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[Ru(bpy)2(py-SO3)]
+ 
(3, bpy = 2,2’-bipyridine, py-SO3 = pyridine-2-sulfonate) was recently found to undergo py-SO3 ligand 

dissociation and py-SO3· radical generation in hypoxic conditions upon irradiation (Chem. Commun., 2015, 51, 428). To 

explore the substituent effect on the Ru-O homolysis by which the py-SO3· radical may be produced, [Ru(4,4’-(R)2-bpy)(py-

SO3)]
+
, where R = OCH3 (1), CH3 (2), COOCH3 (4), were synthesized and their photochemical properties were investigated. 

The py-SO3· radical generation efficiencies followed the order of 4 > 3 > 2 > 1, and the radical generation efficiencies are 

wavelength dependent. As a result, 3 and 4 may lead to DNA covalent binding and DNA cleavage upon 355 nm irradiation, 

but merely DNA covalent binding upon 470 nm irradiation. In contrast, 1 and 2 can serve as DNA photo-binding agents 

only due to their less efficient Ru-O homolysis. The Ru-O homolysis via the 
3
σ(Ru-O)π*(R-bpy) state is proposed to 

rationalize the substituent effect and the wavelength dependence, which is supported by TD-DFT calculations. This work 

gave insights into the mechanism of the Ru-O homolysis and provided guidelines for developing new [Ru(bpy)2(py-SO3)]
+
–

type complexes with higher Ru-O homolysis efficiency. Such complexes have dual activities of photoactivated 

chemotherapy (PACT) and photodynamic therapy (PDT) in hypoxic conditions and are therefore promising as a new class 

of antitumor drugs.  

Introduction 

As one of the most famous metallodrugs, cisplatin, cis-

Pt(II)(NH3)2Cl2, has been clinically used for decades for the 

treatment of many types of cancers. However, its efficacy is 

limited severely by the notorious side effects, such as neuro-, 

hepato- and nephrotoxicity, as well as the inherent and 

acquired drug resistance.
1
 To circumvent these problems, 

many efforts have been devoted to Pt(IV) prodrugs that can 

release cytotoxic Pt(II) species either triggered by tumor-

related factors, such as the reducing intracellular 

environment,
2
 or upon exposure to external stimuli, such as, 

photoirradiation.
3
 By spatial and temporal control of 

irradiation, the Pt(IV)-based photoactivated chemotherapy 

(PACT) agents may confine their toxicities within the diseased 

sites. One prominent example is trans, trans, trans-

[Pt(N3)2(OH)2(NH3)(py)] (py = pyridine), which is stable in the 

dark and non-toxic, but becomes 80-fold more toxic toward 

cancer cells than cisplatin after photoinduced ligand 

substitution and reduction reactions.
3d

  

In the development of new anticancer metallodrugs, another 

big family of complexes, Ru(II) and Ru(III) complexes,
4
 are 

drawing increasing attention by virtue of their favorable ligand 

exchange kinetics and their ability to mimic iron in binding 

biomolecules which renders them lower toxicity.
5
 Similar to 

their Pt(IV) counterparts, many Ru(II) complexes with 

photolabile ligand(s) can bind DNA covalently after 

photoinduced ligand dissociation and therefore are promising 

as new types of PACT agents.
6
 More intriguingly, for some Ru-

based PACT agents, the photolabile ligand itself is the 

anticancer species, leading to the so called dual-activity PACT 

agents in which two or even more anticancer active species 

are released upon irradiation.
7
 In recent years, several Ru(II)-

based PACT agents with diimine ligand of large π conjugation 

structure were found to be able to generate singlet oxygen 

(
1
O2) along with ligand photodissociation.

8
 

1
O2 is a kind of 

reactive oxygen species (ROS) which accounts for the 

anticancer activities of many photosensitizers in photodynamic 

therapy (PDT), another type of photoactivation cancer 

treatment modality that has got clinical applications.
9
 Due to 

the multiple-targeting character of ROS, the combination of 

PACT with PDT may improve anticancer activities of the 

corresponding complexes and restrict drug resistance. Very 

Page 1 of 9 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

recently, we designed and synthesized a new Ru(II) complex, 

[Ru(bpy)2(py-SO3)]
+
 (bpy = 2,2’-bipyridine, py-SO3 = pyridine-2-

sulfonate, complex 3 in Scheme 1).
10

 Preliminary study showed 

that it may at least partly undergo homolysis of Ru-O bond 

upon irradiation, leading to the dissociation of py-SO3 from Ru 

center and meanwhile the generation of py-SO3· radicals 

(Scheme 1). The py-SO3· radicals are so reactive to be capable 

of producing hydroxyl radical (·OH) by reaction with water, a 

kind of more potent ROS than 
1
O2.

10
 As a result, [Ru(bpy)2(py-

SO3)]
+ 

can photobind and photocleave DNA simultaneously, 

displaying dual activities of PACT and PDT also.
10

 In sharp 

contrast to 
1
O2, the generation of py-SO3· and ·OH by 

[Ru(bpy)2(py-SO3)]
+
 is an oxygen independent process, making 

the dual-activity feature remain even in hypoxic conditions 

that many types of cancer cells exist in. Additionally, ligand 

dissociation and 
1
O2 generation are usually competitive, i.e. 

the enhancement in ligand dissociation often accompanies the 

decline in 
1
O2 generation or vice versa.

8
 Such a compromise is 

not present in [Ru(bpy)2(py-SO3)]
+
, where promotion of Ru-O 

bond homolysis and ROS generation will also facilitate ligand 

dissociation. 

Considering the attractive potentials of [Ru(bpy)2(py-SO3)]
+ 

in 

anticancer applications, particularly against hypoxic tumor 

cells which can be the most resistant to radiotherapy and 

chemotherapy and susceptible toward metastasis,
11

 it is of 

significance to understand the mechanism of the 

photoinduced Ru-O bond homolytic splitting and to develop 

strategies that may enhance the efficiency of Ru-O bond 

photo-homolysis. In fact, the thermal homolysis of organo-

metal bonds has received extensive and intensive studies for 

better understanding the role of coenzyme B12 and for fruitful  

applications as catalysts in organic transformations and 

controlled radical polymerizations.
12

 The photo-induced 

homolytic cleavage of organo-metal bonds was also found in 

[Re(R)(CO)3(α-diimine)] and [Ru(I)(R)(CO)2(α-diimine)] types of 

complexes, where R = benzyl, 2-propyl, ethyl or methyl and α-

diimine = 4,4’-dimethyl-2,2’-bipyridine or N,N’-diisopropyl-1,4-

diazabutadiene.
13

 One common character in these metal 

carbonyl complexes is that they all contain a high-lying M-R σ 

bond and an electron-accepting ligand with an unoccupied π* 

orbital. The M-R photo-homolysis is generally believed to 

originate from the reactive σ(M-R)π* excited state, i.e. 

electron excitation from the M-R σ bond to the π* orbital of α- 

diimine, which may be accessed indirectly via 
1
MLCT 

excitation.
13

 The Ru-O photo-homolysis in [Ru(bpy)2(py-SO3)]
+ 

might follow the same mechanism and thus any perturbation 
 

 

R = OCH3(1), CH3 (2), H(3) or COOCH3 (4) 

Scheme 1. Molecular structures of the examined complexes 

and the Ru-O homolysis of 3 upon irradiation.  

on either Ru-O σ bond or bpy-based π* orbital may impact Ru-

O photo-homolysis. Taking this in mind, we herein explore the 

substituent effect of the bpy ligand on the Ru-O photo-

homolysis of [Ru(bpy)2(py-SO3)]
+
. Three new Ru(II) complexes, 

[Ru(4,4’-(R)2-2,2’-bipyridine)2(py-SO3)]
+
 (R = OCH3 (1), CH3 (2) or 

COOCH3 (4), as shown in Scheme 1) were synthesized and their 

photophysical, photochemical and photobiological properties 

were compared in detail with [Ru(bpy)2(py-SO3)]
+ 

(3). It was 

found that the COOCH3 groups can improve Ru-O photo-

homolysis effectively, and the underlying mechanism may 

provide guidelines for developing more potent anticancer 

agents with dual activities of PACT and PDT. 

Results and discussion 

Absorption, emission and electrochemistry properties 

The complexes 1-4 show characteristic R-bpy-based ππ* 

transitions with maxima at 282, 286, 287, and 311 nm, 

respectively (Figure 1 and Table 1). The absorption bands at 

lower energies, i.e. longer than 350 nm, may be assigned to 

Ru(t2g)→R-bpy(π*) 
1
MLCT with maxima at 467 nm for 1, 458 

nm for 2, 452 nm for 3, and 488 nm for 4. While the electron-

donating R groups (OCH3(1) or CH3(2)) lead to a slight 

bathochromic shift in MLCT absorption onset with respect to 3, 

the MLCT red shift is significant in the case of electron-

withdrawing R groups (COOCH3(4)). Similar behaviors were 

also found in other Ru complexes while the electron 

withdrawing groups may red shift 
1
MLCT more remarkably.

14
 

Such a red shift is generally attributed to more effective 

stabilization on R-bpy(π*) than on Ru(t2g) by electron-

withdrawing groups and more marked destabilization on Ru(t2g) 

than on R-bpy(π*) by electron-donating groups. Besides the 

lowest-lying 
1
MLCT, the 

1
MLCT at higher energies is also 

observed at 374 nm for 1, 370 nm for 2, 362 nm for 3, and 364 

nm for 4, respectively. 

 

 

Figure 1. Absorption spectra of 1-4 (25 μM) at 298 K in H2O 

(solid line) and their emission spectra (dash line) at 77 K in 

ethanol/methanol glass (4:1 in volume ratio). 
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Table 1. Absorption Maxima, Molar Extinction Coefficients, 

Yields for Product Formation relative to 3, Oil/Water Partition 

Coefficients, and Redox Potentials of 1-4. 

complex 

λabs/nm 

(ε/×10
3
M

-1
cm

-1
)

a
 

λem/nm
b
 Φ

c log PO/W E1/2/V
d
 

1 

282(41.8) 

374(9.0) 

467(9.1) 

640 0.57 -1.29 

+0.84, 

-1.54, 

-1.74 

2 

286(56.7) 

370 (7.4) 

458(9.6) 

630 0.72 -1.01 

+0.98, 

-1.53, 

-1.75 

3 

287(52.4) 

362 (6.4) 

452(8.5) 

620 1.00 -2.06 

+1.09, 

-1.42, 

-1.67 

4 

311(47.9) 

364(14.5) 

488(15) 

660 0.81 -2.01 

+1.31, 

-0.98, 

-1.20 
a
 in H2O at 298 K. 

b
 in ethanol/methanol (4:1) at 77 K. 

c 
Relative 

quantum yields vs. 3 of the ligand photodissociation, measured 

in H2O after 2 min of irradiation at 470 nm. 
d 

vs. SCE and 

measured in CH3CN.  

 

Although they are not emissive in H2O or CH3CN at 298 K, 1-4 

exhibit luminescence at 77 K in ethanol/methanol (4:1, v:v) 

glasses, as shown in Figure 1. Similar to their absorption 

spectra, both electron-donating and electron-withdrawing 

groups make the emission peaks red-shifted than 3 (620 nm), 

with emission maximum at 640 nm for 1, 630 nm for 2, and 

660 nm for 4, respectively. 

The complexes 1-4 showed quasi-reversible metal-centered 

oxidation events, E1/2(Ru
3+/2+

), in the range of +0.84 to +1.31 V 

vs SCE in CH3CN (Table 1), which are much lower than typical 

Ru(II) polypyridyl complexes.
15 

The less positive oxidation 

potentials of 1-4 result from the enhanced electron density on 

Ru provided by the anionic py-SO3
 

ligand. The oxidation 

potentials follow the trend of 1 (+0.84 V) < 2 (+0.98 V) < 3 

(+1.09 V) < 4 (+1.31 V), suggesting that the Ru(t2g) orbital is 

stabilized by the electron-withdrawing groups but destabilized 

by the electron-donating groups.
14

 Upon cathodic scan, 1-4 

diplayed reversible R-bpy centered reduction events at -1.54 V 

for 1, -1.53 V for 2, -1.42 V for 3, and -0.98 V for 4. Though the 

substituent effects on R-bpy(π*) are very similar to that on 

Ru(t2g), the influence extents are different, making the 

electrochemical energy gap follow the order of 3 (2.51 eV), 2 

(2.51 eV) > 1 (2.38 eV) > 4 (2.29 eV), which is in good 

agreement with their 
1
MLCT transition energies. 

 

Photolysis 

The photolysis reactions of 1-4 in H2O were monitored by their 

absorption spectra changes as a function of irradiation time. 

Similar to 3 in our previous report,
10

 the absorption spectra of  

1, 2 and 4 underwent remarkable changes (Figure 2 and Figure 

S1-S3) when exposed to visible light irradiation at 470 nm. In 

all cases, a set of isosbestic points were observed, indicating 

that   one  new  species  formed.  This  new  species  has   been  

Figure 2. (a) Absorption spectra changes of 4 (25 μM) in Ar-

saturated H2O upon irradiation (470 nm), (b) absorbance 

changes at 530 nm as a function of irradiation time.  
 

ascribed to [Ru(bpy)2(H2O)2]
2+

 in the case of 3,
16

 which is 

further   confirmed  by  
 1

H NMR   and   high-resolution   ESI-MS  

data.
10

 Obviously, all 1-4 can undergo photo-dissociation of py- 

SO3 ligand to generate the corresponding [Ru(R-bpy)2(H2O)2]
2+

 

complex with 
1
MLCT maximum at 502 nm for 1, 491 nm for 2 

and 3 and 530 nm for 4, respectively. The py-SO3 ligand 

dissociation was also found in photolysis of 1-4 in CD3CN, as 

shown in their
 1

H NMR spectra before and after irradiation at 

470 nm (Figure S4). When kept in the dark at room 

temperature, negligible spectra changes were observed over 

24 h (Figure S5), demonstrating the favorable stability of 1-4 in 

the absence of irradiation. By comparing the conversion 

efficiencies of each complex after 2 min of irradiation (e.g. 

Figure 2b) and the initial OD values of the irradiated solution at 

470 nm, the relative photo-induced ligand dissociation 

quantum yields are estimated to be 0.57 for 1，0.72 for 2, 

1.00 for 3 and 0.81 for 4, respectively. Though the ligand 
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photodissociation rates are very fast and can finish within 8 

min for 1-4, the substituent effect is still discernible. It is 

expected that the ligand photodissociation is dependent on 

how well the two initial fragments diffuse outside of the 

solvent cage. Therefore, the water solubility of the fragments 

may play a role in the observed overall yields. We measured 

oil/water partition coefficients of 1-4 and found they followed 

the order of 2 > 1 > 4 ≈ 3 (Table 1), not in line with the order 

of ligand photodissociation efficiencies. This result suggests 

that water solubility alone cannot explain the substituent 

effect, which may be the results of many factors, including the 

population possibility of the
 3

LF state. The underlying 

mechanism will be discussed below. 

EPR experiments 

Different from the typical Ru complexes bearing photolabile 

ligand,
6-9

 3 may undergoes Ru-O homolysis upon irradiation to 

generate py-SO3· radicals, which can be trapped by DMPO, a 

common spin  trapping agent,  to show a seven-line EPR signal 
 

 

 

Figure 3. (a) EPR signals obtained upon laser irradiation (355 

nm) of an Ar-saturated CH3CN solution of 4 and DMPO (50 

mM). (b) EPR signal intensity changes of 1-4 as a function of 

irradiation time. 

with an intensity ratio of 1 : 2 : 2 : 2 : 2 : 2 : 1 in CH3CN, as 

shown in our previous work.
10

 This unique EPR signal is 

attributable to DMPOX (5,5-dimethyl-2-pyrrolidone-1-oxyl), 

which is formed by spin trapping of the py-SO3· radical by 

DMPO followed by a series of rearrangements.
10,17  

In order to evaluate the contribution of the Ru-O homolysis in 

the photodissociation of py-SO3, EPR experiments were carried 

out in a more quantitative way. The absorbance at 355 nm of 

all irradiated samples was adjusted to the same and the EPR 

signal intensities obtained at the same irradiation time were 

compared. As shown in Figure 3 and Figure S6-S8, a seven-line 

EPR signal with an intensity ratio of 1 : 2 : 2 : 2 : 2 : 2 : 1 and 

hyperfine coupling constants of a
N
= 7.0 G, aγ

H1
 = aγ

H2
 = 3.5 G 

was detected upon irradiation of 1-4 in Ar-saturated CH3CN, in 

line with our previous results.
10

 The signal intensity follows the 

trend of 4 > 3 > 2 > 1. If solvent-cage effect play a major role, 1 

and 2 should be more efficient than 3 in radical generation, 

because both of them are more lipophilic than 3 (Table 1) and 

the EPR experiments were carried out in CH3CN. Additionally, 

the similar water/oil partition coefficients of 3 and 4 cannot 

account for their large disparity in radical generation. Thus, the 

observed radical generation efficiencies may be mainly the 

result of electronic effect, i.e. the electron-withdrawing 

substituent (COOCH3) may facilitate the homolysis of Ru-O 

bond and the electron-donating substituent (OCH3 or CH3) 

suppress this process. This is in good agreement with the 

assumption that the Ru-O homolysis in 1-4 may originate from 

the σ(Ru-O)π*(R-bpy) transition. With the increase of the 

electron-withdrawing ability of the R group, π*(R-bpy) orbital 

is stabilized more efficiently and thus σ(Ru-O)π*(R-bpy) state 

will be accessed more easily from the MLCT states.  

It is worth noting that we observed remarkable wavelength 

dependence of the Ru-O homolysis. When 4 was irradiated 

with 532 nm laser, no seven-line EPR signal was observed 

except for a weak background signal, though the laser intensity 

at 532 nm was tuned to the same as or even stronger than 

that at 355 nm and the OD values of the samples were kept 

constant at 355 and 532 nm (Figure S9). The phenomena hint 

at that the σ(Ru-O)π*(R-bpy) state may be reached through 

the high-lying 
1
MLCT or 

3
MLCT states rather than the lowest-

lying 
1
MLCT or 

3
MLCT states.

18
 

 

Theoretical calculations 

Computational studies were undertaken to gain further 

understanding of the substituent effects observed in ligand 

exchange and radical generation. All calculations were 

performed with the Gaussian 09
19

 (G09) program package 

employing the density functional theory (DFT) method with 

Becke’s three-parameter hybrid functional and LeeYang-Parr’s 

gradient corrected correlation functional (B3LYP).
20

 The SDD 

basis set
21

 and effective core potential were used for the Ru 

atom, and the 6-31 G* basis set was applied for H, C, N, O and 

S.
22 

The calculated molecular orbital diagrams of 1-4 are shown 

in Figure 4. The lowest unoccupied molecular orbital (LUMO) 

and LUMO+1 of each complex are R-bpy based π* in character, 

while the highest occupied molecular orbital (HOMO), HOMO-  
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Figure 4. Molecular orbital diagrams of 1-4, where dashed 

lines represent Ru(eg) and Ru-O (σ) orbitals, respectively. The 

HOMO of 3 is set at 0.0 eV as an arbitrary reference. 

 

1 and HOMO-2 of each complex are mainly centered on the 

metal and assignable to the Ru(t2g) orbitals (Figure 4 and 

Figure S10). The energy levels of both HOMO and LUMO show 

a decreased tendency from 1 to 4, which agrees very well with 

the anodic shift of the Ru-based oxidation potentials and R-

bpy-based reduction potentials from 1-4 (Table 1). The two eg-

type orbitals (
3
LF states) with Ru-L(σ*) character, which are 

generally believed to account for ligand dissociation,
23

 are 

calculated as LUMO+8 and LUMO+9 in 1-3, and LUMO+8 and 

LUMO+11 in 4.  

It is widely accepted that the photoinduced ligand dissociation 

of  the Ru  complexes  occurs  from  the  
3
LF  states  via thermal 

population from the lowest-lying 
3
MLCT states.

23
 Recently, 

3
LF 

state population directly through 
1
MLCT states was also 

proposed  to   be  possible.
8a,18

 TD-DFT calculations (based on 

the optimized ground state geometry, Table S1-S4) reveal that 

the lowest triplet states of 1-4 are 
3
MLCT states, with 

transition maxima at 529 nm (2.34 eV) for 1, 545 nm (2.27 eV) 

for 2, 543 nm (2.28 eV) for 3 and 602 nm (2.06 eV) for 4, 

respectively. The calculated first and second 
3
LF states locate 

at 2.51 and 2.92 eV for 1, 2.56 and 3.03 eV for 2, 2.59 and 3.05 

eV for 3, and 2.63 and 2.87 eV for 4. To lose py-SO3 bidentate 

ligand, both 
3
LF state should be accessed simultaneously.

24
 If 

3
LF states are populated via the lowest-lying 

3
MLCT, 1 should 

undergo ligand dissociation most efficiently because it has the 

smallest energy gap between the second 
3
LF and the lowest-

lying 
3
MLCT (0.58, 0.76, 0.77 and 0.81 eV for 1-4). In fact, the 

ligand dissociation quantum yield of 1 is the smallest one, 

implying 
3
LF states may be partially accessed from the high-

lying 
1,3

MLCT or vibrationally excited lowest-lying 
3
MLCT. Thus, 

the energy gap and orbital overlap of the 
3
LF states with these 

states may determine their population efficiencies, which, in 

combination with the solvent-cage effect, finally lead to the 

observed ligand dissociation order of 1 < 2 < 3 > 4 (Table 1).  

To understand the py-SO3· radical generation abilities of 1-4 

upon 355 nm irradiation, we then put our attention on the 

excited states with the σ(Ru-O) to π*(R-bpy) transition 

character. The calculations reveal that the σ(Ru-O) orbitals lie 

below the metal-based t2g orbitals, assigned to HOMO-9 for 1 

and HOMO-5 for 2, 3, and 4, respectively. This attribution is 

supported by the fact that the oxygen atom that coordinates 

to the Ru center gives the greatest contribution in these 

orbitals (Table S5). Meanwhile, these orbitals have significant 

Ru-O covalent bonding character (Figure S11).
25

 For 1, though 

HOMO-5 shows a high
 
contribution from bonded O atom, no 

obvious Ru-O covalent bonding character is observed (Figure 

S12). The σ(Ru-O) orbitals of 1-4 lie at -1.82, -1.63, -1.71 and -

1.82 eV with respect to the HOMO of 3, which was set at 0.0 

eV as an arbitrary reference (Figure 4). The calculations 

suggest that the substituents on bpy ligands have less effects 

on σ(Ru-O) orbitals than on π*(R-bpy) orbitals (Figure 4), in 

line with the common knowledge. 

With the assignment of σ(Ru-O) orbitals in hand, the energy 

levels of σ(Ru-O)π*(R-bpy) states may be figured out, as shown 

in Table S1-S4. The calculated triplet excited states with 

significant contribution from σ(Ru-O)π*(R-bpy) occur at 286, 

286, 279 and 307 nm for 1-4, respectively. Clearly, the 

electron-withdrawing substituent in 4 brings the σ(Ru-O)π*(R-

bpy) state to a much lower energy region, favoring its 

population from the high-lying MLCT states. Additionally, the 

contributions of σ(Ru-O)π*(R-bpy) transition in these triplet 

excited states are, respectively, 3% for 1, 9% for 2, 27% for 3, 

and 20% for 4 (Table S1-S4). These factors may provide a 

reasonable explanation for the radical generation abilities of 4 > 

3 > 2 > 1 observed in EPR experiments. Due to the lowest σ(Ru-

O)π*(R-bpy) transition energy and moderate transition 

contribution, 4 becomes the most effective one in py-      

SO3· generation.  

What worthy of noting is that the calculated triplet energy 

levels of σ(Ru-O)π*(R-bpy) transitions may be overestimated, 

which can be deduced from the comparison of the calculated 
3
MLCT to the measured one. The lowest 

3
MLCT states 

estimated from the emission spectra at 77 K localize at 640 nm 

for 1, 630 nm for 2, 620 nm for 3, and 660 nm for 4, which are  

 

Figure 5. Normalized experimental and theoretical absorption 

spectra of 4 in H2O. MO contributions and transition energies 

were calculated using TD-DFT and only select contributions 

greater than 5% are assigned (H = HOMO, L = LUMO). 
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Figure 6. Simplified Jablonski diagram for 4. MLCTL and MLCTH 

denote the MLCT state in low and high energy level, 

respectively. 

 

red shifted by 60~110 nm than the calculated results. Taking 

this in mind, the population of 
3
σ(Ru-O)π*(R-bpy) states by 

way of high-lying 
1
MLCT or 

3
MLCT should be thermo- 

dynamically allowed upon excitation at 355 nm, but might not 

at 532 nm, which can populate the lowest-lying 
1
MLCT and 

3
MLCT states only. 

We then theoretically examined the possibility of direct 

excitation of the 
1
σ(Ru-O)π*(R-bpy) state. Thus, the singlet 

excited state properties of 1-4 were calculated using TD-DFT. 

As shown in Figure 5 and Figure S13-15, the lowest vertical 

singlet excited states of 1-4 mainly belong to HOMO→LUMO 

transitions, with oscillator strengths (f) smaller than 0.01 

(Table S6-S9). More intense absorption bands with (f > 0.1) 

occur at 428 nm (f = 0.1105) for 1, 430 nm (f = 0.1528) for 2, 

425 nm (f = 0.1285) for 3, and 457 nm (f = 0.2160) for 4, with 

main contributions from HOMO-2→LUMO and HOMO-

1→LUMO+1 transitions. These calculated 
1
MLCT maxima are in 

good agreement with the experimental values, 467 nm for 1, 

458 nm for 2, 452 nm for 3, and 488 nm for 4 (Figure 1, Table1). 

The 
1
σ(Ru-O)π*(R-bpy) transitions are predicted at 248 nm (f = 

0.0381) for 1, 264 nm (f = 0.0222) for 2, 269 nm (f = 0.0513) for 

3, and 293 nm (f = 0.0695) for 4, respectively, indicating that 

the direct excitation population of the 
1
σ(Ru-O)π*(R-bpy) 

states is only possible under irradiation with λ < 300 nm. As a 

result, the 
3
σ(Ru-O)π*(R-bpy) state in our experiments should 

either come from a high-lying 
1
MLCT state via intersystem 

crossing (isc) or from a high-lying 
3
MLCT state via internal 

conversion (ic) or both processes. 

Combining the experimental and theoretical results, a 

simplified  Jablonski  diagram  for complex  4  is  put forward as          

shown in Figure 6. Excitation with visible light of 470 nm 

populates the low-lying 
1
MLCT (

1
MLCTL), and then low-lying 

3
MLCT (

3
MLCTL) via isc. The 

3
LF may be populated either from 

3
MLCTL by thermal activation or from 

1
MLCTL directly,

8a
 

resulting in the bidentate ligand dissociation. When excited at 

355 nm, high-lying 
1
MLCT (

1
MLCTH) and 

3
MLCT (

3
MLCTH) may 

be populated, by which the 
3
σ(Ru-O)π*(R-bpy) state is 

accessed to result in the Ru-O homolysis and the formation of 

py-SO3· radicals. 

 

Photoinduced DNA binding and cleavage 

Figure 7. Agarose gel electrophoresis pattern of pBR322 DNA 

(100 mM in base pairs) in Ar-saturated Tris-EDTA (5 mM, pH = 

7.5) upon irradiation (355 nm laser, 90 mW) for 8 min in the 

presence of varied concentrations of 4. Lane 1, DNA alone; 

lane 2, 5 μM; lane 3, 10 μM; lane 4, 20 μM; lane 5, [Ru(bpy)3]
2+

 

(100 μM), air-saturated, 470 nm LED, 15 W, 15 min); lane 6, 50 

μM (dark). I and II denote supercoiled circular and nicked 

circular plasmid DNA, respectively. 

 

Gel electrophoresis assays were carried out to validate the EPR 

and calculation results. It is anticipated that 1-4 can covalently 

bind DNA and cleave DNA simultaneously upon 355 nm 

irradiation, as the result of both ligand dissociation and ROS 

generation (including py-SO3· and ·OH, both can be generated 

in hypoxic conditions
10

). In contrast, 470 nm irradiation will 

mainly give rise to the covalent binding of DNA due to the 

decline or loss of the ROS generation ability. As shown in 

Figure 7, 4 covalently bond DNA at low concentration upon 

355 nm laser excitation as evidenced by DNA mobility 

retardation (lane 2), and cleaved DNA at higher concentrations 

as evidenced by the appearance of the nicked circular (lane 3) 

and even linear DNA (lane 4). Whereas, only decreased DNA 

migration was observed when taking a 470 nm LED in place of 

the 355 nm laser (Figure S16). Similar experiments were also 

carried out in the cases of 1-3 (Figure S17-S22). 3 behaved very 

similarly to 4 (Figure S17-S18).  In contrast, 1 and 2 can only 

covalently bind DNA even upon 355 nm irradiation (Figure S19-

S22), probably due to their poor ROS generation abilities, in 

accord with the EPR and calculation results. 

Conclusions 

The photoinduced radical generation via the Ru-O homolysis in 

1-4 was investigated experimentally and theoretically. All of 

the complexes underwent rapid py-SO3 dissociation upon 

visible light irradiation (470 nm). EPR experiments 

demonstrate that 355 nm irradiation may lead to Ru-O 

homolysis and py-SO3· radical generation in Ar-saturated 

CH3CN, but 532 nm irradiation cannot. The Ru-O homolysis 

followed the order of 4 > 3 > 2 > 1. DNA electrophoresis assays 

reveal that 3 and 4 may give rise to both DNA covalent binding 

and cleavage upon 355 nm irradiation under hypoxic 

conditions, but only DNA covalent binding upon 470 nm 

irradiation. In contrast, 1 and 2 can only covalently bind DNA 

irrespective of 355 or 470 nm irradiation. The high Ru-O 

homolysis efficiency of 4 and its wavelength dependence may 

be rationalized by regarding the 
3
σ(Ru-O)π*(R-bpy) state as the 

origin of the Ru-O homolysis, which is supported by TD-DFT 

calculations. Inspired by this work, bpy modification with 

stronger electron-withdrawing group and py-SO3 modification 
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by electron-donating group are underway, both strategies may 

stabilize the 
3
σ(Ru-O)π*(R-bpy) state and enhance the Ru-O 

homolysis efficiency further. 

 

Experimental section  

Materials. RuCl3.3H2O, 4,4’-dimethoxy-2,2’-bipyridine (L1), 

4,4’-dimethyl-2,2’-bipyridine (L2), 2,2’-bipyridine (L3), dimethyl 

[2,2’-bipyridine]-4,4’-dicarboxylate (L4), 2-pyridinesulfonic acid, 

DMPO (5,5-dimethyl-1-pyrroline-N-oxide), gel loading buffer 

and trishydroxymethyl- aminomethane (Tris base) were 

purchased from Sigma Aldrich. The supercoiled pBR322 

plasmid DNA was obtained from TaKaRa Biotechology 

Company. Cis-Ru(4,4’-(R)2-2,2’-bipyridine)Cl2 (R = OCH3, CH3, H, 

COOCH3) were synthesized following the reported methods
26

 

and       Cis-[Ru(4,4’-(R)2-2,2’-bipyridine)(py-SO3)](PF6)       were 

prepared by our reported procedures.
10

 

[Ru(L1)2(py-SO3)](PF6) (1). 
1
H NMR (400 MHz, d6-acetone) δ 

9.02 (d, J = 6.5 Hz, 1H), 8.30 (m, 4H), 8.17 (d, J = 6.5 Hz, 1H), 

8.06 (t, J = 7.7 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 7.75 (d, J = 6.6 

Hz, 1H), 7.63 (m, 2H), 7.49 – 7.38 (m, 2H), 7.24 (m, 1H), 7.01 

(m, 2H), 4.12 (s, 6H), 4.02 (d, J = 3.4 Hz, 6H) (Figure S23).HR 

ESI-MS: m/z = 692.0727 for (M-PF6)
+ 

(Figure S24). Anal. Calcd 

for C29H28F6N5O7PRuS·2H2O: C, 39.91; H, 3.70; N, 8.02. Found: 

C, 39.85; H, 3.73; N, 7.96. 

[Ru(L2)2(py-SO3)](PF6) (2).
1
H NMR (400 MHz, d6-acetone) δ 

(ppm) 9.09 (d, J = 5.8 Hz, 1H), 8.64 (s, 1H), 8.57 (s, 2H), 8.52 (s, 

1H), 8.24 (d, J = 5.8 Hz, 1H), 8.09 (t, J = 7.7 Hz, 1H), 7.90 (d, J = 

7.8 Hz, 1H), 7.79 (d, J = 5.9 Hz, 1H), 7.68 (d, J = 5.6 Hz, 1H), 7.62 

(d, J = 5.8 Hz, 1H), 7.55 (d, J = 5.4 Hz, 1H), 7.48 (d, J = 5.6 Hz, 

1H), 7.42 (t, J = 6.6 Hz, 1H), 7.23 (d, J = 2.8 Hz, 2H), 2.65 (d, J = 

4.9 Hz, 6H), 2.51 (d, J = 8.3 Hz, 6H) (Figure S23).HR ESI-MS: m/z 

= 628.0944 for (M-PF6)
+ 

(Figure S24). Anal. Calcd for 

C29H28F6N5O3PRuS·2H2O: C, 43.07; H, 3.99; N, 8.66. Found: C, 

43.01; H, 4.05; N, 8.61. 

[Ru(L4)2(py-SO3)](PF6) (4).
1
H NMR (400 MHz, d6-acetone) δ 

(ppm) 9.42  (d, J = 5.8 Hz, 1H), 9.36 (s, 1H), 9.31 (s, 1H), 9.26 (d, 

J = 1.6 Hz, 1H), 9.24 (d, J = 1.4 Hz, 1H), 8.71 (d, J = 5.8 Hz, 1H), 

8.41 – 8.35 (m, 2H), 8.21 – 8.09 (m, 3H), 7.98 (d, J = 7.8 Hz, 1H), 

7.79 (m, 2H), 7.63 (d, J = 5.5 Hz, 1H), 7.50 – 7.44 (m, 1H), 4.07 

(d, J = 3.9 Hz, 6H), 3.97 (s, 6H) (Figure S23).HR ESI-MS: m/z = 

804.0631 for (M-PF6)
+ 

(Figure S24). Anal. Calcd for 

C33H28F6N5O11PRuS·2H2O: C, 40.25; H, 3.28; N, 7.11. Found: C, 

40.22; H, 3.25; N, 7.12. 
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Electron-withdrawing substituents on the bpy ligands improve the photoinduced Ru-O homolysis 

in the [Ru(bpy)2(py-SO3)]
+
–type complexes. 
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