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Abstract
Ruthenium polypyridyl complexes have gained significant interest as photochemotherapies 
(PCTs) where their excited-state properties play a critical role in the photo-cytotoxicity 
mechanism and efficacy. Herein we report a systematic electrochemical, spectrochemical, and 
photophysical analysis of a series of ruthenium(II) polypyridyl complexes of the type 
[Ru(bpy)2(N-N)]2+ (where bpy = 2,2’bipyridine; N-N is a bidentate polypyridyl ligand) designed to 
mimic PCTs. In this series, the N-N ligand was modified through increased conjugation and/or 
incorporation of electronegative heteroatoms to shift the metal-to-ligand transfer (MLCT) 
absorptions near the therapeutic window for PCTs (600 – 1100 nm) while incorporating steric 
bulk to trigger photoinduced ligand dissociation. The lowest energy MLCT absorptions were 
red-shifted from  = 454 nm to 564 nm, with emission energies decreasing from  = 620 𝜆𝑚𝑎𝑥 𝜆𝑚𝑎𝑥
nm to 850 nm. Photoinduced ligand ejection and temperature-dependent emission studies 
revealed an important interplay between red-shifting MLCT absorptions and accessing the 
dissociative 3dd* states, with energy barriers between the 3MLCT* and 3dd* states ranging from 
850 cm-1 to 2580 cm-1 for the complexes measured. This work demonstrates the importance of 
understanding both the MLCT manifold and 3dd* state energy levels in the future design of 
ligands and complexes for PCT.

Introduction 

Transition metal coordination complexes have emerged as a promising class of 
chemotherapeutics for the treatment of cancer and other diseases.1, 2 Nearly half of all 
chemotherapeutics administered today are derived from the platinum-based drug family 
(platins), which still suffer from major drawbacks, most notably harsh side-effects due to lack of 
specificity of malignant cells over healthy ones.3-10 Photochemotherapy (PCT) and 
photodynamic therapy (PDT) have the potential to circumvent these issues by utilizing a 
compound that is minimally toxic in the dark and in its native state, but becomes cytotoxic 
upon illumination, providing spatiotemporal control of toxicity.11-14 Traditionally, PDTs rely on 
the photoinduced excited-state electron transfer (Type I) or excited-state triplet energy transfer 
(Type II) to molecular oxygen (3O2) to generate reactive oxygen species (ROS) and trigger 
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oxidative cell death.11 While PDTs have been used in clinical oncology for over 40 years, they 
have largely remained absent from main-stream cancer treatments due to two major factors; 1) 
the inherent hypoxic nature of tumor cells and 2) a lack of PSs that absorb light in the near-IR, 
therapeutic window (600 - 1100 nm).15-22 In contrast, PCTs mechanism of toxicity involves the 
photoinduced release of a therapeutic reagent, making it oxygen-independent and 
circumventing the issue of low cellular oxygen concentrations.21, 23-29 Ru(II) polypyridyl 
compounds have shown great promise as PCTs due to their synthetic viability, relatively long-
lived triplet metal-to-ligand charge transfer (3MLCT*) excited states, and well understood 
photophysical behavior.30-36

Ru(II) PCTs typically undergo photoinduced ligand loss to either release a known cytotoxic 
organic compound from the coordination sphere24, 37-41 or generate a di-solvated activated 
metal species that can have cisplatin-like interactions with DNA at the newly opened 
coordination sites (Figure 1).23, 29, 42-44 While this mechanism has been shown to have high 
phototoxicity indexes, most reported Ru(II) PCTs only absorb in the blue region of the 
electromagnetic spectrum (<485 nm), which penetrates skin much shallower than longer 
wavelengths.22 Near-IR ligand ejection has been reported for Ru(II) PCTs, however these 
complexes still have relatively low oscillator strengths at wavelengths >500 nm and center 
around the ejection of a monodentate ligand as opposed to bidentate ligand ejection required 
for metalation of DNA.21, 25, 37, 42, 45, 46

Photoinduced ligand ejection from the octahedral Ru(II) center requires thermal population of 
the formally anti-bonding 3dd* states from the 3MLCT* excited-states.30, 47-49 This is typically 
achieved by increasing steric bulk around the Ru(II) center, distorting the pseudo-octahedral, 
and ultimately lowering the energy the 3dd* states. In addition, incorporation of increased 
conjugation and/or electronegative heteroatoms within the ligand framework lowers the 
energies of the ligand orbitals, increasing their -acceptor ability, and resulting in lower 𝜋 ∗ 𝜋 ∗

MLCT energy absorption features.30, 50-52 Furthermore, the compound must be soluble in 
biological (aqueous) medium and one must strike a balance between thermal stability of the 
native complex and photoactivation kinetics. Papish and co-workers recently published DFT 
analyses of a series of Ru(II) polypyridyl complexes bearing acidic protons and note the 
importance of understanding these excited-state energy levels in PCT design and the 
pronounced effect they can have on the photo-toxicity mechanism.53  

With this in mind, we set out to design a series of compounds with the general structure 
[Ru(bpy)2(N-N)]2+ (where N-N is a bidentate polypyridyl ligand, Figure 1) that systematically 
increases steric bulk around the Ru(II) center while also introducing increased conjugation 
and/or electronegative heteroatoms. The goal being to understand their electrochemical, 
spectrochemical, ligand ejection kinetics, photophysical properties, and ability to act as PCTs. 
This work demonstrates that traditional ligand design strategies to red-shift MLCT absorptions 
by lowering the energy of the ligand orbitals can also impact ligand dissociation kinetics by 𝜋 ∗

limiting the accessibility of the 3dd* states, and ultimately the ability of a complex to act as a 
PCT agent. The present study further highlights the importance of understanding this 
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relationship between ligand ejection kinetics and lower energy absorption in Ru(II) PCTs, which 
will aid in the design strategies of future PCT ligands and complexes.  

Figure 1. Photoinduced ligand ejection from Ru(II) center and structures of [Ru(bpy)2(N-N)]2+ complexes 1-5.

Results and discussion:
Ligand Synthesis. 2,2’-bipyridine (L1) and 2,2’-biquinoline (L3) were purchased and used 
without further purification. 2-(quinolin-2-yl)quinoxaline (L4) was synthesized by a reported 
procedure in 85% yield.30 2-(pyridine-2-yl)quinoline (L2) was synthesized in 96% yield using a 
Friedländer condensation of 2-acetylpyridine and 2-aminobenzaldehyde in the presence of a 
base catalyst (Scheme 1). 2,2’-biquinoxaline (L5) was prepared in 10% yield using minor 
modifications of literature procedure54 (i.e., homocoupling of the hydrochloride salt of 
quinoxaline), with the experimental details provided in the Supporting Information. 

Scheme 1. Synthesis of L2.

Complex Synthesis. The [Ru(bpy)2(N-N)]2+ complexes were prepared as their chloride salts by 
the reaction of Ru(bpy)2Cl255

  with 1 equivalent of the corresponding N-N ligand in 1:1 EtOH:H2O 
in a microwave oven reactor at 140oC for 1 hour (Scheme 2). The reaction progress was 
monitored using UV-vis spectroscopy for the disappearance of the Ru(bpy)2Cl2 absorption 
features (  = 363 and 526 nm in CH3CN) 56 and the appearance of the absorption peaks 𝜆𝑚𝑎𝑥
attributed to complexes 1 – 5. The crude mixtures were then purified by size exclusion 
chromatography (Sorbadex S-25 fine) to yield pure complexes. It should be noted that all of the 
complexes are readily soluble in aqueous media, which is important for biological applications. 

Scheme 2. General procedure for the synthesis of complexes 1-5. 
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Electrochemistry. The electrochemical properties of complexes 1 – 5 were analyzed in dry 
CH3CN (0.1 M TBAPF6 supporting electrolyte, where TBAPF6 = tetrabutyl ammonium 
hexafluorophosphate) by cyclic and square-wave voltammetry. The E1/2 for the Ru3+/2+ redox 
couple (Equation 1) for each complex are reported in Table 1 with cyclic voltammograms shown 
in Figure 2. 

Equation 1 [RuIII(bpy)2(N-N)]3+  [RuII(bpy)2(N-N)]2+  +𝑒 ― → 

Figure 2. Cyclic voltammograms acquired at 100 mV/s for 1 mM solutions of 1-5 in N2 deaerated CH3CN with 0.1 M 
TBAPF6 supporting electrolyte. GC working electrode, graphite rod counter electrode, and Ag/AgNO3 reference 
electrode (0.01 M AgNO3 with 0.1 M TBAPF6 in CH3CN). Values were adjusted to agree with literature values for 
[Ru(bpy)3]3+/2+ at 1.29 V vs SCE. 57

Table 1. Electrochemical properties of 1-5 in N2 deaerated CH3CN (0.1 M TBAPF6 electrolyte). 

Compound E1/2 (Ru3+/2+) E1/2 (Ru2+/+) E1/2 (Ru+/0) E1/2 (Ru0/1-)

1 1.29 -1.35 -1.55 -1.78
2 1.32 -1.12 -1.50 -1.74
3 1.37 -0.92 -1.38 -1.69
4 1.48 -0.64 -1.24 -1.62
5 1.60 -0.46 -1.08 -1.61

In CH3CN deaerated with Ar for 10 min, 1 mM in complex and 0.1 M TBAPF6 supporting electrolyte. GC working 
electrode, graphite rod counter electrode, and Ag/AgNO3 (0.01 M AgNO3 with 0.1 M TBAPF6 in CH3CN) reference 
(values were adjusted to agree with literature values for [Ru(bpy)3]3+/2+ at 1.29 V vs SCE). 34, 51, 56, 57   E1/2 values from 
differential pulse voltammetry. 

All complexes exhibit reversible Ru3+/2+ redox couples with E1/2 values ranging from 1.29 V for 1 
to 1.60 V for 5 (vs SCE). Complexes 2 - 5 exhibit a more positive Ru3+/2+ couple compared to the 
parent [Ru(bpy)3]2+ (1). This shift due to changes in N-N can be rationalized by the increased 
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conjugation and/or the addition of electronegative heteroatoms compared to bpy, decreasing 
the energy of  orbitals of N-N. This results in increased  back bonding from the RuII 𝜋 ∗ 𝑑𝜋 ― 𝜋 ∗

center to the N-N ligand, stabilizing the  electronic configuration, and ultimately increasing 𝑑𝜋6

the redox potential for the Ru3+/2+ couple.30, 58-60

Each complex exhibits three reversible ligand-based reductions with representative CVs shown 
in Figure 3 (all shown in Figure S1) and potentials listed in Table 1. The first ligand-based 
reduction (Ru2+/+, Equation 2) for 2 - 5 are at more positive potentials compared to 1 (-1.35 V vs 
SCE), ranging from -1.12 V for 2 to -0.46 V (vs SCE) for 5. The significantly more positive 
reduction potential for 4 (-0.64 V vs SCE) and 5 (-0.46 V vs SCE) are noteworthy given the 
possibility for these complexes to be reduced intracellularly by biological reducing agents such 
as NADH ( -0.56 V vs SCE in H2O61) or GSH ( -0.48 V vs SCE in H2O62).  Again, the increased ≈  ≈  
conjugation and incorporation of heteroatoms stabilizes the  acceptor levels of N-N, 𝜋 ∗

resulting in lower reduction potentials of the N-N ligand. 

Equation 2 [RuII(bpy)2(N-N)]3+  [RuII(bpy)2(N-N•–)]+     +𝑒 ― → 

Figure 3. Cyclic voltammograms acquired at 100 mV/s for 1 mM solutions of 1 (black), 3 (red), and 5 (blue) in Ar 
deaerated CH3CN with 0.1 M TBAPF6 supporting electrolyte. GC working electrode, graphite rod counter electrode, 
and Ag/AgNO3 reference electrode (0.01 M AgNO3 with 0.1 M TBAPF6 in CH3CN). Values were adjusted to agree 
with literature values for [Ru(bpy)3]3+/2+ at 1.29 V vs SCE.57

The variation in the first reduction potentials (Ru2+/+, 0.89 V) is significantly larger than the 
variance for the second reduction (Ru+/0, 0.47 V) and third reduction (Ru0/1-, 0.17 V) potentials 
for the series (see Table 1 and Figure S2). This demonstrates, as expected, that the first 
reduction of the complex is largely N-N ligand-centered (Equation 2), with the second and third 
reductions occurring mainly on the remaining bpy ligands (Equation 3 & Equation 4).

Equation 3 [RuII(bpy)2(N-N•–)]+    [RuII(bpy)(bpy•–)(N-N•–)]0     +𝑒 ― → 

Equation 4 [RuII(bpy)(bpy•–)(N-N•–)]0    [RuII(bpy•–)(bpy•–)(N-N•–)]1-     +𝑒 ― → 
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UV-Vis Absorption. UV-Vis absorption spectra of complexes 1 – 5 in water (Figure 4) all feature 
intense  absorption features below 350 nm ( M-1 cm-1). 𝜋→𝜋 ∗ 𝜀 ≈ 4.0 × 104 ―  7.0 × 104

Complexes 3 - 5 exhibit additional, lower energy and structured absorption transitions at 350 - 
450 nm that are attributed to the  transition of the N-N ligands.30 The complexes also 𝜋→𝜋 ∗

exhibit broad, lower-energy metal-to-ligand charge-transfer (MLCT) transitions ranging from 
400 nm to 600 nm (  M-1 cm-1) and are formally assigned as a 𝜀 ≈ 0.56 × 104 ―  11.6 × 104

 transitions.49, 52, 63 The appearance of the nominally spin forbidden [𝑑𝜋6]→[𝑑𝜋5𝜋 ∗
1 ]1 [𝑑𝜋6]→

 transition at longer wavelengths (>600 nm) is due to spin-orbit coupling,  but still [𝑑𝜋5𝜋 ∗
1 ]3

have low oscillator strengths and therefore low molar absorptivities.49, 52, 63 As mentioned 
previously, shifting the absorptions to lower energies is desirable to move excitation and photo-
induced ligand ejection towards the therapeutic window of PCTs (>600 nm). This trend is 
observed in Figure 4 by the red shift in the series from 1MLCT  = 454 nm (1) to  = 564 𝜆𝑚𝑎𝑥 𝜆𝑚𝑎𝑥
nm (5).

Figure 4. UV-vis absorption spectra of complexes 1 – 5 in H2O. 

Table 2. Spectroscopic and ligand ejection properties for the complexes 1 – 5 
Emission at rtc

Compound
Absorbance λ (nm) (

 M-1 cm-1)a𝜀, × 103 Kpld (s-1)b λmax 

(nm)
τ 

(ns) ɸPL
kr (×104 s-1)d knr (×106 s-1)e
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1
454 (11.6)
417 (8.7)

286 (69.9)
- 620 550 0.042 7.6 1.7

2
489 (6.2)
450 (7.6)

288 (46.2)
4.3 × 10 ―5 710 195 0.006 2.9 4.9

3
527 (5.6)
440 (5.8)

287 (40.6)
2.3 × 10 ―4 760 125 0.006 4.8 8.0

4
551 (8.6)
426 (7.1)

285 (51.2)
- 830f 13 - - -

5
564 (6.9)

404 (19.2)
279 (46.3)

- 850f 22 - - -

aMeasured in H2O. bMeasured in H2O utilizing the light from a Kessil PR160 (467 nm, 120 mW/cm2 at 5 cm) 
illuminated a quartz cuvette containing 3 mL of solutions of known concentration 5 cm away from the light source. 
Light intensity was adjusted to correct for varying molar absorptivities. cEmission data acquired using dilute 
solutions and lifetimes calculated from monoexponential fits. dkr =ɸ/τ. e knr = (1-ɸ)/τ. fEmission maxima from 
reference30 as acquired in MeCN. 

The energies of the MLCT transition are influenced by both an increase in conjugation within 
the N-N ligand, and the incorporation of non-coordinating electronegative heteroatoms. These 
perturbations lower the energies of the  orbitals on the N-N ligand, increasing the -𝜋 ∗ 𝜋 ∗

acceptor ability of the ligand, resulting in lower MLCT energy absorption features.30, 50-52 
Complexes 3, 4, and 5 exhibit splitting of the MLCT manifolds that arise from charge transfer 
from the RuII center to the bpy (Equation 5) and N-N (Equation 6) -orbitals for the higher and 𝜋 ∗

lower energy transitions, respectively.30 The energy difference between the MLCT transitions 
increases as the  acceptor ability of the N-N ligand increases. 𝜋 ∗

Equation 5 [RuII(bpy)2(N-N)]2+   [RuIII(bpy•–)(bpy)(N-N)]2+* ℎ𝑣→ 

Equation 6 [RuII(bpy)2(N-N)]2+   [RuIII(bpy)2(N-N•–)]2+* ℎ𝑣→ 

Photoinduced Ligand Ejection. PCT photo-toxicity mechanism requires the loss of a ligand 
under illumination, in particular, a bidentate ligand for DNA metalation.23, 44, 64, 65 The rate 
constant for ligand dissociation (kpld) for each complex was monitored using the apparatus 
shown in Figure S3 with UV-vis spectra acquired at known time intervals during illumination 
with 467 nm light. The intensity of the light source was adjusted in accord with the molecule's 
molar absorptivities to generate an approximately equal number of excited states during 
photolysis (see Table S1). Representative UV-vis spectra of complexes 3 and 4 under 
illumination are shown in Figure 5 with all of the spectra shown in the Supporting Information 
(Figure S4). 
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Figure 5. Absorption spectra of complexes 3 (A) and 4 (B) in 3 mL H2O monitored over time during irradiation with 
light from a Kessil PR160 (467 nm, 120 mW/cm2 at 5 cm). Light intensity was adjusted to correct for varying molar 
absorptivities at 467 nm (75% for 3 and 100% for 4). 

As can be seen in Figure 5 and Figure S4, only complex 3 undergoes a dramatic spectral change 
over the one hour of irradiation, including a decrease in intensity of the MLCT transition at 530 
nm as well as the  transition from 320-380 nm. The resulting spectrum is in good 𝜋→𝜋 ∗

agreement with the spectrum previously reported for [Ru(bpy)2(OH2)2]2+.23, 66, 67 Observations 
are consistent with the photoinduced ejection of the N-N ligand upon irradiation of 3 (Equation 
7).23, 68, 69 All of the complexes were stable in solution in the dark for over a year (Figure S5).

Equation 7 [RuII(bpy)2(L3)]2+ +  [RuII(bpy)2(OH2)2]2+ + L3 ℎ𝑣→ 

Of the remaining complexes, only 2 exhibits spectral changes under 467 nm illumination while 
1, 4, and 5 are largely unperturbed (Figure S4). The kinetics for the photoinduced ligand 
ejection for 2 and 3 were fit to a first order reaction equation (Figure 6) with the rate constants 
(kpld) being reported in Table 2. As expected, the increase in steric bulk resulted in increased kpld 
in the order 1 (< ) < 2 ( ) < 3 ( ). In contrast and < 10 ―6𝑠 ―1 4.3 × 10 ―5𝑠 ―1 2.3 × 10 ―4𝑠 ―1

unexpectedly, despite increased steric bulk around the Ru(II) center for 4 and 5, which results in 
lowering the energy of the formally anti-bonding 3dd* states that lead to ligand dissociation,47, 

70, 71 complexes 4 and 5 remained largely intact. To ensure lack of photoreactivity was not due 
to differences in molar absorptions the same experiments were conducted with a broad 
spectrum white-LED lamp, which showed the same general trends and relative differences in 
kpld as described above (see Figure S5).  

As first reported by Glazer and co-workers, and confirmed under the same conditions used 
here, [Ru(bpy)2(6,6’-dmb)]2+ (where 6,6’-dmb = 6,6’-dimethyl-2,2’-bipyridine) undergoes 
complete ligand dissociation in under a minute of illumination (see Figure S6).23 However, it 
should be noted that while the increased steric bulk in 3, 4, and 5 distorts the pseudo-
octahedral around the Ru(II) center lowering the 3dd* states, the introduction of non-
coordinating electronegative heteroatoms in 4 and 5 also lower the N-N  orbitals and the 𝜋 ∗
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energy of the 3MLCT states.30, 47 This may result in the ligand dissociative 3dd* states being 
inaccessible at room temperature, as will be discussed in the next section. 

Figure 6. First order fits (red lines) for photoinduced ligand dissociation of ln(concentration) versus time for 
complexes 2 (blue) and 3 (black). 

Emission Spectroscopy
The steady-state and time-resolved emission for the complexes in H2O were acquired under 
445 nm excitation and the results are shown in Figure 7 and summarized in Table 2. The 
maximum emission energy decreases in the order 1 (620 nm) > 2 (710 nm) > 3 (760 nm). Due to 
instrument limitations (i.e., low signal beyond 800 nm), we were unable to determine emission 
maxima for 4 and 5 in H2O (see Figure S7 & S8). However, the emission onset was similar to that 
previously reported for 4 and 5 in MeCN (830 and 850 nm, respectively),30 consequently those 
values were included in Table 2 and used for further analysis. 
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Figure 7. Normalized emission spectra of 1, 2 and 3 in N2 deaerated H2O (λex = 445 nm).

Previous analyses has shown a linear relationship between the electrochemical gap , (i.e., ∆𝐸1/2
 = E1/2(Ru3+/2+) - E1/2(Ru2+/+)) and the absorption/emission maxima of ruthenium(II) ∆𝐸1/2

polypyridyl complexes.48, 57, 72, 73 Figure 8 presents how the lowest energy absorption ( ) and 𝜈𝑎𝑏𝑠
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emission ( ) maxima vary with . Both absorption and emission energies exhibit a linear 𝜈𝑒𝑚 ∆𝐸1/2
relationship with , expected for transitions to and from MLCT excited states.48, 72, 74∆𝐸1/2

Figure 8. Variation of absorption (blue circle), and emission (red squares) maximum energies with the 
electrochemical gap (  for complexes 1 – 5 (right-to-left) in H2O. Note ∆𝐸1/2 = 𝐸1 2(𝑅𝑢3 + 2 + ) ― 𝐸1 2(𝑅𝑢2 + + )
that emission energies for complexes 4 and 5 are from reported values.30

Time-resolved emission kinetics were monitored at the emission peak maxima for 1 - 3 and at 
800 nm for 4 - 5. The emission decays were fit with a singlet exponential function and the 
results are summarized in Table 2. The emission lifetime decreases in the order 1 (550 ns) > 2 
(195 ns) > 3 (125 ns) > 4 (13 ns)  5 (22 ns). The approximately linear relationship between the ≈
excited state lifetime and maximum emission energy is in good agreement with that expected 
by the energy gap law (Figure 9). 75
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Figure 9. Plot of emission energy vs ln  for complexes 1 – 5 (right-to-left) in H2O at 25oC. 𝜏 ―1

Temperature Dependent Emission
As noted above, ligand dissociation for ruthenium(II) polypyridyl complexes is typically 
attributed to thermal population of the formally antibonding metal-centered 3dd* state from 
the 3MLCT* manifold.71, 75 Temperature-dependent emission lifetime measurements is a 
strategy that can be used to determine the activation energy barrier ( , energy gap for ∆𝐸𝑝𝑙𝑑
photoinduced ligand dissociation) between the 3MLCT* and 3dd* states.52 Here we monitored 
changes in the excited state lifetime of 1 - 3 with respect to temperature with example decay 
curves show in Figure 10 for 1 and temperature dependent lifetimes summarized in Figure 11 
(all emission decays are shown in Figures S9 – S11). 

 
Figure 10. Emission decays for 1 in N2 deaerated H2O at various temperatures (λex = 405 nm, λem = emission 
maximum).
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Figure 11. Plot of 1/τ versus temperature for complexes 1 (a), 2 (b) and 3 (c) in N2 deaerated H2O.

As expected, the excited state lifetime of all complexes decreases with increasing temperature. 
The results were then fit with Equation 8 where τ(T) is the lifetime at a given temperature (T), R 
is the ideal gas constant, k0 is a pre-exponential factor, and k is the sum of radiative and non-
radiative decay rates (k = kr + knr).52 The results of the fitting are summarized in Table 3. 

Equation 8 
1

𝜏（𝑇） = 𝑘 + 𝑘0𝑒𝑥𝑝 [ ― (∆𝐸𝑝𝑙𝑑 /𝑅𝑇)] 

Table 3. Fitting parameters for the temperature dependent emission kinetics for 1-3 in N2 deaerated H2O. 

Sample k (×106 s-1) k0 ΔEpld（cm-1）

1 1.4 1.1×1011 2580

2 2.8 3.0×108 1000

3 5.8 1.5×108 850

The energy gap, , of [Ru(bpy)3]2+ (1) of 2580 cm-1 is in reasonable agreement with those ∆𝐸𝑝𝑙𝑑
previously obtained for 1 in aqueous conditions, where  is attributed to the thermal ∆𝐸𝑝𝑙𝑑
barrier to excited state deactivation via metal centered 3dd* states.76 The  for the ∆𝐸𝑝𝑙𝑑
complexes measured here decreases in the order 1 (2580 cm-1) > 2 (1000 cm-1) > 3 (850 cm-1), 
which correlates with the trend of decreasing lifetime. This trend in   also inversely ∆𝐸𝑝𝑙𝑑
correlates with the increasing rate constant for photoinduced ligand ejection, kpld, in the order 3 
> 2 >> 1, further reinforcing the hypothesis that population of the 3dd* states is responsible for 
ligand dissociation. It should also be noted that ligand dissociation from the 3dd* state is rapid 
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compared to relaxation back to the MLCT manifold and/or ground state.48, 52, 77 Consequently, 
the more than 1000 cm-1 greater  is responsible for the increased stability and lack of ∆𝐸𝑝𝑙𝑑
ligand dissociation for 1, as compared to 2 and 3. Unfortunately, due to their short lifetimes and 
our limited detector response, attempts to measure temperature dependent lifetimes for 4 and 
5 under the same conditions were unsuccessful. The importance in the observed variation of 

 energies and PCT design will be discussed below.∆𝐸𝑝𝑙𝑑

Cytotoxicity Assays
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) dye reduction assays were 
used to analyze the potential biological activity of complexes 1 – 5 against human embryonic 
kidney (HEK293T) cells cultures (Figure S12) with and without illumination. Briefly, HEK293T 
cells were seeded into 96-well plate and dosed with varying concentrations of the complexes. 
The cultures were then either exposed to 467 nm illumination for 60 minutes, or covered from 
irradiation in situ (see SI for full experimental details). Overall, as might be expected from the 
outcomes above, the complexes displayed relatively low cytotoxicity with or without 
illumination. However, all of the complexes except for 2 displayed statistically significant 
increased cytotoxicity under illumination compared to non-irradiated samples at the 200 M 𝜇
concentration (Figure S12). Control experiments with HEK293T cells, with and without 
illumination, showed no light dependence with cisplatin and a significant dependence with 
[Ru(bpy)2(6,6’-dmb)]2+, as expected (see Figure S14). 

Due to concerns of overheating the samples and causing cell death, all cytotoxicity studies 
under illumination were carried out at 25% of the 467 nm lamp intensity. As a result, to correct 
for variations in absorptivity of the complexes at 467 nm, the difference in cell viability between 
illuminated and non-illuminated samples were divided by their molar absorptivities (Table S1) 
to give a comparison between the complexes (Figure S13).  As expected, 3 had the highest 
photoinduced cytotoxic behavior, however unexpectedly, 5 showed the second highest when 
correcting for these absorptivity differences. While these results demonstrate the ability of the 
complexes to act as phototoxic agents, further studies are needed to better understand their 
cytotoxic behavior, in addition to designing new and more active compounds based upon the 
discussion given below. 

Balancing Absorption in Therapeutic Window and Ligand Ejection
As has been previously discussed, current PCTs suffer from minimal absorption within the 
‘therapeutic window’ to be candidates for clinical oncology use. Given the understanding of 
Ru(II) polypyridyl light absorption and photophysics, we set out to design a new series of PCTs 
that incorporated increased conjugation and/or electronegative heteroatoms to shift the 
absorption closer to the therapeutic window. At the same time, the series also introduced 
steric bulk around the metal center to promote photoinduced ligand ejection, a key step in the 
cytotoxicity mechanism. However, as demonstrated here and poignantly exemplified with 
complexes 3 and 4, one must strike a balance between shifting absorptions to longer 
wavelengths and the accessibility of the dissociative 3dd* excited states. As shown in Figure 5, 3 
undergoes ligand loss under 467 nm illumination with a first order rate constant of 2.3 × 10 ―4

 where 4 shows no measurable dissociation. Sterically, there is little to no difference in the 𝑠 ―1
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ligands, suggesting that the dissociative 3dd* state is at the same relative energy in both. 
However, the introduction of a single electronegative heteroatom to the periphery of 4 resulted 
in a lowering of 1MLCT excitation by 0.10 eV (527 nm for 3 and 551 nm for 4) and 3MLCT 
emission by 0.14 eV (760 nm for 3 and 830 nm for 4). As a result of lowering the MLCT* states, 

 increases for 4 compared to 3 (see Figure 12). This makes the dissociative 3dd* states ∆𝐸𝑝𝑙𝑑
inaccessible at room temperature for 4, ultimately inhibiting photoinduced ligand ejection. 

These findings demonstrate that in the pursuit of complexes designed to act as PCTs one must 
closely consider the excited-state manifolds and effect shifting energies can have on the 
compounds ability to act as a phototoxic agent. In the series of compounds reported herein, the 
introduction of a single electronegative heteroatom shut off the cytotoxicity of the complex, 
despite significant strain around the metal center. These understandings will aid in the future 
design of PCTs to help strike a balance between therapeutic window absorption, thermal 
stability, and photoactivation kinetics that is critical for successful clinical adoption of PCTs.

Figure 12. Excited state diagrams of ruthenium polypyridyl compounds for complexes that absorb at shorter 
wavelengths (a, such as 3) compared to longer wavelengths (b, such as 4). 

Conclusions
We have described here the synthesis, characterization, spectrochemical, and photophysical 
analysis of a series of ruthenium(II) polypyridyl complexes of the type [Ru(bpy)2(N-N)]2+ 
designed to be used as PCTs. The N-N bidentate ligands were selected as to introduce increased 
conjugation and/or electronegative heteroatom to lower the -acceptor levels. Through the 𝜋 ∗

series, the lowest energy MLCT absorption maximum was red-shifted from 1 (  = 454 nm) to 𝜆𝑚𝑎𝑥
5 (  = 564 nm). However, despite increased steric bulk, photolysis experiments only showed 𝜆𝑚𝑎𝑥
appreciable photoinduced ligand dissociation for complexes 2 (kpld = ) and 3 (kpld = 4.3 × 10 ―5

). Time-resolved and temperature-dependent emission studies revealed that 2.3 × 10 ―4

lowering -acceptor energy levels in the N-N ligands decreased emission energies (  = 620 𝜋 ∗ 𝜆𝑚𝑎𝑥
nm for 1 to  = 850 nm for 5) and increased the energy barrier ( , 2580 cm-1 for 1 and 𝜆𝑚𝑎𝑥 ∆𝐸𝑝𝑙𝑑
850 cm-1 for 3) to access the dissociated 3dd* states. This demonstrates a balancing act 
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between red-shifting the MLCT absorption into the ‘therapeutic window’ while still maintaining 
photoinduced ligand ejection at room temperature which can be applied to future PCT design. 
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