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Abstract

Six Ru(IDbis(tpy) (tpy =2,26',2"-terpyridine) complexes, functionalized with one or two 2-naphthyl, 1-pyrenyl, or 9-anthraceriyl at 4
position of terpyridine respectively, were investigated with emphasis on‘fBgigeneration quantum yields and photocleavage capabilities
on DNA. For naphthyl and pyrenyl modified complexes, the lowest energy excited ststie@T, and therefore they behave very similarly to
the parent complex, [Ru(tpy]f*, having very lowtO, generation quantum yields. In contrast, for anthracenyl modified complexes, the lowest
energy excited state is anthracene-localized” state, as a result, they exhibit extremely ht@h generation quantum yields (0.96 and 0.71
for bis- and mono-substituted complexes, respectively) and potent photodamage abilities on calf thymus DNA, suggesting their promising
applications intO,-involved processes, such as DNA photocleavage.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction A variety of Ru(ll) tris(bidentate) complexes, e.g. tris-
bipyridyl, trisphenanthroline Ru(ll) complexes or their sub-
By virtue of their rich photophysical, photochemical, and stituted analogues, can effectively photoactivate cleavage
redox properties as well as their unusual binding capabilities of DNA [2—4], because they can generd®; efficiently
on DNA, ruthenium(l1) polypyridyl complexes have received benefited mainly by their long lifetimes dMLCT (in ws
extensive studies as DNA site-specific or conformation- region) [5-8], and because they can associate with DNA
specific markers and photo cleavét$. In photocleavages  strongly by way of intercalative diimine ligands such as
of DNA activated by Ru(ll) polypyridyl complexes, where dipyrido[3,2-a:2,3-c]phenazine (dppf]. In contrast, no
no direct chemical reactions (such as electron transfer andRu(ll) bis(terdentate) complexes were used as DNA photo-
oxo transfer) occurred between the complexes and DNA, sin- cleavage agent due to their pd@, generation ability, which
glet oxygen {O,) generated via energy transfer from triplet in turn results predominantly from their very short lifetimes
metal-to-ligand charge transfer statés[CT) of the com- of SMLCT (in ns region)[9].
plexes is believed to initiate the strand bre§ks4]. As a Compared to Ru(ll) tris(bidentate) complexes, Ru(ll)
result, the photocleavage efficiencies of Ru(ll) complexes bis(terdentate) complexes exhibit many advantages. For
depend generally on thehO, generation ability and their ~ example, [Ru(bpy]?* (bpy = 2,2-bipyridine) exists in two
binding strength upon DNA. enantiomeric forms which may complicate its interaction
with DNA, while [Ru(tpy)]?* (tpy = 2,2:6/,2"-terpyridine)
* Corresponding authors. Tel.: +86 10 64888103; fax: +86 10 64879375. IS achiral[10]. Also, rod-like superamolecular systems based
E-mail address: g203@mail.ipc.ac.cn (B.-W. Zhang). on [Ru(bpy}]?*, in which vectorial energy and electron
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transfer is favored, are difficult to construct, while such struc- 6

tures made from [Ru(tpy)?* are fully developed9,11-13]
Therefore, many strategies have been applied to improve O

the photophysical properties of Ru(ll) bis(terdentate) com-

plexes, including the utilization of cyclometalating ligands 2-naphthyl 1-pyrenyl 9-anthracenyl

[9], the incorporation of electron donating or withdraw-
ing substituents in terdentate ligandst], and increasing

N - . tpy R=H
the delocalization ability of the terdentate ligands]. tpy-Na R = 2-naphthyl
u i n i tpy-Py R = 1-pyrenyl
Recently another approach, namely “reservoir effect” which o An R~ 9 mnthraceny]

first demonstrated its potent ability to increase IMLCT
lifetimes of Ru(ll) tris(diimine) complexeld 6,17}, was suc-
cessfully adopted to lengthen tARILCT lifetimes of Ru(ll)
bis(terpyridine) complexes greathl8-20] The underly-
ing mechanism is the establishment of a fast equilibration
between the’MLCT state of the complex and the triplet
excited state of the attached organic chromophore on lig-
and which is very longlived and locates close3tdLCT
in energy. Thus, excitation iAMLCT band of the Ru(ll)
complex results in the population of the triplet excited
state of the organic chromophore, which then serves as
an e”ergy reservo_lr to allow th%MLCT_ !’EIaX_ ina mu_Ch Scheme 1. Chemical structures of aryl-substituted terpyridine ligands and
longer time domain through the equilibration mentioned thejr Ru(il) complexes.
above.

Organic chromophores used in this regard are generally2. Experimental
pyrene and anthracene due to the proper energies of their
triplet excited states. Taking it in mind th®, can be effec- 2.1. Materials
tively generated via energy transfer from the triplet excited
states of pyrene and anthracene, the presence of these aryl 2,2,6,6-Tetramethyl piperidine (TEMP), ethidium bro-
chromophores may provide an efficient channel to generatemide (EB), 1,3-diphenylisobenzofuran (DPBF), "2h#py-
10, via excitation ofIMLCT of the Ru(ll) complex moi- ridine (bpy), 2,2:6',2"-terpyridine (tpy), 2-acetylpyridine, 9-
ety. For examplelO, was generated efficiently via triplet ~ anthraldehyde, 1-pyrenecarboxaldehyde, 2-naphthaldehyde
excited states of pyrenyl groups attached directly on phenan-were purchased from Aldrich and used as received. Calf
throline ligands in [Ru(py-pheg)?* [21]. This is probably thymus DNA (CT-DNA) was obtained from Sigma Chemical
of more importance for Ru(ll) bis(terpyridine) complexes Company. The concentration of CT-DNA is expressed as
because of their podO, generation ability. Moreover, aryl ~ the concentration of nucleotide and was determined using
units are also known to be efficientintercalators, and naphtha-the extinction coefficient of 6600 Mt cm™1 at 260 nm.
lene, anthracene, and pyrene modified Ru(ll) bis(terpyridine) Solvents used in spectrum measurements were purified
complexes have proved to bind calf thymus DNA (CT-DNA) following general procedurel23]. Ligand tpy-Na, tpy-Py,
strongly by intercalation interaction of these aryl substituents and tpy-An were prepared with reported methdad].
[10]. These facts suggest that modification of [Ru(ts/) [Ru(tpy)] (PFs)2 and [Ru(bpy3](PFs)2 were synthesized
with aryl chromophores may afford a new type of DNA pho- following literature approachd®5,26]
tocleavers.

In this contribution thelO, generation abilities of  2.1.1. Synthesis of aryl-substituted Ru(Il) bis
[Ru(tpy)]?* and its six derivatives substituted by one or two (terpyridine) complexes
2-naphthyl, 1-pyrenyl, and 9-anthracenyl in tHepésition Mono-substituted Ru(ll) bis(terpyridine) complexes: Tpy-
of the terpyridine ligands (se&cheme 1for them and An (84 mg, 0.2 mmol) and triethylamine (p.) were suc-
corresponding ligands) were investigated and their photo- cessively added to a suspension of Ru(tpy)@I] (90 mg,
damages on CT-DNA were also examined. Althodgh 0.2mmol) in n-butyl alcohol (20mL) and refluxed for
formation was observed in an anthracenyl-modified Ru(ll) 12h in the dark and Ar atmosphere. After cooling, an
bis(terpyridine) comple}22], more concerns were focused excess of agqueous ammonium hexafluorophosphate was
on the 3MLCT lifetime tuning abilities of the introduced added to precipitate crude (Ru-lAn)@E Pure prod-
aryl units [18-20] To the best of our knowledge, this uct was obtained by chromatography over,@4 using
is the first case in which the effects of substituted aryl dichloromethane—acetonitrile—methanol (10:1:1 in volume
groups on thetO, generation and photodamage to DNA ratio) containing 1% triethylamine as eluent. Hexafluo-
were emphasized for Ru(ll) complexes of terpyridine-type rophosphate salts of Ru-1Na and Ru-1Py were prepared in a
ligands. similar way.

Ru0 R'=R?’=H

Ru-1Na R! =2-naphthyl, R”?=H
Ru-2Na R!=RZ?=2-naphthyl
Ru-1Py R! = 1-pyrenyl, R?=H
Ru-2Py R!=RZ?= I-pyrenyl
Ru-1An R! = 9-anthracenyl, R2=H
Ru-2An R!=R?=9-anthracenyl
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(Ru-INa)(PR), yield 77 mg (39%)H NMR (300 MHz,
ds-acetone)$ 9.59 (s, 2H), 9.09 (d/=8.1Hz, 2H), 9.07
(d, J=8.1Hz, 2H), 8.90 (s, 1H), 8.82 (d,=8.1Hz, 2H),
8.59 (t,/=8.1Hz, 1H), 8.43 (d/=8.4Hz, 1H), 8.28 (d,
J=8.4Hz, 1H), 8.05-8.17 (m, 4H), 7.84 (d=5.4Hz,
2H), 7.73 (d,J=5.4Hz, 2H), 7.69 (m, 2H), 7.34 (m, 4H).
MALDI-TOF MS: m/z 694.0 (M-2PE)*. Anal. Calcd for
CaoH28NgPoF12RU-2H,0: C,47.11; H, 3.16; N, 8.24. Found:
C, 47.08; H, 3.00; N, 8.00.

(Ru-IPy)(PR), yield 89 mg (42%)1H NMR (300 MHz,
ds-acetone)s 9.42 (s, 2H), 9.24 (d]=8.1Hz, 2H), 9.05 (d,
J=8.1Hz, 2H), 8.85 (d/=8.1 Hz, 2H), 8.35-8.71 (m, 9H),
8.21 (t, 1H/=7.5Hz), 8.15 (dd/=8.1 Hz, 5.4 Hz, 2H), 8.09
(dd,J=8.1Hz, 5.4 Hz, 2H), 7.95 (d,= 5.4 Hz, 2H), 7.80 (d,
J=5.4Hz, 2H), 7.78 (m, 4H). MALDI-TOF MSin/z 766.6
(M-ZPF5)+. Anal. Calcd for GeH3o0NgP2F12RU-2.5H,0: C,
50.10; H, 3.20; N, 7.62. Found: C, 49.86; H, 3.06; N, 7.65.

(Ru-IAn)(PFe)2 yield 83 mg (40%)H NMR (300 MHz,
ds-acetone)s 9.20 (s, 2H), 9.12 (d, 2H/=8.1Hz), 8.93 (s,
1H), 8.92 (d, 2H,/=7.8 Hz), 8.86 (d, 2H/=8.4Hz), 8.61
(t, 1H,/=8.1Hz), 8.32 (d, 2H/=8.4 Hz), 8.0-8.2 (m, 8H),
7.78 (d, 2H,/=8.1Hz), 7.67 (dd, 2H/=7.2Hz, 7.8 Hz),
7.57 (dd, 2HJ=7.2Hz, 8.4Hz), 7.42 (dd, 2H[=6.3 Hz,
8.1Hz), 7.35 (dd, 2H/=6.0Hz, 6.3Hz). MALDI-TOF
MS: mlz 742.8 (M-2PFk)*, 887.8 (M-PR)*. Anal. Calcd
for C44H30NgF2P12RU-2.5H,0: C, 48.99; H, 3.27; N, 7.79.
Found: C, 49.11; H, 3.01; N, 7.73.

Bis-substituted Ru(ll) bis(terpyridine) complexes. Tpy-

An (168 mg, 0.4 mmol) and triethylamine (pQ) were suc-
cessively added to a suspension of Ru(DM8W) [27]
(49 mg, 0.2 mmol) im-butyl alcohol (20 mL) and refluxed

for 24 h in the dark and Ar atmosphere. Work up as men-

tioned above gave (Ru-2An)(Bf. (Ru-2Na)(PEk)2 and
(Ru-2Py)(Pk)2 were prepared similarly.

(Ru-2Na)(PF) yield 100 mg (45%)*H NMR (300 MHz,
ds-acetone)s 9.60 (s, 4H), 9.10 (df=7.8Hz, 4H), 8.93 (s,
2H), 8.47 (d/=8.4, 2H), 8.29 (d/=8.4 Hz, 2H) 8.19-8.12
(m, 8H), 7.87 (d,J=6.0Hz,4H), 7.71 (m, 4H), 7.37 (dd,
J=6.0Hz, 6.6 Hz, 4H). MALDI-TOF MS:n/z 818.9 (M-
2PFs)*. Anal. Calcd for GoH34NgP2F12:3H,0: C, 51.59;
H, 3.43; N, 7.22. Found: C, 51.75; H, 3.21; N, 7.29.

(Ru-2Py)(PF). yield 116 mg (46%}:H NMR (300 MHz,
ds-acetone):s 9.50 (s, 4H), 9.11 (d/=8.1Hz, 4H),9.78
(d, J=9.0Hz, 2H), 8.69 (d/=7.9Hz, 2H), 8.52 (m, 12H),
8.27 (t,J=7.5Hz, 2H), 8.19 (dd/=7.2Hz, 8.1Hz, 4H),
8.09 (d,/=5.4Hz, 4H), 7.49 (ddJ=5.4Hz, 7.2Hz, 4H).
MALDI-TOF MS: m/z 967.0 (M-2PE)*. Anal. Calcd for
Ces2H3gNgP2F12RU-2H,0: C, 57.55; H, 3.27; N, 6.49. Found:
C,57.56; H, 3.28; N, 6.44.

(Ru-2An)(PF)2 yield 116 mg (48%)*H NMR (300 MHz,
ds-acetone)s 9.25 (s, 4H), 8.97 (d/=7.8 Hz, 4H), 8.95 (s,
2H), 8.34 (dJ=8.4 Hz, 4H), 8.20-8.00 (m, 12H), 7.69 (dd,
J=8.4Hz,6.6 Hz,4H), 7.59 (dd=7.8 Hz, 6.6 Hz, 4H), 7.46
(dd, J=6.6 Hz, 6.3Hz, 4H). MALDI-TOF MS:mn/z 918.6
(M-2PF5)+. Anal. Calcd for GgH3gNgP2F12RU-2.5H,0: C,
55.51; H, 3.45; N, 6.70. Found: C, 55.24; H, 3.17; N, 6.82.
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2.2. Transient absorption spectrum measurements

Nanosecond time-resolved absorption spectroscopy was
performed using the second harmonic (532 nm, 5ns fwhm)
output of a Nd:YAG laser for excitation, a pulsed flashlamp
(Xe 900) for the analyzing light and PMT (Edinburgh Instru-
ments LP920) for the transient detection.

2.3. ESR measurements

The ESR spectra were recorded at room temperature
(25°C) on a Bruker ESP-300E spectrometer at 9.8 GHz, X-
band with 100 Hz field modulation. Samples were injected
quantitatively into specially made quartz capillaries for ESR
analysis, and purged with argon or oxygen for 30 min in
the dark respectively, according to the experimental require-
ment and illuminated directly in the cavity of the ESR spec-
trometer with a Nd:YAG laser at 532nm (5-6 ns of pulse
width, 10 Hz of repetition frequency, 30 mJ/pulse energy) or
355 nm (5-6 ns of pulse width, 10 Hz of repetition frequency,
10 mJ/puse energy)O, was detected by using TEMP as spin
trap.

2.4. Quantum yield of 1 O» generation

The reaction otO, with 1,3-diphenylisobenzofurg@8]
(DPBF, Scheme P was adopted to measure the quantum
yields of 10, generation for Ru(ll) bis(terpyridine) com-
plexes.

A series of 2mL of air-saturated methanol solutions
containing DPBF (2@M) and complexes, of which the
absorbance at 480 nm originating from the absorption of
complexes was adjusted to the same geg¥an= 0.08), were
separately charged into an opened 1cm path fluorescence
cuvette and illuminated with light of 480 nm (obtained from
a Hitachi F-4500 fluorescence spectrophotometer, 10 nm of
excitation slit width). The consumptions of DPBF were fol-
lowed by monitoring its fluorescence intensity decrease at
the emission maximumigx =405 nmA313*=479 nm) at dif-
ferent irradiation time. [Ru(bpy)®* was used as standard,
whoselO, generation quantum yield was determined to be
0.81 in air saturated metharél.

2.5. Ethidium bromide assay for DNA cleavage

An air-saturated EB/CT-DNA buffer solution (5mM
ammonium acetate, 50 mM sodium chloride, pH 7 u80
EB, 40,uM CT-DNA) containing a Ru(ll) complex (&M or
2.5uM) was irradiated in a ‘merry go round’ apparatus with

/ \ S
O O O O, + photosensitizer Q \ / O
0O O

Scheme 2. The reaction of DPBF with singlet oxygen.
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a medium pressure mercury lamp (light below 470 nm was the red shift effects they exhibit are the same, suggesting a

cut off by a glass filter). The cleavage of CT-DNA was exam-

non-planar orientation between terpyridine and 2-naphthyl or

ined by measuring fluorescence emission spectrum from 5251-pyrenyl. Also, the red shift ability of 9-anthracenyl is the

to 800 nm {ex =510 nm) at variant irradiation time.

3. Results and discussion

3.1. Photophysical properties of Ru(Il) bis(terpyridine)
complexes

Shown inFig. 1are the UV-vis absorption spectra of the
six aryl-modified Ru(ll) bis(terpyridine) complexes along
with their parent complex [Ru(tpy)** (Ru-0) in acetoni-
trile. All of them show typical MLCT bands in the visible
region (Table 1. The substitutions of aryl groups at the 4
position of terpyridine ligands give rise to small red shifts of
the MLCT absorption maxima with respect to Ru-0. Though
2-naphthyl and 1-pyrenyl differ distinctively in their proper-
ties, particularly in the sizes of their-conjugation systems,

Ru-1Na
-~ - Ru-2Na

eX 104 M'cm?

800

300 500

Ru-1Py
- - - Ru-2Py

Ru-1An
- == Ru-2An
- Ru-0

400 500 600

Wavelength/ nm

300

Fig. 1. Adsorption spectra of the aryl-modified. Ru(ll) bis(terpyridine) com-
plexes in CHCN at room temperature.

weakest among the aryl groups used, implying a more twisted
conformation between terpyridine and 9-anthracenyl. This
assumption is consistent with the reported crystal structures
of tpy-Py, tpy-An, and their corresponding Ru(ll) complexes
[24]. Single crystal X-ray diffraction indicate that the angle
between the pyrenyl ring in tpy-Py and the plane of the cen-
tral pyridyl ring of the terpyridine moiety is 51°6while the
corresponding angle is 74.5n tpy-An [24]. Such twisted
conformations are remained in crystals of their Ru(ll) com-
plexes. Large deviation from the coplanarity arises largely
from the tendency of either molecule to adopt the conforma-
tion of the lowest energy by avoiding the non-bonded contacts
between the H atoms at 1- and 8-positions of the anthryl ring,
or H atom at 10-position of the pyrenyl ring and those of the
central pyridyl ring (3-H and 3-H) respectively[24].

The highly twisted orientations of aryl substituents rela-
tive to terpyridine moiety lead to weak electronic interactions
of these periphery aryls and [Ru(tp}j* core. This is most
clearly illustrated in Ru-1An and Ru-2An, where the absorp-
tion features attributed to anthracene can be resolved in the

—Ru-iNa
---Ru2Na [ |

5000

B
o
o
o
u

3000

2000

Intensity / a.u.

1000

575 600
——Ru-1Py
- == Ru-2Py %

650 675 700
——Ru-1An
- - -Ru-2An

625

________

600 625 650 675 700 725 750 775
Wavelength / nm

Fig. 2. Emission spectra of the aryl-moditied Ru(ll) bis(terpyndme)-
complexes in ethanol/methanol (4:1) glass matrix at 77 K.
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Table 1
Photophysical properties of Ru(ll) bis(terpyridine) complexes

Ru-0 Ru-1Na Ru-2Na Ru-1Py Ru-2Py Ru-1An Ru-2An
220 2 (nm) 476 484 493 484 491 480 483
AEM D (nm) 597 625 633 626 632 600, 684 606, 684
@, 0.016 0.016 0.016 0.029 0.073 0.71 0.96

a Absorption maximum of MLCT band in C4#CN.

b Emission maximum in ethanol/methanol (4:1 in volume ratio) glass matrix at 77 K.
¢ Dual emission.

d Measured in air-saturated methanol solutions using [RugbPyis standard.

region from 350 to 400 nnFig. 1). The weak electronicinter-  [Ru(tpy)]2* moiety and naphthyl or pyrenyl group increase
actions warrant a localized description of aryl-substituted to some extent in the excited state. In contrast, dual emission
[Ru(tpy)] * as shown irScheme 2with energy level dia-  was observed for Ru-1An and Ru-2ARig. 2) though the
grams obtained as a superposition of those of [RufipY) luminescence intensities for them are much lower than
core and aryl peripheries. The most energy levels drawn in naphthyl- or pyrenyl-substituted complexes. The lumines-

Scheme 3are based on the related data from R&$.and
[16], respectively, except that the energy*MLCT of Ru-0
is estimated from its absorption onset at about 540 nm.

cence centered at about 684 nm for both Ru-1An and Ru-2An
can be attributed to the anthracene triplet by referring to the
reported resultd 8,32,33] while the luminescence at 600 nm

At room temperature all complexes studied are nonlumi- for Ru-1An and 606 nm for Ru-2An is likely 3MLCT ori-
nescenteven inthe absence of({@ssolved Qwasremoved  gin due to the similarity to the emission of Ru-0 at 77 K. The
by freeze-pump-thaw cycles), irrespective of the excitation dual emission may result from the inefficient quenching of
wavelengths (250-550 nm). This result is not surprising as 3MLCT by 3An, which seems to be in line with the observa-
far as the energy levels involved are considered. For Ru-tion that the intensity ratio of the short wavelength emission
1Na, Ru-2Na, Ru-1Py and Ru-2Py, excitation both upon with the long one in Ru-1An is much higher than that in
allowed transitions ofMLCT or 1LC (ligand-centered state, Ru-2An. Ru-0 may be present as luminescent impurity in Ru-
not shown inScheme Bof [Ru(tpy)]2* moiety and " 1An solution and account for the emission at 600 nm, though
of aryl groups will eventually results in the population of the emission maximum of Ru-0 (597 nm) was found to be
3MLCT, followed by radiationless decay via an upper lying somewhat blue shifted. However, it is not possible that Ru-0
triplet metal-centered staté\IC, not shown inScheme 3B was present in Ru-2An solution because no tpy ligand was
as their parent complex Ruf9]. In the cases of Ru-1Anand used in the synthesis of Ru-2An, suggesting that Ru-0 alone,
Ru-2An, the lowest excited state®#n is a nonemissive state  if any, cannot account for the emission bands at 600 nm for
at room temperature, as a result no emission was detected. Ru-1An and 606 nm for Ru-2An. Also, further purification

At 77K luminescence with maxima at 625, 633, 626, did not change the relative intensity of two emission bands
and 632nm for Ru-1Na, Ru-2Na, Ru-1Py and Ru-2Py, for both Ru-1An and Ru-2An. Moreover, excitation spectra
respectively were observe#i@. 2andTable 1), which can indicated that both emissions came from MLCT absorption
be ascribed to théMLCT emission, consisting with the  bands of Ru-1An and Ru-2An, ruling out luminescent
assumption that the lowest energy excited states in thesempurities as the origin of the dual emission further.
complexes aréMLCT states. The significant red shifts in Time-resolved absorption spectroscopy was also applied
emission as large as 36 nm with respect to the parent complexto study the excited state properties of these Ru complexes.
Ru-0 (597 nm) implies the electronic interactions between Up to the upper time limit of the instrument, no transient

absorptions were detected for Ru-1Na, Ru-2Na, Ru-1Py, Ru-

2Py, and Ru-0, in good agreement with that the lowest energy

excited states in them are ®MLCT origin, and therefore
Py ‘An short-lived. In contrast, transient absorption spectra of Ru-
3L — 1An and Ru-2An were recorded readily as showrrig. 3
MLCT Na_ et IMLCT (Ru-1An and Ru-2An behaved very similarly). The negative
SMLCT MLCT Y smLCT absorption band between 350 and 380 nm and the very strong
positive absorption centered at 420 nm can be attributed to
the ground state bleaching of An groups and triplet—triplet
transition of3An respectively, indicating the population of
3An upon excitation of MLCT band. Similar transient absorp-
tions were observed in [(bpy)(CO)C10s(bpy-An]16] and
[Ru(bpy)(bpy-CHCHy-An)]2* [32], where triplet excited
state localized in An group is the lowest energy excited state.
Interestingly, a negative absorption centered at 480 nm and a

4 'Na

3An

Energy (eV)
N

" [Rul——Na [RuJ-——mm Py [RU]———AnN

Scheme 3. Energy level diagrams for aryl-substituted [Rufipy)
complexes.
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Fig. 3. Time-resolved absorption spectra of Ru-2An in degassed methanol
solution after pulsed excitation at 532 nm.

weak but monotonously intensified positive absorption with
increasing wavelength above 550 nm were also observed
and tentatively ascribed to the bleaching of MLCT band and
excited state absorption 8MLCT by comparison with the
ground state absorption of Ru-2An and transient absorption
spectrum of [Ru(tpy)(tpy-Py)I[19], in which a gradually
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unit, which in turn may provide an efficient pathway to gen-
erate!O, if O, is present.

3.2. 10, generation abilities of Ru(1l) bis (terpyridine)
complexes

Spin trapping is a powerful technique to detect the for-
mation of reactive oxygen, and in our experiments 2,2,6,6-
tetramethyl piperidine (TEMP) was used &9, trapping
agent to evaluate qualitatively tH®©, generation abilities
of the ruthenium complexes examined. Upon irradiation of
oxygen-saturated DMSO solutions of Ru(ll) complexes with
pulsed laser at 532 or 355 nm, a three-line ESR signal was
observed with the hyperfine splitting constant of 16.0 G and
g factor of 2.0056 (inset dfig. 4), in good agreement with
TEMPO (the adduct of TEMP antD,) signal[35]. Control
experiments indicate that theQight, and Ru(ll) complexes

‘are all essential to the generation of ESR signals. The addi-

tion of 1,4-diazabicyclo[2,2,2] octane (DABCO), an effective
scavenger ofO,, quenched the ESR signal remarkably. Al
these findings indicate the Ru(ll) bis(terpyridine) complexes
can generat&O, photochemically, and among them Ru-2An

increased absorption band with increasing wavelength in theand Ru-1An exhibit much higher efficiencies (at least one

range of 550—-700 nmwas assigned to the triplet—triplet transi-
tion of SMLCT [19]. The co-existence of the transient absorp-
tion bands witl?’An and3MLCT characters respectively, on
one hand, implie3An may serve as the energy reservoir, and
as aresult lengthen the lifetime3¥ILCT greatly (973 ns by
monitoring the bleaching recovery at 480 nm). On the other
hand, the comparable partitioning of excited state on both
3An and®MLCT, deduced from the intensity of two bleach-
ing bands, indicates the inter-conversion betwéén and
SMLCT is not equilibrated, otherwise tién will dominate
transient absorption becaudan locates about 1800 cm
below 3MLCT (Scheme R It is estimated 99.98% of the
excited state would localize otAn provided the transition
between®An and 3MLCT is equilibrated (the free energy
change of the equilibriumh G = —1800 cnt?, and therefore
the equilibrium constanKeq=5558). The co-existence of
3An and MLCT agrees well with the dual emission obser-
vation at 77 K.The perpendicular orientation of An moiety
with respect to terpyridine ligand might play somewhat role
in the non-equilibrated inter-conversionn and®MLCT.
Moreover, a slightly larger energy gap (1800 chhmay also
disfavor the energy transfer frofvILCT to 3An as observed

in a series of Re(l) complexes linked to anthracene where
larger energy transfer driving force corresponded to lower
transfer rat¢34]. These findings suggest it is worth to carry

out ultrafast transient absorption measurements (in ps or even

fs domain) for getting into the insight of the interaction of
3Anwith 3MLCT. 3Anin Ru-1An and Ru-2An both decayed,

monitored at 425 nm in degassed methanol solutions, mono-

exponentially with lifetime of 1314 and 1570 ns, respectively.

The steady-state emission spectra and time-resolved

absorption spectra confirmed the populatiorfaf in Ru-
1An or Ru-2An upon excitation GfMLCT of [Ru(tpy)2]2*

order of magnitude higher) to genera®@, than the others
(Figs. 4 and » The most significant difference of Ru-2An
or Ru-1An from other complexes is that the lowest energy
excited state i$An rather than®MLCT, from which 10,
can be produced efficiently. When irradiation was carried out
at 355 nm, thé"O, generation abilities of anthracenyl sub-
stituted Ru(ll)complexes and anthracene itself, wht@g
generation quantum yield was measured to be 0[86],

can be compared directly. It was found that Ru-2An can
generate'O, even more efficiently than anthracene, sug-
gesting the efficient intersystem crossing of MLCT states
of the [Ru(tpy}»]?* core may enhance the quantum yield
for the population offAn, which obviously results from
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Fig. 4. Dependence of TEMPO signal intensity on the irradiation time in
oxygen—saturated DMSO solutions of TEMP (d81) and ruthenium com-
plexes (0.d.=0.17 at532 nm). The receiver gains for Ru-Brad Ru-lAn

(@) werelx 10*, while for Ru-2Py &), Ru-IPy (¥), Ru-2Na @), Ru-INa («)

and Ru-0 &) | x 10°. The other instrument parameter settings: microwave
power, 1 mW; modulation amplitude, 1 G; scan width, 100 G; sweep time,
40s. The inset shows the ESR signal of TEMPO.
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Fig. 5. The dependence of TEMPO signal intensity on the irradiation time in
oxygen-saturated DMSO solutions of TEMP (@81) and ruthenium com-
plexes or anthracene (O.D.=0.44 at 355nm). Ru-2lj Ru-lIAn (@),
anthracencex) Ru-2Py @), Ru-IPy (¥), Ru-2Na ¢), Ru-INa («), Ru-0

(»). Instrument parameter settings: microwave power, 1 mW,; modulation
amplitude, 1 G; scan width, 100 G; sweep time, 40 s; receiver gaitQi.

the highly efficient quenching dfAn by IMLCT state and
subsequent transition froAMLCT state ta*An. In the com-
plex [Ru(bipy»(AnCH>CHobpy)?*, it was noted that direct
excitation of anthracene localizeg-n" absorption leads to
100% efficient sensitization of MLCT state of the Ru(ll) com-
plex; this, in turn, sensitizes the anthracene triplet with unit
efficiencyf16,32]

Besides TEMP, many organic compounds can react with

10,, leading to the changes of absorbance and/or fluores-

cence intensity, and therefore can be utilized to quantitatively
measure thé O, generation quantum yields of photosen-
sitizers by simply monitoring the UV-vis or fluorescence
spectrum. 1,3-Diphenylisobenzofuran (DPEBEheme 2is
one of the most reactive wiftD, [28], with a reporteg value

of about 104, The disappearance of DPBF can be readily fol-
lowed by measuring the decrease of its fluorescence intensit
at emission maximum, and be expressed as a function of ph
tosensitizer's O, generation quantum yieldx, ) in Eq. (1),
wherelj, is the incident monochromatic light intensityg,
the light absorbing efficiency of the photosensitizgy,the
reaction quantum yield ofO, with DPBF, ¢ the irradiation
time, I, andl; are the fluorescence intensity of DPBF before
and after irradiation, respectively. Then, plottidg-€ I;) ver-
sust will give a straight line, and th&0, generation quantum
yield of the examined photosensitizer can be deduced from
the slope ratio as E@2), in whichk is the slope and super-
script “s” stands for standard:

—A[DPBF] _lo— 1
t Tt
=, o
ab A

= [in@an®a Py (1)

)

Fig. 6 shows the plots ofl§ — I1)/Ip as the function of irra-
diation time for Ru(ll) bis(terpyridine) complexes. Using
[Ru(ll)(bpy)s]?* as standard®$, = 0.81[6]),the® 4 ofthese
complexes were calculated based on &j.and collected
in Table 1 Consisting with the ESR experiments, Ru-2An
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Fig. 6. DPBF consumption percentage as a function of irradiation time in
air-equilibrated CHOH solution. Ru-2An M), Ru-lAn (@), Ru(bpyxZ*

(v), Ru-2Py @), Ru-IPy («), Ru-2Na &), Ru-0 (4). Inset: the emission
spectra in the system upon irradiation, the arrow indicates the direction of
the changes.

and Ru-1An distinguish themselves from the other Ru(ll)
bis(terpyridine) complexes by their extremely hitfb, gen-
eration quantum yield (0.96 and 0.71, respectively), implying
their potential application iRO,-involving processes, such
as photocleavage of DNA.

The generation ofO, is a bimolecular process, and there-
fore is dependent on the fraction of donor excited states
guenched by @ The quenching efficiencyy] can be cal-
culated from Eq(3):

) :

where 79 and t are the lifetime of the excited state of
the donor in the absence and presence gf r@spectively
([02]is 2.12x 10~3 M1 air-saturated methanf87]). Time-
resolved absorption measurements gavef 3An to be

1

0=kl = (- ®

031201 ns for Ru-1An and 193 ns for Ru-2An, so the bimolecu-

lar quenching constants, of 2.0x 10°M~1s™! (Ru-1An)
and 2.1x10°M~1s~! (Ru-2An), and the quenching effi-
ciencyn of 0.85 (Ru-1An) and 0.88 (Ru-2An) can be esti-
mated. While thekq values of I§ M~1s1 are typical for
quenching of triplet states of organic or inorganic sensitiz-
ers by Q [6], the lower quenching efficiency thah, for
Ru-2An is unexpected, becaude, is related withn by

Eq. (4):
®p = Prf] 4)

where®r is the triplet state quantum yield of the sensitizer
andfl is the fraction of triplet states quenched bywhich
yield 10,. The spin-trapping, chemical trapping, as well as
flash photolysis mentioned above all indicate Ru-1An and
Ru-2An are very efficient ifO, generation, or in another
word, are very efficiently quenched by,@n their excited
states. As a result, the residug B degassed solutions (even
by freeze-pump-thaw cycles) may shorten the correspond-
ing 7o of 3An, and then yielded a underestimatedit is
obvious that the quenching An for both Ru-1An and Ru-
2An is dominated by energy transfer, leading to the efficient
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formation of!O,. Moreover, thé MLCT with relatively long present in the buffer solutions. This fact suggests that the

lifetime may also take effect ihO, generation. fluorescence quenching may result from the displacement of
the intercalating EB from CT-DNA by Ru(ll) bis(terpyridine)

3.3. Photodamage of CT-DNA sensitized by Ru(Il) complexes, in good agreement with the reported result that

bis(terpyridine) complexes Ru-2An and Ru-2Py can bind CT-DNA by intercalation of

the aryl tail group[10]. The negligible quenching effect of

A simple assay for DNA cleavage was applied based on Ru-0 onto the fluorescence of EB/CT-DNA also indicates
significant enhancement of the fluorescence intensity exhib-the presence of aryl groups really enhance the interaction
ited by EB upon intercalation into DNf29-31] When the between Ru(ll) bis(terpyridine) complexes and DNA. We
concentration of EB is more than two folds that of DNA cannot exclude the possibility that the presence of CT-DNA
base pair, the fluorescence intensity of EB is linearly propor- which is negatively charged reduced the repulsion between
tional to the concentration of DNA base pair. Any process in both positively charged Ru(ll) bis(terpyridine) complexes
which the potential EB binding site was destroyed results in and EB, and as a result the complexes may quench directly

a decrease in fluorescence intensity. the fluorescence of EB. Provided this mechanism takes effect
The percentage of binding site remaining at a given time in fluorescence quenching, it still supports the conclusion that
(r) was calculated based on the following equation: the aryl-substitution favors the interaction of the complexes
Io—1, with CT-DNA. _ _
%binding site remaining= 100 x (1 — IO—Ibuffer> (5) When the air-saturated buffer solutions of EB/CT-

DNA/Ru(Il) bis(terpyridine) complex were irradiated with
Wherely, I, Inys denote the integrated fluorescence intensities the light above 470 nm, the fluorescence of EB decreased
before irradiation, aftermin of irradiation, and of DNA-free  further. According to Eq(3), the percentage of remaining
buffer, respectively. binding sites of EB onto the damaged CT-DNA was calcu-
Ru-2An and Ru-1An were selected to examine their pho- lated and listed iffable 2 After 20 min of irradiation, 46.6%
tocleavage capabilities on CT-DNA due to their hith, and 37.2% of the binging sites were damaged for Ru-2An
generation quantum yields, while Ru-2Py and Ru-O were alsoand Ru-1An systems, respectively. In contrast, Ru-2Py
studied for comparison. and Ru-0 were much less efficient in photodamage of
Upon addition of Ru-2An, Ru-1An, or Ru-2Py into the CT-DNA, indicating'O, generation plays a key role in pho-
buffer solutions of EB/CT-DNA, the fluorescence intensity tocleavage of CT-DNA sensitized by Ru(ll) bis(terpyridine)
of EB underwent a noticeable decreaBgg( 7). In contrast, complexes. The highO, generation quantum yields of
no fluorescence quenching was observed if CT-DNA was not Ru-2An and Ru-1An, in combination with their intercalation
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Fig. 7. Emission spectra of EB/CT-DNA buffer solutions in the absence (dot line) and presence (solid line) of Ru-2An (a), Ru-1 An (b), Ru-2Py (J)r Ru-0
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Table 2

Photocleavage of CT-DNA by Ru-2An, Ru-IAn, Ru-2Py or Ru-0 detected
by remaining binding site (BSR%) of ethidium bromide to the damaged
CT-DNA in an air-saturated ammoniumacetate buffer solution

Sample Irradiation time (min)

4 8 12 16 20
Ru-2An 890 797 72.9 63.2 53.4
Ru-1An 916 832 76.7 70.0 62.8
Ru-2Py 970 943 91.8 88.8 86.2
Ru-0 989 983 97.9 96.4 95.4

[CT-DNA] = 40 pM, [EB] =80 uM, [Ru-2An] = 2uM, [Ru-IAN]=2.5uM,
[Ru-2Py] = 2uM, [Ru-0] = 2.5uM.

and photodamage on CT-DNA, promise their potential
application as DNA photocleavers.

4. Conclusion

In this work six Ru(ll) bis(terpyridine) complexes func-
tionalized with one or two aryl (including 2-naphthyl, 1-
pyrenyl, and 9-anthraceny) groups &tpbsition of terpyri-
dine ligand were studied with focus on th&{, generation
and DNA-photodamage abilities. It is noted that the triplet

excited state of aryl may provide an efficient channel to gen-
erate!O,, and as a result can render the substituted complexes

potent photodamage capabilities on DNA if the aryl triplet

excited state exists in the complexes as the lowest energy,,

excited state.
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