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Abstract. A series of 22 Ru(Il) complexes of the type [Ru(tpy)(L)(L’)]™*, where tpy is the
tridentate ligand 2,2°;6,2”-terpyridine, L represents bidentate ligands with varying electron
donating ability, and L’ is acetonitrile (1a — 11a) or pyridine (1b — 11b), were investigated. The
dissociation of acetonitrile occurs from the *MLCT state in 1a — 11a, such that it does not require
the population of a 3LF state. Electrochemistry and spectroscopic data demonstrate that the ground
states of these series do not differ significantly. Franck-Condon line-shape analysis of 77 K
emission data shows no significant differences between the emitting "MLCT states in both series.
Arrhenius analysis of the temperature dependence of MLCT lifetimes shows that the energy
barrier (E,) to thermally populating a *LF state from a lower energy MLCT state is significantly
higher in the pyridine than the CH3CN series, consistent with the photostability of complexes 1b
— 11b which do not undergo pyridine photodissociation under our experimental conditions.
Importantly, these results demonstrate that ligand photodissociation of pyridine in 1b — 11b does
not take place directly from the MLCT state, as is the case for 1a — 11a. These findings have
potential impact on the rational design of complexes for a number of applications, including

photochemotherapy, dye-sensitized solar cells, and photocatalysis.
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Introduction.

Ruthenium(II) polypyridyl complexes have been investigated for applications in areas that
include photochemotherapy (PCT), photodynamic therapy (PDT), photocatalysis, dye-sensitized
solar cells, and sensing, among many others.!® These complexes possess strong electronic
absorption in the visible region, long-lived excited states, and highly tunable properties through
the synthetic modification of the ligands, which provide them with valuable versatility. The
absorption of light by Ru(II) polypyridyl complexes results in the population of a singlet metal-to-
ligand charge transfer ('"MLCT) excited state that undergoes rapid (<50 fs) intersystem crossing to
the corresponding *MLCT state.”®* The unimolecular decay from the SMLCT excited state occurs
through a number of competing pathways, including nonradiative and radiative decay directly to
the singlet ground state, 'GS, with rate constants kyr and ki, respectively. The deactivation of
SMLCT states in Ru(II) complexes may also take place through the dissociation of a ligand to
generate a photoproduct and/or the thermal population of a triplet ligand field (°LF) state, which
typically exhibits efficient thermal deactivation to the 'GS.”"!3 Understanding the molecular
properties that influence these various relaxation pathways and the rates of excited state
deactivation in Ru(II) complexes is critical for the rational design of new systems to improve their
particular function in each application.

The decay of an excited state back to the ground state, excluding deactivation through
bond-breaking, is characterized by small displacements in bond lengths and angles, as well as
reorganization of solvent molecules around the excited complex in the solution phase. These
structural changes result in differences in equilibrium geometries between the ground and excited
states. This nuclear displacement affects the Franck-Condon overlap of excited and ground states
and impacts the rate of excited state decay. The MLCT excited state lifetime is also affected by
the energy difference between the excited and ground state, Egpg, because knr increases as Ego

14-16 This effect is exemplified by two homoleptic

decreases, as dictated by the energy gap law.
Ru(Il) complexes bearing the tridentate ligand 2,6-di(quinolin-8-yl)pyridine (dqp) with a

substituent, R, at the 4-position of the central pyridine ring.!” When R = —CO,Et, the energy of the



SMLCT emissive state is 1.88 eV with a lifetime, 1, of 11.2 us at 80 K, while the complex with R
= —NH>, [Ru(dgpNH),]*>*, was measured to have Eop = 1.71 €V and © = 2.7 ps under similar
conditions. The shorter lifetime measured for [Ru(dqpNH2),]*" is consistent with the energy gap
law. Excited state photophysics governed by the energy gap law are important to consider when
designing transition metal complexes because it can place limitations on photoreactivity. For
example, low-energy absorption is desirable in ruthenium(II) complexes intended for PDT
applications, such that Ey is relatively low. In addition, bimolecular energy transfer to produce
cytotoxic 'O, following visible light excitation is required. The lower energy triplet excited state
results in shorter lifetimes, reducing the efficiency for 'O, production, which can make some
complexes less desirable for PDT.!#20

Ruthenium(Il) complexes that undergo photoinduced ligand exchange for
photochemotherapy (PCT) applications are stable in solution prior to irradiation and release a
biologically-active molecule following the absorption of light. The Turro group, among others,
has reported model Ru(Il) complexes that undergo photoinduced ligand exchange, including those
with nitrile, pyridyl, and thioether groups coordinated to the metal.?!2> Additionally, the
photoinduced release of clinically approved therapeutic agents from Ru(Il) complexes has been
demonstrated.?63° The generally accepted mechanism of photoinduced ligand dissociation relies
on the thermal population of a *LF state from the lowest-energy SMLCT state. This *LF state is
Ru-L(dc*) in nature, such that its population weakens the Ru-L bond, resulting in the dissociation
of the monodentate ligand.>!*> An important factor that affects the population of the 3LF state is
the activation barrier, Ea, which is dependent on the relative energies of the "MLCT and *LF states,
as well as the nuclear displacement and electronic coupling between the *MLCT and *LF potential
energy surfaces. It is expected that complexes that feature smaller energy gaps and lower activation
barriers should exhibit higher efficiencies for ligand exchange, however, recent work has shown
that this is not always the case. In particular, the Turro group demonstrated that a series of
complexes with the formula [Ru(tpy)(L)(CH3CN)]"* (tpy = 2,2°:6,2”-terpyridine, L = a series of

bidentate ligands of varying electron donating ability), complexes 1a — 11a in Figure 1, undergo



CH;3CN photosubstitution following visible light irradiation.>3* The complexes in this series
possess lowest energy *MLCT states with lifetimes that increase as the energy of the MLCT state
decreases, a trend that is the reverse that which is expected from the energy gap law.>3* It was
also shown that the photosubstitution of the CH3;CN ligand from 1a — 11a occurs with greater
efficiency as the barrier to populating the 3LF state from the *MLCT state increased, analogous to
the pattern observed for excited state lifetimes.>> Combined with DFT calculations, it was
concluded that ligand dissociation occurs directly from the MLCT state in complexes 1a — 11a,
contrary to the currently accepted mechanism of photosubstitution in Ru(Il) polypyridyl

complexes which require the population of the Ru-L(c*) *LF state.
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Figure 1. Schematic representation of the molecular structures of 1a — 11a (L' = CH3CN) and 1b

—11b (L' = py).

The photodissociation of a ligand from a Ru(II) polypyridyl complex is known to depend
on the identity of the leaving ligand. Generally, pyridine ligands form a strong G-bond to transition

metals, whereas the less basic CH3CN ligand exhibits weak o-bonding and relies on =-



backbonding when coordinating to ruthenium(II).3%*” Owing to the strong Ru-N c-bond, pyridine
complexes undergo ligand exchange with lower quantum yields than the corresponding CH3CN
complexes under similar experimental conditions.??2*3¥ In order for pyridine photodissociation to
take place efficiently, steric bulk is required to lower the energy of the *LF below the SMLCT state.
This is evident in [Ru(tpy)(6,6’-Mexbpy)(py)]** (Dsoo = 0.16) and [Ru(tpy)(biq)(py)]** (Dsoo =
0.033) in CH3CN, where the incorporation of steric bulk results in distortions around the pseudo-
octahedral coordination environment around the Ru(II) center compared to [Ru(tpy)(bpy)(py)]*,
lowering the energy of the es-type(c*) orbital set and, consequently, the *LF state.?? In addition,
the identity of the monodentate ligand influences a number of electronic properties of the triplet
excited states of Ru(II) complexes, including the orbital contributions and energies, which have a
significant impact on the photophysical properties. The present work focuses on the investigation
of the role that the acetonitrile ligand plays in the unexpected photophysical behavior previously
reported for 1a — 11a, as well as a comparison to the analogous pyridine complexes 1b — 11b,

which were synthesized, and their ground and excited states properties were characterized (Figure

1).

Experimental.

Materials. All chemical and solvents were used as received and were of reagent grade for synthetic
use and instrumental analysis except where otherwise noted. Acetonitrile, acetone, diethyl ether,
and methanol (MeOH) were purchased from Fisher Scientific, ethanol (EtOH, 200 proof) was
obtained from Decon Laboratories, and ammonium hexafluorophosphate was purchased from
Oakwood Chemical. Tetrabutylammonium hexafluorophosphate (TBAPFs), pyridine (py), and
(CD3)2CO were purchased from Sigma Aldrich. The ligands 4,4’-dimethoxy-2,2’-bipyridine
(dmob), 4,4’-di-tert-butyl-2,2’-bipyridine (dtb), 2,2’-biimidazole (bim), and 2,2’-bis(4,5-
dimethylimidazole) (tmbim) were all purchased from Sigma Aldrich. The synthetic precursors
[Ru(tpy)(dmob)CI](PFs), [Ru(tpy)(dtb)CI](PFes), [Ru(tpy)(bim)CI](PFs), and
[Ru(tpy)(tmbim)CI](PFs), as well as complexes 1a — 11a, 1b — 3b, and 8b — 11b were synthesized



according to previously published procedures.?*-*3384% All reactions were performed under a
nitrogen atmosphere. The CH3CN used in electrochemical measurements was purified through
distillation over CaH; and acetone used in transient absorption experiments was purchased as

spectroscopic grade from Sigma-Aldrich.

[Ru(tpy)(dmob)(py)](PFs):2 (4b). [Ru(tpy)(dmob)CI](PFs) (0.038 g, 0.0.052 mmol) was dissolved
in 15 mL EtOH/H>O (1:1, v:v) in a 50 mL round bottom flask. An excess of pyridine (~3 mL)
was added to the reaction mixture, the flask was heated to reflux, and the reaction was allowed to
reflux overnight in the dark. After cooling, the solution was concentrated by rotary evaporation
and added to a concentrated solution of NH4PF¢ in H2O. The resulting precipitate was collected
through vacuum filtration, washed thrice with 20 mL aliquots of H>O, and dried with diethyl ether
to afford 4b as a maroon solid (0.042 g, 88% yield). '"H NMR (600 MHz, (CD3),CO, Figure S1):
o 8.83(d,2H,J=8.1 Hz), 8.74 (d, 2H, ] = 7.9 Hz), 8.72 (d, 1H, ] = 6.5 Hz), 8.56 (d, 1H, J = 2.8
Hz), 8.34 (t, 1H, J = 8.2 Hz), 8.29 (d, 1H, J = 2.7 Hz), 8.20 (d, 2H, J = 4.8 Hz), 8.18 (d, 2H, J =
7.8 Hz), 8.01 (d, 2H, J = 6.5 Hz), 7.89 (t, 1H, J = 7.6 Hz), 7.62 (m, 3H), 7.34 (d, 2H, J = 7.0 Hz),
7.31(d, 1H,J = 6.5 Hz), 6.79 (dd, 1H, J = 3.8, 2.9 Hz), 4.23 (s, 3H), 3.92 (s, 3H). ESI-MS(+): [M
— (PFe)2)*" m/z=1315.065 (calc. m/z=315.066), [M — PFg]* m/z="775.095 (calc. m/z = 775.095).

[Ru(tpy)(dtb)(py)|(PFs)2 (Sb). This complex was synthesized in a procedure similar to 4b
dissolving [Ru(tpy)(dtb)CI](PFs) (0.033 g, 0.043 mmol) in 15 mL EtOH/H>0 (1:1, v:v) to yield
5b as a dark red solid (0.030 g, 72% yield). "H NMR (600 MHz, (CD3).CO, Figure S2): §9.03 (d,
1H, J =2.0 Hz), 8.86 (m, 3H), 8.78 (d, 1H, J = 1.9 Hz), 8.76 (d, 2H, J = 8.1 Hz), 8.38 (t, 1H, J =
8.1 Hz), 8.19 (td, 2H, J = 8.0, 1.4 Hz), 8.09 (d, 2H, J = 5.6 Hz), 8.04 (m, 3H), 7.91 (t, 1H, ] = 7.6
Hz), 7.58 (t, 2H, J = 6.6 Hz), 7.48 (d, 1H, ] = 6.2 Hz), 7.36 (t, 2H, ] = 6.6 Hz), 7.23 (dd, 1H, J =
6.3, 2.2 Hz), 1.57 (s, 9H), 1.26 (s, 9H). ESI-MS(+):[M — (PF¢)2]*" m/z = 315.065 (calc. m/z =
315.066), [M — PF¢]" m/z=827.198 (calc. m/z = 827.201).

[Ru(tpy)(bim)(py)](PFs)2 (6b). This complex was synthesized in a procedure similar to that
describe for 4b using [Ru(tpy)(bim)CI1](PFs) (0.044 g, 0.068 mmol) in 1:1 EtOH/H>0 (15 mL) to



yield 6b (0.025 g, 43% yield). "H NMR (600 MHz, (CD3).CO, Figure S3): 58.79 (d, 2H, J = 8.2
Hz), 8.68 (d, 2H, J = 7.9 Hz), 8.28 (t, 1H, ] = 8.2 Hz), 8.24 (d, 2H, J = 5.5 Hz), 8.20 (d, 2H, ] =
5.4 Hz), 8.12 (t, 2H, J = 7.9 Hz), 7.99 (d, 1H, J = 1.4 Hz), 7.84 (t, 1H, ] = 7.7 Hz), 7.80 (d, 1H, J
= 1.5 Hz), 7.60 (t, 2H, ] = 6.7 Hz), 7.33 (t, 2H, I = 7.1 Hz), 7.18 (d, 1H, ] = 1.5 Hz), 6.23 (d, 1H,
J=1.5). ESI-MS(+): [M — PFs]" m/z = 693.063 (calc. m/z = 693.065).

[Ru(tpy)(tmbim)(py)]|(PFs)2 (7b). [Ru(tpy)(tmbim)CI](PFs) (0.049 g, 0.066 mmol) was dissolved
in 20 mL EtOH/H>0 (1:1 v:v) in a 50 mL round bottom flask. An excess of pyridine (~3 mL) was
added to the reaction mixture, the flask was heated to reflux, and the solution was allowed to reflux
overnight. After cooling, the mixture was reduced to one quarter of its original volume by rotary
evaporation and a small amount of NH4PFs was added to precipitate 7b. The solid was collected
by vacuum filtration, rinsed with H>O (3 x 20 mL), followed by diethyl ether (3 x 20 mL), and
then redissolved from the glass filter frit with acetone. The filtrate was centrifuged to remove any
excess NH4PFs and the supernatant was concentrated through rotary evaporation, reprecipitated
by adding the solution to diethyl ether, and collected on a glass fritted filter again to yield 7b (0.041
g, 66% yield). "H NMR (600 MHz, (CD3).CO, Figure S4): §8.74 (d, 2H, J = 8.1 Hz), 8.71 (d, 2H,
J=8.1Hz), 832 (d, 2H,J=5.4 Hz), 8.19 (t, 3H, ] = 8.3), 7.89 (d, 2H, ] = 5.8 Hz), 7.79 (t, 1H, J
=17.8),7.70 (t, 2H, J = 6.5 Hz), 7.22 (t, 2H, J = 7.3 Hz), 2.43 (s, 3H), 1.90 (s, 3H), 1.72 (s, 3H),
1.01 (s, 3H). ESI-MS(+): [M — (PF¢)2]*" m/z = 302.082 (calc. m/z = 302.082), [M — PF¢]" m/z=
749.126 (calc. m/z = 749.128).

Instrumentation and Methods. 'H NMR spectra were collected using a Bruker Avance III HD
Ascend 600 MHz spectrometer, electrospray ionization (ESI) mass spectrometry experiments were
performed using a Bruker microTOF mass spectrometer, and electrochemistry was recorded on a
BASi Epsilon Eclipse electrochemical analyzer (Bioanalytical Systems, Inc.). 'H NMR spectra
were collected in (CD3)2CO and all chemical shifts were referenced to the residual protonated
solvent peak.*! ESI mass spectrometry data was collected in positive mode using MeOH as the

eluent and referenced to a sodium trifluoroacetate standard. Cyclic voltammograms were obtained



under an inert atmosphere with a three-electrode cell utilizing a glassy carbon working electrode,
a Pt wire auxiliary electrode, and a saturated Ag/AgCl (3 M NaCl) reference electrode. Samples
were dissolved in CH3CN containing 0.1 M TBAPFs as an electrolyte, data were collected at a
scan rate of 100 mV s™!, and ferrocene (Fc) was added at the end of each experiment as an internal
reference (Fc™? = +0.44 vs Ag/AgCl in CH3;CN).#

Steady state electronic absorption spectra were collected on an Agilent Cary 8453 or 8454
diode array spectrophotometer using 1x1 cm quartz cuvettes with fused Kontes tops. Emission
data for Franck—Condon line-shape analysis were collected using a Fluorolog-3 fluorimeter
equipped with a Horiba Synapse 354308 CCD. Room temperature emission lifetimes for 1b
— 5b were collected on a time-correlated single-photon counting instrument, Horiba fluorolog-3,
equipped with a Hamamatsu R928 photomultiplier tube detector. Samples were excited with a
Horiba Scientific N-510L NanoLED pulsed diode light source at a wavelength of 510 + 10 nm
with a pulse duration of < 200 ps. The luminescence lifetimes of 6b — 11b were collected on the
ns laser system described herein and excited with a 500 nm pulse.

Nanosecond transient absorption (nsTA) experiments were performed using an LP980
spectrometer system (Edinburgh Instruments) equipped with a 150 W Xe arc lamp (Osram) as a
probe beam, a PMT and digital oscilloscope (Tektrnoix MDO3022, 200 MHz, 2.5 GS/s) for single-
wavelength kinetic traces, and an intensified CCD (ICCD, Andor iStar) for spectral measurements.
Samples were excited by the output from a basiScan tunable Optical Parametric Oscillator (OPO,
SpectraPhysics) pumped by a frequency-tripled (355 nm) Quanta-Ray INDI Nd:YAG laser
(SpectraPhysics, fwhm ~6 ns, 10 Hz repetition rate). Nanosecond transient absorption (nsTA) data
at room temperature and variable temperatures were obtained in spectroscopic grade acetone in a
I1x1 cm quartz cuvette with a fused Kontes top and were sparged for 20 min with Ar prior to
measurement to remove dissolved O,. The absorption spectrum of each sample was obtained post-
experiment for comparison to the initial absorption spectrum to ensure no sample degradation had
occurred (Figures S5 — S6). Single-wavelength kinetic traces were fit to monoexponential decays

when 1 > 30 ns and a reconvolution of the instrument response function (~6 ns) was used when t



<30 ns available in the L900 software (Edinburgh Instruments). Samples were prepared in acetone
with an absorbance of 0.2 — 0.5 at the excitation wavelength and sparged with Ar for 20 minutes
prior to data acquisition. For complexes 1b — 5b, emission lifetimes were collected at the emission
maxima with a bandwidth of 8 nm and were fit to a monoexponential function using a
reconvolution fit in the L900 software (Edinburgh Instruments) which accounts for the TCSPC
instrument response function (~500 ps). For complexes 6b — 11b, lifetimes were determined from
single-wavelength kinetic traces of excited state absorption features and fit to a monoexponential
function.

Temperature control for the measurement of the temperature dependence of the excited
state lifetimes was achieved with a CoolSpeK UV USP-203-B cryostat (UNISOKU Scientific
Instruments). For the temperature dependence experiments, the cryostat was heated to +100 °C
with a positive flow of Ar through the empty sample chamber for one hour to remove atmospheric
water. The chamber was then sealed, cooled to room temperature, and the sample of interest was
quickly placed in the sample chamber and resealed to maintain an Ar environment. The cryostat
was then cooled to —100 °C with liquid N2 and maintained at that temperature for one hour prior
to the first measurement. Each temperature at which a sample was analyzed above —100 °C was
maintained for 15 min prior to measurement to ensure sample equilibration and data was acquired

in three separate trials over the entire temperature range of analysis.

Electronic Structure Calculations. Spin restricted and unrestricted density functional theory

(DFT) calculations were performed using the Gaussian09 program package.®

Geometry
optimizations and vibrational frequency and molecular orbital calculations were performed with
the SDD* basis set on Ru and the TZVP* basis set on all other atoms with the PBE exchange —
correlation functional.*4” The geometries of 1b and 2b were fully optimized starting from the X-
ray crystal structure of each complex,***® those for 3b, 4b, and 5b were optimized using the crystal

structure of 1b, geometries for 6b and 7b were optimized based on the crystal structure of 7a,*

the geometry for 8b was optimized based on the crystal structure of [Ru(dgpy)(acac)(CH3;CN)]**,*



the geometries of 9b and 10b were optimized based on the optimized structure of 8b, the geometry
of 11b was optimized based on the crystal structure of 8a,% and all were verified to have positive
harmonic frequencies, confirming the calculated structures as electronic energy minima. Spin
densities were calculated using Mulliken population analysis (MPA) methods. Molecular orbitals
from the Gaussian calculations were plotted using the Chemcraft program,®! and the analysis of
the molecular orbitals and Mayer bond order calculations in terms of user-defined fragments were

performed using AOMix-FO within the AOMix program.>>33

Franck—Condon Line-shape Analysis of 77 K Emission. Emission data for 1a — 11a and 1b —
11b were obtained in a 4:1 (v:v) EtOH/MeOH glass at 77 K and fit to a single-mode Franck—
Condon line-shape analysis equation.'®>* The emission data were obtained as a function of
wavelength and converted to energy (cm™') using a procedure detailed in a previous publication,>?
were then normalized, and were fitted to eq 1 in Wolfram Mathematica 12.2 utilizing the

Levenberg — Marquardt method to achieve least—squares error minimization.

7 AV1/2

1) = S, | (Fuem)” (%) exp [‘4‘“ @) <w)“ Y

In eq 1, I(V) is the emission intensity as a function of wavenumber, Ey is the energy of the
transition between the lowest vibrational levels of the ground and excited states, Zowm is the
weighted-average vibronic acceptor mode observed, v is the vibronic quantum number in the
ground-state acceptor mode, Avi. is the full-width at half-maximum of the vibronic components

comprising the emission spectrum, and Si is the Huang-Rhys factor.

Results and Discussion.

Steady-State Photophysical Properties and Electrochemistry
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The electronic absorption spectra of 1b — 11b in acetone are shown in Figure 2 and their
absorption maxima and extinction coefficients are provided alongside those of 1a — 11a in Table
1. The 'MLCT absorption maxima of 1b — 11b are red-shifted as compared to their acetonitrile
analogs, as previously reported for a number of Ru—(py) and Ru—(CH3CN) complexes; this shift
is attributed to the relative amount of n-backbonding from the Ru(dn) t2e-type orbitals to CH3CN,
which is stronger than that to pyridine. For example, the 'MLCT maximum of cis—
[Ru(bpy)2(py)2]*" at 457 nm in dichloromethane shifts to 425 nm in cis—[Ru(bpy)>(CH3CN),]*>* in
the same solvent, corresponding to an energy difference of 1640 cm™ (0.2 €V).® This value is
comparable to the shift observed between the two series reported herein. For example, an energy
difference of 610 cm™' (0.08 €V) is observed from 1a to 1b and 1140 cm™ (0.14 €V) between 6a
and 6b.

Table 1. Electronic Absorption Maxima, Amax, and Molar Extinction Coefficients, €, for 1a — 11a
(L'=CH3CN) and 1b — 11b (L' = py) in Acetone.

1a— 11a (L' = CH;CN) 1b - 11b (L' = py)
Complex Bidentate Amax/nm Amax/NIM
Ligand L (e x10°/ cm™ M) (e x10°/ cm ™M

1 bpy 455 (10.4) 468 (8.1)
2 phen 455 (11.0) 411 (7.7), 467 (9.3)°
3 dmb 456 (9.9) 470 (9.1)¢
4 dmob 458 (8.8), 530 (1.7), 585 (0.7) 474 (8.8), 563 (1.7)
5 dtb 455 (10.4), 515 (1.8), 570 (0.6) 472 (8.0), 551 (1.4)
6 bim 465 (5.4), 545 (1.6), 600 (0.9) 491 (3.4)
7 tmbim 468 (5.7), 555 (1.6), 620 (0.8) 498 (6.5), 592 (1.8), 660 (1.1)
8 acac 530 (5.8) 370 (10), 551 (4.9)°
9 Cl-acac 519 (5.5) 369 (12), 537 (6.3)°
10 Br-acac 521 (5.4) 371 (13), 539 (6.4)°
11 thd 535(5.9) 373 (13), 551 (6.4)°

2From ref. 33. °From ref. 58. “From ref 39. “From ref. 38. ¢From ref. 40.
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Within each series, it is evident that the electronic absorption maxima of 1b — 11b shown

in Figure 2 mirror those in 1a — 11a in Figure S7. In both series, a shift of the 'MLCT transition

to lower energies is observed from the neutral bpy/phen-type bidentate ligands at ~470 nm in 1b

— 5b, shifting to lower energy for bim and tmbim at ~500 nm in 6b and 7b, followed by complexes

with the acac ligand and its derivatives (8b — 11b) at ~550 nm. The moderately intense 'MLCT

bands in the 467 — 551 nm range contain contributions from both Ru(dn) — L(n*) and Ru(dn) —

tpy(n*) transitions. All complexes in the series also display lower energy shoulders at ~540 —650

nm for 1b — 7b and ~700 nm for 8b — 11b that are Ru(dn) — tpy(x*) in nature.>’
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Figure 2. Electronic absorption spectra of 1b — Sb (top) and 6b — 11b (bottom) in acetone.
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The electrochemical reduction potentials for 1a — 11a and 1b — 11b are listed in Table 2
and examples of cyclic voltammograms for 4b — 7b are shown in Figure S8. The first oxidation in

1b — 11b is assigned to the reversible Ru"™

redox couple, as is typically observed for Ru(Il)
polypyridyl complexes.>® An anodic shift of this couple is recorded as the electron donating ability
of the bidentate ligand increases, a trend previously observed in 1a — 11a.% The reduction in 1b —
11b in the —1.14 to —1.48 V (vs Ag/AgCl) range is assigned to the reversible reduction of the tpy
ligand and compares well to the tpy”~ couples reported for related complexes.%62 Across the
series, the value of E1x(tpy?") shifts by 34 mV, which is of smaller magnitude than that observed
for the Ru™ couple, 71 mV. In each series, the energy gap between the oxidation and reduction
potentials, the HOMO-LUMO gap, decreases from 1 to 11 (Table 2), consistent with the
bathochromic shift of the electronic absorption spectra within each series (Table 1, Figures 3 and

S7). Overall, these data show that the trends in the ground state characteristics of these complexes

do not vary significantly with the identity of the monodentate ligand in 1 — 11.

Table 2. Electrochemical Reduction Potentials for [Ru(tpy)(L)(L")]** Complexes 1a—11a (L' =
CH3CN) and 1b — 11b (L' = py) in CH3CN (0.1 M TBAPFg, vs Ag/AgCl).

Complex Ili%dentate aEm al
igand L 1a—11a (L'= CH3CN) 1b —11b (L' = py)
1 bpy +1.33,-1.24 +1.31,-1.23%
2 phen +1.33,-1.26 +1.28, —1.22¢
3 dmb +1.29,-1.25 +1.30, -1.144
4 dmob +1.23,-1.25 +1.16,-1.23
5 dtb +1.29,-1.24 +1.22,-1.21
6 bim +1.09, —-1.36 +1.03,-1.41
7 tmbim +1.01,-1.35 +0.90, -1.31
8 acac +0.70, —1.46 +0.66, —1.43¢
9 Cl-acac +0.77,-1.42 +0.70, —1.42¢
10 Br-acac +0.78, -1.42 +0.69, —1.42¢
11 thd +0.66, —1.50 +0.60, —1.48°

aFrom ref. 35. ’From ref. 48. ‘From ref. 39. “From ref. 38. ¢From ref. 40.
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Excited State Properties and Photoreactivity

Complexes 1a — 11a are known to undergo CH3CN dissociation upon visible light
irradiation in H,O with photoaquation quantum yields, ®4s0, that range from 0.0022 to 0.018,
increasing with the electron donating ability of the bidentate ligand (Airr = 450 nm).>* In a previous
publication, 1b was shown to undergo pyridine ligand exchange with visible light irradiation with
very low efficiency, ®spo < 0.0001 in CH3CN (Airr = 500 nm),>* similar to that measured for 4b,
D490 = 6.5 x 107 in CH3CN (Lirr = 490 nm).>® The exchange of the pyridine ligand for a solvent
molecule upon visible light irradiation was not detected for 8b — 11b, indicating the ligand
exchange quantum yield is too low to quantify under our experimental conditions.*® For complexes
2b — 7b, the photoreactivity was either similar to that observed for 1b or ligand dissociation not
observed (Figure S9), such that the quantum yields for the series are estimated to be ®s00 < 0.0001
(Airr = 500 nm). Given that the only chemical difference between the two series is the identity of
the monodentate ligand, and following the observed similarities in the ground state properties, it
may be concluded that the differences in photochemical reactivity must arise from the excited

states of the CH3CN and pyridine complexes.

Electronic Structure Calculations

To help elucidate the differences in photophysical behavior between these series of
complexes, density functional theory (DFT) calculations were performed to characterize the
bonding and electronic structures of 1b — 11b and compare them to previously published results
for the acetonitrile analogs, 1a — 11a.3* Geometry optimizations for the series in the !GS produced
structures that are in good agreement with previously published crystal structures (Tables S1 — S6)
and contain no negative harmonic frequencies, confirming the calculated structures as local energy
minima. The frontier molecular orbitals calculated for 1b — 11b mirror patterns observed for 1a —
11a. In both series, the highest occupied molecular orbitals (HOMOs) are mostly comprised of Ru
d-orbital character with contributions from the bidentate ligand that increase across each series

from 1 to 11.% The lowest unoccupied molecular orbitals (LUMOs) of 1b — 11b are almost entirely
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localized on the tpy ligand, in agreement with the electrochemistry and the results for 1a — 11a
(Table 2).

It has been shown by the Turro group that in complexes that photodissociate an acetonitrile
ligand, the quantum yield of ligand exchange increases as the %Ru d-orbital character in the !GS
HOMO decreases. In contrast, in the analogous pyridine releasing complexes, the ligand exchange
quantum yield does not display a clear pattern with respect to %Ru d-orbital character.>*%* The
calculated %Ru d-orbital character in the 'GS HOMOs of 1a— 11a and 1b — 11b are listed in Table
3. Comparing the two series, these values do not vary significantly with the identity of the
monodentate ligand, and the values in 1b — 11b decrease as the bidentate ligand becomes more
electron withdrawing, mirroring the pattern previously reported for 1a — 11a. However, unlike 1a

— 11a, the pyridine photodissociation by 1b — 11b is very low or is not observed (Figure S9).

Table 3. Calculated Mulliken Spin Density in the MLCT state and %Ru d character in the 'GS
HOMO of [Ru(tpy)(L)(L")]** Complexes 1a — 11a (L' = CH3CN) and 1b — 11b (L' = py).

la—11a (L' = CH;CN)® 1b - 11b (L' = py)
Complex  Bidentate ~MSDonRuin !GS HOMO MSD on Ruin 'GS HOMO
Ligand L SMLCT %Ru d SMLCT %Ru d

1 bpy 0.881 76.3 0.912 76.6
2 phen 0.878 76.1 0.909 76.6
3 dmb 0.882 76.1 0.912 76.3
4 dmob 0.870 73.2 0.902 74.6
5 dtb 0.886 75.8 0.914 76.4
6 bim 0.882 74.8 0.895 75.8
7 tmbim 0.813 61.2 0.864 64.3
8 acac 0.804 61.3 0.846 62.5
9 Cl-acac 0.741 48.3 0.787 50.9
10 Br-acac 0.738 47.1 0.784 49.9
11 thd 0.786 58.8 0.823 59.8

aFrom ref. 33.
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Geometry optimizations and vibrational frequency calculations of 1b — 11b were also
performed in the lowest energy triplet excited state, *ES, (Tables S7 — S12), as well as Mulliken
spin density (MSD) calculations which have shown to be directly correlated to photophysical
behavior.3%3 In a triplet excited state that is MLCT in nature, the metal center is expected to be in
the 3+ oxidation state, such that the spin density on ruthenium would theoretically equal one, since
only one unpaired electron is localized in a Ru(dn) t2¢-like orbital and the other on the reduced
ligand. In a ’LF state, the spin density on Ru(IT) would is expected to equal two, as both unpaired
electrons would occupy a metal-center orbital, the Ru(dn) toe-like and the Ru(dc*) e.-like orbitals.
The calculated MSD values for the Ru(II) metal center in the lowest energy *ESs of 1a — 11a and
1b — 11b are listed in Table 2 and confirm the MLCT nature of the lowest energy triplet state.
Complexes 1a — 11a demonstrated an inverse relationship between the MSD on Ru in the SMLCT
state and @450 for CH3CN photosubstitution, indicating that ligand exchange became more efficient
as the ability of Ru(II) to backbond to CH3CN decreased.®® The pyridine series 1b — 11b mirror
the same pattern of MSD values moving across the series. These results demonstrate that the
calculated geometric and electronic structures of the two series are similar in the *MLCT state,

therefore, these quantities do not explain the differences in photochemistry.

Franck-Condon Analysis of the MLCT Emission

At room temperature, the emission of Ru(Il) complexes is typically broad and featureless
due to inhomogeneous broadening, but cooling the samples to 77 K results in a hypsochromic shift
and reveals vibronic structure that can be modeled to provide ground and excited state
information.!%!3-3464 Franck-Condon (F-C) line-shape analysis was performed on the 77 K
luminescence from 1a — 11a and 1b — 11b in 4:1 EtOH:MeOH (v:v) glasses using a single-mode
fit (eq 1), resulting in values of Eypo, ficom, Avi, and the Huang-Rhys factor, Sy, a quantitative
measure of the relative distortion in the SMLCT state as compared to the 'GS, and the resulting
optimized parameters are listed in Table 4. Typical fits overlaid with the experimental spectra are

shown in Figure 3 for complexes 9a and 9b; similar sample fits for complexes 1a/b and 7a/b,
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representing complexes containing bpy-type and bim-type ligands, respectively, are available in

Figure S10.

Table 4. Franck—Condon Parameters Derived from the Line-Shape Analysis of the 77 K *MLCT
Emission of [Ru(tpy)(L)(L")]*" (L = bidentate ligand) Complexes 1a — 11a (L' = CH3CN) and 1b
—11b (L' = py) in 4:1 EtOH:MeOH (v:v).

la—11a (L' = CHsCN) 1b—11b (L' = py)
Complex Egp/cm'! ho/cm!' Sy Avip/cm’! Ep/cm! ho/cm? Sy  Avip/cm!
1 16550 1100 0.97 1130 15870 1190 0.76 1115
2 16700 1100 1.00 1150 15950 1290 0.86 1140
3 16270 1080 0.89 1070 15555 1035 0.78 915
4 15860 1050 0.79 1030 15245 895 0.75 905
5 16260 1100 0.93 1100 15590 1020 0.70 970
6 15350 1020 0.68 1020 14730 760 0.53 810
7 14800 970 0.63 990 14145 635 0.43 915
8 13390 1300 0.14 1460 12710 795 0.16 835
9 13840 950 0.43 1050 13180 850 0.19 950
10 13770 900 0.48 920 13200 460 0.50 585
11 13140 940 0.33 840 12590 430 0.12 450
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Figure 3. Experimental steady state 77 K emission spectra (solid black line) and single-mode F-
C line-shape analysis with individual 'GS acceptor vibrational modes (dashed blue line) and the
sum of all calculated 'GS acceptor vibrational modes (dashed red line) of (a) 9a and (b) 9b.

The values obtained from the F-C fitting of the 77 K emission provide information about
the influence of the mono- and bidentate ligands on the *MLCT excited states in 1a — 11a and 1b
— 11b. For both series, the energy of the MLCT state, Eoo, decreases moving across the series
from 1 to 11 as the electron donating ability of the bidentate ligand increases. This pattern is
expected based on m-bonding interactions of the bidentate ligand, which modulate the energy of
the trg-type HOMO. This trend is consistent with the electronic absorption spectra shown in
Figures 2 and S7, as well as the decreasing HOMO-LUMO energy gap obtained from

electrochemistry measurements (Table 2). In addition, the energies of the MLCT states in the
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pyridine series are lower than in their acetonitrile analogs, consistent with the decreased n-
accepting ability of pyridine as compared to CH3CN.53:63

Values for 4w greater than ~900 cm! correspond to vibrations previously observed for the
free tpy ligand and for tpy-containing Ru(II) polypyridyl complexes, readily observed in resonance

Raman experiments.®6-67

As the electron donating ability increases moving across the series, the
average energy of the acceptor mode decreases. This pattern has been observed previously and
attributed to increasing contributions from lower frequency vibrations, ~400 cm™!, resulting from
variations in the metal-ligand bond lengths.®®7° This interpretation is consistent with the increased
ligand orbital mixing observed in DFT calculations in the "MLCT states of 1a—11a and 1b — 11b
(Table 3).

The changes in the Huang-Rhys factor, Sy, in Table 4 show that there is a decrease in the
relative distortion between the *MLCT and !GS states from 1a to 11a, such that greater electron-
bidentate ligands with greater electron donating ability result in lower excited state distortion. This
pattern is reproduced in the pyridine analogs, 1b — 11b, though each individual pyridine complex
appears to have slightly lower Sy values than the corresponding CH3CN complex, with the
exception of 8b and 11b, which have Sy, values 0.02 larger than 8a and 11a, respectively. The Eo
values for both series also decrease with increasing electron donating ability of the bidentate
ligand, which has been previously observed and expected based on the m-bonding characteristics
that affect the energy of the tyg-type HOMO.>*% In addition, as Ego increases, the mixing between
the Ru(dr) and the bidentate ligand decreases, resulting in a greater degree of charge transfer from
the metal/ligand HOMO to the tpy ligand in the MLCT state, which can be associated with greater
structural change around the Ru(Il) center. The Huang-Rhys factor in both series of complexes
varies linearly with Eyg, as shown in the plots of Sis vs Ego values for 1a — 11a (Figure 4a) and 1b
— 11b (Figure 4b). Given the fitted F-C parameters follow the same patterns in both series, the
differences in the photoinduced ligand exchange of 1a — 11a as compared to 1b — 11b cannot be

explained through the analysis of the 77 K emission data.
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Figure 4. Plot of Si vs Egpo values for complexes (a) 1a — 11a and (b) 1b — 11b. The data are fit
to a linear equation (solid red line) with (a) R? = 0.94 and (b) R? = 0.90.

It should be noted that previous series of Ru(II) polypyridyl complexes that demonstrated
linear relationship of Sy, with Ego obey the energy gap law. In contrast, complexes 1a — 11a have
been shown to exhibit opposite energy gap law behavior based on the magnitude of their room
temperature MLCT decay rate constants, kobs, as a function of Eg.>* As stated above, the energy
gap law governs the rate of nonradiative decay, which cannot be measured directly but can be
calculated using emission quantum yields, ®em, observed excited state lifetimes, Tobs, Where kobs =
1/70bs, and the equations Ar = @em kobs and Kobs = kr + knr.”! Measurements of emission quantum

yields for 1a—11a and 1b — 11b were not successful at room temperature due to the weak emission
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from the complexes, such that knr could not be calculated for either series. To probe the energy gap
law behavior in the pyridine series, the room temperature lifetimes of complexes 1b — 11b were
measured and the results are available in Table S13. A plot of In(kobs) vs Eoo for both series is
shown in Figure 5 and two distinct trends are apparent. For complexes 1a — 11a, there is a clear
positive slope indicating the observed rates of decay decrease as the energy of the MLCT state
increases. Complexes 1b — Sb display a linear trend similar to the acetonitrile analogs, suggesting
that they do not obey the energy gap law. This trend for 1b — Sb is not surprising given the observed
behavior of 1a — 11a, as these complexes do undergo photoinduced substitution of the pyridine
ligand, albeit very inefficiently, as shown for complex 1b and 4b as described above.?**8 On the
other hand, complexes 6b — 11b show a moderate negative slope in In(kobs) With respect to Eoo,
indicating that these complexes do follow the energy gap law. Interestingly, 6b — 11b are also the
only 6 of the 22 complexes investigated herein that do not undergo photoinduced ligand exchange,
further highlighting how the identity of the monodentate ligand greatly impacts the photophysical

behavior in Ru(Il)-terpyridine complexes.
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Figure 5. Plot of In(kobs) vs Eoo for complexes 1a — 11a and 1b — 11b.
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Activation Barrier between *MLCT and 3LF States
Arrhenius analysis of the temperature dependence of MLCT lifetimes was performed for
complexes 1b — 11b and compared to previously published data for 1a — 11a. The observed rate

of decay, kobs, of the SMLCT state as a function of temperature was fitted according to eq 2,

_E‘a

+ = kons = ko + Aeks? @)

where t is the observed excited state lifetime, ko is a temperature-independent constant
corresponding to A + kunr Over a temperature range, 4 is the pre-exponential factor, E. is the
activation energy barrier, kg is Boltzmann’s constant, and T is the temperature in K. The data
points were allowed to fit with floating variables unless the fit did not converge, in which case the
value of ko was fixed to an average value from the experimental data at —100 °C to obtain
reasonable fitting parameters.

Sample Arrhenius plots of one trial of the data collected for complexes 1b — 11b in acetone
are presented in Figure 6 along with those previously collected for complexes 3a, 4a, and 6a — 11a
for comparison.®> Generally, the MLCT states in complexes 1b — 11b are longer-lived than those
of 1a — 11a, as shown in Figure 6. The pyridine complexes do not display an exponential increase
in kobs until higher temperatures as compared to their acetonitrile analogs, indicative of larger
activation barriers. Additionally, the acac-containing complexes 8b — 11b exhibit "MLCT lifetimes
that are relatively invariant with respect to temperature across the temperature range investigated.
Arrhenius analysis was repeated for complexes 8b — 11b in butyronitrile, which has a boiling point
of +117 °C as compared to +56 °C for acetone, to expand the temperature range over which data
could be collected. However, experiments in butyronitrile did not produce data that could be fit as

reliably as the data collected in acetone.
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Figure 6. Examples of Arrhenius plots for 3a, 4a, 6a — 11a, and 1b — 11b in acetone. Solid lines
represent the best fits to eqn. 2.

Arrhenius parameters obtained from the fits to eq 2 are listed in Table 5 for complexes 1b
— 7b, alongside those previously published for 3a, 4a, and 6a — 11a.3 It is evident from Table 5

that the £, values in the pyridine series increase with the electron donating ability of the bidentate
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ligand, mirroring the pattern observed for the corresponding acetonitrile complexes. Greater E,

values were generally obtained for 1b — 7b as compared to their acetonitrile analogs, consistent

with the lower energy MLCT states in the pyridine series. The relative invariability of kobs in 8b

— 11b over the temperature range investigated precluded the collection of reliable fitted Arrhenius

parameters. Generally, the values of 4 for the acetonitrile series are on the order of 10! — 10!2 7!

and those for the pyridine series are 10'! - 10!2s!. These values are similar to those reported for

bis-tridentate Ru(Il) complexes.

72-74

Table 5. Fitted Arrhenius Parameters from the 77 K Emission of [Ru(tpy)(L)(L"]*" (L =
bidentate ligand) Complexes 3a, 4a, 6a — 11a, and 1b — 7b in Acetone.

3a,4a, 6a — 11a (L' = CH;CN)* 1b-7b (L'=
Complex  E / crn_1 Al s-1 k,/ s-1 E/ crn-1 Al s-1 k,/ s-1

1 ; ; ; 1300£75  4(2)x10  25x10°"
2 ; ; ; 161010  249(4)x 10 25x10°
3 58535  27(7)x 10 ; 1750£75  3(1)x 10~  2.5x10°"
4 935170  2(2)x 10 - 2060£50  6(2)x 10 2.4(7)x 10’
5 ; ; ; 188070  73)x 10~  2.5x10°"
6 1164134 2(1)x10  8x10° 2380£70  3(1)x 10~ 452)x 10’
7 1307273 23)x10  7x10" 2340170 3(3)x 10 1.038)x 10’
8 1222287  46)x 10 2.8(7)x 10 ; i ]

9 1420175 2()x 10 153)x10 ; ] ;

10 1960+340  4(7)x 10~  1.8(5)x 10 ; i ;

1 1658+228  4(5)x10  3.1(4)x 10 ; i ]

%From ref. 75. *Values held constant.

It should be noted that while the energies of the MLCT states are lower for 1b — 11b as

compared to those of 1a — 11a, the lifetimes of the MLCT states of the former are longer, and the

energy barriers to populating a ’LF state from the MLCT state are higher in the pyridine than in

the acetonitrile series. While in complexes 1a — 11a the value of @450 increases with E,, the ligand
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exchange is too low to quantify 1b — 11b. In fact, complexes 1b — 11b display minimal or no
photosubstitution. This difference in photoreactivity is further illustrated when the log of observed
rates of excited state decay, kobs, are plotted as a function of £, (Figure 7). It is apparent that both
series follow the same trend, whereby as the energy barrier to populating the LF state from the
SMLCT state increases, the observed rate of excited state decay decreases, highlighting the
involvement of the 3LF state in excited state decay despite the differences in ligand substitution.
Taken together these data indicate that photosubstitution is not occurring from the MLCT state in
1b — 11b, as is the case in 1a — 11a, as this would result in increasing ligand exchange quantum
yields moving from 1 to 11 across the series.* Instead, the mechanism of ligand exchange in the

pyridine series likely involves thermal population of the 3LF state as is typically observed for

Ru(I) polypyridyl complexes.3!3%37.76
°
201 ° ® a(CHLCN)
O b (pyridine)
19} e ©
o ° -
£ M7 ° ®
. °
161
151 @
fom m m ow s a6 e m o @m oW o®odpw A M
500 1000 1500 2000

= cm”’

Figure 7. Plot of In(kobs) vs Ea in complexes 3a, 4a, 6a — 11a, and 1b — 7b.

Conclusion

A series of complexes with the formula [Ru(tpy)(L)(py)]*" (1b — 11b), where L represents

a series of 11 bidentate ligands of increasing electron donating character moving from 1 to 11, was
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synthesized as a pyridine analog to the acetonitrile containing series 1a — 11a. Complexes 1a —
11a are known to undergo CH3CN photodissociation upon visible light irradiation and demonstrate
anti-energy gap law photophysical behavior. In contrast, complexes 1b — 11b display either
negligible ligand exchange or do not exchange the pyridine ligand following irradiation. Electronic
absorption spectra and cyclic voltammetry demonstrated that the ground states of the two series
are similar, indicating that the differences in photoreactivity may originate from variations in the
excited states of the two series. DFT calculations on the !GS and *MLCT states and Franck-Condon
line-shape analysis of 77 K emission further showed the similarities between the two series. F-C
analysis of both series followed patterns expected for Ru(Il) polypyridyl complex. Investigation
into the energy gap law behavior of complexes 1b — 11b revealed differences between the two
series. Complexes 1b — Sb show a similar trend to 1a — 11a and undergo ligand exchange, albeit
very inefficiently, whereas 6b — 11b display photophysical behavior that obeys the energy gap law
and do not undergo ligand substitution. Arrhenius analysis of the temperature dependence of
SMLCT state lifetimes showed that the energy barrier to populating the *LF state from the SMLCT
state increases moving across the series from 1b to 7b, similar to the pattern observed for the
acetonitrile analogues. However, while ligand exchange quantum yields increased with E, in the
acetonitrile series, the same pattern was not observed in the pyridine series. These findings
highlight the impact of the monodentate ligand on the photoreactivity of Ru(Il) polypyridyl
complexes, with the mechanism of ligand exchange moving from population of the MLCT state

in 1a — 11a to requiring thermal population of a *LF state in 1b — 11b.
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