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DEDICATION 

Dedicated to our friend, mentor and colleague, Professor Leone Spiccia who passed away on 

18th December 2016. 

ABSTRACT 

The UV light-induced CO release characteristics of a series of ruthenium(II) carbonyl complexes 

of the form trans-(Cl) [RuLCl2(CO)2] (L = 4,4’-dimethyl-2,2’-bipyridine, 4’-methyl-2,2’-

bipyridine-4-carboxylic acid or 4,4’-dicarboxylic acid-2,2’-bipyridine) have been elucidated using  

a combination of UV-Vis absorbance and Fourier transform infrared (FTIR) spectroscopies, 

multivariate curve resolution-alternating least squares (MCR-ALS) analysis, and density 

functional theory calculations. In acetonitrile, photolysis appears to proceed via a serial three-step 

mechanism involving sequential formation of [RuL(CO)(CH3CN)Cl2], [RuL(CH3CN)2Cl2], and 

[RuL(CH3CN)3Cl]+. Release of the first CO molecule occurs quickly (k1 >> 3 min-1), while release 

of the second CO proceeds at a much more modest rate (k2 = 0.099–0.17 min-1) and is slowed by 

the presence of electron-withdrawing carboxyl substituents on the bipyridine ligand. In aqueous 

media (1% DMSO in H2O), the two photo-decarbonylation steps proceed much more slowly 

(k1 = 0.46–1.3 min-1 and k2 = 0.026–0.035 min-1, respectively) and the influence of the carboxyl 

groups is less pronounced. These results have implications for the design of new light-responsive 

CO-releasing molecules (“photoCORMs”) intended for future medical use.



 3 

INTRODUCTION 

Carbon monoxide-releasing molecules (CORMs)1 represent a promising prodrug approach for 

the safe storage and controlled release of CO,2-4 a molecule that has been shown to have a number 

of potentially useful therapeutic effects when administered in appropriate doses, including anti-

inflammatory, vasodilatory and anti-microbial properties.5-8 Most of the reported CORMs are 

group 7 and 8 transition metal carbonyl complexes.5, 9-13 When in a low oxidation state, these 

complexes are stabilized by a synergistic combination of σ bonding and π “back-bonding”. The 

latter results from the low-lying empty π* molecular orbital of CO interacting with a filled metal 

d orbital, helping the metal relieve itself of the electron density added during σ bond formation. 

Reducing the metal d-electron density by chemical oxidation or electronic excitation leads to a 

weakening of back-bonding, providing a means of triggering release of CO from the transition 

metal center. 6 Modifying the electronic properties of ancillary ligands through the introduction of 

electron-donating or electron-withdrawing groups also alters the M-CO bond strength, and thus 

the kinetics of CO release.6, 10, 14 

Considerable research has been directed towards the development of light-activated CORMs 

(photoCORMs), which release CO only upon exposure to electromagnetic radiation.9 A major 

benefit of this approach is that the intensity, shape, duration and direction of a light beam can be 

readily manipulated, enabling CO release to be controlled with extreme accuracy. Nowadays, the 

challenge lies in producing photoCORMs that can be activated with low energy wavelengths, i.e. 

preferably visible 15-17 or near-infrared light rather than UV radiation, since the latter is damaging 

to tissues and has low skin penetration depth. Different strategies to optimize the absorption profile 

of photoCORMs are under continued development and include extending the conjugation of 
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aromatic ligands, attachment of dyes, use of upconverting nanoparticles as energy transducers, or 

changing the metal ion.18-19 

However, whilst major steps have been taken towards tailored prodrug design, relatively little 

information is available on the precise mechanism of CO release from photoCORMs. 

Herein, we describe the results of an investigation into the UV-induced CO release 

characteristics of three ruthenium(II) carbonyl complexes, trans-(Cl) [RuLCl2(CO)2] (L = 4,4’-

dimethyl-2,2’-bipyridine (1), 4’-methyl-2,2’-bipyridine-4-carboxylic acid (2) or 4,4’-dicarboxylic 

acid-2,2’-bipyridine (3) (Figure 1). The ruthenium(II) bipyridine carbonyl motif is well known for 

its capacity to undergo photochemical decarbonylation,20-24 and previous studies have shown that 

photolysis of such complexes in acetonitrile leads to successive formation of 

[RuL(CO)(CH3CN)Cl2], [RuL(CH3CN)2Cl2], and [RuL(CH3CN)3Cl]+ via photo-substitution 

processes.20 Here, we wished to examine the influence of electron-donating/withdrawing 

methyl/carboxyl groups attached to the bipyridine ligand on the rates of photo-decarbonylation, as 

well as compare the rates of photolysis in organic (acetonitrile) and aqueous media (1% DMSO in 

H2O). To this end, photolysis of each of the complexes was monitored by UV-Vis absorbance 

spectroscopy, with multivariate curve resolution-alternating least squares (MCR-ALS) analysis 

used to establish the number of reaction components and to extract quantitative kinetic 

information. Identification of the photochemical products has been aided by a combination of 

Fourier transform infrared (FTIR) spectroscopic measurements and density functional theory 

(DFT) calculations. 
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Figure 1. Chemical structures (top) and DFT energy-minimized structures (bottom) of the 

ruthenium(II) carbonyl complexes 1–3 investigated in this study. 

EXPERIMENTAL DETAILS 

Materials and reagents  

Ruthenium trichloride hydrate was purchased from Strem Chemicals (cat. no. 44-5880). 

4-Methyl-4’-carboxy-2,2’-bipyridine was purchased from Carbosynth Ltd. (cat. no. FM10294). 

2,2’-Bipyridine-4,4’-dicarboxylic acid was purchased from Sigma-Aldrich (cat. no. 550566). 

Formic acid, 99% was obtained from Fluka. All solvents were purchased from reputable 

commercial suppliers (Sigma–Aldrich, Fluka, VWR, Fisher Scientific) and used without further 

purification. A Direct-Q 3 UV water purification system from Millipore (Merck KGaA) was used 

to produce ultrapure water. The resistivity of the ultrapure water was 18.2 MΩ·cm. HPLC-grade 
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or deuterated solvents were used for all spectral studies and degassed by purging with nitrogen for 

at least 30 min before use. 

4,4’-Dimethyl-2,2’-bipyridine,25-26 [RuCl2(CO)2]n,25 trans-(Cl) [Ru(4,4’-dimethyl-2,2’-

bipyridine)Cl2(CO)2] (1),25, 27 and trans-(Cl) [Ru(2,2’-bipyridine-4-carboxylic acid)Cl2(CO)2] 

(2)28 were synthesized according to literature procedures. All characterization data were in 

agreement with that previously reported. 

Physical Measurements 

1H and 13C NMR spectra were measured at 298 K on Bruker DRX 400 spectrometers. Chemical 

shifts δ are reported in parts per million (ppm) relative to tetramethylsilane (Si(CH3)4). Coupling 

constants (J) are given in Hertz. Abbreviations for the peak multiplicities are as follows: s (singlet), 

d (doublet), dd (doublet of doublets), t (triplet), and m (multiplet). UV-Vis absorbance spectra 

were recorded on a Cary 300 spectrophotometer (Agilent Technologies) using a 1 nm step-size. 

ESI-MS was carried out on Agilent 6120 Series Quadrupole LC/MS system. 

FTIR Spectroscopy  

Attenuated total reflectance (ATR)-FTIR spectra were acquired on a Bruker model Equinox 55 

FT-IR spectrometer fitted with a N2-cooled mercury-cadmium-telluride (MCT) detector. A 

Harrick silicon multiple reflection ATR (Si-ATR) accessory was used for spectral acquisition. The 

silicon ATR accessory is transparent in the CO vibrational region. Aliquots (10 μL) of acetonitrile 

solutions of the complexes (1 mg mL-1) were deposited on the silicon ATR, followed by 

evaporation (5 min) under a gentle N2 flow, resulting in a thin film of compound for direct 

measurement. The spectra were acquired with OPUS software 6.0. ATR spectra were collected in 

the wavenumber range between 4000–600 cm-1 at a spectral resolution of 4 cm-1 and 50 

interferograms were co-added. 
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Data Processing 

Pre-processing of the spectral data was performed in OPUS software 7.2. ATR-FTIR spectra 

were baseline corrected using concave rubberband correction.  

Multivariate Curve Fitting Analysis 

UV-Vis absorbance spectra for all time points were imported into a Matlab matrix. The Matlab 

Toolbox MCR-ALS 2.029 was used to estimate the number of components by the inbuilt singular 

value decomposition (SVD) algorithm and to extract the spectrum and transient concentration 

development of each component using a multivariate curve resolution-alternating least squares 

(MCR-ALS) algorithm.30 The number of components was determined from the number of 

Eigenvalues ≥ 1, and confirmed later by manual variation of the number of components, available 

time points and an adapted kinetic model constraint. The initial estimates of the spectra were 

determined by means of the purest variable detection method. The following constraints were set 

for the ALS optimization: (i) non-negativity for all species concentration and spectra via non-

negative least square (nnls), and (ii) a kinetic constraint to correlate the different species via a 

consecutive kinetic model, A→P1…→Pi with ki (Scheme 2), with the pre-defined number of 

species. At the beginning, only one species exists and therefore only the initial concentration (of 

species A) was different from zero and set to 60 µM. Estimates for the reaction rate constant were 

k1 = 2.7 min-1, k2 = 0.17 min-1 and k3 = 0.05 min-1. No normalization was applied and convergence 

was typically achieved in less than 100 iterations with a convergence limit of 10 e-3. 

Theoretical Calculations 

DFT calculations were performed using the GAUSSIAN09 package31 with the hybrid Perdew–

Burke–Ernzerhof exchange correlation functional with 25% HF (PBE0). A mixed basis set is used 

where a cc-pVDZ basis set was used for carbon, hydrogen, nitrogen, oxygen and chloride and an 
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augmented cc-pVDZ-PP basis set32 with effective core potentials (ECP) including two f 

polarization functions for ruthenium. Geometry optimization of the ground-state (S0) of complexes 

1–3 were performed using the conductor-like polarizable continuum model (CPCM) with 

acetonitrile as the solvent.33-35 By allowing all parameters to relax, the calculations converged to 

optimized geometries corresponding to true energy minima, as revealed by the lack of imaginary 

values in the vibrational mode calculations. A full conformation screening was performed on 

complexes 1–3 and acetonitrile derivatives of 2 without any symmetry restrictions for the 

respective complexes until corresponding minima were attained. Ground-state lowest energy 

geometries computed by theoretical calculations using CPCM were compared to the previously 

reported crystal structures.36-37 Low-lying excited states were calculated using time-dependent 

DFT (TD-DFT) on the optimized S0 geometries. The first fifty vertical singlet excited states of the 

optimized S0 geometries were calculated using TD-DFT. UV-Vis absorbance spectra, and 

molecular orbitals, and calculated FTIR wavenumber values and intensities were exported from 

GaussView 5.38  

Photolysis Experiments 

The photolysis experiments were conducted using a Rayonet Photoreactor (RPR-200 model) 

fitted with two Rayonet lamps with an emission wavelength centered at 350 nm (FWHM = 45 nm, 

Eν ≈ 2.5 mW · cm-2). A 1-cm quartz fluorescence cuvette (3 mL) was used as the reaction vessel. 

The power density was measured using a power meter with a built-in photodiode sensor (PM200 

Series) from Thorlabs. The rate of CO release upon exposure of UV light was measured by 

recording the UV-Visible absorption spectra (250–800 nm) of complexes 1–3 in acetonitrile or 1% 

(v/v) DMSO in H2O for certain time intervals. All experiments were performed in duplicate or 

triplicate.  
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Syntheses 

All reactions were performed under nitrogen atmosphere using standard Schlenk techniques and 

assemblies were protected from light if necessary by wrapping them with aluminium foil. 

trans-(Cl) [Ru(2,2’-bipyridine-4,4’-carboxylic acid)Cl2(CO)2] (3). A suspension of 2,2’-

bipyridine-4,4’-carboxylic acid (50 mg, 0.21 mmol) in DMF (5 mL) was refluxed for 20 min and 

then [RuCl2(CO)2]n (46 mg) in DMF (2 mL) was added. After adding the polymer, the suspension 

was refluxed for another 20 min and then stirred at r.t. over the weekend under a nitrogen 

atmosphere and with the exclusion of light. The orange-brown solution was filtered and evaporated 

in vacuo. The residue was dissolved in a minimum amount of methanol (3 mL) and stored in the 

fridge to allow precipitation. The precipitate was filtered and dried under high vacuum to yield 3 

(23 mg, 23%) as an orange solid. 1H NMR (400 MHz, acetone-d6): δ 9.40 (d, 2H, 3J = 5.6 Hz), 

9.13 (s, 2H), 8.37 (dd, 2H, 3J = 5.6 Hz, 4J = 1.6 Hz) ppm. MS (ESI-): m/z 472.9 [M-H]-. FTIR 

(Si-ATR): 2069 (s, C≡O), 2002 (s, C≡O) 1741 (s, C=O) cm-1. These results are in agreement with 

the reported ones.22 

RESULTS AND DISCUSSION 

The bipyridine ligands bearing methyl and/or carboxylic acid groups were synthesized according 

to the literature25-26 or were purchased from commercial suppliers. The ruthenium(II) carbonyl 

complexes (Figure 1) were prepared by reacting the key polymeric precursor [RuCl2(CO)2]n 

(prepared from RuCl3.xH2O and paraformaldehyde)25 with the respective bipyridine ligand, under 

an inert atmosphere and excluding light, following well-established protocols (Scheme 1).21, 24-25, 

39-41 In the case of complexes 1 and 2, methanol was used as the solvent. Highest yields (30–40%) 

were obtained when the [RuCl2(CO)2]n was refluxed in the methanol prior to addition of the 

bipyridine ligand.42 This procedure avoids the formation of a ruthenium(II) methoxycarbonyl 
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species, which is formed as a byproduct from the tricarbonyl species [RuCl2(CO)3]2 existing as an 

impurity in the ruthenium polymer.41-43 In the case of 3, DMF was used as the solvent due to 

limited solubility of 2,2’-dicarboxylic acid-4,4’-bipyridine in methanol; a yield of 23% was 

obtained. ESI-MS and 1H NMR spectroscopy confirmed the formation of the complexes. In each 

case, coordination of the ligand to the diamagnetic ruthenium(II) center produced a slight upfield 

shift in the positions of the aromatic signals in the 1H NMR spectrum (Figures S1–3). The lowest 

energy ground-state geometries of the complexes were computed by DFT calculations (Figure 1), 

as described in the Experimental Section (see Tables S1–3 for Cartesian coordinates). Selected 

bond distances and angles are reported in Table S4, together with the corresponding values 

observed in previously reported crystal structures.36-37 In general, the calculated geometries are in 

good agreement with the experimental data. 
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Scheme 1. Synthesis of complexes 1–3 (in grey: possible isomers not formed by this procedure). 

Reagents and conditions: i) paraformaldehyde, 99% formic acid, reflux, o/n, 70%; ii) respective 

bipyridine ligand, methanol for 1 and 2, DMF for 3, reflux, 1 h, 23–40%. 

Electronic absorption spectra of complexes 

The UV-Vis absorption spectra of complexes 1–3 were recorded in acetonitrile and 1% (v/v) 

DMSO in H2O and are shown in Figure 2 and Figure 3, respectively. All of the complexes show 

three main absorption bands in acetonitrile, with two bands below 350 nm and one above. By 

anchoring electron-withdrawing groups to the bipyridine scaffold, bathochromic shifts in all 

absorption maxima were observed, e.g., λmax = 349 nm for 1 in comparison to λmax = 362 nm for 
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2 and λmax = 378 nm for 3. The extinction coefficients for all transitions, as well as at a wavelength 

of 350 nm, are reported in Table 1. 

Table 1. Absorption maxima and molar extinction coefficients for complexes 1–3 in acetonitrile 

and 1% (v/v) DMSO in H2O 

Solvent Complex ε λmax [M-1 cm-1] 

(λmax [nm]) 

ε λmax [M-1 cm-1] 

(λmax [nm]) 

ε λmax [M-1 cm-1] 

(λmax [nm]) 

ε350 nm [M-1 cm-1] 

Acetonitrile 1 8500 ± 200 (298) 10500 ± 190 (310) 1300 ± 90 (349) 1300 ± 100 

2 9500 ± 100 (310) 8800 ± 100 (322) 1900 ± 50 (362) 1800 ± 80 

3 10900 ± 640 (316) 10700 ± 760 (329) 2200 ± 140 (378) 1800 ± 100 

1% (v/v) 
DMSO 

 

1 10600 ± 320 (299) 13300 ± 290 (311) - 1100 ± 200 

2 - 12300 ± 350 (319) - 900 ± 120 

3 12600 ± 220 (314) 13400 ± 170 (325) - 1400 ± 270 

 

The UV-Vis spectra of 1–3 in 1% (v/v) aq. DMSO show only two bands in the UV region and 

one shoulder around 350 nm, which is also shifted to a higher wavelength when more electron-

withdrawing groups are attached to the bipyridine ligand (Figure 3). The absorption maxima and 

extinction coefficients (Table 1) are similar to those determined in acetonitrile.  
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Figure 2. UV-Vis absorption spectra measured for 1 (66 µM), 2 (57 µM) and 3 (47 µM) in 

acetonitrile, and predicted from TD-DFT calculations (inlet). 
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Figure 3. UV-Vis absorption spectra measured for 1 (58 µM), 2 (62 µM) and 3 (53 µM) in 1% 

(v/v) DMSO in water. 

Also shown in Figure 2 (inlet) are the absorption spectra predicted from time-dependent DFT 

(TD-DFT) calculations. These reproduce the observed spectra well, with the calculated absorption 

maxima within the accepted margin of error for such TD-DFT calculations of ca. 0.3 eV.44 In 

general, the bathochromic shifts observed in moving from complex 1 to 3 were well captured by 

the calculations. 

The transitions predicted by the TD-DFT calculations are reported in Table S5. The lowest 

energy transition (exp: 349 nm, 362 nm, 378 nm, calcd: 364 nm, 399 nm, 423 nm for 1, 2 and 3, 

respectively) is a mixed (Ru, Cl-to-π*bpy) metal-to-ligand and ligand-to-ligand charge transfer 

(MLCT/LLCT) band, which originates from an almost pure HOMO-1 (highest occupied molecular 

orbital)-to-LUMO (lowest unoccupied molecular orbital) excitation (Figure 4 and Figure S4; note 

that the calculated molecular orbitals for 1, 2 and 3 are highly similar and therefore only the 

molecular orbitals of 2 are shown in Figure S4). The other two experimentally observed electronic 

transitions (310/298 nm, 322/310 nm and 329/316 nm for 1, 2 and 3, respectively) can be attributed 

to the strong πbpy-to-π*bpy LLCT bands predicted at 288/278 nm, 297 nm and 303 nm, 

respectively. Interestingly, two strong bands are predicted for complex 1, centered at 288 nm and 

279 nm (Table S2), which are mixed LLCT/MLCT bands (HOMO-2-to-LUMO, πbpy-to-π*bpy 

and HOMO-to-LUMO+1, Ru, Cl-to-π*bpy). In contrast, for complexes 2 and 3, the predicted 

transitions at 297 nm and 303 nm, respectively, are nearly pure LLCT bands (HOMO-2-to-LUMO, 

πbpy-to-π*bpy). The MLCT bands corresponding to the HOMO-to-LUMO+1, Ru, Cl-to-π*bpy 

transition are predicted to be of weak intensity and centered at 320 nm and 337 nm, respectively. 

The energy difference between HOMO-1 and LUMO decreases with the introduction of the 
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electron-withdrawing carboxyl groups onto the bipyridine ligand, which is in accord with the 

observed red-shift in the Ru, Cl-to-π*bpy MLCT/LLCT band. 

 

Figure 4. DFT-derived molecular orbital diagrams for complexes 1–3. The orbitals are arranged 

with respect to the HOMO at 0 eV (HOMO-3 to LUMO+4). 

Photo-induced CO release monitored by electronic absorption spectroscopy 

The UV light-induced CO release characteristics of the complexes were studied in the two 

different solvent systems (acetonitrile and 1% (v/v) DMSO in H2O) by following the changes in 

the UV-Visible absorption spectra upon exposure to 350 nm radiation. Prior to this, measurements 

performed on samples stored in the dark and under air revealed no spectral changes over a period 

of two months, indicating that the complexes are highly stable in aerated solution in the absence 

of light. Upon even brief exposure to UV light (Eν ≈ 2.5 mW · cm-2) (< 1 second), however, 

significant colour changes were observed (yellow to orange-red). Due to the limitations of the 



 16 

experimental set-up, we were not able to record spectra within less than 10 s of irradiation. 

Typically the first absorbance measurement was performed after 30 s of irradiation. 

The absorption spectra of the irradiated solutions of complexes 1–3 in acetonitrile are shown in 

Figure 5. Three bands of increasing intensity were observed within the first 10 min, 30 min and 

3 min of irradiation for 1, 2 and 3, respectively (Figure 5, left). The band with a λmax of 350–

375 nm is referred to as b1, and the one with a λmax of 500–600 nm as b2. After these times, bands 

b1 and b2 reduced in intensity and a new band, b3, with a λmax between 425–450 nm appeared 

(Figure 5, right). A red-shift in the λmax values for each of the bands was observed in moving from 

complex 1 to 2 to 3. Three isosbestic points were observed for 1 and 2, whereas only one occurred 

for 3. No more significant changes in the spectra occurred after 40 min, 4 h and 2 h for 1, 2 and 3, 

respectively.  

Table 2. Fitted rate constants and half-lives for photolysis of complexes 1-3 in acetonitrile and in 

1% (v/v) DMSO in H2O exposed to 350 nm radiation (Eν ≈ 2.5 mW · cm-2) at r.t. 

 
Complex in acetonitrile Complex in 1% (v/v) DMSO 

1 2 3 1 2 3 

k1 [min-1] 

τ (min) 

2.9 ± 0.2 

(~0.24) 

5.1 ± 0.2 

(~0.14) 

3.3 ± 0.4 

(~0.21) 
0.46 ± 0.05 

(~1.5) 
1.3 ± 0.1 

(~0.5) 
2.0 ± 0.1 
(~0.35) 

k2 [min-1] 

τ (min) 

0.17 ± 0.02 

(~4) 

0.11 ± 0.01 

(~6) 

0.099 ± 0.007 

(~7) 

0.026 ± 
0.003 

(~27) 

0.035± 
0.007 

(~20) 

0.027 ± 0.005 

(~26) 

k3 [min-1]  

τ (min) 

0.048 ± 0.002 

(~14) 

0.006 ± 0.001 

(~116) 

0.001 ± 0.001 

(~693) 
- - - 
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Figure 5. UV-Vis absorption spectra measured for 1 (66 µM; top), 2 (57 µM; middle) and 3 

(69 µM; bottom) in acetonitrile after different periods of exposure to 350 nm radiation 

(Eν ≈ 2.5 mW · cm-2) at r.t. 
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To elucidate the mechanism and kinetics of photolysis, the UV-Vis absorption spectra were 

analysed by MCR-ALS analysis, as described in the Experimental Section. A kinetic model with 

three consecutive steps and four individual compounds was able to account for the observed 

changes in the spectra (Scheme 2), with the fitted spectra being hardly distinguishable from the 

experimental spectra at each given time point because numerical fitting errors were smaller than 

2% (see Figures S5–10). The fitted spectra and concentration profiles for complexes 1–3 and their 

photoproducts are shown in Figure 6.  

Our results are consistent with those of a previous study, which showed that the photolysis of 

trans-(Cl) [Ru(bpy)Cl2(CO)2] (A) in acetonitrile leads to successive formation of 

[Ru(bpy)(CO)(CH3CN)Cl2] (P1), [Ru(bpy)(CH3CN)2Cl2] (P2), and [Ru(bpy)(CH3CN)3Cl]+ (P3).20 

In support of this mechanism, we found that the UV-Vis absorption spectra predicted for these 

complexes by TD-DFT calculations were consistent with the MCR-ALS-extracted spectra for 

species A, P1, P2 and P3 (Figure S11). 

 

Scheme 2. Serial mechanism for the photoreaction of complexes 1–3 (A: starting complex; P1, P2, 

P3: photo-products). 
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Figure 6. UV-Visible absorption spectra and concentration profiles for complexes 1–3 (A) and the 

associated photoproducts (P1, P2, P3), derived by fitting the experimental data to the model 

presented in Scheme 2 using MCR-ALS analysis (top: complex 1, middle: complex 2, bottom: 

complex 3. 
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The reaction rate constants and species half-lives associated with the photolysis of complexes 

1–3 are collated in Table 2. The first reaction occurs very quickly, i.e., the absorption spectra 

change drastically upon initial irradiation. Thus, often only two spectra were available for the fit 

and consequently the rate constants are considered to be a lower limit only (k1 >> 3 min-1). In fact, 

a picosecond time-resolved infrared spectroscopic and DFT computational study has previously 

established that the transformation of trans-(Cl) [Ru(bpy)Cl2(CO)2] into the initial photoproduct, 

[Ru(bpy)(CO)(CH3CN)Cl2], occurs within the order of picoseconds, via a pentacoordinate 

intermediate, trans(Cl)-[Ru(bpy)(CO)Cl2].21 The second rate constant k2 is much smaller in 

magnitude and decreases from 0.17 min-1 to 0.11 min-1 and then 0.099 min-1 for the series 1–3, 

indicating that the electron-withdrawing carboxyl groups slow the release of the second CO 

molecule to generate [RuL(CH3CN)2Cl2] (P2) from [RuL(CO)(CH3CN)Cl2] (P1). The third rate 

constant k3, corresponding to the substitution of a chloro ligand by a solvent molecule to generate 

[RuL(CH3CN)3Cl]+ (P3), is smaller again still, and follows the trend k3 (1) > k3 (2) > k3 (3).  

Photolysis of complexes 1–3 was also performed in a water/DMSO mixture to mimic biological 

conditions (Figure 7).  
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Figure 7. UV-Vis absorption spectra measured for 1 (64 µM; top), 2 (47 µM; middle) and 3 

(54 µM; bottom) in 1% (v/v) DMSO in H2O after different periods of exposure to 350 nm radiation 

(Eν ≈ 2.5 mW · cm-2) at r.t. 
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The complexes all showed less changes in absorption profile compared to the photolysis 

experiments in acetonitrile. During the first minutes of irradiation (0.5–10 min), one of the UV 

bands increased in intensity and underwent a slight hypochromic shift (~15 nm), whereas the 

second UV band (1 and 3) or shoulder (observed for 2) decreased in intensity. Meanwhile, a new 

band, b1, formed in the visible region between 400–500 nm (Figure 7, left). A red-shift in the λmax 

value for this band was observed in moving from complex 1 to 2 to 3. After a certain time, this 

band disappeared and two new bands, b2 and b3, appeared in the visible region (Figure 7, right). 

These two bands are centred at ~350 nm and ~525 nm for each of the complexes, but are less 

distinct for the irradiated species 1 and 2. Using MCR-ALS analysis, the data could be fitted to a 

two-step reaction model, yielding the rate constants presented in Table 2. The fitted spectra and 

concentration profiles are shown in Figure 8. It is proposed that these two steps correspond to the 

formation of [RuL(CO)(H2O)Cl2] and [RuL(H2O)2Cl2], given that the spectral changes are broadly 

similar to those observed in the first two steps of the photolysis reaction in acetonitrile (Figure 5, 

left). In each case, the first rate constant k1 is again much larger than the second one, indicating 

that the release of the first CO molecule occurs much more readily than the second. Clearly, the 

decarbonylation steps are significantly slower in aqueous medium compared to acetonitrile. The 

influence of the carboxyl groups (complexes 2 and 3) on the rate of these reactions is also less 

clear-cut in aqueous medium. 
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Figure 8. UV-Visible absorption spectra and concentration profiles for complexes 1–3 (A) and the 

associated photoproducts (P1, P2), derived by fitting the experimental data to a two-step model 

using MCR-ALS analysis (top: complex 1, middle: complex 2, bottom: complex 3). 

Fourier transform infrared spectra of complexes 

The FTIR spectra of complexes 1–3 (Figure S12) show two strong CO vibrations in the expected 

region (2100–1900 cm-1), with the higher energy band assigned to the symmetric stretching mode, 

and the lower to the anti-symmetric one (Table 3). These bands are shifted to a slightly higher 
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frequency for complexes 2 and 3 due to the inductive electron-withdrawing effects of the carboxyl 

groups present within the bipyridine ligands. 

Table 3. CO vibrations observed in the FTIR spectra of complexes 1–3. 

Complex νsym(CO) [cm-1] νasym(CO) [cm-1] 

 Exp1 Calcd2 Exp1 Calcd2 

1 2054 2059 1985 1993 

2 2065 2062 1999 1999 

3 2069  2065 2002 2002 

1 Measured via Si-ATR-FTIR spectroscopy. 2 Calculated from DFT calculations, with a uniform 
scaling factor of 0.965 applied. 

Table 3 also shows the anti-symmetric and symmetric ν(CO) values predicted from TD-DFT 

calculations. Excellent agreement between the experimental and calculated values was found after 

a uniform scaling factor of 0.965 was applied to the raw computed values to address the absence 

of anharmonicity in the theoretical description.45-46 

Photo-induced CO release monitored by Fourier transform infrared spectroscopy 

The UV light-induced CO release characteristics of the complexes in acetonitrile were also 

assessed by FTIR spectroscopy. FTIR spectra of the irradiated complexes were recorded after 

depositing an aliquot of an irradiated complex solution onto a silicon attenuated total reflectance 

(ATR) accessory and drying with N2 gas. The changes observed in the characteristic CO region 

(2150–1900 cm-1) of the infrared spectrum upon irradiation of the complexes are shown in Figure 9 

(see Table S6 for frequency values). 
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Figure 9. FTIR spectra (2150–1900 cm-1) measured for 1 (top left), 2 (top right) and 3 (bottom 

left) after different periods of exposure to 350 nm radiation in acetonitrile. 

For each complex, the rapid color change from yellow to orange-red observed upon exposure to 

UV light was seen to be accompanied by a dramatic decrease in the intensities of the two CO 

bands associated the starting complex, together with the appearance of an intense new band at 

1963 cm-1 for 1 and 2, and at 1981 cm-1 for 3. DFT calculations support the hypothesis that these 

spectral changes are associated with the release of the first CO molecule from the staring 

complex to generate [RuL(CO)(CH3CN)Cl2] (P1) – the CO stretching vibration for a structure 

containing one CO and one acetonitrile ligand is predicted to occur at 1971–1980 cm-1 (Figure 

S13). The coordinated acetonitrile ligand was evident from a band at 2270–2280 cm-1 (Table S3), 
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compared to ca. 2252 cm-1 for non-coordinating acetonitrile. The intensity of the CO band 

associated with the monocarbonyl species progressively diminished with time, indicating release 

of the second CO molecule within the time course of the experiments. After 2.5–5.5 h of 

irradiation, decarbonylation of the complexes was complete. Taken together, the FTIR data are 

consistent with the photolysis mechanism discussed above. 

CONCLUSION 

A fundamental understanding of the mechanism of CO release from photoCORMs is essential 

for their exploitation as therapeutics. Here we have shown that data obtainable from spectroscopic 

techniques such as electronic absorption spectroscopy and FTIR spectroscopy can be analyzed 

with chemometric tools like MCR-ALS to extract kinetic and mechanistic information and thereby 

improve our understanding of the structural aspects influencing photoreactivity.  

We found that the UV-triggered release of a first CO molecule from trans-(Cl) [RuLCl2(CO)2] 

complexes in acetonitrile occurs very rapidly, to the extent that we could not determine the 

influence of electron-donating/withdrawing groups attached to the bipyridine ligand on the rate of 

reaction with our current experimental set-up. The release of the second CO molecule was 

considerably slower, and electron-withdrawing carboxyl groups were found to reduce the rate of 

decarbonylation. The introduction of such groups increased the absorbance maxima, which may 

have the advantage of enabling more “biologically friendly” longer wavelength light to be used 

for excitation. The rate of decarbonylation was also found to be significantly slower in aqueous 

media, highlighting once again that results obtained using organic solvents may not be directly 

translatable to the biological/medicinal realm. 
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