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1 ABSTRACT

Ru(ll) polypyridyl complexes have gained widespread attraction as photosensitizers for photodynamic
therapy (PDT). Herein, we systematically investigate a series of the type [Ru(phen)z(IP-nT)]?*, featuring
1,10-phenanthroline (phen) coligands and imidazo[4,5-f][1,10]phenanthroline ligands tethered to n=0-4
thiophene rings (IP-nT). The complexes were characterized and investigated for their electrochemical,
spectroscopic, and (photo)biological properties. The electrochemical oxidation of the nT unit shifted by -
350 mV as n=1—-4 (+920 mV for Ru-1T, +570 mV for Ru-4T); nT reductions were observed in complexes
Ru-3T (-2530 mV) and Ru-4T (-2300 mV). Singlet oxygen quantum yields ranged from 0.53-0.88, with
Ru-3T and Ru-4T being equally efficient (~0.88). The time-resolved absorption spectra of Ru-0T-1T
were dominated by metal-to-ligand charge transfer ((MLCT) states (11a=0.40-0.85 ps), but long-lived
intraligand charge transfer (]ILCT) states were observed in Ru-2T—4T (11a=25-148 us). The 3ILCT
energies of Ru-3T and Ru-4T were computed to be 1.6 eV and 1.4 eV, respectively. Phototherapeutic
efficacy against melanoma cells (SK-MEL-28) under broad-band visible light (400—600 nm) increases as
n=0—4: Ru-0T was inactive up to 300 uM, Ru-1T-2T were moderately active (ECso ~600 nM, PI=200),
and Ru-3T (EC5=57 nM, PI=>1100) and Ru-4T (ECs,=740 pM, PI=114,000) were the most phototoxic.
Activity diminishes with longer wavelengths of light and is completely suppressed for all complexes
except Ru-3T and Ru-4T in hypoxia. Ru-4T is the more potent and robust PS in 1% O over seven
biological replicates (avg ECs=1.3 pm, avg P1=985). Ru-3T exhibited hypoxic activity in five out of seven
replicates, underscoring the need for biological replicates in compound evaluation. Singlet oxygen
sensitization is likely responsible for phototoxic effects of the compounds in normoxia, but the presence
of redox-active excited states may facilitate additional photoactive pathways for complexes with 3 or more
thienyl groups. The 3ILCT state with its extended lifetime (30—40x longer than the SMLCT state for Ru-3T
and Ru-4T) implicates its predominant role in photocytotoxicity.

Keywords: Ruthenium polypyridyl complexes, photosensitizers, photobiology, photodynamic therapy,
metal-to-ligand charge transfer (MLCT), intraligand charge-transfer (ILCT), ligand-to-ligand charge
transfer (LLCT), melanoma, phenanthroline (phen), hypoxia



2 INTRODUCTION

Cancer remains the second most common cause of death globally, surpassed only by cardiovascular
disease." Despite significant advancements in treatment over the past few decades, particularly in the
realms of immunotherapy?* and targeted therapy,®® there remains a pressing need for novel treatments
and adjuvant therapies to complement surgery, radiation, and chemotherapy. In this regard, light-driven
treatment modalities present a compelling alternative.

Photodynamic therapy (PDT) represents a unique and promising approach to targeted cancer treatment,
which leverages a nontoxic photosensitizer (PS), benign light, and molecular oxygen to generate
cytotoxic reactive oxygen species (ROS) for destroying tumors. PDT offers the advantage of localized
intervention and minimal invasiveness, yielding fewer adverse effects and enhanced patient quality of
life.”:8

PDT leverages two layers of precision: (1) the selective uptake and retention of PSs in malignant tissues
and (2) the use of light to trigger toxicity. The result is that phototoxicity is confined to regions where the
PS, light, and oxygen overlap spatiotemporally. The PDT effect can be maximized by optimization of the
light regimen, including wavelength, fluence, irradiance, and dosimetry as well as the drug-to-light interval
(DLI).

The intrinsic reliance of PDT on oxygen to generate ROS is problematic for treating hypoxic tumours. In
addition, PDT can induce hypoxia as oxygen is consumed during irradiation.®'° Decreased generation of
ROS limits the damage to cancerous cells. To address this, there is motivation to develop light-triggered
compounds that exploit oxygen-independent mechanisms for phototoxicity.’'%° In this context, metal
complexes such as Ru(ll) polypyridyl systems have attracted considerable attention.”-'"360-73 Judicious
choice of ligand-metal combinations provides access to access a variety of excited state configurations
with characteristic photophysical properties and reactivities. Strategies have included photorelease of
bulky ligands to reveal phototoxic metals and/or ligands,'1521.226374-77  photocaging of
chemotherapeutics and enzyme inhibitors,314.16.71.74.78-95 pnhotoredox reactions,®®®” and increasing ROS
yields (to maintain 'O, generation at low oxygen tension).324.63

Our group has a longstanding interest in metal complexes as PSs, not just for alternate modes of action.
Their modular architectures and straightforward assembly allow rapid tuning of physicochemical,
photophysical, and biological properties, which facilitates our tumor-centered approach to PS design. Our
guiding premise is that an ideal PS does not exist, and PS design and optimization should consider the
specific application. Our TLD1433, a terthienyl-containing Ru(ll) polypyridyl complex, is exemplary and
is currently in Phase Il clinical trials for treating non-muscle invasive bladder cancer (NMIBC) with PDT
(Clinicaltrials.gov identifier NCT03945162).”% It has a high quantum yield for 'O, generation and is
phototoxic toward cancer cells with minimal dark toxicity. It is preferentially activated in the clinic with
green light to avoid any damage to underlying muscle tissue.

To better understand the properties of oligothiophene-based metal complexes such as TLD1433, and to
also develop additional PSs, we are exploring different metal ions, coligands, thienyl groups, counter
ions, and coordination geometries.”15232463.76.99 The |onger-term goal is to establish structure-activity
relationships (SARs) for photoactive oligothiophene-containing metal complexes that consider their
physicochemical, photophysical, electrochemical, and biological characteristics. We are motivated by the
remarkable activities of some of these complexes containing longer thienyl chains. In this study, we
describe a new family of Ru(ll) PSs bearing two ancillary 1,10-phenanthroline (phen) ligands and an
imidazo[4,5-f][1,10]phenanthroline (IP) ligand tethered to thienyl groups (nT) with n=0-4. The five
members of the [Ru(phen):(IP-nT)]?* family and the reference compound [Ru(phen);]** were investigated

2



for their photocytotoxic effects toward melanoma cells using different wavelengths of light in normoxia
and in hypoxia. Their lipophilicities, ground state absorption and emission properties, excited state
configurations and lifetimes, and redox characteristics are systematically compared. The study provides
a framework for understanding photophysical properties and biological activities, offering a robust
platform to probe the fundamental dynamics that underpin PDT efficacy across a variety of
oligothiophene-containing metal complexes with future biological studies. It also introduces two new
hypoxia-active PSs that could be further developed.

3 MATERIALS AND METHODS

All complexes in this series were thoroughly characterized synthetically, spectroscopically,
electrochemically, and (photo)biologically. Additional procedural details and characterization data may
be found in the Supplementary Information.

3.1 Instrumentation.

Microwave reactions were performed in a CEM Discover microwave reactor. NMR spectra were collected
using a JEOL ECA 500 NMR spectrometer ("H) at UNCG’s NMR facility or Agilent 700 MHz NMR
spectrometer ('H, '"H-'H COSY, ®C-'H HSQC, "*C-'H HMBC) at the Joint School of Nanoscience and
Nanoengineering (JSNN). ESI mass spectra were obtained using a Thermo Fisher LTQ Orbitrap XL
coupled to a Water’'s Acquity Ultra-high Performance Liquid Chromatography (UPLC) stack using a BEH
C18 column at UNCG’s Triad Mass Spectrometry facility. HPLC analyses were carried out on an
Agilent/Hewlett Packard 1100 series instrument (ChemStation Rev. A. 10.02 software) using a Hypersil
GOLD C18 column (Thermo 25005-254630, guard 25003-014001) with an A—B gradient (40 min run; 2%
-2 95% B; A=0.1% formic acid in H2O, B=0.1% formic acid in MeCN). Reported retention times are
accurate to within £0.1 min. Flash chromatography relied on the Teledyne Isco CombiFlash EZ Prep
system with Silicycle SiliaSep silica flash cartridges (FLH-R10030B-1SO25).

3.2 Synthesis and Characterization

To the best of our knowledge, Ru-0T-Ru-4T have not been previously published. [Ru(phen)s](Cl). was
synthesized using a modified literature procedure'® that is described in detail below. Unless otherwise
specified, all reagents and solvents were purchased from commercial sources and used without further
purification. Water used for all biological experiments was deionized to a resistivity =2 18.2 MQ using either
a Barnstead or Milli-Q® filtration system. Ru(phen):Cl*2H.0"" and IP-based ligands'®? were prepared
according to adapted literature procedures. The synthesis of IP-based ligands follows that described
below for IP-4T. [2,2":5',2":5",2"-quaterthiophene]-5-carbaldehyde (4T-CHO) was prepared as previously
described.'®*1%* Final products are synthetically characterized in Figure S1-Figure S22 via '"H NMR, "H-
H COSY NMR, HPLC, and ESI*-MS. Ru-4T required additional *C, *C-'H HSQC, and "*C-'H HMBC
NMR experiments for full assignment of the quaterthiophene-containing complex (Figure S9—Figure S10).
The CI” salts of final complex products were obtained via anion metathesis on HCI-treated Amberlite IRA-
410 resin with methanol as eluent and isolated in vacuo. Final complexes are a mixture of A/ isomers.

[Ru(phen)s](Cl)2. Ru(Cl)s3:~3H.0 (58 mg, 0.20 mmol) and 1,10-phenanthroline (115 mg, 0.64 mmol) was
added to a microwave vessel containing argon-purged ethylene glycol (3 mL), then the mixture was
subjected to microwave irradiation at 180°C for 15 min with stirring. The resulting dark red solution was
then transferred to a separatory funnel with deionized water (25 mL) and CH2Cl> (25 mL). After gentle
agitation, the CH2Cl> was drained, and the remaining aqueous layer was washed with CH2Cl. until the
CHClI; layer was colorless (3x 25 mL portions). Then, CH2Cl, (25 mL) and saturated aqueous KPFs (5
mL) was added, and the mixture was shaken gently. The CH-Cl; layer was drained, and the product was
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further extracted from the aqueous layer using CH2Cl; until the aqueous layer was colorless (4x25 mL
portions). The CH.Cl. extracts were then combined and concentrated under reduced pressure. The
product was then eluted from a silica gel flash column chromatography cartridge with a gradient of MeCN
to 10% water in MeCN, followed by 7.5% water in MeCN with 0.5% KNOs. The dark red, product-
containing fractions, which eluted only in the presence of KNOs, were then combined and concentrated
under vacuum, then transferred to a separatory funnel with CH2Cl> (25 mL), deionized water (25 mL),
and saturated aqueous KPFg (1 mL). The resulting mixture was gently agitated and the CH>Cl, layer was
drained. Additional CH-Cl, (2x25 mL portions) was used to extract the remaining product until the
aqueous layer was colorless. The CH,Cl; layers were then combined and dried under vacuum to yield
[Ru(phen)s](PFe)2, which was then converted to the corresponding CI- salt in quantitative yield using
Amberlite IRA-410 with MeOH as the eluent, then purified further using Sephadex LH-20 with MeOH as
the eluent, affording product [Ru(phen)s](Cl). as a dark red solid (107 mg, 58%).'H NMR (700 MHz,
MeOD-d3, ppm): 6 8.67 (d, J = 8.1 Hz, 6H, 4,7), 8.30 (s, 6H, 5,6), 8.10 (d, J = 5.2 Hz, 6H, 2,9), 7.70 (dd,
J = 8.3, 5.2 Hz, 6H, 3,8). HRMS (ESI+) m/z for [M-2CI]?* calcd: 321.0547; Found: 321.0547. HPLC
retention time 9.27 min (99.5% purity by peak area).

[Ru(phen)s(IP)](Cl). (Ru-0T). Ru(phen).Cl>:2H.O (57 mg, 0.1 mmol) and IP (22 mg, 0.1 mmol) were
added to a microwave vessel containing argon-purged ethylene glycol (4 mL) and subjected to microwave
irradiation at 180°C for 15 min. The resulting dark red mixture was then isolated and purified in the same
manner as [Ru(phen)s](Cl)., yielding the desired product Ru-0T as a dark red solid (48 mg, 64%). 'H
NMR (700 MHz, MeOD-d3, ppm): & 9.00 (broad s, 2H, c), 8.70 (d, J = 8.3 Hz, 4H. 4,7), 8.67 (s, 1H, d),
8.33 (s, 4H, 5,6), 8.16 (dd, J = 5.3, 1.3 Hz, 2H, 2), 8.11 (dd, J = 5.2, 1.3 Hz, 2H, 9), 8.07 (dd, J=5.3, 1.3
Hz, 2H, a), 7.77 (dd, J = 8.3, 5.3 Hz, 2H, b), 7.72 (m, 4H, 8,3). HRMS (ESI+) m/z for [M-2CI]?* calcd:
341.0578; Found: 341.0582. [M-2CI-H]* calcd: 681.1084; Found: 681.1110. HPLC retention time: 9.07
min (98% purity by peak area).

[Ru(phen):(IP-1T)](Cl)2 (Ru-1T). Ru(phen).Cl>-2H,O (57 mg, 0.1 mmol) and IP-1T (30 mg, 0.1 mmol)
were added to a microwave vessel containing argon-purged ethylene glycol (4 mL) and subjected to
microwave irradiation at 180°C for 15 min. The resulting dark red mixture was then isolated and purified
in the same manner as compound [Ru(phen)s](Cl),, yielding the desired product Ru-1T as a dark red
solid (49 mg, 59%). '"H NMR (700 MHz, MeOD-ds3, ppm): & 9.09 (broad s, 2H, c), 8.70 (dd, J = 8.4, 1.4
Hz, 4H, 4,7), 8.33 (s, 4H, 5,6), 8.18 (dd, J = 5.3, 1.3 Hz, 2H, 2), 8.12 (dd, J = 5.2, 1.3 Hz, 2H, 9), 8.05
(dd, J=5.2, 1.3 Hz, 2H, a), 8.01 (dd, J= 3.7, 1.2 Hz, 1H, d), 7.76 (dd, J = 8.3, 5.3 Hz, 2H, b), 7.75 - 7.72
(m, 5H, £,3,8), 7.30 (dd, J = 5.1, 3.7 Hz, 1H, e). HRMS (ESI+) m/z for [M-2CI']** calcd: 382.0517; Found:
382.0523. [M-2CI-H]* calcd: 763.0961; Found: 763.0974. HPLC retention time 10.62 min (99.5% purity
by peak area).

[Ru(phen)(IP-2T)](Cl)2 (Ru-2T). Ru(phen).Cl2-:2H,O (57 mg, 0.1 mmol) and IP-2T (38 mg, 0.1 mmol)
were added to a microwave vessel containing argon-purged ethylene glycol (4 mL) and subjected to
microwave irradiation at 180°C for 15 min. The resulting dark red mixture was then isolated and purified
in the same manner as compound [Ru(phen)s](Cl),, yielding the desired product Ru-2T as a dark red
solid (568 mg, 39%). '"H NMR (700 MHz, MeOD-ds, ppm): & 9.03 (broad s, 2H, ¢), 8.71 (d, J = 8.30, 4H,
4,7), 8.34 (s, 4H, 5,6), 8.21 (dd, J = 5.4, 1.3 Hz, 2H, 2), 8.12 (dd, J = 5.2, 1.3 Hz, 2H, 9), 8.05 (dd, J =
5.3,1.3Hz, 2H, a), 792 (d, J=3.9Hz, 1H, d), 7.78 = 7.71 (m, 6H, b,3,8), 7.44 (dd, J = 5.1, 1.2 Hz, 1H,
N, 7.36 (d, J=3.9Hz, 1H, e), 7.33 (d, J = 3.5 Hz, 1H, h), 7.09 (dd, J = 5.1, 3.6 Hz, 1H, g). HRMS (ESI+)
miz for [M-2CI]** calcd: 423.0455; Found: 423.0458. [M-2CI-H]* calcd: 845.0838; Found: 845.0852.
HPLC retention time 21.19 min (99.5% purity by peak area).



[Ru(phen):(IP-3T)](Cl)2 (Ru-3T). Ru(phen).Cl;-:2H>0 (114 mg, 0.2 mmol) and IP-3T (76 mg, 0.164 mmol)
were added to a microwave vessel containing argon-purged ethylene glycol (4 mL) and subjected to
microwave irradiation at 180°C for 15 min. The resulting dark red mixture was then isolated and purified
in the same manner as [Ru(phen)s](Cl),, yielding the desired product Ru-3T as a dark red solid (59 mg,
59%). '"H NMR (700 MHz, MeOD-dj3, ppm): & 9.03 (d, J = 8.2 Hz, 2H, ¢), 8.70 (d, J = 8.9 Hz, 2H, 4), 8.68
(d, J=8.4 Hz, 2H, 7), 8.34 (s, 4H, 5,6), 8.22 (d, J= 5.6 Hz, 2H, 2), 8.12 (dd, J= 5.2, 1.3 Hz, 2H, 9), 8.04
(d, J=5.6 Hz, 2H, a), 7.90 (d, J = 3.9 Hz, 1H, d), 7.77 (dd, J = 8.2, 5.4 Hz, 2H, 3, 7.72 (dd, J = 8.53 Hz,
5.33 Hz, 2H, 8), 7.70 (dd, J = 8.20 Hz, 5.38 Hz, 2H, b), 7.35 (d, J = 5.4 Hz, 1H, h), 7.27 (d, J = 3.8 Hz,
1H, e),7.22 (d, J=3.5Hz, 1H, ), 7.19(d, J=3.8 Hz, 1H, g), 7.11 (d, J= 3.7 Hz, 1H, f), 7.05 (dd, J = 5.1,
3.6 Hz, 1H, /). HRMS (ESI+) m/z for [M-2CI]?* calcd: 464.0394; Found: 464.0405. [M-2CI-H]* calcd:
927.0715; Found: 927.0769. HPLC retention time 22.75 min (96% purity by peak area).

[Ru(phen):(IP-4T)](Cl)2: (Ru-4T). Ru(phen)2Cl»-2H20 (114 mg, 0.2 mmol) and IP-4T (90 mg, 0.164 mmol)
were added to a microwave vessel containing argon-purged ethylene glycol (4 mL) and subjected to
microwave irradiation at 180°C for 15 min. The resulting dark red mixture was then isolated and purified
in the same manner as compound [Ru(phen)s](Cl),, yielding the desired product Ru-4T as a dark red
solid (49 mg, 28%). 'H NMR (700 MHz, MeOD-ds, ppm): & 9.04 (s, 2H, c), 8.72 (d, J = 8.77 Hz, 2H, 4),
8.70 (d, J=8.89 Hz, 2H, 7), 8.34 (s, 4H, 5,6), 8.22 (dd, J=5.4, 1.3 Hz, 2H, 2), 8.12 (dd, J=5.2, 1.3 Hz,
2H, 9), 8.05 (dd, J = 5.2, 1.3 Hz, 2H, a), 7.89 (d, J = 3.9 Hz, 1zH, d), 7.77 (dd, J = 8.2, 5.4 Hz, 2H, 3),
7.75-7.70 (m, 4H, 8,b), 7.33 (d, J=3.9Hz, 1H, e), 7.29 (dd, J=5.1, 1.2 Hz, 1H, /), 7.24 (d, J = 3.7 Hz,
1H, f), 7.17 (dd, J = 3.6, 1.3 Hz, 1H, j), 7.12 (d, J = 3.8 Hz, 1H, h), 7.09 (d, J = 3.7 Hz, 1H, g), 7.04 (d, J
= 3.7 Hz, 1H, i), 7.00 (dd, J = 5.1, 3.5 Hz, 1H, k). ®*C NMR (700 MHz, MeOD-ds, ppm): & 153.96 (2),
153.77 (9), 151.57 (a), 150.08 (10), 149.29 (21), 149.19 (20), 147.36 (22), 141.46 (12), 138.31 (4,7,14),
138.14 (16), 137.78 (17), 136.36 (15), 136.24 (13), 132.57 (18), 132.54 (19), 131.89 (c, 11), 129.65 (d),
129.49 (6), 129.48 (5), 129.11 (k), 127.40 (8), 127.37 (3), 127.13 (b), 126.82 (f), 126.05 (l), 126.01 (h),
125.85 (e), 125.71 (g), 125.51 (i), 125.08 (j). HRMS (ESI+) m/z for [M-2CI]?* calcd: 505.0333; Found:
505.0312. [M-2CI-H]* calcd: 1009.0593; Found: 1009.0663. HPLC retention time 23.92 min (99.5% purity
by peak area).

3.3 Computational Details

The computational protocol used to investigate the Ru(ll)-complexes herein presented is based on a
combination of DFT and TDDFT'% as methods as implemented in the Gaussian16'% code and widely
tested in previous studies involving metallic photosensitizers for PDT'%-"'* and successfully adopted for
our related Os(ll)- and Ru-compounds.?32463

The PBEO exchange-correlation functional (XC)''® in conjunction with the 6-31+G(d,p) basis set was
chosen for the singlet ground and lowest triplet excited states optimizations in water adopting the quasi-
relativistic Stuttgart-Dresden pseudopotential to treat the Ru(ll) center.''® The integral equation formalism
polarizable continuum model'”'® (IEFPCM) was used to simulate the water solvent environment by
using a dielectric constant equal to e=80 by means of the polarizable conductor model (PCM).""°

The M06 exchange-correlation (XC)-functional and the Tamm-Dancoff approximation (TDA)'* were used
to compute the UV-Vis absorption spectra in water on top of the corresponding So equilibrium geometries.
We recently adopted this method for optimizing the lowest triplet metal-to-ligand charge transfer ((MLCT)
and ligand-based mixed triplet intraligand charge transfer (]ILCT) / ligand-to-ligand charge transfer
(®LLCT) excited states and computing the emission energies.®®> The TDA circumvents the general
underestimation of the triplet state energies from the conventional TDDFT approach,'?' as was also
observed in our earlier investigations on other oligothiophene-based Ru(ll) and Os(Il) complexes for
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which the vertical lowest triplet excited states were underestimated.?324'1% The nature of the excited
states was determined in all cases by computing the corresponding natural transition orbitals (NTOs) with
the Chemissian 4.67 software,'?? and through Gaussian output post-processing conducted with the
TheoDORE 3.1.1 program.'?®

3.4 Electrochemistry

Voltammetry was performed in dimethylformamide (DMF, Fisher HPLC grade) that had been dried and
deoxygenated with an Inert PureSolv MD7 solvent purification system, with 100 mM tetrabutylammonium
hexafluorophosphate (TBAPFs) (Fisher) as the supporting electrolyte, in a two-compartment low volume
cell with the three-electrode configuration under argon. A 3 mm glassy carbon disc was used as the
working electrode with a platinum wire counter electrode and a Ag/AgCl/4M KCI reference electrode.
Ferrocene (Fc) was used as an internal standard. The complex solutions were approximately 4 mM for
oxidation sweeps and 0.25 mM for reduction sweeps.

Measurements were conducted at room temperature using a WaveNow potentiostat (Pine Research
Company) with Aftermath software. Cyclic differential-pulse voltammetry (CDPV) measurements used a
sweep rate of 2 mV:s” with a modulation amplitude varying from 12.5 to 100 mV. For reversible
processes, the formal redox potential E°' was taken as the average of E,, (anodic peak potential) and Ejc
(cathodic peak potential). For quasi-reversible processes, only Eps or Eyc is reported.

4 RESULTS AND DISCUSSION
4.1 Synthesis and Characterization

[Ru(phen)s](Cl)2 and Ru-nT were synthesized using our previously published method for related Ru(ll)
phenanthroline-based complexes.®® The complexes were isolated as PFs~ salts and purified using flash
chromatography on silica. The PFs™ salts were then converted to their corresponding CI™ salts in
quantitative yields via anion metathesis with Amberlite IRA-410 and further purified using size-exclusion
chromatography on Sephadex LH-20. The final yields were ~60% for [Ru(phen)s](Cl)2, Ru-0T, Ru-1T,
and Ru-3T, ~40% for Ru-2T, and ~30% for Ru-4T. The complexes were characterized by 1D and 2D 'H
NMR spectroscopy (Figure 1, Figure S1-Figure S10), with assignment of signals for [Ru(phen)s](Cl). and
Ru-0T-Ru-3T made using 'H-'H COSY NMR. Ru-4T was additionally analysed by 'H-'*C HSQC and
'H-3C HMBC NMR to assign the hydrogens of the quaterthiophene unit. The assignments were
consistent with our related, previously reported compounds.?®®76 The complexes were also



characterized by high-resolution ESI+ mass spectrometry (Figure S11-Figure S16). HPLC analyses
indicated that the complexes were 295% pure by integration (Figure S17—Figure S22).
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Figure 1. Aromatic region of the 'TH NMR spectra for [Ru(phen)s](Cl)2 and Ru-nT (n=0-4) in MeOD-ds (CI- salts;
298 K). All spectra were collected at 500 MHz, except for Ru-4T, which was collected at 700 MHz.

The lipophilicities of [Ru(phen)s](Cl). and Ru-nT as their chloride salts were evaluated experimentally by
calculating their log Dow values from partitioning between 10 mM phosphate buffer solution (pH 7.4) and
1-octanol (99.9%) (Figure 2 and Table S1). A negative log Dow value indicates hydrophilicity whereas a
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positive log Dow value indicates higher lipophilicity.'** [Ru(phen)s](Cl). and Ru-nT up to n=2 were
relatively hydrophilic overall, with log Dow values becoming increasingly more positive with additional
thiophene rings. An abrupt change in aqueous solubility occurred at n=3, with Ru-3T showing a clear
preference for 1-octanol. Ru-4T also also preferred 1-octanol, but its log Dow could not be determined
due to precipitation between the two layers that left no measurable amount of compound in the aqueous
phase. Precipitation at the octanol-buffer interface was also observed for the analogous Os(ll) complex
that self-associates in PBS to form particles of up to 1-2 ym in diameter.? This is not uncommon for
Ru(ll) and Os(Il) complexes containing the IP-4T ligand.

I I I I
Ru-2T .
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o
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Figure 2. Lipophilicities of [Ru(phen)s](Cl)2 and Ru-nT (n=0-3) in 1-octanol and phosphate buffer using the shake-
flask method. The log Do value for Ru-4T was undefined due to precipitation at the octanol:phosphate buffer
interface that left no measurable amount of Ru-4T in the phosphate buffer phase.

4.2 Computation

Singlet states. Figure 3 shows the optimized singlet ground state structures of [Ru(phen);]** and Ru-nT
(n=0-4) in water at the DFT/PBEO level of theory, and the main geometric parameters are reported in
Table S2 The central Ru(ll) ion adopts an octahedral geometry with similar Ru-N bond distances across
the series, with the first thiophene ring being coplanar with the coordinated IP ligand. Each subsequent
ring introduces more conformational flexibility, with the fourth thienyl ring of Ru-4T being twisted out of
plane by approximately 18°. The nT chain length has a major impact on the frontier orbitals. Similar to
structurally related families we have reported,?*?*%% complexes with n22 have progressively higher-
energy HOMOs that give rise to a systematic reduction of the H-L gaps as the % nT contribution increases
(Figure 4 and Figure S23, Table S3. The HOMO for Ru-2T extends over both the IP and nT unit, whereas
the HOMOs are localized primarily to the nT chain for Ru-3T and Ru-4T, where the nT contribution to the
HOMO is about 46% and 61%, respectively. In contrast, the LUMOs across the series are primarily phen-
based (>95% for all complexes) and not affected significantly by nT.



b Ru-3T

Figure 3. Optimized geometries of [Ru(phen)s]?* and Ru-nT (n=0-4) in a water environment at the PBEO/6-
31+G(d,p)/SDD/ level of theory. The two phen ligands are shown in grey for the Ru IP-nT complexes for the sake
of clarity.

The computed lowest-energy, spin-allowed singlet-singlet absorption transitions shift to longer
wavelengths with increasing n (Figure 5). The NTOs are predominantly '"MLCT (Ru— phen/IP) for
[Ru(phen)s]?*, Ru-0T and Ru-1T. Their computed transitions are similar near 432—438 nm and slightly
higher in energy than the experimental bands (vide infra). The lowest energy transitions for Ru-2T, Ru-
3T, and Ru-4T are red-shifted with n, in agreement with experimental spectra. The lowest energy
absorption was computed at 455 nm and was mixed "MLCT/'LLCT character for Ru-2T. In the case of
Ru-3T and Ru-4T, the lowest energy transitions were 'ILCT/'IL/'LLCT character (mostly localized to the
IP-nT ligand) and computed at 466 nm and 488 nm, respectively. Ru-4T has twice as much 'ILCT/'IL
character compared to Ru-3T. Here, LLCT mainly refers to CT between nT and IP (but does include very
minor involvement of the phen coligands); ILCT involves CT within nT; IL is mT* localized to nT or IP.
Further details are summarized in Table S4 and Figure S24.
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Figure 4. Computed HOMO and LUMO orbital energies (solid black lines) and percent contribution of the nT chain
to the HOMO (dashed line, red filled circles) and of the phen coligands to the LUMO (dashed line, green filled
triangles), for Ru-nT (n=0-4) in the singlet ground state, at the M06/6-31+G(d,p)/SDD level of theory, in water.
Images of Ru(ll)-based HOMOs for Ru-0T and Ru-1T, the nT-based HOMOs for n=2-4, and the phen-based
LUMOs for all compounds, obtained at the same level of theory. Additional details can be found in Figure S23.

Triplet states. The optimized structures of the lowest excited triplet states (T+1) for the Ru-nT family involve
a fully planar arrangement of the nT chain that maximizes the 1-conjugation, with successive nT groups
antiplanar to one another. The geometrical parameters of the T+ states for [Ru(phen)s;]?* and Ru-nT (n=0-
4) are listed in Table S2 alongside the data for So, and the optimized T1 state structures are shown in
Figure S25. The lowest-energy triplet excited state configurations of this series are either SMLCT for
complexes without thiophenes (or only one thiophene as in the case of Ru-1T) or mixed 3ILCT/3LLCT
states for complexes with two or more thiophenes. The lowest-energy *MLCT states lie near 2.2 eV for
all complexes in the series regardless of the thiophene chain length and whether the MLCT state is T;.
The energies of the mixed 3ILCT/2LLCT states depend on n and decrease systematically in energy from
1.82 eV for Ru-2T to 1.44 eV for Ru-4T. The triplet metal-centered (3MC) and intraligand (®IL) excited
states localized to the phen/IP coligands are much higher in energy and contribute very little to the
computed NTOs for T1. The energies and configurations of the computed triplet states are presented in
Figure 6 and complied in Table 1 and Table S5. The occupied and virtual NTOs are plotted in Figure
S26.
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Figure 5. Occupied and Virtual NTOs of the computed lowest-energy singlet-singlet transitions in water (A) with the
predominant character indicated. The experimental longest wavelength absorption maxima (Aexp) are reported in
parentheses. Additional NTOs are reported in Figure S24.

Although the T triplet state undergoes a significant drop in energy with increasing n, all are still sufficiently
energetic to sensitize '0,.12%126 Mulliken spin densities (MSD) close to 1 on the Ru(ll) center further
support that T4 is predominantly *MLCT for [Ru(phen)s]?*, Ru-0T, and Ru-1T. The MSD values of 0 on
the Ru(ll) center for complexes with n22 indicate that the metal is not involved in T1. The predominant
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Table 1. Computed T+ adiabatic energies, configurations, and Mulliken spin densities (MSD) on the Ru(ll) metal
center for [Ru(phen)s]?* and Ru-nT (n = 0—4). A single configuration is listed if that character was >50%.

T4 energy (eV) Configuration MSD

[Ru(phen)s]?* 2.21 SMLCT 0.86

Ru-0T 2.18 SMLCT 0.86

Ru-1T 2.18 SMLCT 0.91
Ru-2T 1.82 SILCTALLCT 0
Ru-3T 1.57 SILCT 0
Ru-4T 1.44 3ILCT 0

character of T+ for Ru-2T is mixed 3ILCT/LLCT, where 3ILCT involves CT within the nT unit (n"T— nT)
and 3LLCT involves CT between nT and IP (nT—1P), and each contributes equally (~40%) to the transition
according to the topology analysis (Figure 6b). For Ru-3T and Ru-4T, T+ is >50% 3ILCT. The drop in T+
energy on going from n=2 to 4 is accompanied by diminishing 3LLCT character (from ~40% down to
~20%). Such behavior is in agreement with the related Ru(ll) and Os(ll) families we reported
previously,?32463 where T4 involves the IP-nT ligand for n=2—4 and is increasingly more localized to the
nT portion with increasing n. The higher-lying 3MLCT state (T2) for these complexes is similar in energy
(~2.2 eV) to those with n<2 having *MLCT states as T;.

a)

b)

e

Phen

24 1

2.0 -

A+ (eV)

Ah

MLCT

"MLCT MLCT

MLCT MLCT

JMLCT
T, Ty T T, T, T,
ILCTALLCT
TI
ALer
2.21eV 218 eV 218eV T, WET
- T,
1.82eV
I I I 1.57eV 144 oV
Sp Sy Sy Sy S Sy
[Ru{phen);]* Ru-0T Ru-1T  Ru-2T Ru-3T Ru-4T
R
£ 06
204
S
0.2
0.0-% A A A A
&
BN V5
AR
S8
&

B mMC

B MLCT

B IL (Phen)
Bwgm

O ILCT (nT)

B LLCT (nT—IP)

Figure 6. (a) Computed T+ adiabatic energies for [Ru(phen)s]>* and Ru-nT. (b) Molecular fragments (left) defined to
quantify the molecular topology of the T+ excited states and their configurations (right). The NTOs are reported in

Figure S26 and triplet excited state energies in Table S5.
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4.3 Spectroscopy

4.3.1 UV-Vis absorption and emission spectroscopy

160 T T

T T
[Ru(phen)]?*
| Ru-0T —— |
140 | Ru-1T
“ Ru-2T
Ru-3T —— |
Ru-4T ——

120
100 f |
80
60

40

Molar Ext. Coef. (x103 L mol't cm™)

20

0
200 300 400 500 600 700 800

Wavelength (nm)

Figure 7: UV-vis spectra of [Ru(phen)s]?* and the Ru-nT series as PFssalts in MeCN.

The electronic absorption spectra of the series collected on the hexafluorophosphate salts in MeCN are shown in
Figure 7, and the corresponding molar extinction coefficients are listed in Table 2. [Ru(phen)s]?* has been previously
reported, and our data are in agreement with published values.'?” The spectra can be generalized by two distinct
regions. The sharper peaks below 300 nm, with maxima around 223 and 263 nm, are similar across the series and
can be ascribed to T—1* transitions involving the phen coligands and possibly the phen portion of the IP/IP-nT
ligands that are proximal to the metal center. These peaks occur at the same energy in related complexes?? and
are not significantly affected by the length of the pendant nT chain.

Table 2: Molar Extinction Coefficients at Various Absorption Peak Maxima for the Ru-nT series.

Compound Aabs (nm) (log (¢ / M~ cm™))

[Ru(phen)s2* 444 (4.20), 263 (4.91), 221 (4.84)

Ru-0T 450 (4.46), 263 (5.17), 223 (5.09)

Ru-1T 457 (4.49), 332 (4.56), 289 (4.95), 264 (5.15), 223 (5.08)
Ru-2T 457 (4.44), 384 (4.69), 263 (5.08), 223 (4.97)

Ru-3T 460 (4.57), 413 (4.75), 263 (5.05), 222 (4.94)

Ru-4T 465 (4.75), 436 (4.84), 264 (5.03), 223 (4.93)

At wavelengths between 300 to 500 nm, the absorption spectra for [Ru(phen)s]** and Ru-0T are similar
and typical of Ru(ll) polypyridyl type complexes with Ru?*(dtr)—LL(Tr*) MLCT transitions involving phen
or phen/IP, respectively, as the T acceptor orbitals. The complexes with IP-nT ligands have additional
contributions from 'LLCT (nT—IP) transitions as well as 'ILCT (nT—nT) for Ru-2T to Ru-4T. These
isolated transitions can be seen in the absorption spectra of the analogous uncomplexed IP-nT ligands
and free oligothiophenes'?® but do experience some shifting when incorporated into the metal complexes.
Our computational studies considering the occupied and virtual NTOs of the Ru-nT complexes highlight
the predominant configurations of the computed absorption transitions occurring >400 nm and support
these ligand-based contributions. The lowest energy singlet-singlet transitions were computed to be
mixed "MLCT/'LLCT for Ru-2T and 'ILCT/'LLCT for Ru-3T and Ru-4T (Figure 5 and Figure S24, Table
S4). These computed and experimental energies were lowest for Ru-4T, as expected for the more
extended 1 system, and the 'ILCT character was almost two-fold higher (Figure 5).
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Figure 8: Normalized emission spectra of [Ru(phen)s]?* and the Ru-nT series as PFs~ salts at room temperature
(left) and at 77 K (right) in MeCN. The room temperature spectra used argon-sparged MeCN and the 77 K spectra
used a 4:1 EtOH:MeOH glass. The excitation wavelengths are noted in parentheses. Emission from Ru-4T was
weak and superimposed on scatter in the room temperature measurement (blue curves).

All of the complexes in the series exhibited red emission near 610-620 nm as a single, broad and
featureless band in argon-sparged MeCN at room temperature (Figure 8, Table 3 and S5). The number
of appended thiophene rings did not affect the emission energies, suggesting that the luminescence
originates from a common 3MLCT state with similar ligand acceptor orbitals across the series. The
computed adiabatic *MLCT energies matched the experimental room temperature SMLCT emission
energies at around 2.2 eV. For complexes lacking thienyl groups and Ru-1T, this 3MLCT state was
computed as the lowest-energy triplet state (T+). For Ru-2T to Ru-4T, the emissive *MLCT state was Ta.

The room temperature emission for [Ru(phen)s]?* was in agreement with that previously reported, 29130
with a quantum yield near 3% and lifetime of approximately 0.5 pys at room temperature. The rest of the
complexes in the series also had emission lifetimes between 0.5 and ~1 s (Table 3 and Figure S27), but
quantum vyields dropped progressively on going from Ru-0T to Ru-4T. For complexes with up to two
thiophene rings, quantum yields were still between 3 and 8.5%. However, emission from complexes with
longer thiophene chains was considerably weaker, falling to about 0.4% for Ru-3T and only 0.02% for
Ru-4T. The spectra in Figure 8 are normalized to emphasize similar 3MLCT emission energies, but the
much lower quantum yields for Ru-3T and Ru-4T are reflected in the poorer signal-to-noise ratios evident
in the spectra. The emission from Ru-4T is extremely weak and should be regarded as almost non-
emissive with an extremely high error on the quantum yield as a result.

Assignment of the emission to 3SMLCT states was corroborated by measurements at 77 K, where the
emission shifted to shorter wavelengths with increased quantum yields and exhibited vibronic character
typical of 3MLCT states (Figure 8). The vibronic intervals of around 1350 cm™ are consistent with diimine
involvement in the emissive state,’®' and did not vary significantly throughout the series. The thermally
induced Stokes shifts (AEs) of around 1100 cm™ compare well to the related model complex [Ru(bpy)s]?*
(AEs= 1127 cm™)."32 These 3MLCT emission energies were computed at around 2.0 eV, in agreement
with the experimental 77 K energies (Table 3 and Table S5).

4.3.2 Singlet oxygen sensitization

All of the complexes have triplet excited states of sufficient energy to sensitize 'O, with an energy of
approximately 0.97 eV."*® The quantum yields for 'O, formation (®x) were calculated for the PF¢~ salts in
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air-saturated MeCN calculated using the integrated 'O, emission centered near 1276 nm with
[Ru(bpy)s](PFs)2 as the standard (das=0.56) according to Equation 1."*3 The results are compiled in Table
3. The 'Oz quantum yields for Ru(phen)s?* and Ru-0T, the compounds lacking any thiophene rings, were
very similar to the reference at 53 and 56%, respectively. Generation of 'O, increased with thienyl chain
length, plateauing around 88% at n=3. For comparison, the related complexes [Ru(bpy)z(IP-nT)]?>* and
[Ru(4,4'-dmb)2(IP-nT)J?* exhibit near unity quantum yields for n=3,4 and around 75% for n=2.%

Table 3: Photophysical properties of the series, measured as (PFs)~ salts in MeCN. Excitation wavelengths are
noted in parentheses. *Too weak to accurately quantify.

RT emission 77 K emission
®y
Compound (Aex/ NM) Tra/ US
)\em. ()\ex) / nm (Dem Tem / US )\em, ()\ex) / nm q)em.77K o

[Ru(phen)®* | 602 (448) | 3.1x102 0.47 568’(2;% 672 5.5x10™" 0.53 (450) 0.40

Ru-0T 617 (455) 8.4x1072 0.70 571 ’(25% 679 5.6x10"" 0.56 (456) 0.85
) . 573, 621, 678 » 0.18, 0.79 (410, 460)

Ru-1T 606 (458) 5.7x10 0.73 (450} 4.4x10 0.62 (461) 0.16 (510}
Ru-2T 612 (467) 3.0x10°2 1.1 576'(%2') 692 3.2x10°2 0.73 (462) 148
Ru-3T 614 (468) | 3.5%107 0.97 573'(%23 685 1.7%10°2 0.88 (457) 34-36
Ru-4T 614 (463) *1.6x107* 0.85 57(2;5%19 8.6x10™ 0.87 (462) 25

4.3.3 Transient Absorption

Nanosecond transient absorption (TA) spectroscopy was used to examine the triplet excited states.
Differential excited state absorption (ESA) spectra were measured in degassed MeCN following
excitation with a 355 nm laser with a 5-ns pulse width, with correction for luminescence. Selected time
slices are shown in Figure 9 and the full set of TA spectra are compiled in Figure S28. Transient lifetimes
were measured at ESA maxima or bleach minima and are compiled in Table 3. The corresponding time-
resolved spectra and fits are shown in Figure S29.

The TA profiles of [Ru(phen)s]?* and Ru-0T are typical of what might be expected of the *MLCT state for
a Ru(ll) polypyridyl complex, with a bleach in the 400 to 500 nm region arising from loss of the strong
"MLCT « 'A; ground state absorption. Part of the ESA due to the ligand phen™ transitions can be seen
at shorter wavelengths, and the extremely weak and broad absorption at longer wavelengths due to
phen~ or LMCT transitions involving Ru(ll) is also observed. Their TA lifetimes matched their emissive
lifetimes and lacked any involvement of the higher-lying ligand-based triplet excited states.
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Figure 9: Transient absorption (TA) spectra of [Ru(phen)s]?* and the Ru-nT series in deoxygenated MeCN
integrated over the indicated time slice following the excitation pulse. AO.D.=0 is indicated by a dotted line. Data
for the complexes with nanosecond lifetimes are shown on the left, and those with microsecond lifetimes are shown
on the right.

The transient profile of Ru-1T is more complex. A strong ground state bleach appears near 350 nm
alongside a strong ESA near 410 nm that overlaps the weaker "MLCT « 'As ground state bleach in the
400 to 500 nm region and another ESA beyond 475 nm (Figure 9 and Figure S28). The ESA at longer
wavelengths is more intense than that for [Ru(phen)s]?* or Ru-0T but not nearly as strong as typical 3ILCT
states involving two or more thiophenes. The kinetics measured at 410 and 460 nm both exhibited a fast
decay (0.2 us) of the ESA component and a slower decay (0.8 us) of a bleach component. The slower
decay was in good agreement with the 3SMLCT decay from the emission experiment, and the TA spectrum
collected at 0.5-1.0 us after the laser pulse exhibits the typical MLCT signature (Figure S30). The ESA
at longer wavelengths (e.g., 610 nm) decayed with a single time constant of 0.2 pys. The strong overlap
between the IP-1T ligand-localized absorption and the excitation laser pulse (355 nm) may give rise to
the short decay associated with the broad ESA.

Ru-2T has the longest triplet lifetime of the family, and its TA spectrum is dominated by IP-2T ligand-
localized transitions. An intense ESA, with an onset near 450 nm and characteristic signature of the
oligothiophene-based 3ILCT state, obscured the "MLCT ground state bleach in the 400-500 nm region.
The intense bleach in the region under 400 nm, with a minimum near 380 nm, involves the loss of the
'IL/'ILCT ground state absorption. The decay kinetics in both the bleach and ESA regions are
monoexponential with a lifetime of 148 ps.

The TA spectra of Ru-3T and Ru-4T are also dominated by the oligothiophene-based 3ILCT triplets. Ru-
3T exhibited a bleach around 410 nm and a strong ESA near 625 nm, while Ru-4T produced these
corresponding transients at slightly longer wavelengths. The bleach for Ru-4T has its minimum around
440 nm, and the ESA is centered around 675 nm. Both the bleach and the ESA for both compounds
decayed monoexponentially with a lifetime of 36 us for Ru-3T and 25 us for Ru-4T. The 3ILCT state that
was observed by TA and the emitting *MLCT state were decoupled as observed in the case of Ru-2T,
suggesting that the 3ILCT state is the lowest-energy triplet for n=2—4. Indeed, the computational studies
estimate T4 as predominantly *ILCT/3LLCT for Ru-2T and °ILCT for Ru-3T and Ru-4T (Table 1). The
systematic decrease in the 3ILCT state lifetime on going from Ru-2T to Ru-4T, with Tra dropping from 148
to 36 to 25 ps, is consistent with the shortening of triplet lifetimes in free oligothiophenes owing to the
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decrease in the T+—S, energy gap with increasing number of thiophenes.'?® The absence of SMLCT
contributions to the decays is consistent with the extremely weak *MLCT emission quantum yields that
suggest the 3ILCT state dominates the relaxation dynamics on the nanosecond to microsecond
timescales.

4.3.4 Triplet Energies and Excited State Pathways

The energies of the oligothiophene-based 3ILCT states cannot be obtained directly because these states
are non-emissive, nor can they be estimated from the corresponding free IP-nT ligands and nT units
because they also do not emit. However, the 3ILCT energies can be estimated based on the shortening
of their TA lifetimes in the presence of suitable excited state quenchers, in accordance with the modified
Stern-Volmer relationship presented in Equation S 2. The complexes were excited at 532 nm to avoid
directly exciting the quencher. The appearance of a new long-lived signal in the ESA spectra of the
mixtures confirmed that the triplet state of the quencher had indeed formed via energy transfer from the
excited complex.

The rate constants (kg) for triplet-triplet energy transfer between selected organic sensitizers of known
3 energies®” 13 (E7) and the excited complexes are compiled in Table 4. Values for k; were determined
by examining the TA lifetimes of the complexes (measured at 620 nm and at 660 nm for Ru-3T and Ru-
4T, respectively) as a function of quencher concentration. The values for k, were largest when the 3mrm*
acceptor energy was near 1.53 eV. Therefore, the ILCT energies were estimated to lie near 1.5 eV
above the ground state. These values are in good agreement with the computed 3ILCT energies of 1.57
for Ru-3T and 1.44 eV for Ru-4T.

Table 4: Stern-Volmer triplet-triplet energy transfer rate constants for Ru-3T and Ru-4T in the presence of
quenchers with known 3mrm* energies (Er). n.d.=not determined.

Quencher Er(eV) Ru-3T kg (M) Ru-4T k, (M's™)
tetracene 1.27 9.4 x 108 n.d.
perylene 1.53 5.2 x10° 3.7x10°
diBr-anthracene 1.74 2.9 x 10° 6.2 x 108
phenazine 1.93 1.2 x 108 3.1 x 108
pyrene 2.10 2.3 x 107 n.d.
fluorene 2.92 0 n.d.

From the spectroscopic data combined with computational studies and Stern-Volmer quenching
experiments, Jablonski diagrams modelling the excited state pathways for the two complexes with
predominant 3ILCT states are shown in Scheme 1. Excitation of Ru-3T and Ru-4T with visible light
produces singlet excited states of mixed "MLCT, 'LLCT, or 'ILCT configurations, where the computed
singlet-singlet transitions have higher 'ILCT character for the longest wavelength absorption bands
(Table S3). For example, Ru-3T has 58% 3ILCT character for its 466 nm transition and Ru-4T has 77%
for its 488 nm transition. These initially formed excited states ultimately relax to their lower-lying triplets
of 3SMLCT (T2) or 3ILCT (T4) configuration where T4 has a small amount of 3LLCT mixing (27% for Ru-3T
and 19% for Ru-4T). The *MLCT emission is weak, and the excited state dynamics of Ru-3T and Ru-4T
on the nanosecond to microsecond timescales in the TA experiments are dominated by lowest-lying
3ILCT states with longer lifetimes (25—40 us). These dynamics are similar to those we have encountered
previously in other oligothienyl-containing complexes.?3:24:9.135-13% \Whijle both SMLCT and 3ILCT states
can generate 10, it is expected that the 3ILCT states with their longer lifetimes may play the larger role
in ROS production. Because oligothiophenes are known to be redox active, these states may also be
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deactivated via electron transfer pathways in the presence of suitable electron donors or acceptors. The
electrochemical properties of Ru-3T and Ru-4T along with the rest of the series were investigated to gain
a better understanding of these characteristics.
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Scheme 1: Jablonksi diagram depicting the excited state pathways of Ru-3T and Ru-4T. Energies are not to scale
and 'LLCT contribution to initially formed excited states not shown.

4.4 Electrochemistry
4.4.1 Oxidation of [Ru(phen)2(IP-nT)](PFe)2 complexes

Representative cyclic differential pulse voltammetry (CDPV) traces for oxidation of the complexes
measured relative to Ag/AgCI (4M KCI) are presented in Figure S31, and the formal redox potentials are
listed in Table 5 relative to ferrocene as the internal standard. The trends are compared in Figure 10. As
is typical of Ru(ll) polypyridyl complexes, a single reversible wave appears due to the Ru?*/ Ru®* process,
occurring near +820 to +880 mV vs. ferrocene in all the complexes. The potential for the Ru?*/ Ru®*
couple is largely unaffected by the length of the thienyl chain. For compounds Ru-1T through Ru-4T, a
second, quasi-reversible wave appears, due to the oxidation of the thiophene chain. For two thienyl
groups and longer, nT is more easily oxidized than the Ru(ll) center. In contrast, the thiophene oxidation
is less favorable than the metal oxidation by about 100 mV for Ru-1T. The change with each successive
thiophene group is most pronounced on going from one to two thiophenes, with a difference of about 180
mV. Thereafter, the changes are around 80 to 90 mV. The difference in the nT oxidation potentials of Ru-
4T versus Ru-1T is about 350 mV. This trend is consistent with the behaviour of free oligothiophenes,
with oxidation occurring more readily for longer nT."4°

4.4.2 Reduction of [Ru(phen)2(IP-nT)](PFs)2 complexes

The electrochemistry of Ru(ll) polypyridyl complexes of this type is generally typified by three reversible
reduction waves as one electron is added to each ligand in succession.'® The reduction of [Ru(phen)s]**
is known to be complicated by adsorption on the electrode,'! but we found this problem could be
mitigated using DMF as the solvent and a lower concentration (0.25 mM) on the reduction sweep.
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Figure 10: Formal redox potentials (vs the ferrocene internal reference) and proposed assignments of the
(a) oxidation and (b) reduction processes, as measured by CDPV in DMF containing TBAPFes.

The cyclic voltammograms are shown in Figure S32 and the formal potentials are tabulated in Table 5
and compared graphically in Figure 10. The first two reduction waves for the Ru-nT series shift to slightly
more negative potentials compared to the model compound [Ru(phen)s]?*. In contrast, the potential of
third reduction changes more dramatically, shifting negative by around 250 mV, when phen is replaced
by IP but is also largely unaffected by n. This indicates that the first two reductions involve the phen
ligands, and the third reduction involves the IP-nT ligand.

The potential of the third reduction of the Ru-nT complexes does not change much, becoming more
positive by only around 40 mV on going from Ru-0T to Ru-3T. This suggests that the reduction is
localized to the IP portion of the IP-nT ligand and is influenced only slightly by the number of thiophenes.
A fourth reduction appears only in the case of Ru-3T and Ru-4T. This fourth reduction potential shifts
positive by 240 mV on going from Ru-3T to Ru-4T, in agreement with smaller HOMO-LUMO gaps
associated with increasing TT-conjugation in oligothiophenes.'*? Although Ru-3T is the first complex in the
series where the oligothiophene unit can be reduced in the measurable potential window, 3T remains
harder to reduce than IP. Ru-4T shows a marked departure and represents the first point at which the
oligothiophene unit is reduced more readily than IP (Figure 10b).

Table 5. Formal redox potentials measured by CDPV in DMF containing 0.1 M TBAPFs, referenced in volts against
ferrocene as the internal standard. The concentration of the complexes was 4 mM for the oxidation and 0.25 mM
for the reduction scans. The working and reference electrodes were glassy carbon and Ag/AgCl/4M KCI,
respectively. Overlapping waves were deconvoluted mathematically. The error on these measurements is £0.02 V.

Compound E% (%) E%4(3) E%4(2) E%,(1) ES,(1) ES.(2)
[Ru(phen)s]?* -2.22 -1.92 -1.78 +0.83
Ru-0T -2.46 -2.00 -1.81 +0.83
Ru-1T -2.45 -1.99 -1.81 +0.82 +0.92bc
Ru-2T -2.45 -1.99 -1.81 +0.74bc +0.88
Ru-3T -2.532 -2.44 -1.99 -1.81 +0.65v0¢c +0.87
Ru-4T -2.47 -2.302 -1.99 -1.81 +0.57bc +0.87

areduction of oligothiophene unit. bquasi-reversible. coxidation of oligothiophene unit.
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4.4.3 Excited state redox potentials

The excited state redox potentials of Ru(ll) polypyridyl complexes have been approximated from the
ground state oxidation and reduction potentials and Eg, the energy difference between the thermally
equilibrated excited state and the ground state zeroth vibrational level.'*® These earlier studies use the
77 K emission to estimate Ego. In the present series, the capacities of the oligothiophene units of Ru-3T
and Ru-4T to also be oxidized and reduced in the ground state prompted us to estimate the redox power
of the 3ILCT state in addition to the SMLCT state (Table 6). Since the long-lived ILCT state is non-
emissive in this series, its computed energy from Table S5 was used. The Ey of the *MLCT is taken from
the most intense emission peak energy as measured in a 4:1 ethanol:methanol glass at 77 K. The
potentials for oxidation (Equation 1) and reduction (Equation 2) of the excited states were estimated from
simple thermodynamic considerations, where *PS* denotes the *MLCT or longer-lived 3ILCT state.129143

ECGPS* « PST +e7) = E(PS « PS* +e7) — Eqy Equation 1
ECGPS*+e~ »PST) =E(PS+e~ - PS7) + Ey Equation 2

The ground state redox potentials related to the 3MLCT state correspond to the Ru3*?* oxidation and the
first phen®- reduction voltametric waves and are similar throughout the series. This is consistent with an
SMLCT excited state that involves ligands proximal to the Ru(Il) center and thus largely unaffected by the
presence and number of thiophenes. For all compounds, the Ru®"/?* oxidation potentials in the excited
state were near —1.29 V and the first phen®- reduction potentials in the excited state were around 0.35 V.

Since the 3ILCT state involves the nT unit,?3%3 the waves corresponding to oligothiophene oxidation and
reduction were used to estimate E*x and E*w.q, respectively. E*.q was also estimated using the IP
reduction since T4 has a small amount of 3LLCT character. These values were estimated for Ru-3T and
Ru-4T, the only two compounds in the series that showed both oxidations and reductions involving the
IP-nT ligand and for which T1 was predominantly ILCT.

Although the nT unit is more easily oxidized compared to the Ru(ll) center in the ground state (Figure
10), the Ru(ll) center is the better reducing species in the 3MLCT excited state (—1.29 V versus —0.92 for
Ru-3T and -0.87 for Ru-4T). The reason for this difference is due to the higher energy stored in the
SMLCT state compared to the 3ILCT states (2.16 eV versus 1.57 for Ru-3T and 1.44 for Ru-4T) that
offsets the differences in reducing power of the ground states. The phen ligand is the most easily reduced
ligand in both the ground and the excited states, resulting in the *MLCT state being much more oxidizing
than the ILCT state (0.35 V versus —0.96 for Ru-3T or —0.86 for Ru-4T). Nevertheless, any excited state
redox processes contributing to photocytotoxicity could involve the 3ILCT state given that it may be
formed in much higher yield and with a lifetime that is 30 to 40% longer.

Table 6: Excited state redox potentials for the SMLCT and 3ILCT states of Ru-3T and Ru-4T, vs. ferrocene in DMF.
E*wd for the SILCT state was estimated two ways: using E%ed involving nT or IP. The latter number is in parentheses.

SMLCT SILCT
Complex Eoo E ox E red Eoo E ox E red
(eV) | (Vvs.CpzFe) | (Vvs.CpaFe) | (eV) | (Vvs.Cp2Fe) | (Vvs. CpzoFe)
Ru-3T 2.16 -1.29 0.35 1.57 -0.92 —0.96 (-0.87)
Ru-4T 2.16 -1.29 0.35 1.44 -0.87 —0.86 (-1.03)
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4.5 Photobiological activity
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Figure 11: Summary of in vitro cytotoxicity and photocytotoxicity reported as log (ECso + SEM) values (a) and PI
values (b) obtained from dose-response curves in the SK-MEL-28 melanoma cell line with [Ru(phen)s](Cl)2 and Ru-
0T-Ru-4T. Treatments included dark (0 J cm™2; black circles) and 100 J cm~2 doses of 633 nm (red triangles), 523
nm (green inverted triangles), and visible (400-700 nm) light (blue squares) light. The irradiance was approximately
20 mW cm'. Hypoxic (1% Oz2) results are shown with open symbols, and normoxic (~18.5% Oz2) data are shown
with closed symbols.

The complexes in this series were evaluated for their dark and light-triggered cytotoxicities against human
skin melanoma cells (SK-MEL-28) cultured as 2D monolayers under normoxic (~18.5% O2) and hypoxic
(~1% O2) conditions (Figure 11). Details can be found in our previously published procedures®® and also
in the SI. Stock solutions of [Ru(phen)s](Cl). and Ru-0T-Ru-3T were prepared at 5 mM in water
containing 10% DMSO with solubilization first in DMSO followed by addition of water. Ru-4T was
prepared in 100% DMSO.

4.5.1 Normoxia.

Briefly, melanoma cells growing in log phase were seeded into two sets of 384-well plates: one set for
cytotoxicity (dark plates) and one set for photocytotoxicity (light plates) evaluation. Cells were allowed to
adhere to the wells at 37 °C over a period of 3-5 hours and then treated with varying concentrations of
PS (1 nM to 300 uM for all compounds, 1 aM to 300 uM for Ru-4T) serially diluted in DPBS. Following a
13-20 h drug-to-light-interval (DLI), the light plates were irradiated while the dark plates were kept in the
incubator. The light treatment used LEDs emitting broadband visible (400-700 nm, 21 mW cm?) or
narrower green (523 nm, 18 mW cm) or red (633 nm, 18 mW cm) light with a fluence of 100 J cm™.
The spectral outputs of the light sources are given in Figure S33. Both dark and light-treated plates were
then incubated at 37 °C for an additional 24 h before assessing cell viability with a resazurin-based assay.
The effective concentrations to reduce cell viability by 50% (ECso values) were calculated from sigmoidal
fits of the dose-response curves for the dark and light-treated conditions based on three technical
replicates. The phototherapeutic indices (Pls), representing light-triggered amplification of cytotoxic
effects, were tabulated as ratios of the dark to light ECso values.

The complexes of this series were relatively nontoxic to SK-MEL-28 cells in the absence of a light trigger
(Figure 11a, Table S6). Only Ru-3T and Ru-4T had dark ECso values <100 pM, which were still
considered nontoxic (66.4 and 84.0 uM, respectively). [Ru(phen)s](Cl). and Ru-0T had dark ECso values
that were beyond the highest concentration tested in the assay and were tabulated as >300 pM. As a
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consequence, their Pl values are undefined but reported as a lower limit using 300 uM as the dark
cytotoxicity.

Broad-band visible light produced photocytotoxicity from all compounds in the series (Figure 11, Table
S6). Systematic m-expansion from phen to IP-nT (n=1-4 thienyl groups) resulted in progressively higher
potency using visible light, spanning four orders of magnitude. The visible light ECso values in normoxic
conditions ranged from 22 pyM (P1>10) for the least active reference compound [Ru(phen);](ClI). to as low
as 740 pM (PI>10%) for the most active compound Ru-4T. Replacing a phen ligand with IP (Ru-0T)
increased the photocytotoxicity 3-fold (EC50=6.8 uM, P1>40). Appending one (Ru-1T) or two (Ru-2T)
thienyl groups to IP improved the potency another 10-fold, shifting the ECs values into sub-micromolar
regime near 0.6 uM with Pls on order of 200. Another 10-fold enhancement in photocytotoxicity was
accomplished on going to three thiophene rings (Ru-3T; EC50=0.057 uM, PI~103%), but the greatest
change occurred with four thiophenes (Ru-4T; EC5,=740 pM, PI1>10°).
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Figure 12. Dose-response (xSD) of Ru-4T in (a) normoxic ~18.5% Oz or (b) hypoxic 1% O:-treated SK-MEL-28
melanoma cells. Treatments included dark (0 J cm™2; black circles) and 100 J cm=2 doses of 633 nm (red triangles),
523 nm (green inverted triangles), and visible (400-700 nm, blue squares) light.

All compounds were inactive with red light, with the exception that Ru-3T (ECs0=16.3 pM; PI=5) and Ru-
4T (ECs50=16.3 uM; PI=5) exhibited marginal responses. This is in line with what would be expected for
compounds having little absorption of red light.®® [Ru(phen)s](Cl). and Ru-0T were also inactive with
green light. Therefore, the observed effects with broadband visible light were likely generated
preferentially by the shorter wavelengths, which is further supported by the attenuated ECso values and
corresponding Pls for the thienyl-containing complexes with green light. The only exception was Ru-2T
which maintained its ECso value near 0.5 uM and Pl of ~200 with green light. The PlIs for both Ru-1T and
Ru-3T were reduced ten-fold (PI=23 and 270, respectively), while that for Ru-4T was reduced by several
orders of magnitude (PI=~103). The photocytotoxic responses elicited by Ru-4T toward SK-MEL-28 cells
under both oxygen conditions with the different light parameters are compared in Figure 12.

4.5.2 Hypoxia.

The hypoxia assays were carried out as described for normoxia except that the dark and light plates with
adhered cells were moved to a hypoxia chamber (1% O3) for 2—3 h before compound addition. At the end
of the DLI in hypoxia, dissolved oxygen was measured using an immersive optical probe to confirm
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hypoxic condition before sealing the light plates with highly transparent, low gas permeable gPCR film.
The light plates were illuminated outside of the hypoxia chamber alongside the normoxic plates. The films
were then removed, and all plates were incubated under normoxia (37°C, 5% CO2, 290% RH) for 20-23
h before cell viability determination.

As observed for the normoxic condition, the compounds were nontoxic to cells in the dark and with red
light under hypoxia (Figure 11, Table S6). [Ru(phen)s:](Cl). and Ru-0T-Ru-3T lost all of their
photocytotoxicity with visible and green light in hypoxia, while Ru-4T gave modest activity with a visible
ECso values of approximately 1-2 yM and Pls on the order of 40—60. This marked reduction in activity for
Ru-4T and inactivity for the rest of the series suggests that the largest contributor to the normoxic
photocytotoxicity for this family likely involves oxygen-dependent photophysical pathways.

4.5.3 Biological replicates.

The data shown in Figure 11 and Table S6 represent our initial results and are the average of technical
replicates performed in triplicate on cells of the same batch and identical passage number and have low
standard deviation as a result. Biological replicates will have more variation, and thus we validated our
results for Ru-3T and Ru-4T over seven biological replicates run in triplicate (Figure 13 and Table S7—-
Table S10. Repeat 0 is the data from Figure 11 and Table S6 that was discussed above. Repeats 1-6
represent biological replicates with variations as described previously.5

Both Ru-3T and Ru-4T were completely nontoxic over all biological replicates, with mean ECs, values
just under 100 uM in both normoxia and hypoxia and standard error of the mean (SEM) being within £25
MM for Ru-3T and £10 uM Ru-4T. The visible ECso values for Ru-3T in normoxia ranged from about 60
to 80 nM with a mean of 64 nM; the corresponding visible Pls ranged from 1200 to 2500 with a mean of
1600. The ECso value for Ru-4T under the same conditions exhibited a much larger variance, ranging
from 40 fM to about 8.6 nM with a mean of 2.2 nM. Nevertheless, five of the seven replicates were within
an order of magnitude of each other. Three were between 0.64 and 0.80 nM and two were around 4.8 to
8.6 nM, giving rise to Pls on the order of 10* to 10°. Only two of the seven biological replicates for Ru-4T
were well outside of this range at 40 and 320 fM with unusually large Pls of 108-10°. Of note, only the
most potent IP-4T complexes under the most potent light condition (visible) in the normoxic condition
produce more than several orders of magnitude variation in photocytotoxicity between biological
replicates, with ECso values extending into the ubertoxin range (fM and lower) with visible light.®® In the
case of the related analog ML19CO01, [Ru(2,9-dmp)2(IP-4T)](Cl)., four of six biological replicates fell in
this range and produced Pls as large as 10'2. To date, this behavior has only been observed for certain
IP-4T complexes of Ru(ll) and (to a lesser degree) of Os(ll). Herein, Ru-4T adds one more example that
may help us better understand this phenomenon in the future.
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Figure 13. Interassay performance (+ log(SEM)) of Ru-3T (top, a + b) and Ru-4T (bottom, ¢ + d) in normoxic (filled
symbols, solid lines, ~18.5% O2) and hypoxic (open symbols, dashed lines, 1% O2) SK-MEL-28 melanoma cells.
Treatments included dark (no light; black circles) and 100 J cm? treatments at ~20 mW cm2 of visible (400-700
nm) light (blue square), 523 nm (green inverted triangle) and 633 nm (red triangle). SEM = standard error of the
mean.

With green light in normoxia, there was little variance in the activity of Ru-3T. The green ECso values
varied from 0.16 to 0.64 uM and Pls from 140 to 570, with the mean being 0.30 uM and 370. For Ru-4T,
five of seven replicates gave green ECso values between 30 and 80 nM (Pls ranged from 1100 to 3300).
The remaining two were between 0.15 and 0.26 pM (Pls ranged from 360 to 720). On average Ru-4T
was more active than Ru-3T but by only about five-fold.

With red light normoxia, Ru-3T was inactive in four of seven replicates and only moderately active in the
remaining three with red ECso values around 3 to 4 uM and Pls around 30 to 40. Ru-4T was moderately
better, with red ECso values of 1 to 2 uM (Pls 64 to 77) in three of the seven replicates but 10 to 50 yM
(Pls 2 to 11) in the remainder.

Despite losing all activity in hypoxia in the initial evaluation, Ru-3T was phototoxic with visible and green
light in five of the seven biological replicates under hypoxia. Three of the replicates gave ECso values
near 1 uM and two were between 0.22 and 0.45 uM. The resulting Pls ranged from about 70 to 500.
Overall, the activity of Ru-3T was reduced by five to fifteen-fold in hypoxia with visible light but only about
two-fold for green light (because there was a larger difference in the visible and green ECso values in
normoxia). There was no significant activity for Ru-3T with red light over seven biological replicates.

Ru-4T was also generally much more active with visible light in hypoxia than the initial evaluation showing
single-digit uM photocytotoxicity. Three of the replicates produced ECso values between 32 and 70 nM,
while two were near 0.25-0.30 yM. The corresponding Pls were between about 290 and 3000. ECs
values in the two remaining replicates were 2.1 to 6.4 yM (Pls 15 and 42). The large variance in
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photocytotoxicity for Ru-4T in normoxia was reduced to only a few orders of magnitude in hypoxia,
making the attenuation in activity on going from normoxia to hypoxia much more pronounced for Ru-4T
compared to Ru-3T. Nevertheless, Ru-4T was slightly more potent on average than Ru-3T in hypoxia.

With green light, the difference between ECso values in normoxia and hypoxia for Ru-4T was much less.
In five of the seven hypoxic replicates, the green ECs values were between 0.20 and 0.81 uM (Pls 110
to 480) compared to the mean ECsp value of about 0.10 yM in normoxia (mean PI 1600). With red light,
Ru-4T was inactive in four of seven replicates and only marginally active in the rest with ECso values
between 4 and 20 uM (Pls between 4 and 20). Again, Ru-4T was only slightly more potent on average
than Ru-3T.

To summarize, Ru-4T is superior to Ru-3T over the seven biological replicates when activated with visible
light in normoxia. The light ECso values and corresponding Pls for both compounds are attenuated on
going from visible to green to red light, suggesting that the observed effects with broadband visible light
are generated primarily by the shorter, bluer wavelengths. The light ECso values and Pls are also
attenuated on going from normoxia to 1% hypoxia, with the greatest differences observed with visible
light as the most potent condition. For both compounds, the visible light-triggered activity in hypoxia was
similar to that with green light in normoxia, and the differences between green light activity in normoxia
and hypoxia were relatively small. The compounds were relatively inactive with red light, although Ru-4T
did show modest activity in normoxia presumably due to some low probability of directly populating the
lowest-lying but spin-forbidden triplet state. Of note, Ru-4T marks another example that follows our
recently published ML19C01, with evidence of phototoxic effects at concentrations on the order of fM in
several of the biological replicates.

5 CONCLUSIONS

The complexes of this family were designed to vary the number of thienyl groups nT attached to the IP
ligand in a family of Ru(ll) polypyridyl complexes based on 1,10-phenanthroline as the coligand. The
motivation is part of a larger initiative to correlate structural variations with photobiological activities
across different coordination complex families where we are considering: metal ion, coligands, thienyl-
appended ligands, thienyl groups and number of thiophenes, counter ions, ionizable groups and
protonation states, and coordination number and geometry. Within the phen family of IP-nT complexes,
the extension of the thiophene chain systematically increased the lipophilicity and shifted the
(oligo)thienyl-localized TrT* transitions to lower energy. The electrochemical properties of the complexes
were similar and reminiscent of Ru(ll) polypyridyl complexes in general with regard to metal oxidation
and ligand reduction. However, complexes with at least one thiophene or more exhibited an additional
oxidation, involving the thienyl group(s), that occurred more readily than metal oxidation and with
increasing n. Ru-3T and Ru-4T could also be reduced on the thienyl chain, which was the 4™ reduction
for Ru-3T but 3" for Ru-4T.

The MLCT states for the complexes were similar in energy, with 3MLCT emission in agreement with
typical Ru(ll) polypyridyl complexes but quantum yields dropping by one to two orders of magnitude for
Ru-3T and Ru-4T, respectively. The reduced phosphorescence was accompanied by an increase in the
'0, quantum yields and access to ®ILCT states with prolonged lifetimes. The 3ILCT state was the lowest-
lying triplet for Ru-2T to Ru-4T and decoupled from the 3MLCT states. T+ was computed to be of mixed
3ILCTALLCT character for Ru-2T, whereas T1 was predominantly *ILCT (>50%) for Ru-3T and Ru-4T.
The % contribution of 3LLCT to T decreased with increasing n, with 65% 3ILCT and <20% 3LLCT
character for Ru-4T. The triplet lifetime of Ru-2T was the longest at 148 ps and decreased with additional
thiophenes as would be expected for a radiationless process governed by the energy gap law.
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The 'O, quantum yields were highest for Ru-3T and Ru-4T at about 88%.

The high ROS production for the complexes with extended thiophene chains resulted in potent
phototoxicity in vitro. With visible light activation, Ru-3T consistently yielded ECso values between 10 and
100 nM and Pls greater than 103. Despite having a slightly lower 'O, quantum vyield and shorter 3ILCT
lifetime, Ru-4T was considerably more potent under the same conditions. On average its light ECs values
were sub-nanomolar with Pls in the 10* to 10° range, but the higher variability in activity led to some
measurements in the femtomolar regime and Pls as large as 10°. This activity was attenuated with longer
wavelengths of light and in 1% hypoxia, but notably Ru-4T gave reliable sub-micromolar activity in
hypoxia with Pl values as high as 3,000. The trends for the most potent compounds Ru-3T and Ru-4T
were verified over seven biological replicates performed in triplicate. The fact that Ru-3T could be
generally classified as a hypoxia-active photosensitizer underscores the importance of biological
replicates as this activity was missed in the initial assessment.

From these studies, a lowest-lying 3ILCT state appears to be key to potent phototoxicity and activity in
hypoxia. While the prolonged excited state lifetime of the nT-localized triplet is important, its precise
magnitude and 'O, quantum yield are not sole determinants of potency since (i) Ru-2T has the longest
lifetime but is not the most phototoxic, and (ii) Ru-3T and Ru-4T have similar 'O, yields but Ru-4T is
superior (Figure S34). Alternate pathways could involve other ROS and oxygen-independent electron
transfer processes. Although the 3MLCT states were estimated to be more highly oxidizing and reducing
compared to the lowest-lying 3ILCT states, any excited state redox processes contributing to phototoxicity
could involve the 3ILCT state given that it is the lowest energy triplet with a lifetime that is 30 to 40x longer
and the nT group is redox active. In addition, higher-lying and conformationally distinct 3ILCT states
cannot be excluded and have been implicated in the picosecond dynamics of similar families.'#*

Our study focused on the photophysical drivers of activity and did not consider biological factors such as
cellular uptake and localization, subcellular targets, and cell death pathways that may affect cytotoxicity
and potentiate phototoxicity. Future studies are aimed at reconciling both photophysical and biological
characteristics to explain the unusual potency of certain oligothienyl-based PSs and building structure-
activity relationship (SAR) databases for light-responsive transition metal complexes.
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