fig. 6). Vibrations of the C–C σ-bond, with 
a pronounced contribution from δ(CH) vibrations, have 
been observed at 1317 cm–1 in the SERRS spectrum of 
the [Ru(bpy)2(BIK)]2+ complex and at 1321 cm–1 in the 
spectrum of the [Fe(bpy)2(CN)2] complex [14]. The band 
at 1274 cm–1 was not assigned in [12].

Specifi c features of the IR spectra in this spectral 
range should be noted. In the IR spectrum of complex 
(I), the absorption associated with out-of-phase ν(C–C) 
vibrations (1479 cm–1, Fig. 3), which corresponds 
to vibrational mode 102 (Table 2) and has a medium 
intensity (62.3 km mol–1), overlaps with a more intense 
band associated with deformation vibrations of CH and 
ν(C=N) of chelate rings, peaked at 1460 cm–1 (I = 
113.2 km mol–1). An additional peak at 1423 cm–1 on the 
right wing of this band is due to deformation vibrations 
δ(CH) mixed with stretching vibrations of the C–C σ-
bond (modes 97, 96). In the IR spectrum of complex (II), 
these mode are less intense and, together with modes 99, 
98 (νcalc 1445 and 1444 cm–1), form only a shoulder on 
the main band of deformation vibrations of CH groups 
(modes 101 and 100, Fig. 4).

ν(C–C) and δ(CH) vibrations at 1321 cm–1 (modes 
95–92) in the IR spectrum of complex (I) form only 
a weak shoulder on the weak absorption band associated 
with ring vibrations and deformation vibrations of CH 
(modes 91–86, Fig. 3). In the case of complex (II), 
modes 95–92 and 91–86 form separate weak, but clearly 
pronounced peaks at 1330 and 1279 cm–1 (Fig. 4). In 
[23], the variable-intensity absorption band at 1308–
1313 cm–1 in IR spectra of transition metal complexes of 
composition [M(bpy)Cl2] was assigned to ring vibrations 
and deformation vibrations of CH, which coincides with 
the assignment made in the present study. The weak band 
at 1280–1265 cm–1 was assigned in [23] to vibrations of 
the ring and of the C–C interring bond. Calculation gives 
a somewhat different nature for this band: there is no 
contribution from the C–C bond in these modes (91–86), 
although ring vibrations are present.

Deformation vibrations of CH and ring vibrations. 
In the calculated IR spectrum of a free 2,2'-bipyridyl 
ligand, planar deformation vibrations of CH give rise, 
without admixture of other vibrations, to an exceedingly 
weak narrow band at 1170 cm–1. In complex (I), these 
vibrations occur at 1182–1173 cm–1 (modes 85–82), being 
shifted in complex (II) by 11 cm–1 to higher frequencies 
(Figs. 3, 4). In the range 1130–1050 cm–1, δ(CH) vibra-
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tions are mixed with skeletal stretching vibrations of the 
ring and form weak bands in IR and Raman spectra of 
the Ir(III) complex and a shoulder at 1052 cm–1 on the 
left wing of a stronger band associated with pulsation 
vibrations of pyridine rings.

Out-of-plane vibrations of CH appear at the following 
frequencies (cm–1): in complex (I), at 1020 (modes 71, 
70), 1001 (modes 68, 67), 993 (modes 65, 64), 979–776 
(modes 61–52), 756, and 563–502 (modes 39–36); 
in complex (II), at 1032, 1028, 1008, 991–778, 749 
(modes 49, 48), and 559–494 cm–1, respectively. γ(CH) 
vibrations form the most intense band at 777 cm–1 in the 
IR spectrum of the ruthenium complex and at 789 cm–1 in 
the IR spectrum of the iridium complex (Figs. 3, 4). The 
corresponding intense absorption band in the IR spectrum 
of the [Pd(bpy)Cl2] complex is observed at 780 cm–1 
[23]. This type of vibrations does not show any activity 
suffi cient for independent bands to be formed in Raman 
spectra of the complexes under study (Table 2).

Strong planar deformations of pyridine rings occur 
near 1034 cm–1 for complex (I) (modes 73, 72) and 
1043 cm–1 for complex (II), but they are low-active in 
the IR and Raman spectra of these complexes.

Vibrational modes 69, 66, 63, 62, 51, and 50 are due 
to pulsation vibrations (breathing) of the rings. Strong 
differences between the frequencies of such vibrational 
modes (Table 2, 19–25 cm–1) should be noted when 
comparing the vibrational spectra of the Ru(II) and Ir(III) 
complexes. To ring pulsations in the Raman spectrum of 
complex (I) corresponds a strong doublet band peaked 
at 1011 and 988 cm–1 and a weak band at 761 cm–1. 
In complex (II), ring pulsations give rise to an intense 
band peaked at 1030 cm–1, in whose formation modes 
69–62 are superimposed, and a weak band at 761 cm–1. 
A doublet band peaked at 1041 and 1029 cm–1 has been 
assigned to ring pulsations in a SERRS spectrum of 
the [Ru(bpy)2(phen)]2+ complex [12]; similar bands 
(at 1034 and 1024 cm–1) have been observed for the 
[Fe(bpy)2(CN)2] complex [14]. The superposition of 
modes 69–60 in the frequency range 1011–978 cm–1 gives 
rise to an absorption band with a lower-than-medium 
intensity in the IR spectrum of complex (I) (νmax = 
997 cm–1). The main contribution to the intensity of this 
band (I = 61.1 km mol–1) is made by vibrational mode 
66, caused by ring pulsations. To ring pulsations in the 
IR spectrum of complex (I) corresponds a very weak 
band peaked at 1007 cm–1 (superposition of modes 
66–62). Such bands were observed in [23] in IR spectra 

of the [Pd(bpy)Cl2], [Pt(bpy)Cl2], and [Fe(bpy)Cl2] 
complexes.

Vibrational modes 45–40 in the frequency range 670–
630 cm–1 belong to planar deformation vibrations of the 
rings. In the range 490–473 cm–1 (modes 35, 34), there 
occurs planar torsion of the rings. In the IR spectrum of 
complex (I) these vibrations form weak bands peaked 
at 654 cm–1 (I = 17 km mol–1) and 484 cm–1 (I = 4.9 km 
mol–1). For complex (II), the intensity of IR absorption 
of these bands (νmax 648 and 484 cm–1) is even lower 
(2.6 and 1.6 km mol–1, respectively). In [23], planar 
deformation vibrations of rings in the experimental IR 
spectrum of the [Pd(bpy)Cl2] complex were observed in 
the range 662–645 cm–1. A medium intensity was only 
found for the absorption at 650 cm–1. For the [Pt(bpy)Cl2] 
complex, a weak absorption is observed at 670–640 cm–1. 
Very weak bands at 478 cm–1 for the palladium complex 
and at 482 cm–1 for the platinum complex in [23] were 
not assigned. We attribute these bands to modes 35, 34 
and note that the ring torsion is mixed here with fan-type 
and pendular vibrations of metal–carbon bonds. This is 
highly important for the dynamics of electron transfer 
from an excited [Ru(bpy)2(CN)2] molecule to the surface 
of titanium oxide.

In the Raman spectrum of complex (I), planar deforma-
tion vibrations of the rings form a band at 636 cm–1 with 
a lower-than-medium intensity (I = 100.7 Å4 a.m.u.–1; 
modes 35 and 34, having a contribution from the planar 
twisting of rings, combine with modes 33–31, having 
a contribution from out-of-plane deformation vibrations of 
the rings, and give rise to a broad weak band in the range 
484–454 cm–1. In [14], to planar deformation vibrations of 
the rings were attributed weak peaks at 659, 638, 494, and 
479 cm–1 in the SERRS spectrum of the Fe(bpy)2(CH)2] 
complex and at 667, 646, 554, and 401 cm–1 in that of the 
[Ru(bpy)3]2+ complex. This assignment is in agreement 
with the results of DFT calculations.

According to the results of our calculations, the out-
of-plane deformation vibrations of the rings must occur in 
the ranges 467–430 and 403–376 cm–1 in the ruthenium 
complex and at 469–427 and 387 cm–1 in the iridium 
complex (Table 2). These vibrations are mixed with M–C 
vibrations to form very weak bands in the IR and Raman 
spectra. In the SERRS spectrum of [Fe(bpy)2(CN)2], to 
out-of-plane vibrations of the rings are attributed weak 
peaks at 452 and 435 cm–1; for the [Ru(bpy)3]2+ complex, 
these peaks are observed at 454 and 438 cm–1 [14]. At 
frequencies lower than 280 cm–1 occurs out-of-plane 
rocking of the rings. It is noteworthy that skeletal ring 
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vibrations in the range 1130–200 cm–1 lead to changes 
in the M–N bond lengths.

M–CN and M–N vibrations. These vibrations are the 
most important for induction of vibronic perturbations in 
electron shells of excited complexes. Vibrational modes 
35–24 in the frequency range 490–370 cm–1 belong to 
metal–carbon stretching and deformation vibrations 
mixed with ring vibrations. In the IR spectrum of complex 
(I), to these vibrations correspond two weak bands at 
435 cm–1 [out-of-phase ν(Ru–CN)] and 376 cm–1 (pendular 
vibrations of RuC). In the IR spectrum of complex (II), 
Ir–CN vibrations occur, according to our calculations, at 
higher (by 5–44 cm–1) energies and a rearrangement of 
vibrational modes is observed (Table 2; modes 33, 29, 
27, 26, and 25). In the given spectrum, all modes of Ir–C 
vibrations are superimposed to give only a single broad 
band peaked at 440 cm–1, which is due, as in complex (I), 
to out-of-phase stretching vibrations ν(M–CN). The out-
of-plane ring deformations involved in these vibrations 
cause deformation of interring C–C bonds, and, therefore, 
it is quite natural that the weak IR absorption by transition 
metal complexes of the type [M(bpy)Cl2] in the range 
442–445 cm–1 was attributed in [23] to deformation 
vibrations of C–C.

In the Raman spectrum of complex (I), Ru–CN 
vibrations also form two weak bands peaked at 454 cm–1 
[in-phase ν(Ru–CN)] and 411 cm–1 (torsion vibrations of 
RuC), and in that of complex (II), at 469 and 427 cm–1 
(scissor vibrations of IrC fragments).

To stretching vibrations of M–N correspond vibrational 
modes 23 and 22, which give weak bands at 360 cm–1 in 
Raman spectra; ν(M–N) cause in-phase (mode 23) and 
out-of-phase (mode 24) pulsation vibrations of chelate 
rings.

In [14], to stretching vibrations ν(M–N) in the 
SERRS spectra corresponds band at 371 cm−1 for the 
[Ru(bpy)3]2+ complex and bands at 385 and 367 cm–1 for 
the [Fe(bpy)2(CN)2] complex. The band at 385 cm–1 is 
associated with deformation vibrations of M–N and out-
of-plane vibrations of the rings. Such a difference in the 
interpretation of a weak Raman band is of fundamental 
importance, because this mode is active under electronic 
excitation.

CONCLUSIONS

(1) A theoretical simulation by calculations using 
the density-functional method demonstrated a good 

agreement in all details with experimental spectra for 
related compounds of bipyridyl complexes with metal 
ions of the platinum group.

(2) The results of this study can serve as a reliable 
theoretical basis for classification of electronic and 
structural factors determining the frequencies and 
intensities of bands in IR and Raman spectra of metal-
complexes of the [M(bpy)2(CN)2] type.

(3) A comparison of the simulated spectra with their 
experimental analogs revealed a number of vibrations 
found to be sensitive to the nature of a metal. Especially 
important are predictions of the frequencies and IR 
intensities of metal ion vibrations, based on first-
principles calculations.

(4) Simulation of IR and Raman spectra by DFT, 
combined with the available experimental information 
for a series of related complexes, can be used to explain 
the nature of previously incompletely assigned band. 
An empirical choice of the force fi eld and a calculation of 
vibrations, performed 30 years ago, fail to provide a full 
understanding of all IR and Raman bands; this primarily 
refers to vibrations involving a metal ion.
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