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ABSTRACT: The photophysics of a series of Ru(Il) dyads
based on the 2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]-phenan-
throline ligand was investigated. The ability of these metal
complexes to intercalate DNA and induce cell death upon
photoactivation makes them attractive photosensitizers for a
range of photobiological applications, including photodynamic
therapy. In the present study, time-resolved transient
absorption and emission spectroscopy were used to interrogate

the photoinduced processes that follow metal-to-ligand charge transfer excitation of the complexes in solution. It was found that
energy transfer to pyrene-localized intraligand triplet states, facilitated by torsional motion of the pyrene moiety relative to the
imidazo[4,5-f][1,10]phenanthroline ligand, was an important relaxation pathway governing the photophysical dynamics in this
class of compounds. Biphasic decay kinetics were assigned to spontaneous (pre-equilibrium) and delayed emission, arising from
an equilibrium established between *MLCT and °IL states. TDDFT calculations supported these interpretations.

1. INTRODUCTION

The significant role of ruthenium(II) polypyridyl complexes in
contemporary photochemistry is related to their rich photo-
physical and electrochemical properties, which make these
transition metal compounds attractive as photosensitizers (PSs)
for molecular devices,' ™ dye-sensitized solar cells,*® photo-
catalysts (i.e., water spli'ctin%7_9 or artificial photosynthesis”'®),
and luminescence sensors."' > They are also of interest as
biomedical diagnostics and pharmaceuticals and as photo-
therapy agents."*'® The intense focus that Ru complexes have
received, from photovoltaics to photomedicine, is due at least in
part to their modular scaffolds that afford the opportunity to
access a wide variety of excited state configurations through
rational design. Such states include metal-to-ligand charge
transfer (MLCT), metal-centered (MC), ligand-centered (LC)
or intraligand (IL), intraligand charge transfer (ILCT), ligand-
to-ligand charge transfer (LLCT), metal-to-metal charge
transfer (MMCT), and others.

Of importance to phototherapy applications in particular are
states that can (i) sensitize singlet oxygen ('O,) through type II
energy transfer, (ii) participate in type I electron transfer
processes to form reactive intermediates, (iii) undergo type III
redox chemistry directly with cellular targets, and (iv) form
covalent adducts with biomolecules such as DNA via ligand
dissociation or other photochemical reactions. Nominally, type
I-1II photoprocesses have been referred to as photodynamic in
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nature (especially when they involve oxygen or reactive oxygen
species (ROS), and classified as photodynamic therapy
(PDT)**>* when these reactions are employed to destroy
cells. In contrast, the term photoactivated cancer (or chemo)
therapy (PACT)> has emerged to describe cytotoxicity
invoked with class (iv) photochemical agents. In practice,
photoprocesses i—iv are not mutually exclusive, and more than
one configuration may be involved in generating photo-
therapeutic effects. The Ru(Il) compounds that are the subject
of this investigation act as potent PSs, destroying both cancer
and bacterial cells in the nanomolar regime, and may be
classified as PDT (or phototherapy) agents since previous
studies show that they do not undergo ligand loss from
dissociative *MC states upon photoexcitation.”* These
complexes belong to a class of compounds that we call
metal—organic dyads, and their unusual PDT effects stem from
low-energy *IL states contributed by organic chromophores.
Metal—organic dyads merge the best features of inorganic
and organic chromophores by appending a metal complex with
a m-expansive organic unit either tethered to or contiguously
fused with one of the metal chelating ligands. These hybrid
arrangements produce low-lying triplet IL configurations that
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are in energetic proximity to MLCT states. While the
photophysics and photochemistry of traditional Ru(II)
polypyridyl complexes is thought to be set by the relative
energies of thermalized *MC and *MLCT states, low-lying *IL
states can completely alter the excited state profiles of these
systems by prolonging triplet excited state lifetimes and
increasing excited state reactivity through *IL-°MLCT equili-
bration or population of pure *IL states.

Unlike organic compounds, metal complexes undergo spin—
orbit coupling (SOC) with high efficiency (almost 100%) to
form photosensitizing triplet states with visible-light activation.
Triplet state formation in pure organics requires shorter-
wavelength excitation and is far less than unity, reducing the
number of excitions that can produce cytotoxic 'O, or other
reactive species with low-energy light. Nevertheless, once
formed, organic triplets have very long intrinsic lifetimes that
make them extremely sensitive to bimolecular quenchers. By
contrast, facile SOC in metal complexes shortens triplet state
lifetimes relative to pure organlcs ([Ru(bpy);]*, (77 K) = 5
us vs 700 ms for pyrene),” reducing the time for bimolecular
encounters. Ru dyads simultaneously exploit the large quantum
yields for triplet state formation with visible light in metal
complexes (large singlet—triplet SOC) and the long intrinsic
triplet lifetimes of organic arenes (small triplet-singlet SOC),
giving rise to constructs that exhibit the longest reported
lifetimes for Ru(1I) complexes (270 ys in deoxygenated MeCN
and 344 ms at 77 K in alcoholic glass) with unprecedented
sensitivity to oxygen.”® These first-reported pyren-1-ylethynyl-
1,10-phenanthroline (PEP)-derived Ru dyads exhibited nano-
molar light cytotoxicities for in vitro PDT against human
leukemia cells and notoriously hard-to-kill metastatic melanoma
cells, with the largest known phototherapeutic indices (PIs)
(>1700). Such potency was attributed to lowest-lying, pure *IL
states that do not thermally equilibrate with MLCT states.

In order to explore the scope of °IL states in other metal—
organic hybrids, we recently investigated Ru(II) dyads derived
from 2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]phenthroline
(ippy) as versatile PSs for generating the PDT effect against
cancer cells and photodynamic inactivation (PDI) of bacteria.”*
These complexes proved to be sensitive to trace amounts of
oxygen (Kgy as low as 0.2393 Torr 1),%’ making them attractive
PSs for targeting hypoxic tumors with PDT. There is much
interest in the design of oxygen-independent PSs for PDT
given that the most aggressive and drug-resistant malignancies
are hypoxic.”®* Like their PEP counterparts, Ru ippy dyads
exhibited nanomolar light cytotoxicities with large PIs, but this
activity was slightly attenuated. The Ru ippy dyads were also
activatable with red light where their molar extinction
coefficients were quite small (>100 M™' cm™), and exhibited
the DNA light-switch effect®®™>* with K, between 1.7 and 8.0 X
10° and emission enhancements greater than 10-fold. Notably,
the coligands could be varied to control the degree of dark
toxicity according to lipophilicity, thus rationally controlling PI
values. With less lipophilic ligands (such as bpy and phen), Ru
ippy dyads exhibited light-dependent cellular uptake, an
important property for suppressing genotoxic and cytotoxic
effects in healthy tissue outside the irradiation window.

Resonance Raman experiments confirmed that the longest-
wavelength *MLCT transition involved ippy as the acceptor
ligand, and biphasic relaxation kinetics revealed dual emission
that was assigned to *MLCT pre-equilibrium, or spontaneous,
emission (7, ~ 1 us) and delayed *"MLCT emission (7, > 50
us) arising from an excited state equilibrium between *MLCT
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and °IL states. The longer lifetime could not be isolated as a
distinct state with °IL spectral characteristics using gated
methods or at 77 K. In fact, solid matrices produced
monoexponential emission decays from the Ru ippy dyads on
the order of S—10 us, suggesting that ’IL states were
inaccessible in rigid media. Given that thermalized *MLCT
energies were estimated at 1.9—2.0 eV for Ru ippy dyads with
typical diimine ligands (2,2-bipyridine (bpy), 1,10-phenanthro-
line (phen), etc.) and that conjugated pyrene zz* states lie near
2.0 eV, we hypothesized that some degree of torsional motion
about the coannular bond joining imidazo[4,5-f][1,10]-
phenanthroline (ip) and pyrene may accompany population
of ’IL states from roughly isoenergetic "MLCT states.

In this study, Ru dyads 1—4 (Figure 1) of the type
[Ru(LL),(ippy)]*, with LL = bpy, phen, 4,4'-dimethyl-2,2'-

2.

Figure 1. Structures of the four Ru(II) complexes investigated in this
study.

bipyridine (dmb), or 4,4'-di-tert-butyl-2,2"-bipyridine (dtbb),
respectively, were investigated on submicrosecond timescales
with emission and transient absorption spectroscopy. Our goal
was to gain a better understanding of the excited state dynamics
that lead to *MLCT-’IL equilibration in aqueous environments
in order that we might optimize the PDT effect in these
systems. Furthermore, these studies will form the basis for
future investigations aimed at delineating how these photo-
induced processes are influenced by interactions with DNA.

2. EXPERIMENTAL AND COMPUTATIONAL SECTION

Cornpounds 1-4 (Figure 1) were prepared as previously
described.** Steady-state and femtosecond time-resolved
spectroscopic experiments were performed at room temper-
ature in air-equilibrated spectroscopic-grade solvents (Sigma-
Aldrich). For nanosecond transient absorption measurements,
the solvents were deaerated by the freeze—pump—thaw method
to remove oxygen. Complexes 1—3 were dissolved in distilled
water, while 4 was supplemented with 5% v/v dimethyl
sulfoxide (DMSO) for complete dissolution.

Steady-state absorption spectra were recorded using a Jasco
V-670 spectrophotometer on samples prepared in a quartz cell
with a 1 cm path length.

Nanosecond transient absorption and emission lifetime
measurements of compound 1 were performed in water in a
sealed quartz cell with 1 cm path length (OD = 0.5 at 410 nm)
on a commercially available system from Pascher Instrument
AB that has been described previously.** Samples were excited
with 10 ps pulses centered at 410 nm. For transient absorption
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Figure 2. (A) Experimental absorption spectra of 1 (black), 2 (gray), 3 (cyan), and 4 (violet) in water at pH 7. (B) Experimental (dashed) and
calculated (solid) absorption spectra of 1 (see SI for more details). The calculated oscillator strengths are represented by black bars. A Lorentzian
function with a full-width at half-maximum (fwhm) of 2500 cm™ was employed to broaden the transitions in the simulated spectrum. Donor and
acceptor molecular orbitals involved in excitation at (C) MLCT (centered at 465 nm) and (D) IL band (centered at 370 nm) of 1.

measurements, the probe wavelength was scanned between 380
and 800 nm in steps of 10 nm, and a quantitative data analysis
was based on a global fit of the data obtained at all probe-
wavelengths. Emission lifetimes were recorded at 600 nm using
the ns-transient absorption system without the probe light.

The setup for femtosecond transient absorption is described
elsewhere.”>** Samples 1—4 were excited at 403 nm
(compound 1 was also excited at 483 nm). The photoinduced
dynamics were probed with a white-light supercontinuum.
Samples were added to a quartz cell (1 mm path length), with
the final concentrations of the complexes adjusted to yield an
optical density of approximately 0.5 at the corresponding
excitation wavelength. The data was chirp-corrected and
subsequently analyzed by a global fitting routine using a sum
of exponential functions. For solvent viscosity- and polarity-
dependent measurements, 1 was dissolved in solvents with
varying viscosity and polarity: acetonitrile (ACN; ¢ = 35.7, 7 =
0.39 mPa-s), butyronitrile (BCN; ¢ = 24.3, = 0.57 mPa-s),
DMSO (& = 40.68, 17 = 2.14 mPas), and 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone (DMPU; ¢ = 36.1, 1 = 2.93
mPa-s).

Sample integrity was ensured throughout all time-resolved
spectroscopic experiments by recording absorption spectra of
the samples before and after each spectroscopic experiment. No
spectral changes indicative of sample degradation were
observed.

The structural and electronic data of 1 was obtained from
quantum chemistry calculations using Gaussian 09. The
geometry, vibrational frequencies, and normal coordinates of
the respective ground states were calculated by DFT with the
exchange-correlation (XC) functional B3LYP,***® B3LYP35,””
a functional based on B3LYP combining 35% of exact
exchange, 58.5% of nonlocal B8g>® exchange and the LYP
correlation, and CAM-B3LYP.** The 28-electron relativistic
effective core potential MWB* was used with its basis set for
the Ru atom, that is, 4s, 4p, 4d, and Ss electrons are treated
explicitly, whereas the three first inner shells are described by
the core pseudopotential. The 6-31G(d) double-{ basis set*'
was employed for the ligands. The vertical excitation energies
and oscillator strengths of the excited states were obtained from
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TDDFT calculations within the adiabatic approximation with
the same XC functionals (B3LYP, B3LYP3S, and CAM-
B3LYP), pseudopotential, and basis set. To gain insight into the
relaxation pathways of 1 upon excitation, the lowest triplet state
was optimized at the TDDFT level. Subsequently, the potential
energy surface along the dihedral angle &, describing the torsion
with respect to the imidazole and the pyrene fragment, was
calculated between —55° < 6 < +55° and with a step size of 1°.

3. RESULTS AND DISCUSSION

3.1. Steady-State Absorption. For imidazole-containing
ligands, it has been shown that the protonation state of the
imidazole ring significantly impacts the photophysical proper-
ties of both the isolated ligands*~** and their respective
transition metal complexes.**~*” Three protonation states are
possible for compounds 1—4: the cationic protonated imidazole
ring, and its neutral and anionic counterparts. UV/vis titration
experiments in water were performed on 1 (see the Supporting
Information, SI) as a model system for series 1—4, which differ
only in the identity of the coligands. While all three protonation
states could be accessed over the pH range of the titration, the
neutral form of 1 predominated at pH 7 and is, therefore,
considered to be the relevant form of 1—4 in this photophysical
study.

The absorption spectra of 1—4 in water (Figure 2A)
displayed characteristic MLCT transitions in the visible region,
centered at 465 nm (Table 1). IL transitions contributed to the
absorption spectrum near 275 and 370 nm. Based on the
calculated absorption spectrum of 1 in water (Figure 2B), the
MLCT band corresponds to a mixture of Ru (dz) — ippy, bpy/
phen (7*) transitions, while the IL band centered at 370 nm
can be assigned to the 7 — 7 transitions of the ippy ligand
(molecular orbitals shown in Figure 2C,D). Compound 2
showed a high energy IL transition at 262 nm, attributed to 7
— 7% transitions of the phen ligand,** while the analogous bpy
ligand transitions for 1, 3, and 4 occurred at 284 nm.

3.2. Nanosecond Transient Absorption. Time-resolved,
selected-wavelength transient absorption kinetics in the ns-us
regime were previously reported for 1 in water.”* In this
contribution, the spectral characteristics for 1—4 were
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Table 1. Photophysical Parameters Determined for 1—4 in
Water”

Aver/ £ (Af\/lLCT)/ 7/ o/ T Temt/  Temd/

compound nm Mt em™ ps ps Hs Us HUs
1 459 20700 2.2 33 52 0.6 26

2 457 22800 1.7 21 50 1.1 26

3 467 15600 2.9 24 S1 0.8 23

4 467 22200 3.1 27 49 1.2 26

“Transient absorption time constants were obtained by global fit of the
femtosecond time-resolved absorption data with two exponential
functions and an infinite component and for nanosecond time-
resolved absorption data with mono-exponential function. Emission
lifetimes were obtained at a probe wavelength of 600 nm.

investigated in more detail with ns transient absorption (Figure
3A exemplary for 1). The spectral shape of the transient data
on the us timescale consisted of a ground state bleach (GSB)
below 400 nm and positive AOD values beyond 400 nm,
representing excited state absorption (ESA) with a maximum
around 550 nm. At all probe wavelengths and for all
compounds, the decay of the ESA was monoexponential with
a time constant 7; of around S0 us (Table 1) and was
accompanied by a concerted recovery of the ground state
(Figure 3B).

Further important information about ground-state recovery
can be gleaned from the emission lifetimes of 1—4 (Figure 3C).
Biexponential decay kinetics were observed for all of the
compounds (Table 1). The short component 7., was
approximately 1 s and can be assigned to spontaneous
emission originating from the *MLCT state. In a previous
study, the emission lifetime of the core complex without the
pyrene substituent was determined to be 462 ns.*” The spectral
similarities between the unsubstituted complex and 1—4
suggest that both emission components originate from a
common excited state, with the long-lived component assigned
to delayed luminescence from the *MLCT state. It is the
relatively small energy gap between the thermalized *MLCT
state and the *IL (pyrene) state that leads to an excited-state
equilibrium between these configurations.”® Figure 4 summa-
rizes this deactivation pathway exemplary for 1, and
demonstrates the impact of low-lying °IL states on the
photophysics of these complexes. As we have shown previously,
prolonging excited-state lifetimes with judicious placement of

MLCT
EA %‘éf@ogg SMLCT
N &b
Tem.1 \ OO(?O
402\:\m =1 u'sl Temz
gz%ogo és‘=25us T,= 50 pis

Figure 4. Schematic representation of the relative energetic position-
ing of the excited states involved in the us excited state dynamics of 1.

’IL states has important implications in the design of PSs for
PDT 245!

3.3. Femtosecond Transient Absorption. The ns
experiments shed light on the decay of the investigated
systems, but not the formation of their excited states.
Therefore, fs transient absorption spectroscopy was used to
achieve the time resolution necessary to interrogate the
processes leading to the photoinduced population of the
SMLCT and °IL states and the formation of the excited state
equilibrium. Femtosecond transient absorption experiments on
compounds 1—4 were carried out with excitation at 403 nm, a
pump wavelength where MLCT and IL transitions are excited
simultaneously (Figure 2B). To resolve individual contributions
to the excited-state dynamics from MLCT and IL excitations, fs
transient absorption dynamics of 1 were also probed with
selective excitation of the MLCT states at 483 nm. However,
first the focus will be on the photoexcitation of the compounds
at 403 nm, where the photoinduced absorption changes were
recorded for delay times up to 1.8 ns.

3.3.1. Femtosecond Transient Absorption of 1—4 in Water
upon Excitation at 403 nm. The transient absorption spectra
of 1-4 recorded at 1 ps after photoexcitation are shown in
Figure SA. All spectra contained contributions from both a GSB
and an ESA. In the case of 1 and 2, the GSB was dominant
between 470 and 490 nm, which correlates directly with the
MLCT absorption band of these compounds. For 3 and 4, the
GSB was extended to 500 nm, which reflects the bathochromic
shift of the ground state MLCT absorption band (Figure 2A).

Figure SB depicts the temporal evolution of the transient
absorption spectra of 1. The spectra reveal that, in the first 100
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Figure 3. (A) Nanosecond transient absorption spectra recorded for 1 in water upon pumping at 410 nm at different delay times. (B) Kinetic traces
of 1 at 380 (blue), 510 (green), and 600 nm (red). (C) Emission decay kinetics recorded for 1 in water at 600 nm pumping at 410 nm. Symbols

represent experimental data, while solid lines refer to the fit.
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ps after photoexcitation, the transient absorption feature
dominating the visible spectral region builds up and remains
unchanged for longer delay times. This behavior overwhelmed
any negative differential absorption contributions below 500
nm. Consequently, 20 ps after photoexcitation, an all-positive,
but spectrally unstructured, differential absorption signal was
observed. Only at delay times longer than 10 ps did two distinct
maxima of the positive differential absorption band at 516 and
554 nm gradually develop.

Figure 6A shows the kinetics of 1 in water recorded at
various probe wavelengths (see the SI for transient absorption
kinetics of 2—4). The kinetics reflect the formation of a long-
lived ESA within about 200 ps after light absorption, which
remains unchanged within the experimentally accessible range
of delay times (1.8 ns). Figure 6B compares the transient
absorption kinetics of 1—4 by plotting the transient kinetics
recorded at the maximum of the respective ESA feature at a
probe wavelength of 555 nm. All kinetics exhibited similar
behavior and reflected the formation of a long-lived excited-
state. From the similarity of the transient absorption data of 1—
4, it appears that the photoinduced dynamics are dominated by
the properties of the ippy-ligand rather than the nature of the
coligands employed.

For a quantitative analysis of the transient absorption
kinetics, the data were fit with a double-exponential function,
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and the resultant time constants are summarized in Table 1.
For all complexes, a time-constant 7; on the order of 2—3 ps
was accompanied by a longer time constant 7, in the range of
21-33 ps. Sub-100 fs dynamics indicative of 'MLCT —
SMLCT intersystem crossing”>>> were not resolved, so the
initial state in these experiments described in Figure 2B is the
SMLCT state, in which, due to the excitation at 403 nm, the
excess charge density is distributed over all coordinating
ligands. Hence, the 2—3 ps component, which is spectrally
characterized by a blue-shift of the ESA (inset in Figure 6B),
has been assigned to localization of the *MLCT on the ippy-
ligand (bearing the energetically lowest-lying orbitals**) and
subsequent cooling. The process associated with 7, is attributed
to a rotation about the ip-pyrene coanular bond of the ippy-
ligand. This excited-state twist enables electronic coupling
between the imidazole and pyrene units and, consequently, the
population an IL triplet state via energy transfer. Photoinduced
torsional motion, such as rotation about the ip-pyrene bond,
should exhibit a viscosity dependence, which can be analyzed
with transient absorption spectroscopy in solvents of different
viscosity.>>*7**757 Such solvent viscosity-dependent dynamics
have been observed for Ru(1I) polypyridyl complexes bearing
4H-imidazole ligands,“s’47 aryl-substituted bipyridine ligands,58
and 7-conjugated terpyridine systems.>*

DOI: 10.1021/acs jpca.5b01737
J. Phys. Chem. A 2015, 119, 3986—3994


http://dx.doi.org/10.1021/acs.jpca.5b01737

The Journal of Physical Chemistry A

delay time / ps

100 200

300

€=24.3 100 o
u ~
ACN . 50 B
044 e £=46.8
500 550 600 650 70000 05 10 15 20 25 30

wavelength / nm

Figure 7. Transient absorption data collected for 1 (4

ump

viscosity / mPa s

= 403 nm) in ACN (orange), BCN (red), DMSO (brown), and DMPU (black). (A)

Transient absorption spectra at 1 (dashed line) and 100 ps (solid line) normalized to the maximum positive AOD signal of the 100 ps spectra. (B)
Transient absorption traces at 560 nm for all solvents. Symbols represent experimental data, while solid lines refer to the curve obtained from the
global fit. The kinetic traces are normalized to the maximum AOD signal at long delay times. (C) Dependence of 7, on the viscosity and polarity of

the solvents.

3.3.2. Viscosity-Dependent Femtosecond Transient Ab-
sorption of 1 upon Excitation at 403 nm. Viscosity-
dependent fs time-resolved transient absorption measurements
of 1 were performed in ACN, BCN, DMSO, and DMPU. The
transient spectra of 1 dissolved in these solvents taken at 1 and
100 ps after photoexcitation are summarized in Figure 7A (see
the SI for detailed temporal evolution of 1 in the aprotic
solvents). In the spectra recorded at 1 ps, a GSB dominated the
signal below 500 nm (ACN, BCN/DMSO, and DMPU), in the
spectral region of steady-state absorption. At 100 ps all spectra
showed positive AOD values over the entire probe range with a
maximum AOD value near 558 nm. This maximum shifted
bathochromically upon increasing the viscosity of the solvent.
Furthermore, a shoulder at 514 nm was observed in ACN,
while for the other solvents, a second maximum at 514 (BCN),
512 (DMSO), and 521 nm (DMPU) was present in the
spectra.

The transient absorption kinetics of 1 in different solvents
are shown in Figure 7B, and the corresponding time constants
used to quantitatively describe the dynamics are listed in Table
2. The kinetics recorded at 560 nm revealed a nonexponential

Table 2. Dynamic Viscosity, 77, and Dielectric Constant, €, of
Applied Solvents and Time Constants, 7, Measured for 1 in
ACN, BCN, DMSO, and DMPU Obtained by Global Fit of
Transient Absorption Data with Two Exponential Functions
and an Infinite Component

solvent n/mPa:s, € 7,/ps 7,/ps
ACN 0.39 35.7 2.7 S1
BCN 0.57 24.3 1.7 81
DMSO 2.14 46.8 33 79
DMPU 293 36.1 33 128

rise of an excited state that reached a maximum AOD value at
long times over the 500 ps time window investigated. This
biexponential buildup of the ESA signal was decelerated in
more viscous solvents. Similar to aqueous solutions, the fast
component, 7, = 1—3 ps, was assigned to the formation of a
thermally relaxed, ippy-centered *MLCT state. The time-
constant 7, was lengthened with increasing solvent viscosity,
reflecting a slower pyrene twist in the more viscous solvents. In
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ACN (57 = 0.39 mPas, € = 35.7) and DMPU ( = 2.93 mPas, &
= 36.1) 7, was determined to be S1 and 128 ps, respectively,
while it was 81 ps in BCN (7 = 0.57 mPa-s, £ = 24.3) and 79 ps
in DMSO (5 = 2.14 mPa-s, € = 46.8; Figure 7C). The value of
7, in DMSO was smaller than expected and can be ascribed to
the high polarity of the solvent. Upon planarization of the ippy
ligand and formation of the *IL, the dipole moment of the
excited complex is altered and preferentially stabilized by the
solvent compared to the *MLCT. Such solvent stabilization of
the *IL excited state in the highly polar solvent DMSO can be
considered to provide additional driving force to populate this
state and hence shorten 7,.

3.3.3. Femtosecond Transient Absorption of 1 in Water
upon Excitation at 483 nm. The previous discussion was
based on transient absorption data collected with 403 nm
excitation. At this wavelength MLCT states associated with all
three coordinating ligands contribute to the absorption of the
complex as well as the ippy ligand itself. In order to evaluate the
effect of pump wavelength and to disregard contributions from
direct n7m* excitation of the pyrene, transient absorption
spectroscopy of 1 was performed in water upon excitation at
483 nm, where primarily the MLCT transitions involving the
directly coordinating bpy and phen ligands are excited (see the
SI for quantum chemical calculations of contributing excited
states). The results (for more detail see the SI) indicated that
the kinetics did not change significantly with longer wavelength
excitation. However, the underlying photoinduced excited state
processes were marginally slowed upon excitation of the
complexes at 483 nm compared to excitation at 403 nm. A
biexponential global fit afforded time constants of 7, = 3.9 and
7, = 49 ps, describing the rise of the long-lived excited state. It
is possible that the pyrene twist slows as a result of less energy
being deposited into the system.

3.3.4. TDDFT Calculation of Pyrene Twist. To obtain insight
into the structural relaxation pathways that follow photo-
excitation, quantum chemical simulations were carried out for
1. Excitation in the Franck—Condon region of the singlet
ground state (S,) populates the bright '"MLCT states (S, and
S,), which leads to intersystem crossing into the triplet
manifold. While several triplet states are accessible with
excitation energies matching the S, and S, states, the T, state
at 1.89 eV, represented by an electronic configuration where

DOI: 10.1021/acs jpca.5b01737
J. Phys. Chem. A 2015, 119, 3986—3994


http://dx.doi.org/10.1021/acs.jpca.5b01737

The Journal of Physical Chemistry A

Figure 8. Singly occupied frontier orbitals of (A) SOMO, and (B) SOMO, of the T, state in its equilibrium geometry.

both unpaired electrons are localized on the ippy ligand, sphere
is of particular interest (SOMO, and SOMO, in Figure 8).
Specifically, the bonding character between the ip and pyrene in
SOMO, was characterized by increased electron density
localized at the bond connecting these fragments. A subsequent
geometry optimization of the T, state at the TDDFT level of
theory led to a partial planarization of the ippy ligand from 6 =
42.6 (S, geometry) to 27.9° (T, geometry), accompanied by a
slight pyramidalization (9.3°) of the pyrene carbon connected
to ip. These geometry alternations markedly lowered the
energy of the T, state to 1.35 eV, a drop of 0.54 eV. To verify
the correlation of the torsion described by the dihedral angle &
and the stabilization of the T, a potential energy surface along
0 was calculated in the optimized equilibrium structure of T,
(Figure 9). The potential energy surface of the T, state shows a
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Figure 9. Calculated potential energy surfaces of the T, and S, states
along the torsional angle & within the optimized equilibrium geometry
of the T, state. The simulations were performed for —55° < § < 55°
with a step size of 1° at the CAM-B3LYP/6-31G(d) level of theory
and included the effects of solvation (polarizable continuum model:
water).

pronounced dependency on J, with a stabilization of
approximately 0.1 eV between the S, geometry and the T,
equilibrium geometry. Hence, TDDFT simulations point to a
population of the lowest triplet state following photoexcitation
to '"MLCT states, leading to partial planarization of the ippy
ligand by twist of the pyrene ligand with respect to the ip ring
system.

Figure 10 summarizes the relaxation processes observed for
1-4 inferred from both ns and fs transient absorption
experiments. Picosecond dynamics (derived from fs measure-
ments) were characterized by vibrational relaxation within the
*MLCT manifold followed by rotation about the pyrene-ip
bond, enabling population of the *IL state. The final ground-
state recovery was observed on the microsecond timescale.
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Figure 10. Schematic representation of the relative energetic positions
of the excited states involved in the picosecond excited state dynamics.

4. CONCLUSION

The photophysics of a series of Ru(II) dyads bearing the ippy
ligand have been investigated with transient absorption and
time-resolved emission spectroscopy. The picosecond dynamics
were best described through vibrational relaxation centered on
the ippy ligand and subsequent torsional motion of the pyrene
system, which facilitates energy transfer from the thermalized
SMLCT state to the *IL (pyrene) state. Despite differing
coligands, similar excited state dynamics were observed for 1—
4, suggesting that the kinetics are influenced primarily by the
ippy ligand. Transient absorption on the ps timescale and
emission experiments indicated a nonradiative ground state
recovery from the °IL state and two emission lifetimes, which
were assigned to spontaneous and delayed emission of the
SMLCT state. The time constants of 24 (long-lived emission)
and 46 us (transient absorption) suggest an equilibrium
between *MLCT and *IL states, which explains the long-lived
7, emission with 3MLCT character.

These spectroscopic results are useful in understanding the
utility of Ru(II) dyads as PDT agents. As previously
demonstrated, the same structural features that give rise to
these low-lying, ligand-centered states also establish high
affinity toward biomolecules such as DNA. For example, the
lipophilic pyrene handle is an excellent DNA intercalating unit,
ensuring maximal photodamage to the DNA helix due to strong
binding coupled with efficient excited-state charge distribution
over the intercalating ippy ligand. The energetic proximity of
the pyrene-localized °IL state prolongs the lifetime of the
SMLCT state (observable by delayed emission) and also
contributes a dark state of °IL character with the longest
lifetime 7; (observable by transient absorption) that could
mediate photoactivity toward biological targets. We conclude
that low-lying, long-lived °IL states are influential in Ru(II) ippy
dyads, resulting in excited states that are highly photosensitizing
for destroying unwanted cells upon visible light activation. It is
interesting to speculate that binding to biological targets may
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exert a templating effect that planarizes the ip-pyrene unit and
facilitates *IL population, increasing the photoreactivity of the
dyads beyond what is possible from conventional *MLCT
states. To our knowledge this is the first investigation to probe
the relationship between torsional motion and °IL state access
in metal—organic dyads. Studies are underway to examine the
effects of DNA binding on the excited state photophysical
model outlined herein.

B ASSOCIATED CONTENT
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Acid—Dbase titration experiments, calculated absorption spectra
(including vertical excitation energies and molecular orbital
images of most relevant configurations), femtosecond transient
absorption spectra and decay traces in water using a pump
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