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Abstract. Two new complexes, [Ru(tpy)(qdppz)](PFs)2 (1; qdppz = 2-(quinolin-8-
yl)dipyrido[3,2-a:2',3'-c]phenazine, tpy = 2,2":6',2"-terpyridine) and [Ru(qdppz)2](PFs)> (2), were
investigated for their potential use as phototherapeutic agents through their ability to
photosensitize the production of singlet oxygen, 'Oz, upon irradiation with visible light. The
complexes exhibit strong Ru(dn)—qdppz(n*) metal-to-ligand charge transfer (MLCT) absorption
with maxima at 485 nm and 495 for 1 and 2 in acetone, respectively, red-shifted from the
Ru(drn)—tpy(n*) absorption at 470 nm observed for [Ru(tpy):]*" (3) in the same solvent.
Complexes 1 and 3 are not luminescent at room temperature, but *"MLCT emission is observed for
2 with maximum at 690 nm (Aexc = 480 nm) in acetone. The lifetimes of the *MLCT states of 1
and 2 were measured using transient absorption spectroscopy to be ~9 ns and 310 ns in methanol,
respectively at room temperature (Aexe = 490 nm). The bite angle of the qdppz ligand is closer to
octahedral geometry than that of tpy, resulting in the longer lifetime of 2 as compared to those of
1 and 3. Arrhenius treatment of the temperature dependence of the luminescence results in similar
activation energies, Ea, from the *MLCT to the °LF (ligand field) state for the two complexes, 2520
cm! in 1 and 2400 cm™! in 2. However, the pre-exponential factors differ by approximately two
order of magnitude, 2.3 x 103 s7! for 1 and 1.4 x 10'! s7! for 2, which, together with differences in
the Huang-Rhys factors, lead to markedly different SMLCT lifetimes. Although both 1 and 2
intercalate between the DNA bases, only 2 is able to photocleave DNA owing to its 'O, production
upon irradiation with @ = 0.69. The present work highlights the profound effect of ligand bite
angle on electronic structure, providing guidelines for extending the lifetime of *MLCT Ru(II)

complexes with tridentate ligands, a desired property for a number of applications.
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Introduction

The excited state properties of ruthenium(Il) polypyridyl complexes have been utilized
across diverse fields for applications that include solar energy conversion,!” bioimaging,*?
photoswitching,®” and photodynamic therapy (PDT).8!> PDT agents are not toxic in the dark and
must be activated by light to produce cytotoxic reactive oxygen species, such as '0,.515 This
method provides spatiotemporal control of the delivery and dose of the drug at the tumor site.®!°
Therefore, photoactivation affords selectivity towards cancer that is not present in traditional
cancer chemotherapeutics, such as cisplatin and related platinum complexes, which are thermally
activated.®!° In order to efficiently produce 'O, for PDT, ruthenium(IT) complexes must possess
a long-lived excited-state, be stable in the dark, and should absorb low energy visible light for
maximum tissue penetration.'®

In contrast to the prototypical [Ru(bpy);]*" (bpy = 2,2'-bipyridine) and derivatives with
bidentate chelation,'’!” Ru(Il) photosensitizers coordinated by tridentate ligands, such as tpy
(2,2":6',2"-terpyridine), have been explored for their increased red light absorption and a more
favorable geometry for the preparation of supramolecular linear arrays.?®?! However, the
development of these complexes for light-driven applications has been limited by their short
excited state lifetimes. For example, the MLCT (metal-to-ligand charge transfer) excited state
lifetime, T, of [Ru(tpy)2]** is only 250 ps in water at room temperature,?? significantly shorter than

23,24

that of [Ru(bpy)s]**, 685 ns, and related complexes with bidentate ligands. For this reason,

there has been intense interest in the development of Ru(Il) complexes with tridentate ligands
featuring longer MLCT lifetimes,!7-20-25-34

One strategy used to increase the excited state lifetimes of the bis-tridentate Ru(Il)
complexes is expansion of the ligand's bite angle.!®?*> The 157° bite angle of tpy (Figure la) is
smaller than the ideal 180° required for an octahedral geometry around the metal center,?S resulting
in a weaker ligand-field splitting and lower energy metal-centered, triplet ligand-field excited state

(’LF). The 3LF state serves to deactivate the emissive SMLCT excited state in these complexes,

such that increasing the energy of the former results in longer SMLCT lifetimes.!®!%?7 One



successful design was shown to be the addition of quinoline substituents to the 2- and 5-positions
of the central pyridine ring to generate 2,6-di(quinoline-8-yl)pyridine (dqpy), since the quinoline
groups serve to expand the bite angle to 179.6° in dqpy (structure shown in Figure 1a), leading to
an emissive MLCT excited state in [Ru(dqpy):]** with a lifetime, 1, of 3.0 ps in ethanol/methanol
at room temperature.?® Similar lifetimes were reported for bis-tridentate complexes with
substituted dgpy ligands, some with emission in the near-IR region.?’3! The addition of carbon
bridges between pyridine units also results in an expanded tridentate coordination structure with
bite angle of 168° leading to an emissive bis-tridentate Ru(Il) complex with T = 18 ns in
acetonitrile at 298 K (Figure 1a; bzbpy).2” This ligand was further improved through the addition
of carbonyl groups and two methylene bridges, expanding the bite angle to 177.8° and increasing
the lifetime to 3.3 us in acetonitrile at 298 K (Figure 1a; Lket).>? The same principle can be applied
to other ligands, such as the addition of a quinoline group to the 2-position of phen (1,10-
phenanthroline) to generate qphen (qphen = 2-(quinolin-8-yl)-1,10-phenanthroline; Figure 1a).
[(Ru(gphen)2)](PFs)2 exhibits a 'MLCT absorption centered at 485 nm and an emissive MLCT
state with maximum at 712 nm and t = 810 ns in methanol/ethanol at 298 K >3

In the DNA light-switch complexes cis—[Ru(bpy)2(dppz)]** (dppz = dipyrido[3,2-a:2',3'-
c]phenazine) and in cis-[Ru(phen)2(dppz)]** (phen = 1,10-phenathroline), the extended n-system
of the dppz ligand is able to intercalate between the DNA bases, making the complexes emissive
and turning on their ability to produce 'O upon irradiation, such that they are able to photocleave
DNA.>3-38 The present work combines the introduction of a tridentate ligand with an expanded
coordination cage together with presence of a dppz unit in [Ru(tpy)(qdppz)](PFs)2 (1; qdppz = 3-
(quinolin-8-yl)dipyrido[3,2-a:2',3'-c]phenazine) and [Ru(qdppz):](PFs¢)> (2); the molecular
structures of 1 and 2 are schematically depicted in Figure 1b. The results for complexes 1 and 2

are compared to those for the parent complex [Ru(tpy)2](PFs)2 (3).
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Figure 1. Structural representation of (a) tpy and related tridentate ligands with corresponding
bite angles and (b) complexes 1 (left) and 2 (right).

Experimental

Materials. All materials were used as received without further purification unless otherwise
noted. Diethyl ether, acetone, acetonitrile, and methanol were procured from Fisher Scientific, and
dichloromethane was obtained from Macron Fine Chemicals. Additionally, 1,3-
diphenylisobenzofuran (DPBF), 1,10-phenanthroline (phen), KPFs and acetone-ds were purchased
from Sigma-Aldrich. Ru(tpy)Cls was prepared using a known synthesis and the ligand qdppz was
synthesized following modifications of published procedures as shown in Scheme SI and the
process is described in detail in the supporting information, along with "H NMR characterization

(Figures S1 — $3).3%41

[Ru(tpy)(qdppz)](PFs)2 (1). The ligand qdppz, 2-(quinolin-8-yl)dipyrido[3,2-a:2',3'-c]phenazine,
was dissolved in 20 mL CH>ClL:CH30H:H>O (1:1:1, v:v:v) with Ru(tpy)Cl3 and the reaction



mixture was refluxed overnight in the dark. The solution turned from purple to red and, after
cooling to room temperature, the solvent was reduced under vacuum and the mixture was added
dropwise to a saturated aqueous solution of KPFs. The resulting precipitate was filtered and
washed with water and diethyl ether. '"H NMR (400 MHz; Figure S4) in (CD3),CO, &/ppm (mult.,
coupling, integration): 9.97 (d, J = 6.28 Hz, 1H), 9.90 (d, J = 6.28 Hz, 2H), 9.10 (d, ] = 7.51 Hz,
2H), 8.78 (t, J = 8.42, Hz, 1H), 8.59-8.46 (m, 5H), 8.24 (d, J = 6.98, 1H), 7.87-7.80 (m, 3H), ),
7.67-7.58 (m, 7H), 7.28 (d, J = 7.78 Hz, 1H) 7.10 (d, J = 7.34 Hz, 2H). ESI-TOF (+): [M?' - 2
PFs]** m/z = 372.08, [M?' -1 PFs]" m/z = 889.16 (Figure S6).

[Ru(qdppz):](PFs)2 (2). Two equivalents of qdppz ligand (0.100 g, 0.354 mmol) were dissolved
in 20 mL CH>Clo:CH30H:H>O (1:1:1, v:v:v) with RuCl; ( 0.0367 g, 0.177 mmol) and the same
synthetic procedure was followed as that to prepare 1. ! HNMR (400 MHz) in (CD3)2CO, &/ppm
(mult., coupling, integration): 10.12 (d, J = 7.12 Hz, 2H), 9.51 (d, J = 6.28 Hz, 2H; Figure S5),
9.35(dd, J =6.28, 1.44 Hz, 2H), 9.18 (dd, J = 8.42, 1.48 Hz, 2H), 8.87 (d, ] =7.78, 1.39 Hz, 2H),
8.61 (dd, J = 8.44, 1.41 Hz, 2H), 8.41 (dd, J = 6.64, 1.41 Hz, 1H), 8.27-8.15 (m, 8H), 8.08-8.04
(m, 4H), 7.53 (td, J = 8.51, 1.44 Hz, 2H), 7.07 (td, J = 6.56, 1.48 Hz, 1H). ESI-TOF (+): [M?" - 2
PF¢]*" m/z =460.08 , [M?*" -1 PFs]" m/z = 1065.13 (Figure S6).

Instrumentation and Methods. 'H spectra were measured on a Bruker 400 MHz DPX
spectrometer. The 'H-NMR peaks were referenced to the residual protonated acetone solvent at
2.05 ppm. Electrospray ionization (ESI) mass spectrometry was conducted on a Bruker MicroTOF
spectrometer. Samples were dissolved in acetonitrile. Electronic absorption spectra were recorded
on a Hewlett Packard 8453 diode array spectrometer, and emission spectra were collected on a
Horiba Fluormax-4 Fluorimeter.

Franck-Condon line shape analysis (eq 1) was used to fit the 77 K emission spectrum of
each complex with Wolfram Mathematica using the Levenberg — Marquardt procedure.*? The four
parameters that are fitted through this analysis are Eoo, the energy difference between the lowest

energy vibrational level of the emissive excited state and that of the ground state, Sm, the Huang-



Rhys factor which provides a quantitative measure of the relative distortion between the states, #®

corresponds to the energy of the ground state acceptor vibrational mode, and Avyy; is the full-width

1) = ch;om {(Eoo_vmhw)3 (smw!n) exp [(v—Eoo+vmhw)2]} 1)

Ego Avyn

at half maximum.*? In eq 2, v, represents the number of vibronic modes used in the fit, varied from
vm =0 to v, =2;in cases where the fit was not satisfactory, the sum included v,, = 3.

The quantum yields for 'O> production (®a) were measured using [Ru(bpy);]*" as a
standard with ®x = 0.81 in CH30H,* and DPBF as a 'O, trap. The absorbance of the unknown
samples and that of the [Ru(bpy)s;]** standard were matched at the irradiation wavelength (A =
0.01 at 460 nm) in a 1x1 cm quartz cuvette in methanol. The samples were irradiated in the sample
compartment of the fluorimeter (Air = 460 nm) in the presence of 1.0 uM DPBF. The DPBF
emission intensity (Aex =405 nm; Aem = 479 nm) was plotted as a function of irradiation time. The
resulting data points fit linear relationship, and the quantum yield was determined by comparing
the resulting slopes for the sample with that for the [Ru(bpy);]** standard.

Determination of the DNA binding constants was carried out through monitoring the
change of the 'MLCT absorption of each complex upon the addition of calf thymus DNA, which
can be correlated to the DNA binding constant (Kyp) using eq 2, where €., &r, and &, correspond to
the extinction coefficient for the apparent, free, and bound ruthenium complex, respectively, b =
I + KpC; + Ko[DNA]/2s, where C; and [DNA]; represent the total complex and total DNA

concentrations, respectively, and s is the base pair binding site size.***°

(ea— &) 2 — (b* = 2K;C[DNA],/s)'/?
(gb — gf) 2K, C,

(2)

DNA photocleavage experiments were carried out with 20 pL total volume in transparent
0.5 mL Eppendorf tubes containing 100 uM pUC19 plasmid (concentration in bases), 10 or 20 uM

of each complex, and 5 mM Tris buffer (pH = 7.7, 50 mM NaCl) in water. After incubation for 30



minutes in the dark at room temperature, the samples were irradiated with a 150 W Xe arc lamp
(Airr = 395 mn). After irradiation, 4 pL of loading dye buffer was added to each sample. The
solutions were loaded into a 1% agarose gel (stained with 0.5 pg/mL ethidium bromide) in a 1X
TAE buffer (40 mM Tris-acetate, | mM EDTA, pH ~8.5). Gel electrophoresis was performed at a
voltage of 60 V for ~1.5 hours and the gels were imaged using a BioRad GelDoc 2000
transilluminator.

For nanosecond transient absorption (nsTA) experiments, the excitation source was an
optical parametric oscillator (basiScan, Spectra-Physics) pumped by an Nd:YAG laser (Quanta-
Ray INDI, Spectra-Physics) with fwhm ~ 6 ns at a repetition rate of 10 Hz. The spectrometer
(LP980, Edinburgh Instruments) used a continuous 150 W xenon arc lamp as a probe source. The
spectral measurements were collected with an ICCD camera, while the kinetic traces were
measured with a PMT and a digital oscilloscope at a single wavelength. Samples for nsTA were
prepared in a 1X1 cm quartz cuvette with an absorbance of ~0.5 at the excitation wavelength. The
temperature dependence of the luminescence was collected using a CoolSpeK UV USP-203-B
cryostat (UNISOKU Scientific Instruments) to achieve temperatures ranging from 173 K to 298
K. The resulting values where then fitted to the Arrhenius equation (eq 3), where E. is the
activation energy, A the pre-exponential factor, and k, the sum of the non-radiative and radiative

decay rate constants.

§=k0+,4exp(—i) 3)

kpT

Results and Discussion
Steady-State Photophysical Properties

The electronic absorption spectra of 1 and 2 are shown in Figure 2. Both complexes exhibit
a strong dppz-centered 'nn* transition at ~360 nm in acetone, with € = 43,700 M 'cm™! for 1 and

e = 75,900 M'em! for 2. These maxima for 1 and 2 are similar to that reported for



[Ru(bpy)2(dppz)]** at 372 nm in water.** Compared to the "MLCT absorption of [Ru(tpy).]*" at
470 nm in acetone,?? the absorption maxima are slightly red-shifted, observed at 485 nm for 1 and
495 nm for 2 in acetone. These values are consistent with those previously reported for the related
complexes [Ru(tpy)(pydppz)]*" (pydppz = 3-(pyrid-2'-yl)dipyrido[3,2-a:2',3'-c]phenazine) and
[Ru(pydppz).]**, with !MLCT absorption maxima at 476 and 475 nm in CH3CN, respectively.*®
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Figure 2. Electronic absorption spectra of 1 (red) and 2 (blue) in acetone at 298 K.

Although luminescence was not observed for 1 at room temperature in CH3CN, 2 was
emissive at 298 K in the same solvent with a maximum at 690 nm, as shown in Figure 3a.
Excitation of 1 and 2 with 490 nm light at 77 K in CH3CN results in a broad emission with maxima
at 677 nm and 700 nm, respectively (Figure 3b). The 77 K emission spectra of each complex also
exhibit a lower intensity shoulder at ~750 nm, which corresponds to a vibronic progression with
an energy separation of ~1200 cm™! from the Eoo maximum. This value is comparable to that

reported for the low temperature luminescence of [Ru(tpy)2]*", 1290 cm™!.2133
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Figure 3. Emission (blue solid line; Aexc = 490 nm), absorption (red, solid line; 298 K), and
excitation (black, dashed line; Aem= 675 nm) of (a) 1 at 77 K (b) 2 at 298 K in CH3CN under N».

Time-Resolved Optical Measurements

The excited state dynamics of 1 and 2 were investigated using nanosecond transient
absorption (nsTA) spectroscopy in deaerated methanol (Aex = 490 nm, IRF ~ 6 ns). It is evident
from Figure 4 that both complexes exhibit similar positive transient absorption features at ~400
nm and ground state bleach signals from 450 nm to 600 nm. In addition, the TA spectrum of 2
exhibits a broad, weaker positive absorption at ~650 nm that is not observed for 1, possibly due to
a lower signal-to-noise ratio in the spectra of the latter. The transient signals of 2 at 400 nm and
650 nm can be fitted to monoexponential decays with a lifetime t = 310 ns in methanol (Table 1).
A similar lifetime is obtained for the bleach recovery of 2 measured at 490 nm, t = 315 ns. The
lifetime of 1 is significantly shorter, T ~ 9 ns for both the positive TA signal at ~400 nm and the

bleach at 490 nm. It should be noted that similar kinetics are observed in 1 and 2 for the decay of



the positive transient signal at ~400 nm and the return of the bleach is consistent with the decay of
SMLCT directly back to the ground state, as is typical for Ru(Il) polypyridyl complexes.*’
Additionally, the emission lifetime for 2, was measured to be 318 ns under N> in CH30H (Aexc =

355 nm, Aem = 675 nm), consistent with the nsTA results.
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Figure 4. Transient absorption spectra of (a) 1 recorded 5 ns after the excitation pulse and (b) 2
collected 10 ns to 450 ns following excitation in deaerated CH3OH (Aexc = 490 nm).

The difference in the excited state lifetimes of 1 and 2 parallel those previously reported
for Ru(IT) heteroleptic and homoleptic complexes with tridentate ligands. For example, the SMLCT
lifetime of [Ru(2-pybpy)21** (pybpy = 6-(pyridine-2-ylmethyl)-2,2'-bipyridine) was reported to be

15 ns at room temperature in acetonitrile, a ~10-fold increase when compared to the 1.4 ns lifetime

10



of [Ru(ttpy)(2-pybpy)]*" (ttpy = 4'-tolyl-2,2":6'2"-terpyridine) under similar experimental
conditions; the latter is coordinated by a substituted tpy ligand, ttpy, with a bite angle that deviates

from the ideal octahedral geometry.'8

Table 1. Excited State Lifetimes, t, Activation Energies, E., and Pre-exponential Factors, A, from
Arrhenius Fits of the Temperature Dependence of the Emission Lifetimes, and Franck-Condon
Analysis Values for 1 — 3.

Complex 1t/ns® E,/cm™'? A/s  Eep/em! ho/cm!  Sm Avip/cem!
| 1 | ~9 | 2520 | 2.3 x 108 | 14700 | 1130 | 0.58 | 1000 |
2 310 2400 1.4 x 10" 14770 1120 0.80 1120
3 0.25¢ 1700¢ 1.7 x 1013¢  17100¢ 1380¢/ 0.43¢/  750¢/

“Methanol, 298 K, under N». ’In acetone. “Data from ref. 50 in water, 298 K. ¢Data from ref. 51
in butyronitrile. /At 77 K.

Temperature Dependence Studies

To further understand the differences in the excited state processes in 1 and 2, the
temperature dependence of their luminescence lifetimes was investigated. In particular, the shorter
lifetime of 1, as is the case in other tpy Ru(Il) complexes, may be related to the lower energy of
the 3LF state associated with the reduced bite angle of the tpy ligand as compared to those of the
two qdppz ligands in 2. The SMLCT lifetimes for 1 and 2 were measured from 173 K to 333 K in
acetone, shown in Figure S7, and fitted with Eq 3 at a probe wavelength of 715 nm. The resulting
values of the activation energy, Ea, and pre-exponential factor, A, are listed in Table 1. Both
complexes exhibit an increase in lifetime as the temperature, T, is decreased, however, the
temperature at which the lifetime reaches a limiting value differs. The emission lifetime of 1

generally varies across the entire temperature range, in contrast to the behavior observed for 2,

11



which exhibits relatively constant lifetimes at T <240 K (Figure 5). The Arrhenius fits resulted in
similar energy barriers for the two complexes, E, = 2520 cm™! for 1 and Ea = 2400 cm! for 2.
These values are within the range previously reported in the literature for emissive Ru(Il)
complexes, including [Ru(tpy):]** with Ea = 1700 cm™! and [Ru(bpy)s]** with Ea = 3960 ¢cm™! 24!
The lower E, value for [Ru(tpy)2]** as compared to [Ru(bpy)s]*" is attributed to a greater distortion
from octahedral geometry around the metal in the former, resulting in a lower energy °LF state

than in [Ru(bpy);]**.>!
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Figure 5. Temperature dependence of the measured kobs ( = 1/Tobs), obtained from the
luminescence lifetimes, Tobs, of 1 (blue) and 2 (red) along with the corresponding fits (dashed
lines) in acetone (Aex = 532 nm).

Since the SMLCT to *LF energy barriers E, are nearly identical in 1 and 2, the pronounced
difference in the lifetimes between the complexes may be attributed to the pre-exponential
frequency factor A. The Arrhenius fit for complex 1 resulted in A =2.3 x 10"3 s7!, two orders of

magnitude greater than that for 2, A = 1.4 x 10'! s7!. The difference in pre-exponential factors

12



between these two complexes can be explained by the presence of distinct pathways for
deactivation through the °LF state, as shown in Figure 6.2* In Case 1, deactivation from the *LF to
the 'GS state, which is determined by ko, is significantly faster than the reverse crossing from the
3LF back to the *MLCT, k-1, such that ko >> k_1.2*2 This case is the most common for Ru(II)
complexes, including [Ru(tpy)2]*" (A = 1.7x10 s7!, Eo = 1700 cm™!)°! and [Ru(bpy);]*" (A =
1.3x10 s71 E, = 3960 cm™'),2* both with pre-exponential factors in the vibrational frequency
range, 10'2 — 10! s7!. In contrast, in Case II, the return to the SMLCT state from the *LF, ki,
competes with the deactivation through the 3LF state, such that k| ~ kz, allowing the *MLCT and
3LF to equilibrate, resulting in pre-exponential factors in the range of 10° — 1010s71,19:335% Cage 11
appears to be rare, with only a few reports of tridentate ruthenium(Il) complexes that exhibit this
behavior.33-2 It is clear from the pre-exponential factors in Table 1 that 1 falls within Case I, similar
to that of [Ru(tpy)2]** and [Ru(bpy)3]**, whereas complex 2 is among the few examples that follow
the kinetic scheme of Case II. The fast deactivation through the *LF state for 1 also serves to

explain its significantly shorter S’MLCT lifetime as compared to 2.

A SMLCT

Energy —

Ground State
AQ (Ru-L) —

\J

Figure 6. Diagram showing the deactivation of the *MLCT excited state through the 3LF state
where in Case I, ko >> k| and in Case II, where k 1 competes with ko.

13



Franck-Condon line shape analysis of the 77 K emission spectra of 1 and 2 was performed
using eq 1 and the resulting fits are shown in Figure S8. The values of Eoo, the energy difference
between the lowest energy vibrational levels of the ground state ('GS) and the emissive *MLCT
excited state, Sm, the Huang-Rhys factor that provides a quantitative measure of the distortion in
the SMLCT relative to the 'GS, A#®, which corresponds to the ground state acceptor vibrational
mode, and Avip, the full-width at half maximum, were obtained from the fits and are listed in
Table 1. The fits for 1 and 2 result in similar #® and Eoo values, ~1130 cm™! and ~14700 cm™!,
respectively, and parallel those reported for 3, [Ru(tpy):2]**, 1380 cm™! and 17100 cm™! at 77 K in
buryronitrile.’! The Eo value from these fits is in good agreement with that obtained from the
steady state emission of 1 and 2 at 77 K, ~14500 cm™! (Figure S8). The difference between the
values for 1 and 2 compared to that of 3 can be explained by the addition of the qdppz ligand,
which not only extends conjugation but also increases the bite angle of the ligand. Despite similar
ho and Eoo values, Sm= 0.58 was determined for 1 and Sm= 0.80 for 2. For comparison, fits of
the 77 K emission of [Ru(tpy).]** and [Ru(bpy);]*" result in Sy values of 0.41 and 0.95,
respectively. 423!

Sm is related to the change in equilibrium displacement (AQ.), frequency (®), and the
reduced mass (M) by the equation Sm = (1/2)(Mw/h)(AQ.)?.>>¢ Therefore, with similar @ and M
in 1 and 2, a smaller Si, value indicates a smaller amount of relative distortion between the SMLCT
state and the 'GS in 1 as compared to 2 (Table 1), as schematically depicted in Figure 7.%>-¢ In
addition to the displacement between the 3MLCT and !GS states, Figure 7 provides a
representation for the potential energy surfaces of 1 and 2 based on their similar Eoo and E. values,
together with the lower energy of the 3LF state for 1 relative to 2 afforded by the smaller bite angle
of the former. The Huang-Rhys value for 1 is similar to that of 3, and that observed for 2 is in good
agreement with a previously reported value for [Ru(dqp)2]** (dgp = 2,6-di(quinolin-8-yl)pyridine),
Sm = 0.99, believed to arise from the deviation from planarity of the dqp ligand in the ground

19,28

state. Interestingly, Arrhenius treatment of the emission of [Ru(dgp).]** resulted in a pre-
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exponential factor of 1.5 x 10'° s7!, placing it Case II along with complex 2, and providing an
P p g g P

additional example of similarity in the photophysical properties between these two compounds.!”

Complex 2
SLF

|
LF
Complex 1

Energy —

1GS hv hv

\ / Eoo1 = Eoo2

AQ (qdppz) —

Figure 7. Schematic representation of the relative energies and displacements of the potential
energy surfaces of 1 and 2.

DNA Binding and Photocleavage

The ability of 1 and 2 to photocleave plasmid DNA was assessed using agarose gel
electrophoresis with 90 uM pUC19 DNA bases (5 uM Tris, pH = 7.6, 50 uM NaCl), as shown in
Figure 8. In Figure 8, lanes 1 and 6 contain plasmid alone showing mostly form I (undamaged,
supercoiled) and a smaller amount of form II (single-strand cleavage, open circular) DNA. Lanes
2 and 3 contain 15 pM of 1 and lanes 4 and 6 15 uM of 2; in lanes 2 and 4 the plasmid was
incubated with each complex at room temperature in the dark for 15 min, and lanes 3 and 5 were
irradiated for 15 min (Air > 395 mn). In the presence of 1, neither lane 2 (dark) nor the irradiated

sample (lane 3) show DNA photocleavage. However, in the presence of 2, DNA photoleavage is
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observed upon irradiation (lane 5), but not when the sample is kept in the dark (lane 4). The
photocleavage by 2 is attributed to its ability to sensitize the production of 'O, with quantum yield
for 'O, production measured to be 0.69(2) in methanol under N> (Airr = 460 nm). In contrast, the
sensitization of singlet oxygen was not observed for 1 under similar irradiation conditions,
consistent with its short excited state lifetime and lack of photoreactivity towards the plasmid. The
photoinduced generation of 'O, is known induce DNA damage through guanine oxidation to form

57,58

8-o0x0-guanine, however, strong association of the sensitizer with DNA is necessary for

photocleavage to be observed.>

Lane 1 2 3 4 5 6

Figure 8. Ethidium bromide-stained agarose gel (1%) with 90 uM pUC19 (bases), 5 mM Tris
buffer (pH = 7.6), 50 mM NacCl. Lanes 1 and 6 contain plasmid only, lanes 2 and 3 15 uM of 1,
and lanes 4 and 5 15 uM of 2. Lanes 3 and 5 were irradiated (4i» > 395nm, 15 min) and lanes 2
and 4 were kept in the dark for 15 min.

The DNA binding constant, Ky, of each complex was determined by monitoring the
changes in the electronic absorption spectra of 15 mM 1 and 2 upon addition of up to 100 uM calf-
thymus DNA bases (5 mM Tris, pH 7.1, 50 mM NaCl). The absorption changes were fit to a
previously reported 1:1 binding model (eq 2) that includes the binding site size, s5.*+%%¢! The

bathochromic shifts of the absorption of 1 and 2 at 490 nm resulted in DNA Kj, values of 5.7 x 10°
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M (s=2.8)for1and 5.4 x 10° M! (s = 3.0) for 2 (Figure S9). These values are consistent with
those reported for cationic transition metal intercalators, including those with dppz ligands, such
as [Ru(phen)(dppz)]*" with Kp = 1 x 10 M (s = 2).60:6!

Relative viscosity measurements were performed to provide additional evidence of
intercalation by each complex, as previously reported for transition metal complexes with a dppz
ligand.%263 Figure 9 shows the changes in the relative viscosity of a 200 uM calf thymus DNA
solution (5 mM Tris buffer, 50 mM NaCl, pH = 7.0) upon addition of 1 and 2, as well as with the
known intercalator ethidium bromide (EtBr) and [Ru(bpy)s;]**, a complex that does not intercalate
and exhibits weak electrostatic interactions with the DNA polyanionic backbone.*-¢4%6 Tt is
evident from Figure 9 that the addition of 1 and 2 results in an increase of the relative viscosity of
the solution, similar to the results observed for EtBr. As expected, little change in the relative
viscosity is recorded upon the addition of [Ru(bpy)s;]**. These results are consistent with DNA
intercalation by 1 and 2 and show that the addition of the quinoline arm to the dppz ligand in qdppz

does not affect the ability of the complexes to intercalate between the DNA bases.

A
13} [ "
| |
O
12}
A +
2 N ¢ +
£ 11 - &
= +
+
1.0 A
0.9 | | l I | I
0.00 0.05 0.10 0.15 0.20 0.25 0.30
[Complex]/[DNA bases]

Figure 9. Relative viscosity of 200 uM calf thymus DNA (bases, 5 mM Tris buffer, pH = 7.0, 50
mM NaCl) as a function of increasing concentration of EtBr (l), 1 (4), 2 (A ), and

[Ru(bpy)s " (®).
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Conclusion

The photophysical properties to two new complexes, [Ru(tpy)(qdppz)](PFs)2 (1) and
[Ru(qdppz)2](PFs)2 (2), were characterized. Complexes 1 and 2 feature strong '"MLCT absorption
in the visible region with maxima at ~490 nm. The presence of the tpy ligand in 1 aids in the
deactivation of the *MLCT excited state through lowering the energy of the metal-centered *LF
state, resulting in a *MLCT lifetime of ~9 ns at room temperature. In contrast, the larger bite angle
of the qdppz ligands in 2 lead to a longer lifetime, 310 ns in methanol at 298 K. Arrhenius treatment
of the temperature dependence of the SMLCT emission of 1 and 2 show that the differences in the
excited state lifetimes of the complexes cannot be attributed to the energy barrier between the
emissive *MLCT state and the *LF. Instead, Franck-Condon analysis of the 77 K emission of 1
and 2 point to increased distortion of the MLCT excited state relative to the ground state in 2
compared to 1, resulting in the longer lifetime of the former. Complex 2 is able to sensitize the
generation of 'O, upon irradiation with ®a = 0.69, whereas the short excited state lifetime of 1
precludes bimolecular energy transfer to O,. Both 1 and 2 intercalate between the DNA bases,
however, only complex 2 is able to photocleave DNA through the production of 'O,. Overall, the
qdppz ligand in [Ru(qdppz).]**, 2, represents a new example of a tridentate coordination to Ru(II)
that affords long excited state lifetimes, making it potentially useful for a number of applications,

including serving a s building block for linear arrays.
Supporting Information. Synthetic procedures; 'H NMR and mass spectrometry
characterization; emission decays as a function of temperature; emission spectra and Franck-

Condon fits; DNA binding titration (PDF).
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