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Resonance Raman spectra of (o-benzoquinonediimine)ruthe-
nium(II) complexes measured with visible excitation wave-
lengths show distinct resonance enhancements and intense
overtone and combination bands. Assignments of the most
prominent fundamental bands are made on the basis of com-
parisons with theoretical spectra obtained from DFT calcula-

Introduction
Resonance Raman spectroscopy can be used as a power-

ful technique to study excited-state structure, in particular
for systems with broad, unresolved absorption transitions
that do not provide detailed information through resolved
vibronic structure.[1–5] Charge-transfer processes in transi-
tion-metal complexes, in particular those of ruthenium(II),
are of particular interest for spectroscopic investigations, as
detailed spectra combined with theoretical models provide
quantitative insight on the structural and dynamics aspects
of these important excited states.[6,7] In the vast majority of
reported resonance Raman studies on ruthenium(II) com-
plexes only fundamental bands are observed.[7–10,11]

The ligand o-benzoquinonediimine (BQDI) and its deriv-
atives are of interest because of the extensive delocalization
of Ru 4d electron density over the BQDI ligand.[12–18] This
delocalization has been discussed in terms of metal–ligand
orbital mixing or donor–acceptor electronic coupling. The
covalent interactions between the metal and the ligand can
be separated into ligand-to-metal donation and metal-to-
ligand back-donation.[12–18] Complexes with these ligands,
in particular [Ru(BQDI)(acac)2] and [Ru(BQDI)(NH3)2-
Cl2], show resonance Raman spectra with exceptionally rich
patterns involving harmonics and combination bands. We
present and analyze these spectra in the following report.

Results and Discussion
Resonance Raman spectra of [Ru(BQDI)(acac)2] and

[Ru(BQDI)(NH3)2Cl2] were measured with excitation wave-
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tions. Excited state distortions are determined from the reso-
nance Raman intensities and lead to calculated luminescence
and absorption spectra in good agreement with experiment.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

lengths near the lowest-energy intense absorption maximum
at ca. 20000 cm–1, and are shown in Figure 1. Strong reso-
nance enhancements are accompanied by an exceptionally
detailed series of overtones and combination bands (iden-
tified by the labels I, II, III), which provide relevant infor-
mation on excited-state distortions in the title complexes.
Raman spectra measured with off-resonance excitation at
12700 cm–1 are compared to the resonance Raman spectra
in Figure 2. It is likely that each peak observed in the off-
resonance Raman spectra corresponds to a fundamental
transition, as overtones and combination bands are too
weak to be observed in the absence of resonance enhance-
ments; we can identify on the order of 16–18 experimental
vibrational frequencies as listed in Table 1. The comparison
of resonance and off-resonance spectra shows very clearly

Figure 1. Comparison of resonance Raman spectra (solid samples,
77 K) of a) [Ru(BQDI)(NH3)2Cl2] (λexc = 488 nm) and of b)
[Ru(BQDI)(acac)2] (λexc = 514 nm). The baseline was corrected to
remove the luminescence onset and the total integrated intensity of
each spectrum was normalized.
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that all peaks observed at frequencies between 1700 cm–1

and 3000 cm–1 correspond to resonance-enhanced over-
tones or combination bands. Calculated Raman spectra ob-
tained from DFT are in good agreement with the experi-
mental spectra, as shown by the dotted traces in Figure 2.
In particular, the calculated spectra do not show any bands
where overtones and combination bands are observed, and
they indicate a larger number of bands in the 1200
to 1500 cm–1 region for [Ru(BQDI)(acac)2] than for
[Ru(BQDI)(NH3)2Cl2], providing a qualitative rationale for
the large, poorly resolved feature observed for the former
complex in this wavenumber range. The Raman peaks in
the off-resonance spectrum of [Ru(BQDI)(acac)2] are weak
and broad, especially in the 1200 to 1500 cm–1 region, com-
plicating the identification of fundamental bands. Only the
peaks that can clearly be assigned as fundamentals involved
in the resonance Raman spectrum were labeled as such in
Figure 2 and in Table 1.

Figure 2. Comparison of resonance Raman (top spectrum) and off-
resonance Raman (middle spectrum) in solid phase at 77 K and
(lower) DFT calculated spectrum. a) [Ru(BQDI)(NH3)2Cl2], top:
λexc = 488 nm, middle: λexc = 788 nm. b) [Ru(BQDI)(acac)2], top:
λexc = 514 nm, middle: λexc = 788 nm. The number labels refer to
Table 1.

All peaks observed in the resonance Raman spectra not
corresponding to fundamental frequencies are assigned as
harmonics or combination bands built on one or several of
the fundamental frequencies listed in Table 1. The analysis
of the Raman spectra of [Ru(BQDI)(NH3)2Cl2] is more
straightforward because the identification of the fundamen-
tal frequencies in the off-resonance Raman spectrum is ob-
vious. In both systems, it appears clearly that the peaks lab-
eled II and III in Figure 1 observed at Raman shifts of ap-
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Table 1. Observed vibrational frequencies ωk [cm–1] and calculated
excited-state distortions ∆k [dimensionless] of the modes observed
in the resonance Raman spectra of [Ru(BQDI)(NH3)2Cl2] and
[Ru(BQDI)(acac)2]. The index k refers to the numerical labels
shown in Figure 2 and numbers the normal coordinates in Equa-
tion (3); the parameters E00 and Γ refer to Equation (2).

[Ru(BQDI)(NH3)2Cl2] [Ru(BQDI)(acac)2]
k ωk ∆k ωk ∆k

1 314 1.0 306 1.0
2 324 1.0 355 1.2
3 427 0.5 454 0.5
4 527 0.6 550 0.7
5 572 0.9 613 1.0
6 624 0.6 646 2.0
7 645 1.3 886 0.5
8 655 2.0 934 0.4
9 782 0.3 1058 0.6
10 992 0.3 1142 0.4
11 1145 0.2 1208 0.4
12 1218 0.3 1270 0.5
13 1370 0.8 1378 0.6
14 1398 0.2 1400 0.5
15 1413 0.2 1460 0.5
16 1456 0.5 1484 0.4
17 1491 0.2
18 1528 0.2

11.1 11.2Total distortion ∑
k

∆k

E00 [cm–1] 17250 16830
Γ [cm–1] 150 400

proximately 2000 cm–1 and 2600 cm–1 are not fundamen-
tals, and their spacing of approximately 650 cm–1 corre-
sponds to the Raman shift of the most intense peak in each
resonance Raman spectrum, observed at 655 and 646 cm–1

in [Ru(BQDI)(NH3)2Cl2] and [Ru(BQDI)(acac)2], respec-
tively. The high relative intensities of the transitions at 655
and 646 cm–1 show directly that the largest distortions be-
tween the ground-state and the excited-state structures
probed here occur along the normal coordinates of these
modes and that the peaks in regions II and III are combina-
tion bands involving these modes. The peaks in region I are
not as easily identified, as both fundamental bands and the
first overtone of the most intense fundamental occur at the
Raman shifts of approximately 1300 cm–1 corresponding to
this region and calculated spectra have to be used to ident-
ify individual transitions.

The DFT calculations are used to assign the most promi-
nent observed Raman transitions. Calculated at 665 cm–1

and 662 cm–1 are the Ru–NH(BQDI) stretching modes for
[Ru(BQDI)(NH3)2Cl2] and [Ru(BQDI)(acac)2], respectively,
which involve fairly large breathing motion in the BQDI
ring for both complexes. These frequencies are higher by 10
and 16 cm–1 than the experimental values, illustrating the
excellent quantitative agreement. The 1394 and 1392 cm–1

peaks correspond to the C=NH vibration coupled strongly
to the CH bonds localized on the BQDI ligand. The calcu-
lated frequencies are higher than the experimental values by
24 and 14 cm–1 for [Ru(BQDI)(NH3)2Cl2] and [Ru(BQDI)-
(acac)2], respectively. The calculated vibrational frequencies
tend to be slightly higher than the experimental values,
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possibly due to the B3LYP functional slightly over-emphas-
izing the covalent contribution to the Ru–N bonds,[19] but
overall the agreement between calculated and observed fre-
quencies is excellent.

A quantitative analysis of the resonance Raman inten-
sities leads to a more precise picture of excited-state distor-
tions and allows us to identify similarities and differences
between the two compounds studied here. The resonance
Raman intensities can be calculated very efficiently using
the time-dependent approach described previously by
Heller, Zink and associates.[1,3,4,20–22] The simplest ap-
proach, used here, is based on a single electronic excited
state and the Raman intensity Ii�f at frequency ωs is given
by Equation (1):

(1)

with Equation (2):

(2)

where Γ is a constant damping factor (in cm–1), Rωi is the
zero-point energy of the ground electronic potential energy
surface and RωI is the energy of the incident radiation.
‹φf|φ(t)› is the autocorrelation function, which takes a simple
analytical form if it is assumed that (a) the force constants
are the same in both ground and excited states, (b) the po-
tential energy surfaces are harmonic, (c) the transition di-
pole moment is independent of the normal coordinates and
(d) the normal coordinates are not coupled, see Equation
(3).

ωk and ∆k denote the wavenumber (in cm–1) and the dif-
ference between potential-energy minima of the ground and
excited states along the kth normal coordinate, respectively,
and nk is the vibrational quantum number of the kth nor-
mal mode in the ground electronic state. As an example, the
combination band (2v1 + v2) in a three-mode case would
have n1 = 2, n2 = 1 and n3 = 0. Equation (1) can be used to
calculate the excitation profile for each fundamental, har-
monic and combination band involved in the resonance Ra-
man spectrum. The experimental spectra in Figure 1 and
Figure 2 do not provide full excitation profiles, but an
analysis is still possible. The approach consists of adjusting
the ratio of intensities between calculated profiles for dif-
ferent modes by fitting the displacements ∆k

nk in Equa-
tion (3) until the ratios of calculated intensities are in agree-
ment with the experiment. Adjusting as many parameters as
there are in Table 1 can be tedious, but the task is somewhat
facilitated by using Savin’s approximation to estimate the

(3)
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relative displacements between two modes k and k’ in the
resonance Raman spectrum [Equation (4)].[4]

(4)

The best parameter values obtained in this way are given
in Table 1 for both complexes; the calculated intensities are
compared to the experimental resonance Raman spectra in
Figure 3 and Figure 4 for [Ru(BQDI)(NH3)2Cl2] and
[Ru(BQDI)(acac)2], respectively. These calculations involve
all modes identified as fundamentals in the experimental
Raman spectra, in contrast to the simplified analysis for
[Ru(BQDI)(NH3)2Cl2],[18] where only five modes were con-
sidered. Figure 3 and Figure 4 illustrate the very good
agreement between calculated and experimental intensities
of the resonance Raman spectra. An additional criterion
to compare model calculations and experimental spectra is
provided by the intensities of overtones and combination
bands, which are also reproduced well, as shown for the
first overtone of the 650 cm–1 mode in Figure 3 and Fig-

Figure 3. Comparison of calculated and experimental spectra for
[Ru(BQDI)(NH3)2Cl2]. a) Resonance Raman, b) 77 K solid-state
luminescence and c) room-temperature absorption in dimethyl-
formamide solution. The calculated spectra in b) and c) are given
as dotted lines. The vertical arrow in c) indicates the resonance
Raman excitation wavelength (488 nm).
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ure 4. Identical total distortions are obtained for both com-
plexes, further corroborating the consistency of our analy-
sis. The luminescence and absorption spectra for both com-
plexes studied here can be calculated from the parameters
in Table 1 and are shown for comparison in Figure 3 and
Figure 4. These spectra are calculated without any adjusta-
ble parameters and the good agreement further illustrates
that the parameters in Table 1 are physically meaningful.

Figure 4. Comparison of calculated and experimental spectra for
[Ru(BQDI)(acac)2]. a) Resonance Raman, b) 77 K solid-state lumi-
nescence and c) room-temperature absorption in dimethylform-
amide solution. The calculated spectra in b) and c) are given as
dotted lines. The vertical arrow in c) denotes the resonance Raman
excitation wavelength (514 nm).

The calculations show that the largest excited state dis-
tortion occurs along the coordinate associated to the mode
with a frequency of approximately 650 cm–1, in agreement
with the qualitative observation made before, and distor-
tions of identical magnitude are obtained for both com-
plexes. The quantitative analysis allows more general obser-
vations to be made. We can separate the excited-state distor-
tions into two groups, one containing modes whose fre-
quencies are between 300 and 650 cm–1 and whose displace-
ments are relatively high, and another group containing
modes with higher frequencies between 1000 and 1500 cm–1

and lower displacements. The latter group can be assigned
to ligand-centered modes, whereas the former is clearly re-
lated to metal-ligand modes. This observation is in agree-
ment with the proposed MLCT character of the transition,
and shows that both complexes are quite similar, despite
the minor differences discussed previously. This suggests
that the BQDI ligand plays a major role in the electronic
transition, as acceptor of charge, and that the auxiliary li-
gands modify the electronic structure of the entire complex
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in a slightly different manner for the two complexes studied
here, as shown by the resonance Raman intensities and the
analysis based on time-dependent theory. Much larger ef-
fects of auxiliary ligands on a variety of chemical properties
of this category of complexes are discussed elsewhere.[18]

However, it is critical to note that the primary changes in
geometry in the excited MLCT states occur within the Ru–
NaH=C–C=NbH(Ru–Nb) metallacycle, which is quasi aro-
matic (6-electron ring) with much less distortion within the
six membered benzene ring of BQDI. Indeed one might de-
scribe the transitions as mainly π–π* within the quasi aro-
matic metallocycle ring system. Our results show that the
excited-state distortions in the title complexes can be ex-
plored by resonance Raman spectroscopy in unprecedented
detail not accessible for other charge-transfer excited states
in ruthenium(II) complexes.

Experimental Section
The species [Ru(BQDI)(NH3)2Cl2] and [Ru(BQDI)(acac)2] were
prepared by literature methods.[18,23] Raman spectra were measured
with a Renishaw 3000 Raman imaging microscope at 488, 514 and
788 nm excitation laser wavelengths. The microscope was used to
focus the light onto a spot of approximately 1 µm in diameter and
to collect the scattered light. The backscattered Raman light was
detected with a Peltier cooled CCD detector. This instrument was
also used to measure luminescence spectra. Absorption spectra
were measured with a Varian Cary 5E spectrometer.

Density functional theory (DFT) spin-restricted calculations were
performed using the Gaussian 03 program (Revision C.01 and
C.02).[24] Optimized geometries were calculated by using the
B3LYP exchange-correlation functional[25,26] with the LanL2DZ
basis set.[27–30] The SWIZARD program[31] was used to extract the
calculated Raman spectra from the Gaussian output files with a
line width of 15 cm–1.
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