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ABSTRACT

We explore the photophysical properties of a family of Ru(Il) complexes, Ru-ip-n#T, designed as
photosensitizers for photodynamic therapy (PDT). The complexes incorporate a 1 H-imidazo[4,5-
f1[1,10]-phenanthroline (ip) ligand appended to one or more thiophene rings. One of the complexes
studied herein, Ru-ip-3T (known as TLD1433), is currently in Phase II human clinical trials for treating
bladder cancer by photodynamic therapy (PDT). The potent photocytotoxicity of Ru-ip-3T is attributed
to a long-lived intraligand charge-transfer triplet state. The accessibility of this state changes upon
varying the length (n) of the oligothiophene substituent. In this paper we highlight the impact of 7 on the
ultrafast photoinduced dynamics in Ru-ip-nT, leading to the formation of the function-determining
long-lived state. Femtosecond time-resolved transient absorption combined with resonance Raman data
was used to map the excited-state relaxation processes from the Franck-Condon point of absorption to
the formation of the lowest-energy triplet excited state, which is a triplet metal-to-ligand charge transfer
(*MLCT) excited state for Ru-ip-0T-1T and an oligothienyl-localized triplet intraligand charge transfer
(ILCT) excited state for Ru-ip-2T-4T. We establish the structure-activity relationships with regard to
changes in the excited state dynamics as a function of thiophene chain length, which alters the

photophysics of the complexes and presumably impacts the photocytotoxicity of these photosensitizers.



INTRODUCTION

Photodynamic therapy (PDT) involves the use of light to activate an otherwise nontoxic
photosensitizer (PS) to target cancer cells or pathogens.' An advantage of PDT is that toxicity is
confined to regions where the PS, light and oxygen overlap spatiotemporally. The primary mechanism of
PDT is the generation of cytotoxic singlet oxygen by the PS through Type II energy transfer, but other
reactive oxygen species (ROS) formed via Type I electron transfer processes can contribute. Currently,

there are only a handful of PSs approved for PDT, and these are largely porphyrin-derived.

Photoactive transition metal complexes for PDT constitute an emerging class of PSs.**
Combining different metals with various ligands controls the absorption characteristics of the complexes
to shift light-absorption to the relevant spectral region for a given application.’® The choice of ligands
also modulates cellular uptake and distribution of the complexes in the cells and tunes the nature of the
lowest-energy excited states and their intrinsic lifetimes, which appear to be key to their action as PDT
agents.” ! Certain metal complexes bearing m-expansive ligands appended to organic chromophores have
prolonged triplet state lifetimes (tens of microseconds or longer).'*'” Such long lived triplet excited
states are characteristic of organic chromophores, but their quantum yield for triplet state formation is
generally quite limited in organic systems.!®2° Tethering n-expanded organic chromophores to
photoactive transition metal complexes has proven to be an effective strategy for capitalizing on the high
spin orbit coupling (SOC) afforded by the metal center for more efficient triplet state formation.?!*? This
1s possible in metal-organic dyads that have low-energy ligand-localized excited states in close
proximity to the lowest lying triplet metal-to-ligand charge transfer (MLCT) excited states that
generally dominate the photophysics of Ru(II) polypyridyl complexes.'* Population of these triplet
intraligand (°IL) excited states from the initially formed "MLCT or 'IL states can yield °IL states with
intrinsic lifetimes exceeding 50 ps.!! These long-lived triplet states interact efficiently with >0,

rendering such complexes potent candidates for PDT.!*



The McFarland group introduced the Ru(Il) complex TLD1433 (Ru-ip-3T, [Ru(4,4’-dmb)(IP-
3T)]Cl, where 4,4’-dmb=4,4'-dimethyl-2,2'-bipyridine and ip-3T=2-(2",2":5",2"""-terthiophene)-
imidazo[4,5-f][1,10]phenanthroline) as a PS for PDT, which is currently in Phase II human clinical trials
for treating non-muscle invasive bladder cancer (ClinicalTrials.gov Identifier: NCT03945162).1%2° The
photosensitizing capacity of TLD1433 is associated with long lived, low lying triplet ligand-centered
states involving the a-terthiophene chain (nT). The a-terthiophene is key to the potent generation of
singlet oxygen,”!®2*27 but other mechanisms could be at play, especially given that the ligand-localized
triplet for TLD1433 is predominantly intraligand charge transfer (ILCT) in character and

oligothiophenes in general can form charge-separated species.?®

This work interrogates the ultrafast dynamics of TLD1433 and related compounds that differ
systematically in the number of thiophene rings (from 1T to 4T, Figure 1a). We highlight the primary
photoinduced processes leading to the population of the photobiologically relevant long-lived triplet
states that were detailed in a previous study, where it was shown that the singlet oxygen quantum yields
increase (and emission quantum yields decrease) with the length of the thiophene chain.?’ Here, we
explore the Ru-ip-nT (n=0-4) series and show the impact of the initial excitation wavelength on the

excited-state relaxation pathway and the population of the long-lived excited states.*

METHODS

Samples. All experiments were performed on the chloride salts of the Ru-ip-nT complexes dissolved in
distilled water. Steady state absorption-emission, resonance Raman and femtosecond transient
absorption were collected under air-equilibrated conditions, whereas nanosecond transient absorption
experiments were recorded both under aerated and deaerated conditions. Deaeration was achieved with
five freeze-pump-thaw cycles under nitrogen. Samples for steady state emission were prepared ina 1 cm

quartz cuvette at an OD of 0.05 at their respective long-wavelength absorption maxima. For resonance



Raman (excitation at 405 and 476 nm) and femtosecond transient absorption (excitation at 400 and 480
nm), samples were prepared at an OD of 0.2 at the respective pump wavelength in a 1 mm quartz
cuvette. For nanosecond transient absorption experiments, samples were prepared to yield an OD of 0.25

at the pump wavelength (410 nm) in a 1 cm quartz cuvette.

Steady-state spectroscopy. UV-visible absorption spectra were recorded with a Jasco V-760
spectrophotometer. Steady-state emission measurements were carried out at the respective excitation
maxima using a FLS980 spectrometer (Edinburgh Instruments). Resonance Raman (rR) spectra were
recorded using 476 nm excitation from an argon ion laser (Coherent Innova 300C). The sample was
placed in a rotating cell to avoid photo degradation.>’ The 1R scattered light was collected at 90° from
the incident light, focused on the entrance slit of an Acton SpectraPro 27501 spectrometer equipped with
an 1800 line/mm grating yielding a resolution of 0.5 cm™!, and detected with a liquid nitrogen cooled
CCD camera from Princeton Instruments. rR spectra at 405 nm were recorded using a diode laser
(Topmode-405-HP,Toptica) with the scattered light collected along the direction of incident light and
detected by a spectrophotometer (Isoplane 160, Princeton Instruments) with a 1200 line/mm grating
yielding a resolution of 3 cm™'.Background correction was performed following established protocols
based on peak detection by continuous wavelet transform (CWT), peak width estimation by signal-to-
noise ratio (SNR) enhancing derivative calculation, and background fitting using penalized least squares

with binary masks.’!

Time-resolved spectroscopy. The setup for femtosecond transient absorption measurements has been
described elsewhere.*>** The measurements were performed within a delay-time window of 2 ns upon
excitation at 480 or 400 nm (temporal resolution 120 fs). A white light super continuum generated by
focusing a residual of the fundamental laser pulses into a CaF; plate served as the probe light. The

mutual polarization between the pump and the probe polarizations was set to magic angle.



Nanosecond transient absorption experiments were performed using a commercially available detection
system from Pascher Instruments AB running on a 10 Hz NdYAG laser combined with an OPO yielding
the 410 nm pump pulses. The system providing a temporal resolution of 10 ns was described

elsewhere.’*

RESULTS AND DISCUSSION

Steady-state absorption and emission spectroscopy. Figure 1b presents the absorption and emission
spectra of the Ru-ip-nT series in comparison to the parent Ru-ip-0T complex lacking the thiophene
rings. The prominent MLCT band is centered at around 450 nm for all complexes. In addition to the
'MLCT absorption, a sharp nn* absorption assigned to the dmb ligands and phenanthroline portion of
the IP ligand is apparent below 300 nm.*> The !MLCT absorption band exhibits a minor bathochromic
shift as the number of thiophene rings increases, which is attributed to a slightly more delocalized
LUMO afforded by additional thiophene rings. The more distinct feature associated with the presence of
thiophene rings is the near-UV absorption band at 340 nm for Ru-ip-1T that shifts by 100 nm (6680 cm"
1) to 440 nm (for Ru-ip-4T). Similar systematic shifts of absorption features from 310 to 400 nm (7260
cm™!) have been observed in the absorption spectra of the free bithiophene (2T), terthiophene (3T), and
quaterthiophene (4T) in 1,4-dioxane.*® Thus, the additional spectral features introduced by the presence
of the thienyl groups are assigned to ligand-associated transitions on the oligothiophene chain.
Theoretical calculations revealed that these ligand-associated states have a significant degree of charge
transfer character, particularly in the case of Ru-ip-3T and Ru-ip-4T,”** and are henceforth referred to

as intraligand charge transfer (ILCT) states.

The steady-state emission spectra of the complexes are not affected by the length of the
oligothiophene chain. The emission is centered at 630 nm for all of the complexes (Figure 1b) and

closely resembles the emission spectrum of the archetype Ru(Il) coordination complex



[Ru(bpy)s]*".3>This emission decays with a lifetime of 700 ns for Ru-ip-0T and Ru-ip-1T,?° which is
similar to the 1-ps lifetime of the *MLCT state that dominates the excited state dynamics of [Ru(bpy);]**
and other Ru(II) polypyridyl complexes. However, emission from Ru-ip-2T decays biexponentially with
characteristic time constants of 0.7 and 14 ps, consistent with a model whereby the *MLCT state can
also be populated from a nearby >IL state, resulting in the second emission lifetime. For Ru-ip-3T and -
4T a single exponential decay with a lifetime of 0.7 us is observed due to the fact that the lower-lying

3ILCT states can no longer effectively populate the higher-lying *MLCT state.?’

Resonance Raman spectroscopy. In order to detail the nature of the Franck-Condon state, resonance
Raman (rR) spectra of the complexes in water were recorded upon excitation at 476 nm. Figure 1c
depicts the rR spectra normalized to the band at 1320 cm™!, which is associated with the Raman-active C-
C stretching mode between the two pyridyl rings of the bpy-ligand.’” Normalization of the spectra to the
water band was not possible due to phosphorescence from the metal complex being superimposed on the
1R spectra in the spectral range >2000 cm™'.>* All complexes show common rR bands at 1195, 1425,
1460, 1553 and 1624 cm™. These bands do not change with added thiophenes and are absent in
[Ru(bpy)s]*". Hence, these bands are assigned to vibrations arising from the IP ligand. Of these, the band
at 1460 cm™! can be assigned to the C=C stretching vibration from the phen portion of the IP ligand by
comparison with literature.’®*’ The band at 1256 cm™!, also absent in [Ru(bpy)s]**, originates from a Cs-
Me stretching mode of the dmb ligand.***° This band is common irrespective of the number of

thiophenes and highlights the presence of Raman-active dmb vibrations in all complexes.
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Figure 1. (a) Chemical structures of the complexes investigated. (b) Steady state UV-vis absorption and emission spectra of Ru-ip-0T-4T
in water (emission spectra are normalized to the MLCT emission maximum at 640 nm). The UV-vis absorption and emission spectra were
reported previously.? The ratio of the Resonance Raman band intensity at 1450 cm™' (due to bpy) relative to that at 1320 cm™ (due to the
thienyl rings) are indicated by the red circles and show the increased contribution of the thienyl vibration with increasing » for Ru-ip-0T-
4T with 476 nm excitation. (c) Resonance Raman spectra (normalized to the bpy band at 1320 cm™) of Ru-ip-0T-4T in water with 476 nm
excitation. Resonance Raman bands associated with phen are marked by the vertical black dashed lines; thiophene-associated bands are
marked by the grey dashed lines.

With 476-nm excitation, the 'ILCT and '"MLCT transitions overlap for Ru-ip-3T and -4T (Figure 1b).
One of the most intense rR bands occurs near 1510 cm™', where oligothiophenes are known to show a
Raman-active vibration due to Co=Cs-H asymmetric stretching.*!*> Raman-active vibrations associated
with phen and dmb (as in Ru-ip-0T and [Ru(bpy)s]*" respectively) also contribute in the same spectral

range, and the relative contribution of the thiophene vibration can be estimated by the ratio of the

intensity of the 1510 cm™ band to that of the C-C bpy stretch at 1320 cm™'. This ratio is less than 1 for



Ru-ip-0T to -2T. However, in Ru-ip-3T and -4T the ratio is >>1, indicating that oligothiophene
vibrations contribute to the intense band at 1510 cm™ and are prominent in these complexes. In line with
this observation, a clear trend showing an increase in the contribution of thiophene vibration with
increasing 7 can also be estimated from the ratio of the intensity of the thienyl band at 1450 cm™ to the
bpy band at 1320 cm™ (Figure 1b). This distinct trend of increased peak intensity for the oligothienyl
bands is also observed upon shifting the excitation wavelength from 476 to 405 nm (SI Figure S1). Thus,
the rR data reflects the more preferential excitation of the oligothiophene chromophore with increasing

n.

Time-resolved transient absorption spectroscopy. The photoinduced sub-ns relaxation kinetics within the
Ru-ip-nT series starts with considering the data obtained for Ru-ip-0T* as the benchmark complex as
well as Ru-ip-1T (Figure 2). The data were recorded upon photoexcitation at 480 nm. The femtosecond
pump-probe data for both complexes is similar, marked by a ground-state bleach (GSB) between 375
and 500 nm, which is the spectral region where the '"MLCT absorption dominates with no contribution
from thienyl-based absorption. The GSB is flanked by excited-state absorption (ESA) below 375 nm due
to mn* absorption of the reduced coligands (and possibly the proximal portion of the ip ligand), and
above 500 nm due to ligand-to-metal charge transfer (LMCT) from the reduced coligands to the oxidized
Ru(III) metal center. The visible ESA is broad and featureless, characteristic of "MLCT states in the
simpler [Ru(bpy)s]**, [Ru(phen)s]**, [Ru(dmb);]** and [Ru(bpy)z(ip)]** complexes.’*>*3 The temporal
resolution of the experiment (120 fs) is insufficient to resolve the ultrafast intersystem crossing (ISC)

from the initially excited '"MLCT states to the triplet manifold.?>-*4

For both Ru-ip-0T and Ru-ip-1T, only very minor changes in the transient absorption spectra
occur on the sub-ns timescale (after ISC to the triplet manifold). The intensity of the ESA band centered
at 360 nm decreases slightly up to about 20 ps and also exhibits a small blue shift (300 cm™). Such

features have been attributed to dissipation of excess vibrational energy from the initially hot "MLCT
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states in [Ru(bpy)s]*"-derived complexes.** The resulting thermalized *MLCT state decays back to the
ground state (Figure 2a, b) with characteristic time constants of 0.7 and 0.4 ps under deaerated and

aerated conditions, respectively, for both Ru-ip-0T and Ru-ip-1T.>46
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Figure 2. Femtosecond transient absorption spectra of Ru-ip-0T (a) and Ru-ip-1T (b) in water upon excitation at 480 nm at various delay
times. The shaded spectra represent transient absorption spectra recorded at a delay time of 500 ns.?® The strong negative differential
absorption band at probe wavelengths longer than 570 nm is due to emission from the excited complex.?® The insets show transient absorption
kinetics at selected probe wavelengths. The ns transient absorption data has been reported previously?® and is reproduced here to give a
comprehensive summary of the overall excited-state decay.

The differential absorption spectrum of Ru-ip-2T recorded upon excitation of the 'MLCT transitions at
480 nm resembles that of the photoexcited Ru-ip-0T and Ru-ip-1T at early times, with an initial bleach
at the excitation wavelength concomitant with an ESA at 360 nm and at wavelengths >510 nm (Figure
3). Unlike what was observed for Ru-ip-0T and Ru-ip-1T where there was little change in the initially
observed TA spectrum characteristic of the "MLCT state, the initially weak ESA band beyond 510 nm in
the spectrum for Ru-ip-2T develops a pronounced maximum at 550 nm. The rise of the ESA maximum
is partially superimposed on the negative AOD feature at 480 nm, causing a blue shift of the AOD zero

crossing with increasing delay time.
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Quantitative analysis of the data obtained for Ru-ip-2T employs a three-exponential global fit and yields
characteristic time constants 11 = 1.3 ps, 2= 19 ps, and 13=1.1 ns, in addition to a much longer-lived
component that does not decay over the timescale of these experiments.?’ The latter is assigned as T
and decays on the ps timescale according to previous ns emission and TA experiments.?” The 1.3 ps
component (t1) reflects positive AOD changes at 360 nm negative AOD changes at longer wavelengths.
This is indicative of hot *MLCT — hot *ILCT energy transfer, following ultrafast ISC in the MLCT
manifold.** The kinetic component characterized by the 19 ps component (12) reflects the development
of a pronounced ESA at 550 nm concomitant with the decay of the bleach between 400 and 500 nm and
decay of the ESA at 360 nm. We associate these spectral changes to energy dissipation from the
vibrationally hot *ILCT state to a thermally relaxed *ILCT state. We speculate that the formation of the
thermally relaxed *ILCT state might be associated with a conformational change within the bithienyl
unit. This assertion is consistent with computational analysis suggesting planarization of the lowest-lying
triplet state.”®2%% The 1.1 ns time constant (t3) reflects the formation of an ESA in the range of the
ground state absorption between about 420 and 520 nm. This increasing ESA on a 1.1 ns timescale
causes the apparent GSB to diminish in this spectral region. These spectral changes are accompanied by
a decay of the differential absorption signal at longer wavelengths. This slower process leads to an

overall signal decay and is assigned to energy transfer from the relaxed *MLCT — relaxed *ILCT state.
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Figure 3. (a) Femtosecond TA spectra of Ru-ip-2T in water with 480 nm excitation at different delay times and a spectrum at 1 ps from
nanosecond TA. The negative signal beyond 600 nm in the ns TA spectrum is due to phosphorescence from the complex. The inset shows
kinetics at the respective wavelengths on the ps to ps time scale.?” (b) DAS with the inverted absorption spectrum. The spectrum at 1 pus was
determined by ns transient absorption spectroscopy, which has been reported previously.?® The spectrum is included here to give a full account
of excited state lifetimes.?’

The decay of T (i.e., the thermalized *ILCT state) has been monitored by ns-transient absorption and
time-resolved emission spectroscopy.? In contrast to the complexes with fewer thiophene rings, Ru-ip-
2T reveals a biphasic decay of the *MLCT emission with characteristic time constants of 0.6 and 11 ps.*
The ns-transient absorption spectrum has the signature of the *ILCT state and decays with a
characteristic time constant of 14 ps, which is very similar to the slow emission decay component.?® The
agreement between the longer decay time for the "MLCT state observed by ns-emission and the decay of
the 3ILCT state observed by ns-transient absorption suggests that the long-lived triplet excited state
associated with the bithienyl chromophore acts as a reservoir to populate the emissive *MLCT states,

leading to delayed emission.”-*

The photoinduced dynamics of Ru-ip-3T and Ru-ip-4T were similar (vide infra), but different
from the complexes with fewer thiophene rings (Figure 4). Our discussion starts by considering Ru-ip-

3T. Following excitation of a mixture of "MLCT and 'ILCT transitions at 480 nm, a GSB occurs below
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500 nm, while an ESA is apparent at longer wavelengths. The ESA rapidly evolves into a broad and
intense band centered at 640 nm with a shoulder at around 550 nm. Concomitant with the spectral
evolution of the ESA band, the negative differential absorption with a minimum at 410 nm also changes
while the initially-observed strong negative feature at the pump wavelength disappears. The spectral
changes are apparent up to about 70 ps, after which an overall decay of the signal is observed. The
kinetic analysis requires a sum of three exponentials to fit the experimental data (Figure 4) yielding
11=2.5 ps, 12=43 ps, and 13=600 ps in addition to a much longer-lived component. The temporal
evolution of the differential absorption band centered at 640 nm is associated with the three sub-ns

kinetic components and will be key to account for the excited state relaxation in Ru-ip-3T and -4T.

The fast 2.5 ps component (1) reflects the decay of the original bleach signal (characteristic for ground
state > 'MLCT/'ILCT absorption) for Ru-ip-3T at around 480 nm, which is accompanied by a
significant increase in the ESA centered at 640 nm. This spectral evolution reflects the build-up of the
3ILCT state via energy transfer from the hot *MLCT state to the terthienyl-localized hot *ILCT state. ISC
('MLCT - *MLCT) preceding the energy transfer in the triplet manifold is assumed to occur within the
120 fs temporal resolution of our experiment, as typically observed for Ru(II) polypyridyl
complexes.>>*** While direct 'ILCT — *ILCT ISC could also form the *ILCT state, this pathway is
assumed to be a minor channel, also occurring within the instrument response function, and is not
captured in our experiments. The 43-ps kinetic component (12) describes a further increase in the ESA
maximum at 640 nm (the DAS exhibits a slightly negative AOD at 640 nm), which is characteristic for
the 3ILCT state, while a minor decrease of the positive AOD signal flanks the prominent ESA band
(positive contributions to the DAS at ca. 550 nm and > 700 nm). The spectral changes associated with 1,
reflected in the DAS, effectively increase the ESA band at the center (near 640 nm), while decreaseing
the intensity of the ESA in the flanking regions around 550 and 700 nm. Hence, the process associated

with 1 effectively sharpens the ESA absorption band (Figure 4b). These spectral changes are indicative
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of relaxation within a given electronic state, which we ascribe to structural relaxation within the

oligothenyl chain. DFT analysis on related Os(II) complexes supports a planarization of the triplet

excited state with respect to the ground state, where the terminal thiophene ring is twisted out of plane

by approximately 20°.7-*
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Figure 4. (a), (c) Femtosecond TA spectra of Ru-ip-3T and Ru-ip-4T, respectively, in water with 480 nm excitation at different delay

times. The insets show the kinetics at the respective wavelengths on the ps and ps timescales for Ru-ip-3T and Ru-ip-4T, respectively. The

previously published ps kinetic data is included to give a full account of the excited state lifetimes.? (b), (d) The DAS of Ru-ip-3T and

Ru-ip-4T, respectively. The black curve (Inf.) refers to the infinite spectrum on the ultrafast timescale.

The 600 ps component (t3) reflects the further decay of a *ILCT-based state. In contrast to Ru-ip-

2T, for which the slow ns-process associated with t3 reflects the rise of an ESA below 520 nm, the
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process associated with 13 in Ru-ip-3T reflects a pronounced ground state recovery, indicating that in
Ru-ip-3T 13 is associated with a relaxation channel back to the ground state. This ground-state recovery
is associated with the loss of the broad ESA extending to the near-IR. We suggest that the
conformational structures of the 3T and 4T units support two distinct cooled *ILCT states. In such a
scenario, T3 reflects the deactivation channel of the *ILCT state with slightly higher energy relative to T;.
Depopulation of this higher lying *ILCT state occurs concurrent with ground-state recovery. Given the
comparatively broad DAS for the 600 ps component (compared to the DAS of the us component T1), we
propose that 13 stems from a conformational distribution of molecules in the *ILCT state that are distinct

from that of the T conformation.

The fs-TA data for Ru-ip-4T (Figure 4c, d) indicate a qualitatively similar excited-state
evolution as Ru-ip-3T. Following excitation of a mixture of '"MLCT and 'ILCT states at 480 nm, the
system relaxes to a long-lived state, which is characterized by a pronounced ESA at 720 nm. The
kinetics of this process are accounted for by a three-exponential fit with the characteristic time constants
71=1.3 ps, 12=20 ps and 13=620 ps along with an additional long-lived component assigned as T1. The
DAS for 11 reveal a decay of the initial GSB associated with the MLCT/ILCT transitions between 410
and 525 nm that is simultaneous with the build-up of the ESA at 720 nm. Thus, we assign the 1.3 ps
component (11) to energy transfer from the hot "MLCT to a hot *ILCT state. Because the *ILCT
absorption for Ru-ip-4T is bathochromically shifted compared to that for Ru-ip-3T, the peak having the
strong negative contributions in the DAS (1) of Ru-ip-4T is shifted to longer wavelengths compared to
that for Ru-ip-3T. Population of the hot *ILCT state is followed by cooling within the *ILCT manifold to

populate the structurally relaxed T that decays with lifetime tra as well as the structurally relaxed

higher-lying *ILCT state that decays by 13 (vide infra). We assign 1> to this cooling process, which gives
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rise to a blue shift of the ESA maxima as seen in the differential absorption spectra recorded at 1.5 and
20 ps (Figure 4c) that is indicative of a cooling process. The 620 ps component (13) reflects a concerted
decay of the GSB (below 525 nm) and the ESA (above 525 nm). The overall spectral shape is
reminiscent of *ILCT absorption spectra for the long-lived T state in the ns measurements, which was
assigned as *ILCT.?¢ In contrast to the DAS (t3) observed for Ru-ip-3T, that for Ru-ip-4T has a
maximum beyond 700 nm. We ascribe this shift to the more elongated oligothienyl chain of Ru-ip-4T.
As described for Ru-ip-3T, 13 may collectively encompass the sub-ns decay of a distribution of excited
state conformers with slightly higher-lying *ILCT states compared to Ti. While the exact mechanisms
that govern the slow decay of the triplet excited states are still under investigation, the data presented
here taken together with the ns-transient absorption data (where the *ILCT-based T; lifetime is 29 us) %

reveal the presence of more than a single decaying *ILCT state.

Figure 5 summarizes the photophysical model for the Ru-ip-nT complexes as derived from the
spectroscopic studies. Key to the model is the presence of an emissive manifold of *MLCT-based excited
states and a dark manifold of *ILCT-based excited states. Depending on the length of the thiophene
chain, the relative energies of the lowest-lying *MLCT and *ILCT states change, which in turn
determines the photophysical properties. In Ru-ip-2T the *MLCT and the *ILCT states are nearly
isoenergetic, enabling delayed *MLCT emission through population from the *ILCT state. The *ILCT
states for Ru-ip-3T and Ru-ip-4T, however, are lower in energy than the "MLCT states so the majority
of excited molecules decay through the 3ILCT channel with a much smaller fraction deactivating via the
SMLCT state. The final key piece to the model is that 13 from the femtosecond transient absorption
measurements (600-630 ps) and the ps-lifetimes (29-48 us) for Ru-ip-3T and Ru-ip-4T both have
characteristic signatures of the *ILCT state but with drastically different decay rates. The faster 13

component is tentatively ascribed to a higher-lying 3ILCT state from which a distribution of excited state
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conformers decay, whereas the lowest-lying (T) state represents the decay of the planarized *ILCT state

that has been described computationally.”-*
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Figure 5. (a) Jablonski diagram for Ru-ip-0T and Ru-ip-1T where relaxation occurs via the emissive MLCT state. (b) In Ru-ip-2T
addition of a second thiophene ring to the chain leads to population of an *ILCT state which is nearly isoenergetic with the emissive MLCT
state. (¢) In Ru-ip-3T and Ru-ip-4T the 3ILCT state is highly stabilized and acts as a major relaxation pathway with only a minor fraction
of molecules relaxing via the MLCT state.

In order to evaluate the impact of the excitation wavelength and to further test the photophysical model
(Figure 5), the Ru-ip-nT family was investigated using shorter-wavelength excitation at 400 nm.
Excitation of Ru-ip-0T and -1T at 400 nm leads to differential absorption spectra and kinetics
essentially identical to those observed upon excitation at 480 nm (Figure S2), where the TA spectra
show only a minor blue shift of the ESA centered at 375 nm. The absence of an excitation wavelength-

dependence reflects the fact that contributions from the oligothiophene-based ILCT states are absent for

Ru-ip-0T and -1T and consequently excitation at both 480 and 400 nm populates only the 'MLCT state.
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The excess vibrational energy, which is delivered upon shorter wavelength excitation at 400 nm, is
rapidly dissipated after excitation,*>*’ leading to sub-ns dynamics that are unaltered by changing the

excitation wavelength.

Excitation of Ru-ip-3T (Figure 6) and -4T at 400 nm (Figure S4) yields an initial bleach signal at 480
nm in addition to the bleach at the excitation wavelength. These features point toward the simultaneous
excitation of both 'ILCT and 'MLCT states (Figure 1). The initially broad ESA at wavelengths longer
than 500 nm evolves into a well-defined peak at 660 nm (Ru-ip-3T) and 725 nm (Ru-ip-4T). As
discussed above, this feature stems from the formation of a thermally relaxed *ILCT state, which decays
on a ps timescale. The global fitting of the 400-nm data yields three characteristic time constants for
both Ru-ip-3T and -4T. A sub-ps time constant, 0.6 ps for Ru-ip-3T and 0.7 ps for Ru-ip-4T, is
associated with hot *MLCT state — hot *ILCT state energy transfer (following unresolved 'MLCT —
SMLCT ISC). Compared to 480-nm excitation, the hot *MLCT — hot *ILCT relaxation process for Ru-
ip-3T with 400-nm excitation is four times faster. The reaction rate increases from (2.5 ps)! to (0.6 ps)™!
with shorter wavelength excitation, in agreement with excess energy deposited into the system. This
further supports the role of vibronically hot excited states in promoting the "MLCT - ’ILCT energy
transfer. The subsequent processes in Ru-ip-3T, with time constants 12 = 4.4 ps and 13 = 920 ps, are
assigned to the formation of the relaxed *ILCT state from the hot *ILCT state (12) and deactivation of a
fraction of molecules from the higher-lying *ILCT (t3) state under thermally relaxed conditions. While 13
is of the same order of magnitude for both excitation at 400 and 480 nm, 1> is shorter with shorter
wavelength excitation. To account for this wavelength dependence of 12, we suggest different ground-
state conformers associated with the terthiophene chain being excited at 400 versus 480 nm. These
different sets of conformers may undergo different geometrical relaxation in their excited states,
accounting for the observed pump-wavelength dependent time constant 12. A conceptually identical

situation is observed for Ru-ip-4T, for which the time constant 1, decreases from 20 ps to 9.6 ps upon
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shifting the excitation wavelength from 480 to 400 nm. The absence of a pump wavelength dependence

for 13 may indicate the decay from one conformer.
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Figure 6 (a) Femtosecond TA spectra of Ru-ip-3T in water with 400-nm excitation at different delay times. The inset shows the kinetics at

the respective wavelengths on the ps time scale. (b) DAS of Ru-ip-3T. The black curve (Inf.) refers to the infinite spectrum on the ultrafast

timescale.

The systematic increase in the number of thiophene rings in the Ru-ip-#T family provides access to long-

lived *ILCT states in Ru-ip-2T-4T. These stabilized states are formed due to the extended n system of the

oligothiophene chromophore. Depending on the energy of these *ILCT states, they are isoenergetic and

coupled to *MLCT states as in Ru-ip-2T or further stabilized and decoupled as in Ru-ip-3T-4T, resulting

in a further increase in the lifetime of *ILCT states. This decoupled behavior of *MLCT and *ILCT states

in Ru-ip-3T-4T is in part responsible for their potent photocytotoxicities as the *ILCT states are the

longest-lived and as such should be most important for PDT effects.

CONCLUSIONS

We spectroscopically investigated the photophysical properties of a family of Ru(Il) complexes, Ru-ip-

0T-4T. One member (Ru-ip-3T) is currently in Phase 2 clinical trials for the treatment of human bladder
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cancer. Our studies following the excited-state reaction pathway from the Franck-Condon point of
absorption to the formation and decay of long-lived triplet states elucidate the role of the oligothiophene
substituent in tuning the nature and the population dynamics of the long-lived triplet state. Ru-ip-2T-4T,
with longer oligothiophene chains, show population of an *ILCT state in the picosecond regime formed
predominantly via vibrational cooling of a hot *ILCT state. These hot *ILCT states in turn can be
accessed directly from the hot *MLCT state. This is not the case in Ru-ip-0T and -1T, where *ILCT
states are inaccessible and the excited state dynamics are dominated by *MLCT states. The accessibility
of 3ILCT states in Ru-ip-2T-4T was demonstrated in the s regime for Ru-ip-2T where the *MLCT and
3ILCT states are coupled, leading to delayed emission. These *ILCT states are further stabilized relative
to the MLCT state for Ru-ip-3T and -4T. This stabilization of the *ILCT state not only decouples it
from *MLCT state but also prolongs its lifetime. The presence of these long-lived oligothiophene-based

triplet states appears to be responsible for the very high phototoxicity of Ru-ip-3T and -4T.

ASSOCIATED CONTENTS

Supporting Information Resonance Raman spectra at 405 nm excitation of Ru-ip-0-4T in water,
femtosecond transient absorption spectra and kinetics of Ru-ip-0-1T in water at 400 nm excitation,
femtosecond transient absorption spectra, kinetics and DAS of Ru-ip-2T in water at 400 nm excitation
and femtosecond transient absorption spectra, kinetics and DAS of Ru-ip-4T in water at 400 nm
excitation, table with lifetimes of Ru-ip-0-4T from ps to pus time range, procedure for analysis of

femtosecond transient absorption data.
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