DFT Calculations of IR and Raman Spectra of Ru(bpy),(CN), Complex

B. Minaev, V. Minaeva, G. Baryshnikov*, H. Agren** and M. Girtu™

*

"Bogdan Khmelnitskii National University, Cherkassy, Ukraine, bfmin@rambler.ru
The Royal Institute of Tehnology, Stockholm, Sweden, agren@theochem.kth.se
Ovidius University, Constanca, Romania, girtu@univ-ovidius.ro

ABSTRACT

Harvesting energy directly from sunlight using
photovoltaic technology is an essential component of the
future global energy production programs [1]. Photovoltaic
devices, or solar cells, are based on the photoelectric
effect, in which the incoming solar photons are absorbed in
a sensitized semiconductor material freeing electric
charges that are used to energize an external circuit [2].
The solar cells on the bases of nanocrystalline TiO, are
usually sensitized by metal-organic dyes such as Ru-
complexes with phenylpyridine and bipyridine ligands.
The incident photon to current conversion efficiency
(IPCCE) in the wavelength region 400-600 nm can be
rather high [1, 2]. In order to improve the IPCCE value the
heavier metal ions could be tested. Such sensitizers as
coumarin, porphyrins, chlorophyll derivatives, antenna-
sentsitizer polynuclear complexes and eosin have been
studied and reported to be less efficient than the most
effective Ru-based sensitizing dyes, called the black dye
(BD) and N3 dye [2—4], used for the nanocrystalline TiO,
solar cell. In this paper we are planning to understand the
IPCE of a new dye-sensitizer in order to predict the higher
absorption efficiency to solar spectrum and higher electron
transfer rate from redox systems to oxidized dye. Some
simple Ru(II)(bpy),(CN), complex is studied by DFT
method with optimized structure and vibrational analysis
in order to predict the role of vibronic perturbations in
spectra and interface electron transfer rate.
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and Raman spectra.

1. METHOD OF CALCULATION

The density functional method (DFT) with the hybrid
B3LYP functional and the Lanl2DZ basis set [5—9] is used
for geometry optimization of the Ru(II)(bpy),(CN),
complex (Fig. 1) and its vibrational spectra (Table 1)
calculations. The Hessian matrix in the ground singlet state
(Sp) and in the first excited triplet (T) state are used also
for Franc-Condone factors estimations in absorption and
emission spectra [10—13]. Infrared (IR) and Raman bands
intensities are calculated by derivatives of dipole moment
and of polarizability, respectively. Mulliken atomic
charges in the ground S, state indicate that the Ru(II) ion is
more close to the Ru(I) ion in the complex (0.726). Thus
the polarization in the ligands can be analyzed from the
DFT calculations. We use scaling factor 0.9756 for fitting

the calculated vibrational frequency to the available
experimental data on 2,2'-bipyridine and bpy complexes
with metals.

2. RESULTS AND DISCUSSION

Numeration of atoms of the optimized Ru(II)(bpy).(CN),
complex structure is presented in Fig. 1. The Ru-N bonds,
which are opposite to the CN ligands, have longer length
(2.124 A) than the Ru-N; (Ru-Nj¢) bonds (2.076 A) in
agreement with the x-ray data (2.05 and 2.11 A,
respectively) [14]. The calculated C—C links in the ground
Sy state (1.474 A) agree well with the x-ray data (1.481 A);
they are shortened to 1.425 A in the T state. The bpy
ligand bears the whole positive charge (0.118), while the
CN ligand bears the whole negative charge (-0.481), the
complex being electroneutral. Such polarization is quite
convenient for interaction with TiO, surface.

Figure 1. Optimized structure of [Ru(bpy),(CN),] complex.

Mode Type of vibration (o) IR ITRam
113 v(CN), in phase 2066 | 61.7 257.7
112 v(CN), out-of-phase 2059 | 46.6 | 221.0
111 | w(C=C), WCC) 1603 | 3.7 | 1459
110 | w(C=C), W(CC) 1603 | 27 | 75.0
109 | w(C=C), (CC) 1598 | 0.01 | 462.9
108 | w(C=C), w(C_C) 1598 | 12 | 224.1
107 | w(C=C), (C=N) 1563 | 6.0 | 13.9
106 | w(C=C), (C=N) 1563 | 3.1 | 30.0
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105 | w(C=C), W(C=N) 1550 | 0.1 | 179.0
104 | w(C=C), W(C=N) 1549 | 0.6 | 50.7
103 | WC—C), in phase 1483 | 44 | 350.0
102 | WC—C), out-of- phase 1479 | 62.3 | 122.9
101 | 6(CH)+(C=N) chel. 1463 | 36.9 | 13.7
100 | 6(CH)+(C=N) chel. 1460 | 1132 | 1.1
99 | 5(CH)"w(C=N) chel. 1436 | 5.9 | 218
98 | o(CH) w(C=N) chel. 1435 | 5.6 | 143
97 | 8(CH(CC) 1423 [ 68.1 | 5.9
96 | o(CH)w(CC) 1422 | 119 | 161
95 | w(C=N)chel.+ 5(CH) 1321 | 08 | 1639
94 | w(C=N)chel.+ 5(CH) 1321 | 21 | 862
93 | w(C_C)+4(CH) 1321 | 41 | 249
92 | w(C-C)+5(CH) 1320 | 2.1 | 2984

91 | WC=N)+W(C=C)+3(«NRuN) | 1291 | 23.0 [ 44.1

90 | WC=N)yr(C=C)+d(/NRuN) | 1289 | 47 | 68.8

89 V(C=N)+v(C=C)+J(CH) 1277 | 3.1 76.6
88 V(C=N)+v(C=C)+J(CH) 1275 | 263 | 514
87 V(C=N)+v(C=C)+J(CH) 1273 | 4.8 126.2
86 V(C=N)+v(C=C)+J(CH) 1272 | 9.7 30.6
85 Jo(CH) 1182 | 0.1 50.9
84 Jo(CH) 1182 | 0.1 18.4
83 Jo(CH) 1173 | 3.7 1.1
82 J(CH) 1173 | 2.0 4.1
79 S(CH)+v(ring) 1101 | 0.1 9.4
78 S(CH)+v(ring) 1100 | 0.1 3.8
75 S(CH)+v(ring) 1052 | 5.6 12.9
74 S(CH)+v(ring) 1052 1 1.3 73.6
73 d(ring)+v(Ru-N) 1036 | 1.7 2.6
72 d(ring)+v(Ru-N) 1034 | 2.6 0.7
69 ring breathing 1011 | 3.9 361.0
68 y(CH) 1001 | 0.7 1.93
67 y(CH) 1001 | 1.5 29.2
66 ring breathing 997 | 61.1 153.3
63 ring breathing 988 | 2.1 212.3
62 ring breathing 984 | 13.7 | 100.7
53 y(CH) 777 | 160.3 | 1.0
52 y(CH) 776 | 124.1 ] 0.5
51 ring breathing 761 0.2 58.2
50 ring breathing 760 | 5.8 20.6
47 y(CH) 748 | 188 | 1.5
46 y(CH) 747 | 12.1 | 2.8
35 o(RuC)+ ring twisting 484 | 49 0.7
34 7 (RuC)+ ring twisting 473 1 0.00 | 9.1
33 r(RuC)+y(ring) 467 | 2.7 7.4
32 J (b£CRuC)+y(ring) 464 | 1.2 5.6

31 v(Ru—C) in phase +y(ring) 454 | 0.5 13.3

30 v(Ru—C) out-of-phase+ 435 79 24

(ring)
29 @ (RuC)+y(ring) 431 6.3 1.1
28 7 (RuC)+y(ring) 430 | 5.4 0.7
27 7 (RuC) 411 | 0.1 9.2
26 v(Ru—C) out-of-phase 403 1.5 7.1
25 d (b£CRuC)+ y(ring) 383 | 7.8 32
24 r(RuC)+y(ring) 376 | 9.3 0.9
23 v(Ru—C) in phase 360 | 0.1 17.7
22 v(Ru-N) out-of-phase 359 |53 8.9

Table 1. IR and Raman spectra calculated by DFT method.

A number of the most interesting vibrational modes in the
middle part of the IR and Raman spectra are presented in
Table 1. Here ® is a wavenumber (cm’l), Ir is IR
absorption intensity (km/mol), /r., is the Raman scattering
intensity (A*/amu). The valence C—H (stretching) vibrations
(at about 3200 cm™) are not shown in Fig. 2-3 and in Table
1, as well as the low-frequency modes (291-29 cm™).

2.1. IR spectrum

Valence vibrations of the C=C bonds with small
admixture of the C—C links occur in the narrow region near
1600 cm™ (111-108 modes, Table 1). They are very active
in Raman scattering, but have low IR intensity. In the
SERRS spectrum of the similar Fe(IT)(bpy),(CN), complex
the 111 mode is found at 1604 cm™ [15, 16] in a good fit
with our result Table 1). Valence vibrations of the CN
ligands at 2066 cm’ are active in both IR and Raman
spectra; W(CN) modes of the in-phase and out-of-phase
types are characteristic.

b
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Figure 2. The calculated infrared spectrum of the
[Ru(bpy)»(CN),] complex.
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Figure 3. The calculated Raman spectrum of the
[Ru(bpy)»(CN),] complex.
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They are more intense in Raman spectrum (Fig. 2-3). In a
similar complex of Ir(Ill) ion this IR band has very low
activity [3]. In the Table 1 the following notations are used:
v — valence vibrations; J — deformation vibrations (6 (b£) —
scissoring);  y—out-of-plane  vibrations; 77— twisting
vibrations; » — rocking vibrations; w — wagging vibrations.

Valence vibrations of the C—C links (102, 103 modes)
are very important in respect to electron transfer upon light
absorption [3], though they have not gain much attention
from experimentalists [12-21]. They provide narrow IR
band at about 1480 cm™ (Table 1, Fig. 2). The intense out-
of-phase mode 102 gives a peak which is overlapped by a
band of CH deformation vibrations (modes 101, 102). Ring
breathing at 997 cm™ gives a narrow IR band of a middle
intensity (mode 66); in Raman spectrum there are three
close lying lines (modes 66—62) in the same region (Table
1, Fig. 3).

The most intense IR band occurs at 777 cm™ (modes 53,
52, Fig. 2 and 3, which are non active in Raman). This is
out-of-plane CH vibration (y(CH), Table 1). Vibration
modes 35-24 in the range 490-370 are assigned to
stretching and deformation of Ru—C and Ru-N bonds. A
great advantage of quantum chemical methods is that they
can predict the low frequency vibrations, which are
important in metal-to-ligand charge transfer process. The
mode 30 (435 cm™) is active in IR spectrum; it corresponds
to out-of-phase Ru—C stretching in two CN ligands with
simultaneous inter-ring bend (y(ring)). Such interpretation,
y(ring), has been tentatively proposed for Pd(bpy)Cl,
complex [19] for the week IR band at 448 cm™; in our case
this mode is mixed with the Ru—CN stretching. The Ru-N
vibration (modes 22, 23) are rather week to be fixed in IR
absorption (Fig. 2, Table 1), but they have been observed in
Raman scattering for similar complexes [12, 18, 19].

2.2. Raman spectrum

The Ru-N out-of-phase vibration (mode 22) gives the
first week band in Fig. 2; it is almost degenerate with the
in-phase counterpart (Table 1). These two modes have been
assigned to the band 371 cm™ in the SERRS spectrum of
the [Ru(bpy)s]*" complex [12]. Our DFT calculation reveals
that these modes include pulsation of chelate cycles. In
Raman spectrum of Fe(bpy),(CN), complex the bands at
385 and 367 cm™ have been assigned to Ru-N stretchings
[12]. Such a large splitting between these two modes is non
reliable; from our calculation we can assign the former
band 385 cm' to the out-of-phase stretching and
deformations of Ru—C bonds (modes 25-27), but not to
Ru—N by no means (Table 1).

Interaction of bipyridyl complexes with Ag sol provides
a well-known surface-enhanced resonance Raman
scattering (SERRS) [12]. The combination of resonance
and surface enhancement in SERRS can lead to twelve
orders of magnitude combined enhancement and to high
sensitivity ~ for ~ micromolar  concentrations.  The
enhancement is due to surface plasmon resonance, which

also leads to quenching of fluorescence and is connected
with interface electron transfer. Since the SERRS is
important for probing the dye-metal surface interaction at
low concentrations, it is useful to know complete
assignment of Raman spectra of the dye-sensibilizer in
order to improve the IPCCE wvalue for solar cells.
Comparison of theoretical IR and Raman spectra (Fig. 2
and 3, Table 1) is very useful in this respect.

In solar cells the dye interacts with nanocrystaling
semiconductor surface by CN ligands. Stretching
vibrations of the CN ligands split into 2066 and 2059 cm’
(in-phase and out-of-phase) are very active in Raman
spectrum (Table 1). One can expect that they would be
enhanced upon the dye-surface interaction and participate
in electron-transfer process responsible for IPCCE
parameter of the solar cell.

The most intense Raman band at 1598 cm™ (modes
111-108) is determined by C=C stretching vibrations of
the bpy rings with small contributions of the C—C links. In
the SERRS spectra of the Fe(bpy),(CN), dye the C=C band
is observed at 1604 cm™ [12]. Similar bands are detected
for a number of bpy complexes [16].

Interaction of C=C and C=N vibrations of the bpy
cycles leads to Raman bands at 1563—1550 cm™ of middle
intensity (modes 107—104, Table 1). Such bands have been
observed in the resonance Raman scattering of the
Fe(bpy),(CN), and the [Ru(bpy)s]** complexes at 1564 and
1562 cm™, respectively, and assigned to C=C stretchings
[12]. This is not exactly the same assignment what we get
in our calculation.

Our DFT calculation indicates that vibrations of the C—C
inter-rings link are very intense in Raman spectrum (modes
102, 103, Table 1), especially in the triplet excited state.
The main intense band in this region (1483 cm’', Table 1)
has been observed at 1489 cm™ and assigned to the mixed
vibrations, v(C—C)+J(CH), [12] in the SERRS spectrum of
Fe(bpy),(CN), complex. We get other assignments (Table
1), which agrees with ref. [10, 11]; the late modes are
calculated at 1320 cm™ (the 93, 92 modes). An intense
peak in the SERRS spectrum of Ru(bpy),(BIK)*" complex
(BIK is bis(1-methylimidazol-2-yl)ketone) is found at
1317 cm™ [11] and can be assigned to the C—C inter-rings
stretching vibration mixed with the 6(CH) deformations. In
the close region we get also a number of mixed vibrations
(modes 91-87) which are quite active in Raman spectrum
(Table 1, Fig. 3). These are mostly the C=N vibrations in
bpy rings mixed with C=C stretching and J(CH)
deformations. Strukl and Walter [19] assigned a weak IR
band at 1265-1280 cm™ in M(bpy)Cl, complexes to the
C-C inter-rings vibration and now we can decline such
assignment.

CONCLUSIONS

We can not find direct experimental data on IR and
Raman spectra of the studied complex, but the
measurements for similar systems are available. Our DFT
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calculations with a scaling factor (0.9756) obtained by
fitting the calculated vibration frequency to the available
experimental data on 2,2'-bipyridine provide quite
reasonable agreement for some similar bpy complexes with
different metals. Thus we hope that our calculation for the
Ru(bpy),(CN), complex provides quite reasonable
prediction for its IR and Raman spectra. We have changed
some assignments published in the literature [12, 15-21]
for IR, Raman and SERRS spectra of the [Ru(bpy):]*',
Ru(bpy),(bis(1-methylimidazol-2-yl)ketone)** and
Fe(bpy)2(CN), complexes. The simple Ru(Il)(bpy),(CN),
complex studied in the present work by DFT method with
optimized structure and vibrational analysis can be used as
a model species for dye-sensibilized solar cells in order to
predict the role of vibronic perturbations in absorption
spectra and interface electron transfer rate.
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