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ABSTRACT 

TLD1433 is the first ruthenium (Ru)-based photodynamic therapy (PDT) agent to advance to 

clinical trials and is currently in a Phase II study for treating non-muscle bladder cancer with PDT. 

Herein, we present a photophysical study of TLD1433 and its derivative TLD1633 using complex, 

biologically relevant solvents to elucidate the excited state properties that are key for biological 

activity. The complexes incorporate an imidazo [4,5-f][1,10]phenanthroline (IP) ligand appended 

to α-ter- or quaterthiophene, respectively, where TLD1433 = [Ru(4,4′-dmb)2(IP-3T)]Cl2 and 

TLD1633 = [Ru(4,4′-dmb)2(IP-4T)]Cl2 (4,4′-dmb=4,4′-dimethyl-2,2′-bipyridine; 3T=α-

terthiophene; 4T= α-quaterthiophene). Time-resolved transient absorption experiments 

demonstrate that the excited state dynamics of the complexes change upon interaction with 

biological macromolecules (e.g., DNA). In this case, the accessibility of the lowest energy T1 state 

is increased at the expense of a higher-lying triplet intraligand charge transfer (3ILCT) state. We 

attribute this behavior to the increased rigidity of the ligand framework upon binding to DNA, 

which prolongs the lifetime of the T1 state. This lowest lying state is primarily responsible for O2 

sensitization and hence photoinduced cytotoxicity. Therefore, in order to gain a realistic picture of 

the excited-state kinetics that underlie the photoinduced function of the complexes, it is necessary 

to interrogate their photophysical dynamics in the presence of biological targets once they are 

known.  
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INTRODUCTION 

     Photodynamic therapy (PDT) uses light to activate an otherwise nontoxic prodrug in the 

presence of oxygen to selectively destroy tumors and tumor vasculature, and is even capable of 

inducing  an antitumor immune response.1–5
 The PDT reaction that results in damage to 

biomolecular targets is mediated by reactive oxygen species (ROS) formed via electron (Type I) 

or energy (Type II) transfer pathways between an excited state photosensitizer (PS) and oxygen. 

Singlet oxygen (1O2) is thought to be the most important ROS for the PDT effect.  

Photofrin was the first PS approved for PDT,6 and most subsequent-generation PSs are 

based on tetrapyrrolic structures.7 These systems generate cytotoxic 1O2 from 3ππ* excited states. 

There has been ongoing interest in using transition metal complexes as PSs for PDT in order to 

improve upon earlier PSs. The structural modularity of transition metal complexes makes it 

relatively straightforward to tune their chemical and photophysical properties. This has been 

particularly well-documented for Ru(II) polypyridyl complexes, where a variety of excited states 

can be accessed by combining the appropriate ligands around the metal8–13: metal-to-ligand charge 

transfer (MLCT), metal-centered (MC), intraligand (IL), intraligand charge transfer (ILCT), and 

ligand-to- ligand charge transfer (LLCT).  

The photophysical properties of transition metal complexes are generally understood in the 

context of the archetype [Ru(bpy)3]
2+ complex, whereby the excited state dynamics tend to be 

controlled by the lowest-energy 3MLCT state.14,15 Light absorption first populates singlet states 

that undergo rapid intersystem crossing to form the lowest-lying 3MLCT state. This state decays 

with a lifetime of approximately 1 µs in deoxygenated fluid solution16 and 200 ns in the presence 

of oxygen.17 Much work has been done to extend the triplet lifetimes in these systems for 

applications that rely on charge separation,18–25 and prolonged lifetimes are likewise advantageous 
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for enhancing 1O2 quantum yields in the area of PS design for PDT. One strategy involves creating 

bichromophoric systems that spatially isolate a pendant π-expanded organic chromophore from the 

Ru(II) center.18–25 The resulting Ru metal-organic dyads have additional excited states that are 

localized to the organic chromophore, including triplet intraligand (3IL) states of significant 3ππ* 

character. Such states often have long µs lifetimes owing to the reduced intersystem crossing (ISC) 

rates associated with organic triplets. The 3IL states can thus prolong the lifetimes of 3MLCT states 

if they are relatively close in energy. If the 3IL energy is substantially lower, then the triplet 

lifetimes can be even longer and exhibit characteristics of pure 3ππ* states.22 Such states in Ru(II) 

dyads can increase the 1O2 quantum yields from near 56% for [Ru(bpy)3]
2+ to almost unity. We 

have a longstanding interest in exploiting such systems for PDT applications since the prolonged 

lifetimes and improved 1O2 yields correlate with better photocytotoxicity.26,27 

Studies of the fundamental photophysical properties these Ru PSs (and related metal 

complexes) for PDT necessarily begin with understanding the excited state dynamics in simple 

solvents. However, ultimately, we want to unravel these dynamics in the complex cellular 

environment where factors such as pH, ionic strength, and interactions with biomolecules and 

cellular targets come into play and may substantially alter the photophysical properties. We have 

begun to undertake these more complicated studies28,29 in an effort to elucidate the mechanism of 

action of our TLD1433, which is the only Ru-based PS to advance to clinical trials.30,31  

Previous studies on a similar complex, bearing an imidazo [4,5-f][1,10]phenanthroline (IP) 

ligand appended to a pyrenyl substituent at C2 indicate that deprotonation of the imidazo moiety 

significantly alters the excited-state dynamics compared to the neutral or protonated species. This 

behavior is likely related to an increase in the energy gap between 3MLCT and 3IL states upon 

deprotonation of the ligand.28 We also found that intercalation of this complex into salmon sperm 
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(SS) DNA altered the excited state dynamics by increasing the rate of coplanarization (between the 

imidizo and pyrene groups) compared to water as solvent.29 

Herein we probe the effects of biologically relevant environments on the photophysical 

dynamics of two Ru dyads that incorporate an IP ligand appended to α-terthiophene (3T) or α-

quaterthiophene (4T). Both TLD1433 (Ru-ip-3T) and TLD1633 (Ru-ip-4T) contain two 4,4′-

dimethyl-2,2′-bipyridine (4,4′-dmb) as coligands and chloride as the counter ion: [Ru(4,4′-

dmb)2(IP-3T)]Cl2 and [Ru(4,4′-dmb)2(IP-4T)]Cl2  (Figure 1). These two compounds are 

exceptional in vitro PDT agents toward cancer cells as demonstrated previously with the SK-MEL-

28 melanoma cell line. The additional thienyl ring significantly impacted the photocytotoxicity, 

decreasing the EC50 value from 1.9×10-4 µM for Ru-ip-3T to 2.8×10-9 µM for Ru-ip-4T.30 

Spectroscopic studies in simple organic solvents and water revealed a complex interplay between 

3MLCT and 3ILCT states. The 3ILCT state was localized on the oligothiophene chain and 

dominated the overall photophysics of the complexes.32 In water the long-lived triplet states were 

predominantly formed by vibrational cooling of hot 3ILCT states, while the initial excitation 

populates a mixture of 1MLCT and 1ILCT states.33 With increasing oligothiophene chain length, 

the lifetime of this state was extended into the range of a few tens of µs.32 This study probes the 

effect of DNA-binding (although DNA is not the suggested biological target) and SK-MEL-28 

cellular lysates 30,34,35 on these dynamics to underscore the importance of considering nonspecific 

biomolecular interactions that may influence the electronics and/or conformation of PSs when 

assessing the relevant photophysical mechanism(s) for photocytotoxicity.  
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Figure 1. Chemical structures of (a) TLD1433, [Ru(4,4’-dmb)2(IP-3T)]2+ (Ru-ip-3T) and (b) TLD1633, [Ru(4,4’-dmb)2(IP-4T)]2+ 

(Ru-ip-4T). 4,4’-dmb=4,4’-dimethyl-2,2’-bipyridine; IP=imidazo [4,5-f][9,10] phenanthroline; 3T=α-terthiophene; 4T=α-

quaterthiophene.  

METHODS 

ct DNA preparation. ct DNA was obtained from Sigma Aldrich (Merck) and reconstituted in Tris 

NaCl/HCl buffer (50 mM/5 mM, pH 7.4), sonicated, and frozen until further use. For all 

measurements in ct DNA, a fixed [DNA]bp / [complex] was used. The concentration of the ct DNA 

was determined from the UV−vis absorption signal of the ct DNA at 260 nm using OD = εcl, where 

εbp = 13 200 M−1 cm−1 (Figure S1). 

Lysate preparation. Lysate was prepared from SK-MEL-28 cells at 90% confluence. The cells were 

detached using 5% trypsin-EDTA, pelleted with centrifugation, and then dissolved in PBS buffer 

commercially purchased from Merck (1X, without calcium and magnesium, pH 7.0-7.2) with 

several rounds of ultra-sonication at 30% power. Following sonication the concentrated lysate 

solution was diluted to 3 mL using Tris NaCl/HCl buffer (50 mM/5 mM, pH 7.4) and added to 50 

µL of complex. 

Steady state UV-vis absorption and emission spectroscopy. UV-vis absorption spectra were 

measured on a Jasco-V760 spectrophotometer in 1 cm quartz cell. Emission spectroscopy was 

carried out using a FLS980 spectrometer (Edinburgh Instruments) with a spectral resolution in the 
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excitation channel of Δλex.=3 nm and Δλem.=4 nm in the emission channel. The OD of the sample 

was adjusted to 0.05 at the excitation wavelength for emission spectroscopy. 

Time resolved spectroscopy. The setup for femtosecond time resolved spectroscopy in solution has 

been described elsewhere.36,37 The maximum delay time window is 2 ns and the samples are excited 

at 400 nm using the second harmonic of the laser fundamental. Residual light from the fundamental 

was focused into a CaF2 plate to generate the white light probe. The mutual polarization between 

pump and probe was set to the magic angle (54.7°).  To avoid contributions from coherent 

artifacts38,39 in the data analysis, data recorded at delay times shorter than 300 fs were omitted from 

the multi-exponential analysis.  

For nanosecond transient absorption experiments, the 410 nm pump pulses are generated 

from an OPO pumped by the 10 Hz output of a NdYAG laser with a time resolution of 10 ns. The 

probe light is generated from an arc lamp, and the probe wavelength is stepped in 10 nm increments 

from 350 to 800 nm. The transient absorption signals are detected by a commercially available 

system from Princeton Instruments. 

Samples. For ns-TA the OD at the excitation wavelength was set to 0.25 in a 1 cm quartz cell. The 

nanosecond transient absorption setup was also used for time-resolved emission measurements 

with the probe light blocked so that only the spontaneous emission was detected at 90° with respect 

to the pump beam. All experiments were carried out in duplicate. 

For fs-TA measurements the OD of the sample in a 1 mm quartz cuvette was adjusted to 0.25 at 

the pump wavelength except for measurements in the presence of ct DNA where the OD was 

adjusted to 0.25 in a 1 cm quartz cell to achieve the desired [DNA]bp/[complex] ratio. When 
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attempting to reach the desired high concentration of ct DNA in a 1 mm cell, precipitation of the 

DNA was observed. All experiments were performed in duplicate. 

Data analysis procedure for femtosecond transient absorption. The transient absorption data was 

analyzed by fitting a kinetic model of the form:  

ΔA(λ, t) = ∑ Aie
−t/τi i

1 +Inf. 

In this analysis the probe-wavelength dependent coefficients Ai correspond to the decay-associated 

spectra (DAS), which are associated with specific characteristic first-order decay constants τi. Any 

component with a lifetime that exceeds the range of experimentally accessible delay times is 

summarized in the “Inf.” spectrum in our fit. Thus, the corresponding DAS can be understood as 

the difference spectrum between the long-lived excited state and the ground state to which it 

relaxes. 

 

RESULTS AND DISCUSSION 

Steady state absorption and emission spectroscopy. The UV-vis absorption spectrum of Ru-ip-3T 

(Figure 2a) in water has two major transitions in the visible region, occuring at 420 and 480 nm. 

The former is assigned to 1ILCT transitions while the latter corresponds to 1MLCT transitions.32 

When Ru-ip-3T is mixed with ct DNA, these bands shift bathochromically by 5 nm (Figure 2a). 

Such spectral shifts are common for binding of Ru(II) complexes to ct DNA,29,40 and similar shifts 

are observed for Ru-ip-4T (Figure S4). An earlier investigation we carried out on the related 

[Ru(bpy)2(IP-3T)]2+ complex with ct DNA showed a strong interaction characterized by a binding 

constant (Kb) on the order of ~108. Since the ionic strength and pH of buffer used in this study is 

identical to our previous study,41 we anticipate similar Kb values for structurally similar complexes 
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such as [Ru(dmb)2(IP-3T)]2+ and [Ru(bpy)2(IP-3T)]2+. Upon interaction of these complexes with 

DNA, the long-wavelength absorption shoulder becomes more prominent which could prove 

convenient for inducing red-light activation of the complex for PDT.42–44 Identical shifts are 

observed for Ru-ip-3T (Figure 2a) and Ru-ip-4T (Figure S6) in the presence of SK-MEL-28 

lysate. 

The weak 3MLCT emission from both Ru-ip-3T and Ru-ip-4T is centered at 640 nm (upon 

excitation at 450 nm)32 and does not shift in the presence of ct DNA. However, DNA enhances the 

emission by sixfold for Ru-ip-3T and by threefold for Ru-ip-4T (Figure 2b and Figure S4). This 

increased emission agrees with what has been previously observed for the structurally-related 

complex [Ru(bpy)2(IP-3T)]2+  bound to DNA41 and has been attributed to the ability of DNA to 

shield the complex and thereby reduce excited state quenching by water or dissolved oxygen.45,46 

Unfortunately, large scattering effects precluded similar emission studies of Ru-ip-3T and Ru-ip-

4T in SK-MEL-28 lysate solutions.  
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Figure 2. (a) Steady state UV-vis absorption spectra of Ru-ip-3T in water32, ct DNA, and lysate of SK-MEL-28 cells. (b) Emission 

of Ru-ip-3T in water and ct DNA at excitation wavelength of 450 nm. (c) ns-TA of Ru-ip-3T in ct DNA recorded at selected delay 

times upon excitation at 410 nm. (d) Ground state recovery lifetimes (τTA) associated with T1 state of Ru-ip-3T in water32, ct DNA 

and lysates of SK-MEL-28 cell under aerated conditions. A [DNA]bp/[complex] of 5:1 was used for all measurements in ct DNA 

solutions. Both ct DNA and SK-MEL-28 lysate solutions were prepared in Tris-HCl / NaCl (5  mM / 50 mM, pH 7.4) buffer. The 

kinetics from 630-680 nm were averaged to obtain the resultant kinetics and fitted to obtain the corresponding lifetimes. Note: For 

data analysis in Figure 2c, the contribution by emission is subtracted from the experimental data in the spectral range between 630 

and 680 nm, thereby highlighting the features of the excited-state absorption spectrum (rather than the transient absorption spectrum, 

which of course contains information on emission). Experimentally, a transient absorption measurement is performed first. In order 

to account for the contribution by emission from this differential absorption kinetics, an additional measurement is conducted 

exclusively in only ‘pump on’ mode. This process allows us to separately collect the emission kinetics which is calibrated 

accordingly to ΔAbs. unit and subtracted from the differential absorption kinetics. 
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Nanosecond transient absorption and emission spectroscopy. As we previously reported,32 the 

transient absorption (TA) spectrum obtained for Ru-ip-3T in water reveals an excited-state 

absorption (ESA) band at 640 nm, which was assigned to the lowest energy 3ILCT state (referred 

to herein as the T1 state)32 that decays with a lifetime of 1.4 µs in aerated solution (Figure 2d). In 

addition to the T1 decay, an emissive 3MLCT state decays with a lifetime of 0.3 µs. The distinct 

lifetimes for T1 and the 3MLCT states indicate that they are not electronically coupled.  

The nanosecond transient absorption spectra recorded for Ru-ip-3T in aqueous solution 

containing ct DNA solution show ESA features identical to those obtained in water. A broad ESA 

with a maximum at 640 nm represents absorption associated with the T1 state, while a GSB occurs 

below 500 nm.  The positive differential absorption band at 640 nm, reaching a maximum at 3.5 

µs with a rise time constant of 0.5 µs (Figure 2c), results from overlap of the ESA with the 3MLCT 

emission that yields a negative contribution to the differential absorption signal and decays on the 

sub-µs timescale. T1 decays bi-exponentially with time constants of 4 (50%) and 10 µs (50%) as 

reflected in the ESA lifetime. The emissive 3MLCT state for Ru-ip-3T in the presence of ct DNA 

also decays with a bi-exponential lifetime of 0.3 (60%) and 1.1 µs (40%) (Figure S2), with the 

shorter component being similar to the emissive lifetime in water. Bi-exponential emission kinetics 

suggests that there are two populations, a fraction of molecules that are unbound or loosely 

associated with ct DNA (the shorter component) alongside another that is more strongly bound (the 

longer component). 

When Ru-ip-3T is dissolved in SK-MEL-28 cellular lysate, T1 decays bi-exponentially 

with characteristic lifetimes of 1.4 (60%) and 10 µs (40%) (Figure 2d and Figure S2) observed by 

TA. The shorter time constant is consistent with that obtained in water, suggesting a population of 
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unbound or loosely-bound complexes in the lysate. It should be noted that there are a variety of 

biomolecules in the lysate, and thus multiple targets, but the observation of two lifetimes with 

roughly equal amplitudes suggests two major types of environments. Assuming that the shorter 

lifetime represents unbound or loosely-associated metal complex, we sought to use lysate not 

diluted with buffer in order to increase the concentration of DNA and other biomolecules in the 

solution. However, higher lysate concentrations led to immediate precipitation, precluding any 

determination on preferential lifetime effects.  

We ascribe the increased stability of T1, as reflected in the transient absorption data, to the 

fact that the biomolecule-bound complexes are less exposed to water and dissolved oxygen 

quenchers. A similar rational was used to explain the increase in the T1 lifetime in the presence of 

ct DNA. The 3MLCT lifetime of Ru-ip-3T is also prolonged by the lysate, increasing from 0.3 µs 

in water32 to 0.5 µs in lysate (Figure S2). While comparable changes in lifetimes are observed for 

the T1 state of Ru-ip-3T in DNA and lysate solutions, the effect on the MLCT state in DNA 

(appearance of a 1.1 µs component) is significantly greater than in lysate (0.5 µs). This could be 

due to stronger binding interactions by Ru-ip-3T in ct DNA solution compared to lysate. However 

further investigation is required to verify this hypothesis. 

The behavior of Ru-ip-4T with ct DNA and SK-MEL-28 lysate is quantitatively identical 

to that of Ru-ip-3T (Figure S5). A bi-exponential decay of 1.4 (50%) and 7.4 µs (50%) 

corresponding to lifetimes of T1 state with ct DNA is observed compared to 1.4 µs in water.32 Also 

a bi-exponential 3MLCT emission decay, characterized by decay times of 0.1 µs (40%) and 0.9 µs 

(60%), is observed and is suggestive of two populations (unbound or loosely-associated and 

bound). The T1 state of Ru-ip-4T shows a bi-exponential decay with lifetimes of 1.4 µs (45%) and 

10 µs (55%) in lysate (Figure S6), also suggestive of two environments with the shorter component 
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representing free complex. The increased T1 lifetime in ct DNA solution and lysate would be 

expected to enhance 1O2 sensitization even under low O2 tension, an important consideration for 

PDT as many cancer cells thrive under low oxygen tension.29,47 

 

                                               Ru-ip-3T 

 

                         Ru-ip-4T 

 
   τ1 / 

   ps 

  τ2 / 

  ps 

  τ3 / 

  ps 

   τTA /  

   µs 

 τem. / 

  µs 

  τ1 / 

  ps 

   τ2 / 

   ps 

  τ3 / 

  ps 

   τTA / 

   µs 

   τem. / 

   µs 

Water* 0.6 4.4 920 1.4 0.3 0.7 9.6 970 1.4 0.3 

ct DNA 1 4 500 
4,  

10 

0.3, 

1.1 
1 8 520 

1.4, 

7.4 

0.1, 

0.9 

SK-MEL-28 

lysate 
- 4 600 

1.4, 

10 
0.5 n.d. n.d. n.d. 

1.4, 

10 
0.4 

 

Table 1. Time constants associated with Ru-ip-3T and Ru-ip-4T in solutions under aerated conditions. Time constants, τTA and τem. 

are associated with the lifetimes of T1 and 3MLCT state respectively. The two time constants for τTA and τem. are due to contributions 

from unbound (shorter time constant) and bound (longer time constant) forms of the complexes. *Time constants obtained in water 

in the picosecond33 and the microsecond range32 are obtained from our previous studies. n.d. : not determined. 

Femtosecond transient absorption spectroscopy. The fs transient absorption data of Ru-ip-3T 

along with its excited-state relaxation model, which is derived from femtosecond transient 

absorption spectra and the DAS spectra obtained from fitting the data, is discussed in our previous 

study.33 Here we focus on the ultrafast photoinduced relaxation of Ru-ip-3T in a solution of ct 

DNA. The femtosecond TA spectra of Ru-ip-3T in the presence of ct DNA are characterized by a 

ground state bleach (GSB) flanked by two regions of excited state absorption (ESA). The ESA 

includes a weak positive OD signal, which may indicate the presence of a band below 370 nm,s 

and a strong and broad positive ΔOD band above 550 nm (Figure 3a). Within the first 2.5 ps after 

photoexcitation, the initial GSB at 480 nm decreases, a negative ΔOD band at 420 nm emerges, 

and the initially broad and mostly structureless ESA increases. Subsequently, the ESA band 

sharpens into a peak at 660 nm on a 150 ps timescale. After the build-up of the 660 nm band, the 
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overall signal decays (but not completely) to the ns transient absorption features previously 

described (Figure 3a).  

The data are analyzed quantitatively by fitting a sum of exponentials to give the 

characteristic decay times: τ1=1 ps, τ2=4 ps, and τ3=500 ps. A long-lived component is also 

observed, which corresponds to the transients in the ns experiments. We refer to this component as 

the “infinite component” in the context of the femtosecond transient absorption spectra.   

 

Figure 3. (a) Femtosecond TA spectra with 400-nm excitation of Ru-ip-3T in ct DNA solution. The spectrum at 1 µs is extracted 

from the ns-TA spectrum of Ru-ip-3T in ct DNA solution with contribution from emission subtracted from the overall spectra. (b) 

DAS for Ru-ip-3T in ct DNA solution. The intense band at at 460 nm in the 1-ps spectrum is due to Raman scattering by water. (c) 
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DAS for Ru-ip-3T in water. (d) Transient absorption kinetics recorded at 660 nm of Ru-ip-3T in ct DNA solution versus water 

following excitation at 400 nm. Data for Ru-ip-3T in water were reported elsewhere.33  

The present data obtained in ct DNA solution (Figure 5) is interpreted in the context of the 

photophysical model derived for water as solvent, whereby photoexcitation leads to rapid ISC from 

the singlet to the triplet manifold that takes place within the temporal resolution of the experiment 

(120 fs).14,15 The shortest relaxation time constant available from the data presented here, τ1= 1 ps, 

is associated with hot 3MLCT→3ILCT energy transfer as indicated by a decrease in the MLCT 

bleach at 480 nm and an increase in the ILCT bleach at 420 nm with a simultaneous increase in the 

ESA band at 660 nm that is associated with the 3ILCT state (Figure 3a). This is followed by the 

sharpening of the ESA at 660 nm with a time constant τ2 = 4 ps. The process associated with 2 

leads to a decrease in the ESA below 575 nm and above 700 nm (Figure 3b), with a simultaneous 

peaking of the band at 660 nm that is indicative of the molecules populating the lowest vibrational 

quanta of the 3ILCT state. Hence, we associate this process to vibrational cooling from the initially 

populated hot 3ILCT to form the cooled 3ILCT state. The time constant of 500 ps (τ3) decreases the 

overall ESA with a partial recovery of the GSB (Figure 3b). Though the DAS associated with the 

process is comparatively broader than the spectrum of the long-lived (infinite) component, it 

overall resembles the features of the 3ILCT state. As discussed in our previous work,33 this process 

is associated with the deactivation of molecules from a thermally-relaxed 3ILCT state which has a 

molecular conformation different from the T1 state.  

Although the overall photophysical processes of Ru-ip-3T on a ps-timescale remain 

essentially unchanged upon binding to ct DNA, changes associated with τ3 are observed. 

Interaction with ct DNA leads to a shorter characteristic time constant of 500 ps compared to 920 

ps in water.33 Furthermore, the contribution of the process (i.e., amplitude of the respective DAS) 

is smaller for the ct DNA solution. This can be rationalized by comparing the ratio A where 
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                                            𝐴 =
Area (DAS(τInf.))

Area (DAS(τ3))
                                                                           (1)  

in the ct DNA solution (Figure 3b) with that in water (Figure 3c). In this equation, the area of τInf. 

reflects the fraction of molecules populating the long lived T1 state, while the area of τ3 is 

proportional to the number of molecules decaying to the ground state from a higher lying 3ILCT 

state.33 In ct DNA solution, the ratio A ≈5, whereas in water the value drops to 1.5. Ru-ip-3T 

strongly bound to ct DNA may orient the thiophene chain in conformation(s) favoring the 

population of T1 over the cooled 3ILCT state.  

The femtosecond transient absorption profile of Ru-ip-4T bound to ct DNA (Figure 4a) 

also differs compared to Ru-ip-4T in water. As for Ru-ip-3T the relative weights of the processes 

associated with τ3 and τInf. change upon DNA binding (Figure 4). The lifetime associated with the 

decay of the cooled 3ILCT state (τ3) accelerates from 970 ps to 520 ps on moving from water to ct 

DNA solution. As for Ru-ip-3T the amplitude / contribution of this process to the overall signal is 

considerably lowered in ct DNA solution relative to water. We rationalize this by comparing the 

ratio A between ct DNA solution and water (4.5 versus 0.5, respectively), which implies that the 

population of the T1 state dominates over the cooled 3ILCT channel in ct DNA solution. 

The ultrafast transient absorption data for Ru-ip-4T in ct DNA solution (Figure 4a) shows 

a GSB below 520 nm and an ESA at longer wavelengths. Within the first 15 ps, the GSB at 480 

nm decreases with a simultaneous increase in the GSB at 425 nm. The ESA is marked by a peak at 

700 nm and a broad shoulder at 550 nm. This ESA band which is primarily associated with a 3ILCT 

state33 increases within the first 15 ps. Following this delay time, the overall ESA signal decays 

with a concomitant decrease in the GSB. A sum of tri-exponential fit in addition to a long lived 

component (infinite) is used to globally fit the kinetics which yields the time constants: τ1=1 ps, 
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τ2=8 ps, and τ3=520 ps (Figure 4b). The excited state model derived for Ru-ip-4T in water33 can 

be used to account for its overall behavior in ct DNA solution. τ1=1 ps increases the ESA at 700 

nm which is associated with 3ILCT state with a simultaneous decrease with the GSB at 480 nm. 

Hence, we associate this time constant with energy transfer from the hot 3MLCT→hot 3ILCT. τ2=8 

ps specifically results in a loss in ESA at 550 nm and 750 nm with an increase of the 700 nm peak, 

which represents the molecules relaxing to the lowest vibrational quanta of the 3ILCT state. 

Therefore, the 8 ps time constant is associated with vibrational cooling from the hot 3ILCT→cool 

3ILCT state. τ3=520 ps leads to a decrease in the ESA and GSB. As mentioned above, we associate 

this process with a loss in the spectral features of the thermally relaxed 3ILCT state (Figure 5), 

which is electronically and a conformationally distinct from the long-lived T1 state. 
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Figure 4. (a) Femtosecond TA spectra for Ru-ip-4T in ct DNA solution with 400-nm excitation. The spectrum at 1 µs is extracted 

from the ns-TA spectrum for Ru-ip-4T in ct-DNA solution with contribution from emission subtracted from the overall spectra. (b) 

DAS of Ru-ip-4T in ct DNA solution. The intense band at 460 nm in the 1-ps spectrum is due to Raman scattering by water. (c) 

DAS for Ru-ip-4T in water. (d) Transient absorption kinetics recorded at 700 nm of Ru-ip-4T in ct DNA solution versus water 

recorded upon excitation at 400 nm. Data for Ru-ip-4T in water was reported elsewhere.33  

 

Our findings regarding the photoinduced dynamics in Ru-ip-3T and Ru-ip-4T when 

interacting with ct DNA indicate that increasing rigidity imposed on the complex may limit the 

number of conformations adopted, thereby affecting processes which are dependent on structural 

reorganization. This may selectively favor one excited-state relaxation pathway over the other. 
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Figure 5. Jablonski diagram to describe the relaxation dynamics of Ru-ip-3T and Ru-ip-4T in biologically complex solvents with 

400 nm excitation. The solid bold larger arrow in black indicates that the preferential population of T1 state increases on moving 

from water to ct DNA solution. The ct DNA solution was 5:1 [DNA]bp/[complex]. 

 

CONCLUSIONS 

We investigated the excited state dynamics of the photoactive complex Ru-ip-3T in two 

representative biologically relevant environments, ct DNA and SK-MEL-28 cell lysate. We also 

explore the related Ru-ip-4T with ct DNA. Binding of the complexes to ct DNA alters their 

photoinduced dynamics compared to water as solvent. Most importantly, the decay of the 

oligothiophene-localized 3ILCT state to reform the ground state was accelerated by interaction with 

the DNA, and the fraction of molecules that populate the long-lived T1 state increases. Both 

findings hold true both for Ru-ip-3T and Ru-ip-4T. Thus, they indicate that also the excited-state 

reactivity in the triplet manifold, specifically the partitioning between the 3ILCT and the T1 state, 

is altered when the complexes interact with DNA. We tentatively ascribe this phenomenon to 

conformational restriction upon DNA binding, specifically with regard to the ip-nT ligand. 

Nanosecond transient absorption data show a significantly slower ground state recovery of the T1 

state when the complexes are in DNA or cell lysate solutions. The prolonged excited-state lifetime 

in the presence of biomolecules should enhance singlet oxygen production, an important 
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requirement for PDT. This study highlights the importance of interrogating the photophysical 

dynamics in solvents which are more biologically relevant than water in order to understand the 

function-determining excited-state processes in transition metal complexes designed to act as 

photoactive drugs. 
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