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ABSTRACT: Broadband Near Infra-Red (NIR) Transient Absorption (TA) spectroscopy has been used for the first time to probe 
an all-carbon bridged organometallic radical cation complex. The compound [{Ru(PPh3)2Cp}2(µ-C≡C-C≡C)]+, [1]+, was investigat-
ed in dichloromethane and acetonitrile solutions, using laser excitation at 700, 800, 900, and 1000 nm; wavelengths which span the 
NIR absorption band envelope. The resulting TA spectra were found to be independent of excitation wavelength, and consist of an 
excited state absorption feature with a peak at ca. 1150 nm and the corresponding bleach signal of the ground state NIR absorption 
band, which both decay to zero over the 50 ps time window investigated. Data were analyzed globally and fit collectively for each 
of the four different excitation wavelengths, with the resulting best fit to a biexponential decay function indicating two processes 
with slightly different time scales of ca. 1.5 ps and ca. 9.0 ps involved in the relaxation to the ground state.  

Understanding the optical properties and associated electronic 
structures of compounds of the form [E–bridge–E](±)• (where E 
is an electrophore) has been the subject of a great deal of re-
search over the past fifty years, underpinning much of our 
knowledge concerning the fundamental aspects of electron-
transfer reactions and dynamics.1-5 While the term is not strict-
ly accurate in all cases, open-shell [E–bridge–E](±)• radicals are 
conventionally referred to as mixed-valence (MV) com-
pounds. Typically information concerning the localization or 
delocalization of the unpaired electron in MV complexes is 
inferred from the band-shape of the critical intervalence 
charge transfer (IVCT), or charge-resonance, band using the 
relationships initially developed by Hush.6,7 However, caution 
must be exercised when analyses are based purely on the elec-
tronic band-shape since the presence of multiple IVCT transi-
tions, localized interconfigurational transitions, MLCT/LMCT 
transitions, vibronic coupling effects and rotational dynamics 
leading to conformers with distinct electronic character can 
result in multiple overlapping transitions.8-13 Thus, the inter-
pretation of NIR spectra is non-trivial in many cases. Very 
often, further support from spectroscopic evidence, increasing-
ly augmented by computational investigations,14 is required to 
fully elucidate the electronic character of MV complexes.  
Pump-probe transient absorption (TA) spectroscopy15 has 
been used to explore the underlying electronic structure of MV 
systems with comparatively simple absorption spectra.16-29 
The majority of such time-resolved investigations have fo-
cused on weakly-coupled, valence localized MV complexes 
featuring bridging ligands based on nitrogen containing aro-
matics16-20 or cyanide;21-28 a more recent investigation focus-
ing on a related neutral organic mixed valence molecule is also 
noted.29 Analysis of the time-dependent spectra from the short 

lived excited states that arise from photo-induced charge trans-
fer provides valuable information concerning solvent dynam-
ics and electronic relaxation processes, from which back elec-
tron-transfer rates can be extracted.  
The compound [{Ru(PPh3)2Cp}2(µ-C≡C-C≡C)], 1, is an arche-
typal example of an “all-carbon” bridged bimetallic organo-
metallic complex. Many previous studies of 1 and related sys-
tems have described the ‘wire-like’ properties of the 
polyyndiyl ligand and the delocalised electronic structure of 
the radical cations such as [1]+.30 It has recently been shown 
that the delocalized radical cation [1]+ exhibits multiple transi-
tions in the NIR region, which have been attributed to π-π* (or 
charge resonance) and MLCT processes, the latter gaining 
significant intensity in conformers in which the two Cp rings 
are more or less orthogonal.12,31,32 Although the ground-state 
potential energy surface that encompasses these different ro-
tamers is shallow, leading to population of a range of con-
formers in solution at room temperature, the excited state bar-
riers are as yet undetermined. Here, broadband pump-probe 
TA NIR spectroscopy on the femtosecond timescale has been 
used to further investigate the excited states of [1]+ generated 
by photoexcitation at a number of wavelengths that span the 
NIR absorption envelope.  



 

 

Figure 1. A plot of the crystal structure of [1]PF6•3CH2Cl2, sol-
vent molecules and hydrogen atoms have been excluded for clari-
ty. Selected bond lengths [Å] and angles [deg]: Ru1–C1 1.926(5), 
C1–C2 1.252(8), C2–C3 1.351(8), C3–C4 1.249(9), C4–Ru2 
1.948(6); Ru1–C1– C2 167.1(5), C1–C2–C3 174.9(6), C2–C3–C4 
178.6(7), C3–C4–Ru2 169.7(6).  

Treatment of the neutral {Ru(PPh3)2Cp}2(µ-C≡C-C≡C) com-
plex (1) with a single equivalent of ferrocinum hexafluoro-
phosphate in dichloromethane followed by precipitation with 
diethyl ether afforded [1]PF6 as a forest green colored powder 
in 57% yield.32 Crystallization by layer diffusion of diethyl 
ether into a dichloromethane solution allowed the isolation of 
crystals suitable for X-ray diffraction. The complex crystal-
lized with an essentially cis orientation of the cyclopentadiene 
rings (Fig. 1), notable as the parent complex (1) has been ob-
served in both cis33,34 and trans34,35 forms in the solid state. 
There is a small (0.02 Å) degree of asymmetry in the most 
precisely determined Ru(1)–C(1) and  Ru(2)–C(4) bond 
lengths of [1]PF6 which may hint at a degree of valence locali-
zation in the solid state. Pleasingly, the bond lengths along the 
six-atom RuCCCCRu chain in [1]+ appear to display a more 
limited long/short alternation than found in cis-134 (Ru-C(1) 
2.01(3), C(1)-C(2) 1.24(4), C(2)-C(2’) 1.31(4) Å) and various 
solvates33  which fits well to the expectations of previous IR 
spectroscopic32 and computational13,32 investigations. 
As discussed elsewhere,12 the NIR absorption band envelope 
of [1]+ (Fig. 2) deviates from the single asymmetric band pre-
dicted by the two-state model for strongly coupled MV or 
delocalized complexes.3 In the case of [1]+ as reported elese-
where12 and related bimetallic radical cations13,36-39 it has re-
cently been recognized that the NIR absorption envelope con-
sists of at least two overlapping transitions, corresponding to a 
lower energy π-π* type transition,40,41 and higher energy 
MLCT processes, the relative intensities of which are sensitive 
to the precise details of the molecular geometry.12,13 In an 
attempt to probe these processes individually using TA NIR 
spectroscopy, a range of ‘pump’ energies were chosen (Fig. 2) 
with the intention of biasing the excited state populations to-
wards one or the other of the species responsible for the two 
differing transitions visible in the NIR band envelope.  

 

Figure 2. The NIR absorption spectrum of [1]PF6 recorded in 
degassed dichloromethane. The black arrows indicate laser excita-
tion wavelengths used for broadband NIR TA experiments.  

Hence, transient absorption spectra in the NIR region for 
[1]PF6 were collected in degassed dichloromethane and de-
gassed acetonitrile solution using excitation wavelengths of 
700, 800, 900 and 1000 nm (Fig. 3, Fig. S1, Fig S4). The 
shape of the resulting TA signals were found to be independ-
ent of the excitation wavelength, and consist of both an excit-
ed state absorption feature with a peak at ca. 1150 nm, and the 
corresponding bleach signal of the ground state NIR absorp-
tion band, which both decay to zero over the 50 ps time win-
dow investigated. 

 

Figure 3. Observed TA signals in the NIR region from 900 to 
1350 nm at various time delays from t = 0.5 (red) to t = 50 ps 
(blue) for [1]PF6 in degassed dichloromethane using λex = 900 nm  

The corresponding kinetic plots of the TA dynamics integrated 
over 10 nm increments from 900 to 1350 nm for λex = 900 nm 
in dichloromethane are shown in Fig. 4 (see also Fig. S2, Fig. 
S5). These decay data were analyzed globally at all wave-
lengths and fit collectively for each of the four different exci-
tation wavelengths in each solvent to a biexponential decay 
function as shown in Equation 1; 

I(t) = A1exp–1/τ1(t) + A2exp– 1/τ2(t) + y0 (1) 

where I(t) is the intensity of the transient absorption data at 
time t, τ1 and τ2 are the lifetimes, A1 and A2 are pre-
exponential scaling factors, and y0 is a horizontal offset (≈0) 
accounting for any noise in the spectral data. The resulting 
best fit of the data yielded decay constants of τ1 = 1.46 ±	  0.07 
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ps and τ2 = 9.44 ±	   0.47	   ps	   for [1]+ in degassed dichloro-
methane, with the corresponding fits and residuals shown in 
Fig. 4 and Fig S2. In degassed acetonitrile solution, very simi-
lar decay constants of τ1 = 1.44 ±	  0.07 and τ2 = 8.76 ±	  0.39 ps 
were obtained using the same fitting procedure (Fig. S5, Fig. 
S6). 

 

Figure 4. Kinetic plots and corresponding global fit of observed 
transient absorption signals from t = 0.5 to t = 50 ps in 10 nm 
wavelength increments from 900 nm (red) to 1350 nm (blue) for 
[1]PF6 in degassed dichloromethane using λex = 900 nm. Note: log 
scale on x axis. 

Since the biexponential decay kinetics observed for the transi-
ent absorption features are independent of the excitation wave-
length (and intramolecular rotation is typically on the picose-
cond timescale),42,43 it is unlikely they correspond to decay of 
the individual π-π* and MLCT excited states associated with 
the different rotational conformers. Instead, it appears that 
efficient internal conversion converts the higher energy MLCT 
to the lower energy π-π* state within 100 fs of excitation. As 
such, there remain two excited state relaxation mechanisms 
operating in this complex. The shorter lifetime component can 
be readily attributed to the ground state recovery process (re-
verse electron transfer), with a lifetime of ca. 1.45 ps which 
matches the recovery of the ground state ‘bleach’ signal. 
The second process with a slightly longer ca. 9 ps lifetime is 
manifest by a much weaker excited state absorption feature 
centered at 1080 nm (see Fig. S3, Fig S6). Similar behavior 
has been previously reported21 by Barbara and Hupp who un-
dertook variable wavelength TA studies on a [(NH3)5FeII-
C≡N-RuIII(CN)5]– mixed valence complex. In that case, a long 
lived component was also observed which was assigned to a 
small fraction of RuIIFeIII excited state complexes which decay 
via an unassigned higher energy RuIIIFeII excited state. A simi-
lar situation may apply here, in which case the longer lived 
lifetime may correspond to a higher energy excited state 
formed on the sub-ps timescale. 
Alternately, the spectral features we observe for [1]+ at longer 
delays may be due to vibrational cooling of an initially formed 
hot ground state upon back electron transfer. This type of be-
havior has been reported in more recent studies on the relaxa-
tion processes occurring in [(NH3)5MII-C≡N-MIII(CN)5]– com-
plexes (M = Ru, Os),22,44,45 with back electron transfer taking 
place on the order of τ <0.5 ps to a vibrationally hot ground 
state, which further decays over the τ = 2-6 ps (M = Ru) or τ = 
1.8-19 ps (M = Os) timescales. In the present case, for [1]+, the 
weak solvent dependence of the τ2 lifetime suggests that sol-

vent interactions play an important role in the relaxation kinet-
ics for this process, and the observed trend agrees with that 
expected on the basis of the thermal diffusivities of acetoni-
trile compared to dichloromethane (10.7 ×	  10-8 m2s-1 vs 
8.81 ×	  10-8 m2s-1 respectively).46 Similarly, inspection of the 
normalized TA data (see Fig S7) reveals a progressive blue 
shift of the TA data at longer time delays, together with spec-
tral narrowing, which are classical signatures of thermal relax-
ation processes.46,47  
In summary, these data are the first time-resolved spectroscop-
ic measurements to be reported for an all-carbon bridged radi-
cal-cation complex. Notably, in comparison to simpler cyano 
bridged [(NH3)5MII-C≡N-MIII(CN)5]- compounds, the longer 
lifetime of the τ1 decay component we obtain for [1]+ is most 
likely due to the longer four atom bridge between metal atoms, 
decreasing the rate of back electron transfer. For previously 
reported Class II mixed valence complexes such as 
[(NH3)5MII-C≡N-MIII(CN)5]- (M = Fe, Ru, Os), the terminal 
ν(C≡N) mode has been identified as one of the key acceptor 
vibrations using ps-TRIR spectroscopy.45 In this context, the 
high frequency ν(C≡C-C≡C) mode may play a similar role as 
an energy acceptor, being able to dissipate a significant quanta 
of energy from the excited state.48 To this end, we are current-
ly pursuing further investigations of [1]+ using Time Resolved 
Infra-Red (TRIR) and Time-Resolved Resonance Raman 
(TR3) spectroscopy in order to better understand these aspects 
of the excited state decay, which may reveal further fascinat-
ing aspects of the ‘wire-like’ properties of this bridging ligand. 
Similarly, we are also investigating related systems with long-
er all-carbon bridges and analogous C≡C-C≡N ligands. 
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