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ABSTRACT: We report herein the synthesis and characterization of two
monometallic ruthenium(I) and osmium(II) complexes of composition
[(bpy),M(HImzPPy)] (ClO,), derived from pyrenylimidazole—10-pyridin-2-
yl-9H-9,11-diazacyclopenta[e]pyrene (HImzPPy) and 2,2'-bipyridine (bpy)
ligands. X-ray crystallographic study shows that both crystals belong to the
triclinic system having space group P1. The photophysical properties of 1 and 2
in acetonitrile indicate that the metal-to-ligand charge-transfer excited state is
mainly centered in the [M(bpy),]*" moiety of the complexes and slightly
affected by the extended conjugation of the pyrenylimidazole moiety. Both
complexes display one-electron reversible metal-centered oxidative processes
and a number of quasi-reversible reductive processes. The binding affinities of
the complexes toward calf-thymus DNA (CT-DNA) were thoroughly studied
through different methods such as absorption, emission, excited-state lifetime,
circular dichroism, and thermal denaturation of DNA and a relative DNA binding study using ethidium bromide. All of these
experiments account for the intercalative nature of both 1 and 2 toward CT-DNA as well as their light-switch behavior. The
anion recognition study through different spectroscopic techniques reveals that both complexes act as “turn-on” luminescence
sensors for H,PO,™ and “turn-off” sensors toward F~ and AcO™. The imidazole N—H proton of the receptors gets deprotonated
with the excessive addition of F~ and AcO~, while it interacts with H,PO,~ through hydrogen-bonding interaction. Theoretical
calculations (DFT and TD-DFT) were also performed to understand the photophysical properties of the metalloreceptors.

B INTRODUCTION applications. In our endeavor to design luminescent ruthenium-

Ruthenium(II) and osmium(II) compounds derived from (II) and osmium(II) complexes derived from a z-delocalized

polyheterocyclic ligands continue to receive increasing planar moiety, we recently designed a ditopic ligand, 10-
attention in various fields of research such as artificial pyridin-2-yl-9H-9,11-diazacyclopenta[e]pyrene (HImzPPy), in
photosynthesis and the development of DNA-targeted drugs which a pyridylimidazole unit is rigidly connected to the pyrene
and sensors because of their outstanding photoredox properties moiety (Chart 1).*® In the design of HImzPPy, the pyrene-4,5-
such as strong absorption and emission bands at higher dione core has been chosen because of its rigid, conjugated, and

V\;avelengths with long EEriplet metal-to-ligand charge-transfer planar geometry and its interesting and rich photophysical
(°MLCT) lifetimes.””° Among these complexes, those

possessing desirable DNA binding abilities are particularly Chart 1
interesting because of their potential in the development of

DNA molecular light switches, cellular imaging agents, and O H O
anticancer drugs.“_27 Barton et al. first successfully demon- N — H —
strated that an almost nonluminescent [Ru(bpy),(dppz)]* ‘O N/>_<t/> ‘O />_Q
N N N
® :

complex in aqueous media exhibits strong luminescence in O VAl
the presence of DNA and thus showed the “molecular light- _
switch behavior” of the complex.”™"* Since the first report of N \
N
|

Barton, significant efforts have been given toward designing
new light-switch complexes of ruthenium(II) and osmium(II)
for DNA."**” One of the important characteristics of these
complexes is that they possess at least one ligand having an HimzPPy O = Ru' or Os/'
extensive n-delocalized planar structure, which is crucial for
intercalation. Among various modes of binding such as

electrostatic and groove, intercalation is considered to be the Received: September 18, 2014
most useful mode of interaction for many important Published: December 24, 2014
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properties. In this report, we have utilized this ligand for the
synthesis of monometallic complexes of the type [(bpy),M-
(HImzPPy)]** (M = Ru" and Os"). Because the imidazole
moiety is an important ingredient of the purine bases in DNA,
several research groups have thoroughly studied the DNA
binding activities of a series of imidazole and substituted
imidazole—contain'ng polypyridine ligands and their ruthenium-
(1) complexes.zg_ " All of these studies addressed several
important issues related to their mode of binding, site-
specificity, and light-switching behaviors toward DNA.**~*!
The present work focuses on the influence of the planar pyrene
moiety of the ligand on the ground- and excited-state properties
as well as DNA binding abilities of the complexes. It is expected
that the introduction of the pyrene moiety should increase the
lifetime because it can delocalize the MLCT lifetimes of the
complexes.”*™*" Apart from excited-state delocalization, it is
also expected that the introduction of the pyrene moiety can
give rise to interaction between the *MLCT and triplet
(*m—n*) states of pyrene, which, in turn, can also give rise to
long-lived ruthenium(II) complexes, as was previously
demonstrated by several research groups.”™* We report
here the synthesis, structural characterization, photophysical
properties (absorption spectra, emission spectra, and lifetime),
and DNA binding and molecular light-switch behaviors of the
new family of monometallic ruthenium(II) and osmium(II)
complexes derived from HImzPPy. It will be seen later that, as
DNA binders, our complexes have novel tilted geometry of the
M(bpy), part relative to the aromatic intercalating surface, in
contrast to the C,-symmetrical complexes in the well studied
M(L),-dipyridophenazine series. Interestingly, after complex-
ation of the ligand with the metal center, the N—H proton of
the imidazole moiety becomes very acidic, a property that is
very useful to recognizing selective anions in solution either
through hydrogen-bonding interaction or by a proton-transfer
mechanism. The topic of anion recognition contributes a lot in
modern research because of its wide application in several fields
such as biology, environment, and industry.‘m_59 It will be
demonstrated convincingly that interaction of the metal-
loreceptors with DNA and selected anionic guests can give
rise to substantial changes in their absorption and both steady-
state and time-resolved emission spectral behaviors. Theoretical
investigations [density functional theory (DFT) and time-
dependent DFT (TD-DFT)] were also done to get a clear
picture of the different electronic transition processes of the
compounds.

B EXPERIMENTAL SECTION

Materials. Calf-thymus DNA (CT-DNA), 2,2'-bipyridine (bpy),
pyrene, RuCly-«H,0, OsCly:«H,0, and tetrabutylammonium (TBA)
salts of the anions were procured from Sigma-Aldrich. CT-DNA was
dialyzed against a S mM Tris buffer (pH = 7.30) until A,g/A,g0 Was
between 1.8 and 1.9, where A, and A, indicate the absorbance at
260 and 280 nm, respectively. Pyrene-4,5-dione,** cis-[Ru(bpy),Cl,]-
2H,0,°" and cis-[Os(bpy),Cl,]®* were prepared by reported
procedures. 10-Pyridin-2-yl-9H-9,11-diazacyclopenta[e]pyrene
(HImzPPy) ligand was synthesized and fully characterized according
to a previously reported procedure by us.*® AgClO, was prepared from
silver carbonate and perchloric acid and recrystallized from benzene.

Preparation and Purification of AgClO,. AgClO, was obtained
by neutralizing freshly prepared silver carbonate with perchloric acid.
The crude product was purified in the following way by
recrystallization from benzene. A total of 1 g of crude AgCIO, was
dissolved in ~6 mL of benzene and heated at reflux under a Dean—
Stark apparatus until all water was removed. Then ~5 mL of pentane
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was added to the solution at room temperature (RT) when a white
crystalline solid appeared. The solid was separated out through
filtration and kept in a vacuum desiccator containing P,Os. The
anhydrous crystalline salt readily forms the monohydrate, which is
stable at RT and therefore should be stored in a desiccator. The salt is
irritating to the skin and mucous membranes, corrosive, and shock-
sensitive and can be explosive in the presence of organic
compounds.®>**

Synthesis of [(bpy),Ru(HImzPPy)](ClO,)-H,O (1). A mixture of
cis-[Ru(bpy),CL]-2H,0 (0.26 g, 0.5 mmol) and AgClO, (0.20 g, 1
mmol) was refluxed in ethanol (EtOH) under a dinitrogen atmosphere
for about 0.5 h. A white precipitate of AgCl that formed was removed
from the resulting mixture by quick filtration. HImzPPy (0.16 g, 0.5
mmol) was then added to the filtrate containing [Ru(bpy),(EtOH),]**
and refluxed for 8 h. The resulting solution was filtered, and the filtrate
was concentrated to ~10 mL by rotary evaporation and kept in a
refrigerator (~S °C) for about 12 h, when an orange-red crystalline
compound precipitated. The solid product was further purified by
recrystallization from a methanol MeOH—H,O (4:1) mixture under
mild acidic conditions (~10~* M HCIO,). Yield: 0.28 g (60%). Anal.
Caled for C,,H;N,ClL,OoRu: C, 53.11; H, 3.29; N, 10.32. Found: C,
$3.19; H, 3.34; N, 10.27. '"H NMR (500 MHz, DMSO-d,, TMS, &/
ppm; see Scheme 1 for atom numbering): 14.62 (s, 1H, NH), 8.93—
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8.79 (m, SH, 3H3 + H9 + H13), 8.65 (d, 1H, ] = 8.0 Hz, H18), 8.58
(d, 1H, J = 5.5 Hz, H3), 8.51 (d, 1H, ] = 7.5 Hz, H11), 8.36—8.15 (m,
8H, 3H4 + H6 + H10 + H12 + H14 + H15), 8.04—7.99 (m, 2H, H16
+ H17), 7.85 (d, 1H, J = 5.5 Hz, H6), 7.78—7.67 (m, 4H, H4 + HS +
2H6), 7.55—7.41 (m, 3H, HS), 7.32 (t, 1H, J = 7.75 Hz, H8), 7.05 (d,
1H, J = 8 Hz, H7). ESI-MS (positive, CH;CN): m/z 366.56 (100%;
[(bpy),Ru(HImzPPy)]**), 833.11 (6%; [(bpy),Ru(HImzPPy)-
(ClOy]".

Synthesis of [(bpy),0s(HImzPPy)](ClO,)-H,0 (2). Complex 2
was prepared by refluxing cis-Os(bpy),Cl, (0.28 g, 0.5 mmol) and
HImzPPy (0.16 g, 0.5 mmol) in 100 mL of a EtOH-H,0 (1:1)
mixture for ~60 h under a dinitrogen atmosphere. After elimination of
the unreacted materials, the volume of the solution was reduced to
~20 mL by rotary evaporation and then poured into an aqueous
solution (S mL) of NaClO, (0.5 g). A dark-brown compound that
formed was collected by filtration and recrystallized from a MeOH—
H,O (3:1) mixture under mild acidic conditions (~10~* M HCIO,).
Yield: 0.29 g (57%). Anal. Calcd for C,,H; N,CL,0,0s: C, 48.56; H,
3.00; N, 9.43. Found: C, 48.51; H, 3.05; N, 9.40. "H NMR (500 MHz,
DMSO-dg, TMS, 6/ ppm; see Scheme 1 for atom numbering): 14.80
(s, 1H, NH), 8.85—8.79 (m, 4H, 2H3 + H9 + H13), 8.70 (d, 1H, ] =
8.0 Hz, H3), 8.55—8.51 (m, 2H, H3 + H11), 8.46 (d, 1H, J = 5.5 Hz,
H18), 8.30—7.99 (m, 6H, H10 + H12 + H14 + H15 + H16 + H17),
7.97—7.89 (m, 2H, H4), 7.86 (d, 1H, J = 5.5 Hz, H6), 7.74 (t, 1H, ] =
8.0 Hz, H4), 7.66 (t, 1H, | = 6.5 Hz, H4), 7.62—7.58 (m, 3H, H6),
746 (t, 1H, J = 6.5 Hz, HS), 7.41-7.37 (m, 2H, HS), 7.35—7.28 (m,
2H, HS + H8), 721 (d, 1H, J = 8.0 Hz, H7). ESI-MS (positive,
CH,CN): m/z 410.51 (100%; [(bpy),Os(HImzPPy)]**).

Caution! Perchlorate salts of the present metal complexes are explosive
so must be handled carefully in minute quantities.

B RESULTS AND DISCUSSION

Synthesis and Characterization. HImzPPy was sgfnthe-
sized by adopting the procedure reported by us** The
molecular structures of the heteroleptic ruthenium(II) and
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Figure 1. ORTEP representation of compounds 1 (a) and 2 (b) showing 30% probability ellipsoid plots.

Table 1. Selected Calculated Bond Distances (A) and Angles (deg) for 1, 1a, 2, and 2a in Ground and Triplet Excited States

along with the Available X-ray Crystal Data

1

exptl soln 1 soln la  triplet 1  triplet la
Rul-Nl1 2.083(3) 2.116 2.117 2.113 2.119
Rul—-N2 2.134(3) 2211 2.176 2211 2.095
Rul—-N4 2.064(3) 2.103 2.101 2.104 2.107
Rul—-NS$ 2.070(3) 2.106 2.100 2.107 2.054
Rul-N6 2.061(3) 2.089 2.085 2.089 2.122
Rul-N7 2.043(3) 2.076 2.087 2.076 2.118
N1-Rul-N2 78.13(11) 77.7 782 77.6 80.02
NI1-Rul—-N4 170.89(11) 173.7 173.0 173.7 174.3
NI-Rul-N$§ 92.56(11) 96.2 95.6 96.2 95.8
N1-Rul-N6 91.21(11) 88.6 88.8 88.5 87.2
N1-Rul-N7 94.09(11) 93.9 93.8 94.1 94.2
N2—Rul—-N4 102.38(10) 103.3 103.2 103.2 102.8
N2—Rul—-N§ 86.85(10) 86.3 87.0 86.2 90.7
N2—Rul-N6 96.36(11) 97.5 96.2 97.6 97.0
N2—Rul—N7 171.05(11) 170.9 1704 171.1 172.0
N4—Rul-N35 78.42(12) 77.7 77.7 77.6 79.3
N4—Rul-N6 97.75(11) 97.3 97.6 97.4 97.1
N4—Rul-N7 86.01(11) 85.2 85.3 85.2 83.3
NS—Rul-N6 175.49(10) 174.2 172.1 1744 172.0
NS—Rul—-N7 98.03(11) 98.2 99.0 98.2 95.4
N6—Rul—N7 79.22(12) 784 782 784 77.0

2
exptl soln 2 soln 2a  triplet 2 triplet 2a

Os—N1 2.075(6) 2117 2.124 2.120 2112
Os—N2 2.120(5) 2201 2.176 2.203 2.147
Os—N4 2.063(5) 2.107 2.101 2.107 2.105
Os—NS5 2.069(5) 2.109 2.100 2131 2118
0s—N6 2.067(6) 2.096 2.091 2.06 2.088
Os—N7 2.058(5) 2.082 2.090 2.071 2.086
NI1-0s1-N2 77.3(2) 77.0 77.3 77.2 78.3
N1-0s1-N4 170.3(2) 1733 172.8 173.3 174.0
N1-Os1-NS§ 92.9(2) 96.5 95.9 98.0 98.4
N1-0s1-N6 91.2(2) 88.4 88.4 86.8 85.7
N1-0s1-N7 94.7(2) 94.5 94.2 93.9 93.7
N2-0s1-N4 103.2(2) 104.0 103.9 106.1 104.9
N2-0s1-N$§ 86.1(2) 85.7 86.4 84.6 85.8
N2-0s1-N6 97.6(2) 98.1 96.5 97.8 97.0
N2—0s1-N7 170.9(2) 170.8 170.0 170.9 171.3
N4—0s1-NS§ 77.5(2) 77.0 77.1 76.7 76.9
N4-0s1-N6 98.3(2) 97.8 98.4 98.1 98.6
N4—0s1-N7 85.4(2) 84.7 85.0 82.8 83.2
N5—0s1-N6 175.02(19) 173.4 174.1 174.8 175.2
NS5—0s1-N7 98.8(2) 99.0 99.9 98.8 98.8
N6—0s1-N7 78.1(2) 77.7 77.5 79.2 78.6

osmium(II) complexes derived from HImzPPy are presented in
Chart 1. The reaction between HImzPPy and [(bpy),Ru-
(EtOH),]** produces the mononuclear complex of composi-
tion [(bpy),Ru(HImzPPy)](ClO,), (1). The analogous
osmium(II) complex [(bpy),0s(HImzPPy)](ClO,), (2) was
prepared by refluxing cis-[Os(bpy),Cl,] and HImzPPy in a
mixture of EtOH—H,O (1:1) for about 60 h. The complexes
were thoroughly characterized by several techniques such as
elemental (C, H, and N) analyses, high-resolution mass
spectrometry, and NMR spectroscopy.

Description of the Crystal Structures of 1 and 2. Figure
1 presents the ORTEP®® diagrams of both complexes, and the
geometrical parameters are presented in Table 1. Both
complexes belong to the triclinic crystal system having space
group P1. In the six-coordinated octahedral geometry of 1 and
2, HImzPPy coordinates through its N2 (imidazole) and N1
(pyridyl) atoms to the M(bpy), (M = Ru" and Os") units.
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Moreover, the distorted octahedral geometry of the complexes
was reflected in their geometrical parameters presented in
Table 1. The average M—N(bpy) distances in both complexes
are almost similar and lie in the range between 2.043 and 2.070
A, whereas the M—N(imidazole) lengths [2.075(6) and
2.134(3) A] are comparatively long. It is to be noted that the
dihedral angle between the pyridyl group and pyrenylimidazole
moiety is close to zero, indicating almost planar structure of the
ligand in both complexes.

X-ray crystal structure analysis indicates the presence of
several interactions like 7—z, CH—, etc., in complexes 1 and 2
(Figure SI in the SI), and the related data are given in Table S2
in the SI. The pyridine ring of HImzPPy is in a face-to-face
orientation with the phenyl group (C16—C21 atoms) of the
pyrene moiety in both complexes. The two centroids are
separated by a distance of 3.554 A in 1 and 3.564 A in 2, which
indicates the presence of 7—r interactions. The H40 atom in

DOI: 10.1021/ic502271k
Inorg. Chem. 2015, 54, 513—-526


http://dx.doi.org/10.1021/ic502271k

Inorganic Chemistry

the pyridine ring of a bpy ligand interacts strongly with the 7
cloud of the adjacent pyridine ring (N4C23C24C25C26C27),
and the distance of H40 from the centroid of the corresponding
pyridine ring is 2.668 A for 1 and 2.691 A for 2. Moreover, the
perchlorate anion is located between the two complex units and
forms short contacts to selective protons of the bpy moieties
and imidazole N—H proton (Table S3 and Figure S2 in the SI)

Characterization of the Complexes by Electrospray
lonization Mass Spectrometry (ESI-MS) and NMR
Spectra. ESI-MS and both 'H and {"H-'H} COSY NMR
spectra in (CD;),SO at RT confirm the structures of the
complexes in the solution state. Complex 1 shows two peaks at
m/z 366.56 and 833.11, and complex 2 exhibits one peak at m/
2 410.51 in their ESI-MS spectra in CH;CN (Figures S3 and S4
in the SI). The isotopic patterns and separation of 0.5 Da
among the successive lines for the peak at m/z 366.56 for 1 and
at m/z 410.51 for 2 correspond to the species [(bpy),Ru-
(HImzPPy)]** and [(bpy),0s(HImzPPy)]**, respectively.
Moreover, the peak at m/z 833.11 for 1 corresponds to
[(bpy).Ru(HlmzPPy)(CIO,)]"

Figure SS in the SI shows the tentative assignment of
different protons in the metal complexes and the free ligand.
Both complexes exhibit many resonances with some sort of
overlap in the range of 7.04—8.93 ppm. The COSY spectra
(Figures S6 and S7 in the SI) are very helpful to assign the
protons of HImzPPy and the bpy moiety coordinated to the
metals. The most downfield-shifted proton appears at 14.62
ppm for 1, and that 14.80 ppm for 2 corresponds to the NH
proton of the imidazole moiety in the complexes.

Absorption Spectra. Figure 2a shows the absorption
spectra, and Table 2 presents the relevant spectral data of 1 and
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Figure 2. Normalized absorption (a) and luminescence (b) spectra of
1 and 2.

2 in CH3;CN. The spectra of the complexes seem to be an
approximate combination of each of the spectra of the
[M(bpy),]**, pyrene, and imidazole moieties. The bands in
the UV region originated from the 7—z* transitions within the
bpy and pyrenylimidazole groups, whereas the peaks in the
visible range between 416 and 495 nm (¢ = 20310—9577 M}
cm™') are due to '[M"(d7)®] — '[M"(dz)’bpy(z*)'] and
'IM"(dn)¢] — '[M"(dx) HImzPPy(z*)"] transitions.>>>® For

complexes of this type, one could expect two well-defined
MLCT bands, but in practice we observed a single broad peak
due to their small wavelength separation. Additionally, the
broad band in the wavelength region of 600—700 nm for
complex 2 can be assigned as spin-forbidden '[Os"(dx)®] —
3[0s"(dx) bpy/HImzPPy(7*)'] transitions.”>

Luminescence Spectra. Figure 2b represents the emission
spectra of the complexes in a fluid solution at RT and in
EtOH—MeOH (4:1) glass at 77 K, and Table 2 summarizes the
useful luminescence data. Upon excitation at their MLCT band,
complex 1 exhibits broad bands at 658 nm (RT) and at 628 nm
(77 K), while 2 shows bands at 796 nm (RT) and at 738 nm
(77 K) originating from their respective MLCT excited
states.”>** Complex 1 exhibits biexponential radiative decay,
with a first component lifetime of 6.8 ns followed by a long-
lived second component with a lifetime of 78.0 ns. By contrast,
the analogous osmium(II) complex (2) exhibits monoexpo-
nential decay with a lifetime of 14.5 ns. The initial short
component can be assigned as due to the *MLCT state,
whereas the long component arises from the excited-state
equilibrium with the triplet state of the pyrene moiety, which
repopulates the MLCT state after the initial emission.*”* In
the case of osmium, the excited-state equilibrium is not
occurring probably because of the larger energy difference
between the triplet states caused by stronger crystal-field
strength by osmium(1I) than ruthenium(I1).>>*>>® Similar to
related SMLCT emitters, substantial enhancement of the
luminescence intensity and quantum yields occurs by freezing
the complexes at 77 K (Table 2)."*'S The intersecting point of
the absorption and luminescence spectra of the complexes can
give an estimate of their excited-state energies (Eg,). The
calculated E,, values, 2.32 eV for 1 and 1.82 eV for 2, are
comparable to those of similar polypyridine complexes of
ruthenium(II) and osmium(11).>>*%°

Temperature-Dependent Emission. To get a clear idea
about the deactivation dynamics of the excited states, both
steady-state and time-resolved emission spectra of the
complexes have been measured by varying the temperature.
The experimental findings (Figure 3) show that the emission
intensity, quantum yield, and lifetime increased progressively
with decreasing temperature for the ruthenium(II) complex
(1), while for the analogous osmium(1I) complex (2) remains
almost invariant. Upon increasing temperature, radiationless
decay becomes favorable for the polypyridineruthenium(1I)
complexes because of surface crossing between the radiative
SMLCT and nonradiative >MC states, resulting in a decrease of
the overall lifetime.”>* By contrast, in the osmium(II)
analogues, because of the larger energy gap between the
emitting *MLCT and *MC states, the emission intensity as well
as the lifetime is only slightly perturbed by lowering of the
temperature.z’3’45

Table 2. Spectroscopic and Photophysical Data for Complexes 1 and 2 in Acetonitrile

luminescence
at 298 K at 77 K
y— D/ Armax/ D/
compound absorption A, /nm (¢/M™' ecm™) nm 7/ns 1073 nm 1072
1 44(2; 352(51)4995), 416 br (20310), 362 sh (18290), 332 sh (28935), 286 (88038), 239 658 1,=681,-780 142 628 516
2 654 br (2050), 495 br (9577), 362 br (14560), 290 (53400), 240 (71080) 796 7, = 145 136 738 652
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Figure 3. Effect of the temperature on steady-state emission (a) and
excited-state decay profiles (b) for 1 in acetonitrile. The changes of the
quantum yields with the temperature are shown in the inset of part a,
while the temperature-dependent lifetime data with the values of
different parameters and the corresponding nonlinear fit are shown in
the inset of part b.

Equation 1 can be utilized to fit the experimental
temperature versus lifetime data.”®

T(T)_l = [k1 + kz eXP(_AEz/RT)]

/[1 + exp(—AE,/RT)] (1)

where k; is the temperature-independent rate constant, which
consists of both radiative (k,) and nonradiative (k,) decay
constants at low temperature (77 K). It is assumed that both k,
and k,, are independent of the temperature at T > 77 K. The
temperature-dependent rate constant k, represents the decay
constant for accessing the ligand-field (*MC) state from the
SMLCT state, and the activation energy required for this
process is represented as AE,. The denominator in the above
equation is necessary for small values of AE,.>*® It may be
noted that eq 1 forces all of the temperature dependence into a
single term. The calculated values of AE, = 3621 + 61, k; =
(3.52 £ 0.41) X 10°s™, and k, = (2.44 + 0.25) X 10" s7! for 1
are found to correlate reasonably well with the estimated data
for the related complexes.

Electrochemical Properties. The electrochemical re-
sponses of 1 and 2 are represented in Figure 4, with the
relevant data in Table 3. For both 1 and 2, we get one
reversible oxidative peak and three reductive peaks. Among the
three reductive peaks, two are quasi-reversible and one is
irreversible in nature. On the basis of the literature data, the
oxidation at 1.44 V for 1 and at 1.02 V for 2 can be attributed to
MM (M = Ru and Os) processes.2’59 Again, the Os''/0s™

(a) (b)

0 -1 0o 1 2
Potential(E/V) Potential(E/V)
Figure 4. Full range cyclic voltammograms and square-wave
voltammograms of 1 and 2 in acetonitrile at a scan rate of 100 mV/
s showing both oxidation and reduction of the complexes.

Table 3. Electrochemical Data® for Complexes 1 and 2 in
Acetonitrile

compound oxidation E, /,(ox)/V reduction® E, ,(red)/V
1 1.44 -1.02, —1.37, —1.75
2 1.02 -0.93, —1.32, —1.72

“All of the potentials are referenced against a Ag/AgCl electrode with
E,;, = 036V for the Fc/Fc' couple. “E, /, values were obtained from
square-wave voltammetry using a glassy carbon electrode.

couple oxidizes at less potential than the Ru"/Ru™ couple as
expected. The origin of the first reduction process in both
complexes around —1.0 V is not clear to us, while the successive
reduction processes observed between —1.4 and —1.8 V can be
attributed to coordinated bpy and HImzPPy ligands by
comparin% the reduction of free HImzPPy at —1.74 V in
CH,CN.?

DNA Binding Studies. UV—Vis Absorption Spectroscopy.
The changes in the UV—vis absorption spectra for the
interaction of CT-DNA with the metal complexes are
represented in Figure 5. The MLCT band at 416 nm and the
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Figure 5. Changes in the UV—vis absorption (a and b) and
luminescence (c and d) spectra of 1 and 2 (20 uM) in the presence
of increasing amount of CT-DNA (0—43 M for 1 and 0—40 uM for
2) in a Tris—NaCl buffer medium (pH = 7.30). The insets show the
binding profiles with DNA.

m—n* band at 360 nm get red-shifted to 433 and 370 nm,
respectively, with a concomitant decrease of the intensities
upon the gradual addition of CT-DNA to a solution of 1.
Moreover, in the titration process, all of the spectra go through
an isosbestic point at 430 nm. Similarly, with the addition of
CT-DNA to a solution of 2, diminution of the intensities and
bathochromic shifts of all of the absorption peaks were
observed with concurrent development of an isosbestic point
at 441 nm. It is to be noted that the incorporation of CT-DNA
resulted in hypochromism in both cases. The extent of
hypochromism H % (=100(Agee — Apound)/Agree) varied from
21to 37.8% for the 7—7* bands and from 20.4 to 28.6% for the
MLCT peaks in the complexes. With the help of eq 2 and by
utilization of the titration data, the binding affinity of the metal
complexes toward DNA was estimated (inset to Figure
5a,6).5%® The terms ¢, &, and €, in eq 2 corresponds to the
extinction coefficient of the apparent, free, and fully bound
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forms of the complexes, while s corresponds to the size of the
binding site.

(6, — &)/ (& — &)

= [b — (b* — 2K,’C,[DNA]/s)"/*]/2K,C, )

b =1+ K,C, + K,[DNA]/2s

By monitoring the spectral changes at 382 nm for 1 and 394
nm for 2, we calculated K, = (6.30  0.31) x 10° M~ and s =
1.51 + 0.06 for 1 and K;, = (6.80 + 0.57) X 10° M™' and s =
1.54 + 001 for 2 (insets of Figure S). Thus, the large
hypochromism and the shifts of the absorption peaks toward
higher wavelength along with high values of the binding
constants 1nd1cate intercalation of the complexes into the DNA
base pairs.*” It is to be noted that the large hypochromism of
the absorption bands and high Kj, values of our complexes
resemble well with that of the classical DNA intercalators, e.g.,
A-[Ru(phen),(dppz)]** and A-[Ru(phen),(dppz)]**, which
exhibit hypochromism of 32.1% (372 nm) and 29 8% (372 nm)
and K;, values of 1.7 X 10° and 3.2 X 10° M~', respectively.”’
Moreover, the strong binding and intercalative behaviors of the
metalloreceptors with CT-DNA may be attributed to the
synergistic contributions of a rigid, planar, and extensively 7-
delocalized pyrene system and increased hydrophobicity
imparted by the introduction of an imidazole ring to the
complex systems because the bpy moiety was prewously shown
to be inefficient for intercalative binding with DNA.%

Emission Spectroscopy. The binding of 1 and 2 toward CT-
DNA has also been studied by emission spectroscopy. In the
absence of CT-DNA, both complexes emitted relatively weakly
in an aqueous buffer solution. The additive effect of CT-DNA
to the Tris buffer solution of the complexes is presented in
Figure 5c,d. Upon the addition of CT-DNA, the emission
intensity of the peak at 663 nm for 1 increased sharply with an
enhancement factor of 2.3, with the corresponding emission
quantum yield being 140% (4., = 663 nm). For the
osmium(II) complex (2), the augmentation of the emission
intensity at 794 nm is slightly greater (factor of 2.5), with the
emission quantum yield being 145% (Ao, = 794 nm). It is of
interest to note that the DNA-induced luminescence enhance-
ment factors for the complexes are comparable to those of
[Ru(phen),phehat]**,”° [Ru(phen), (dlcng)]2+ > [Ru-
(bpy),tpphz]*",”* [Ru(phen), dppx]**,”® and [Ru-
(phen),dpga]** > but much less than the factor of ~10*
observed for [Ru(bpy),dppz]** and [Ru(phen),dppz]**.’
Thus, the present complexes can be regarded as a new class
of light switches for DNA as the emission intensities of the
complexes get significantly enhanced in the presence of DNA.
The substantial enhancement of the emission intensity of the
receptors in the presence of CT-DNA could be due to their
intercalation property. Moreover, this intercalation to the DNA
base pairs imparts rigidity in the system, causing the diminution
of nonradiative decays.”">**7>%7* The changes in the emission
profiles were utilized to determine the binding affinities of the
complexes toward CT-DNA by using eq 3.”°

(Ia - If)/(lb - If)

= [b — (b* — 2K,’C,[DNA]/s)"/?]/2K,C, 3)

where b = 1 + K,C, + K,[DNA]/2s.
A plot of (I, — I))/(I, — I) versus [CT-DNA] gives rise to
the values of K, = (5.26 & 0.38) X 10° M~ and s = 1.15 + 0.07

518

for 1 and K, = (5.93 + 0.52) X 10° M' and s = 1.45 + 0.01 for
2. The values of K; obtained from absorption and emission
titration data agree reasonably well with each other and are also
comparable with that of well-established DNA intercalators
such as [Ru(phen),(dppz)]** [2.1 x 10° M™! (s = 2.4)].

In order to check the site specificity, we have carried out
luminescence titrations of the metalloreceptors (1 and 2) with
[poly(dA-dT),] and [poly(dG-dC),], and we have also
calculated their binding constants toward these polynucleotides
by fitting the emission titration data (Figures S8 and S9 and
Table S4 in the SI). Although the binding constants of the
complexes toward [poly(dG-dC),] are little bit higher
compared to those of [poly(dA-dT),], the extent of the
difference is rather small. Thus, the values of the binding
constants suggest no preferential binding of the complexes for
the GC or AT site.

Emission Lifetimes. The excited-state lifetimes of receptors 1
and 2 were measured with varying amounts of CT-DNA for a
better understanding of their intercalative nature (Figure 6). It
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Figure 6. Changes in the time-resolved luminescence decay of 1 (a)
and 2 (b) with increasing amount of CT-DNA (0—46 uM for 1 and
0—30 uM for 2) in a Tris—NaCl buffer medium (pH = 7.30).

is observed that both complexes exhibit biexponential decay in
the absence of CT-DNA. Upon increasing concentration of
CT-DNA, the lifetimes of both components increase
significantly (7}, 16 — 5SS ns for 1 and 44 — 7.7 ns for 2;
7,, 181 = 208 ns for 1 and 7.8 — 16.6 ns for 2) with an overall
increase in the lifetime in both cases.””'**72%7* As already
mentioned, intercalation with CT-DNA can lead to rigidity in
the system, which, in turn, increases the luminescence lifetimes
of the complexes. Moreover, the change of the surrounding
solvent structures may also be the reason for enhancement of
the lifetimes. So, the long-lifetime components probably arise
from intercalation of the complexes to DNA, while the short-
lifetime components may correspond to free metal complexes
as well as their surface-bound forms.

Ethidium Bromide (EB) Displacement Studies. EB is a well-
established DNA intercalator. If our complexes displace EB
from CT-DNA—EB conjugate, we can obtain indirect evidence
of the intercalative binding mode of the complexes with DNA.
We have monitored this displacement reaction by means of
fluorescence spectroscopy. The addition of either 1 or 2 to the
solution of CT-DNA pretreated with EB should displace EB. As
a result, the emission intensity of EB will be drastically reduced
because free EB does not show any fluorescence in an aqueous
medium.

Moreover, free 1 and 2 and DNA-bound 1 and 2 also
fluoresce very weakly at the excitation wavelength A, = 546 nm.
Figure 7 represents the changes in luminescence spectral
behaviors for EB emission (4, = 546 nm) with increasing
concentration of the complexes to the DNA-bound EB system.
In both cases, dramatic reductions of EB emission intensities
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Figure 7. Emission spectra of EB bound to DNA in the presence of
the incremental addition of 1 (a) and 2 (b) in a Tris—NaCl buffer

medium (pH = 7.30). The insets show plots of the percentage of free
EB versus [Ru/Os]/[EB].

(97.8% for 1 and 99.5% for 2) occur. The results of the
displacement experiments reveal that the present complexes are
strong DNA intercalators because they almost completely
displace the EB molecules from CT-DNA—EB conjugate and
not partially, which is usually with DNA groove binders.””
Moreover, the emission titration data lead us to calculate the
apparent binding constants of the complexes toward CT-DNA

with the help of eq 4.*"7
Kopp = Kip[EB]5os / [Ru/Os]sg, (4)
The terms K, and Kgp represents the apparent DNA binding

constant of 1 and 2 and the binding constant of EB bound to
DNA, while [EB]sg and [Ru/Os]o, are the concentrations of
EB and the complexes when the fluorescence is reduced to
50%. From the plots, it is evident that half of the EB molecules
stuck to DNA have been replaced at a concentration ratio of
[Ru]/[EB] = 0.33 for 1 and [Os]/[EB] = 0.31 (inset to Figure
7). It may be mentioned that the DNA binding constants of EB
reported in this way vary considerably,” and the displacement
of EB by the incoming molecule may not always follow 1:1
stoichiometry, both of which could complicate the use of a
competitive binding model for establishing DNA binding
constants. By taking a Kgp value of 1.25 X 10 H the calculated
apparent binding constants (K,,,) are 3.78 X 10° for 1 and 4.03
X 10° M™" for 2.

Circular Dichroism (CD). The strong interaction between
the complexes and CT-DNA was also evidenced from CD
measurements. The present complexes do not show any CD
band because they are achiral in nature. The B form of CT-
DNA exhibits two bands at 273 and 242 nm in its CD spectrum
due to base stacking and helicity, respectively. Moreover, the
intercalators show induced CD peaks when they bind with the
DNA helix.*® Figure 8 depict the changes in the CD spectral
profiles of CT-DNA with both 1 and 2. With increasing

Figure 8. Changes in the CD spectra of CT-DNA (60 M) with
increasing concentration of 1 (0—3S uM) (a) and 2 (0—30 uM) (b) in
a Tris—NaCl buffer medium (pH = 7.30).

concentration of 1, it is observed that the intensity of the
positive band at 268 nm continued to increase while the
positive band at 285 diminished gradually with concomitant
development of a negative band at the same position until the
complex concentration reaches around 35 yM. The band at 242
nm also increases in intensity in this interaction process, albeit
to a small extent. The osmium(1I) compound (2) also displays
similar spectral changes with diminution of the peak at 288 nm
and simultaneous enhancement of the peak at 270 nm. The
induced CD peaks arise because of changes in absorption as the
metal complexes intercalated into the DNA base pairs.*"*
DNA Melting Curves. Generally, the DNA melting temper-
ature (T,,) increases in the presence of both intercalators and a
minor groove binder because their binding to DNA stabilizes its
double-helical structure.”” T, can be measured by performing
the variable-temperature absorbance study of CT-DNA. From
the sigmoidal melting curve as presented in Figure 9, we can
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Figure 9. Thermal melting curve of CT-DNA in free and bound
conditions to 1 (a) and 2 (b) in a Tris—NaCl buffer medium (pH =
7.30).

calculate T, for 1 and 2 when half of the DNA molecules get
separated from their double-stranded orientation. It is evident
that free DNA melts at 67 °C, whereas the addition of the
metal complexes leads to an increase in the T, value by 12 °C
for 1 and by 15 °C for 2 owing to stabilization of the double-
helical structure of DNA. By comparison of the previous
literature data, it is suggested that an intercalative binding of
both 1 and 2 to DNA occur. It is of interest to note that the
osmium(II) compound (2) shows more affinity to bind with
DNA than the ruthenium(II) compound (1), as evidenced
from its higher T, value and also from its higher binding
constant values calculated from UV—vis absorption and
emission spectroscopy measurements. This is not unexpected
because the increase in size of the metal induces a larger crystal
field and causes the resulting complex to be more planar than
its ruthenium(II) analogue, inducing greater capability of the
pyrenylimidazole moiety to intercalate into the DNA base pairs.

Selective Anion-Sensing Features of 1 and 2. The
potential application of complexes containing one imidazole
NH group in their framework of a coordinated pyridylpyrene
ligand toward the recognition and sensing of selective anion(s
has been evaluated through different experimental techniques
and DFT calculations. The initial assessment of the anion
recognition property was qualitatively investigated by observing
the visible color changes of the receptors in an acetonitrile
solution in the presence of TBA salts of F~, CI7, Br~, I, NO;~,
HSO,~, AcO~, H,PO,™, and OH™ ions. The photographs in the
insets of Figure 10a,b show distinct color changes of 1 and 2
mainly with F~ and OH", while with the other anions, the
visible color remains almost unchanged.
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Figure 10. Changes in the UV—vis absorption and luminescence
spectra of complex 1 (a and ¢, respectively) and complex 2 (b and d,
respectively) in acetonitrile upon the addition of different anions as
their TBA salts. The inset shows visible color changes that occur when
the solutions of 1 (a) and 2 (b) are treated with various anions.

The selective recognition of the anions by the metal-
loreceptors 1 and 2 was monitored through changes in their
UV—vis absorption and emission spectral profiles. Parts a and b
of Figure 10 indicate that the MLCT bands at 416 and 448 (sh)
nm for 1 and at 476 nm and 654 (br) nm for 2 remain almost
unaltered upon the addition of 1 equiv of CI7, Br~, I", NO;~,
and HSO, ions. By contrast, similar to F~, AcO™ and H,PO,~
lead the MLCT bands to get red-shifted to the 452—504 nm
region for 1 and to the 518 and 771 (br) nm regions for 2.
Parts ¢ and d of Figure 10 shows that the luminescent band
(658 nm for 1 and 796 nm for 2) remains unchanged with all of
the anions except F~, AcO™, and H,PO,". F~ and AcO™ ions
completely quenched the emission of both receptors, while
H,PO,™ leads to the augmentation of the emission intensity in
both cases.

Quantitative data for the interactions between the metal-
loreceptors and anions were obtained by systematic absorption
and emission titration processes. Parts a and b of Figure 11
represent the absorption titration profiles of 1 and 2,
respectively, with respect to F~. The MLCT peaks at 416
and 448 nm (sh) for 1 diminishes in intensity, and a new broad
peak appeared at 504 nm, while for 2, two new peaks at 518
and 771 nm are generated at the expense of the MLCT band at
476 nm. In both cases, 1 equiv of F~ was required for
saturation, and all of the curves go through well-defined
isosbestic point(s) (468 nm for 1 and 657, 587, and 500 nm for
2). Figures S8 and S9 in the SI present the changes in the
spectral patterns induced by the AcO™ ion. Spectral responses
of receptor 1 toward H,PO," indicate that the bands in the UV
and visible regions are increased in intensity with the
appearance of an isosbestic point at 420 nm, while for 2, the
MLCT band at 476 nm diminishes with the simultaneous
appearance of two new bands at 517 nm (‘"MLCT) and 771 nm
(®MLCT) accompanied by three isosbestic points at 654, 593,
and S00 nm (Figure 12ab). The calculated equilibrium
constants for these interaction processes are roughly of 6
orders in magnitude (Table 4).

Photoluminescence titrations of 1 and 2 with F~ and AcO~
ions (Figures 11 and S10 and S11 in the SI) show almost
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Figure 11. Changes in the UV—vis absorption and luminescence
spectra of complexes 1 (a and c, respectively) and 2 (b and d,
respectively) in an acetonitrile solution upon the addition of the F~
ion. The inset shows the fit of the experimental absorbance and
luminescence data to a 1:1 binding profile.
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Figure 12. Changes in the UV—vis absorption and luminescence
spectra of complexes 1 (a and c, respectively) and 2 (b and d,
respectively) in an acetonitrile solution upon the addition of the
H,PO,” ion. The inset shows the fit of the experimental absorbance
and luminescence data to a 1:1 binding profile.

complete quenching of luminescence at 658 nm for 1 and 796
nm for 2 with concomitant red shift. By contrast, with the
H,PO,” ion, a significant increase in the emission intensities
occurs in both cases (Figure 12). The lifetimes of 1 in the
presence of H,PO,™ and F~ ions are represented in Figure 13.
In the absence of anions, the decay profile of 1 is double-
exponential in nature with lifetimes 7, = 6.8 ns and 7, = 78.0 ns.
With increasing concentration of the F~ ion, the lifetimes of
both components decrease, albeit to different extents, as shown
in Figure 13. By contrast, with the H,PO,™ ion, the lifetimes of
both components increase substantially (from 6.8 to 76.0 ns for
7, and from 78.0 to 175.0 ns for 7,). It may be mentioned that
the steady-state and time-resolved luminescence behavior of 1
goes in the same direction. Thus, complex 1 can also act as a
suitable lifetime-based sensor for F~ and H,PO, . The
absorption and emission spectral behaviors of complexes with
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Table 4. Equilibrium Constants®” (K/10° M™") for 1 and 2
toward Various Anions in an Acetonitrile Solution at 298 K

From Absorption Spectra

extent. On the other hand, besides hydrogen-bonding
interaction between H,PO,” and imidazolyl NH of the
metalloreceptors, the augmentation of emission in the presence
of H,PO,™ is possibly due to the excited-state protonation of 1

compound and 2 to some degree because H,PO,” is acidic in nature

anion 1 2 compared to the other anions such as AcO™. Thus, the different
F 436 378 interaction mechanisms of the metalloreceptors with the anions
AcO™ 213 340 make them suitable “on—off” luminescence sensors for F~,
H,PO,” 243 1.68 AcO7, and OH™ ions with a quenching factor of ~19 for 1 and
OH~ 5.16 4.06 a factor of ~18 for 2 and potential “off—on” sensors for

From Emission Spectra

H,PO,” with an enhancement factor of ~3 for 1 and a factor of
~1.8 for 2 in the presence of 1 equiv of the said anions. The

compound
) detection limits of 1 and 2 for F~, AcO™, and H,PO,™ ions were
anion ! 2 calculated from spectrophotometric and fluoremetric titration
F B 410 3.78 data, and the values are found to vary within the range of 3.73
AcO™ 3.64 333 X 107°—4.98 X 10~ M (Table 5).*°
H,PO, 3.03 178 DFT and TD-DFT Computations. Electronic structures of
OH™ 442 3.86

“tert-Butyl salts of the respective anions were used for the studies.
bEstimated errors were <15%.
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Figure 13. Changes in the time-resolved luminescence decays for 1

with the incremental addition of H,PO,” (a) and F~ (b) ions in an

acetonitrile solution. The insets show the lifetime values.

OH™ (Figures S12 and S13 in the SI) are very similar to those
of F~ and AcO7, indicating NH proton abstraction by the said
anions. Thus, quenching of the luminescence intensity occurs
probably via an intramolecular photoinduced electron-transfer
mechanism from the deprotonated ImzPPy to the excited-state
metal centers caused by deprotonation of the NH proton of the
imidazole moiety.>” The augmentation of the emission intensity
in the presence of H,PO,”, on the other hand, is due to the
rigidity imparted in the system through hydrogen-bonding
interaction between the imidazole NH proton and H,PO,”
ion.*”#378¢ Moreover, the different absorption and emission
spectral responses of the complexes obtained for AcO™ and
H,PO,” are due to their differences in basicity and size. From
our previous works, it has been established that deprotonation
phenomena predominate over hydrogen-bonding interactions
when the anions are strongly basic in nature.’® Such a
possibility has already been explored here by observing the
spectral changes of the metalloreceptors with TBAOH (Figures
S12 and S13 in the SI). Thus, the AcO™ ion like F~ will tend to
abstract the NH proton of the complexes, albeit to a lesser

both the complexes and their deprotonated forms were
characterized through computational studies in a solution
phase. The optimized geometries for the complexes are
presented in Figure S26 in the SI, and the geometrical
parameters have already been given in Table 1. In general, there
is a good correlation between the optimized structures and X-
ray crystal structures of the complexes. Distortions from the
perfect octahedral geometries of the complexes are also
reflected in their calculated structures (Table 1).

The frontier molecular orbitals (MOs) of the complexes are
represented in Figures S27 and S28 in the SI, while Table 6
summarizes their compositions and energies. Calculated results
indicate that the pyrenylimidazole moiety is more electron-rich
in the highest occupied molecular orbital (HOMO) for 1 and
in both the HOMO and HOMO-1 for 2, while HOMO-1,
HOMO-2, and HOMO-3 for 1 and HOMO-2 and
HOMO-3 for 2 show a large density on the metal and can
thus be assigned to the metal t,, orbitals, as is typically found
for six-coordinated ruthenium(H§ and osmium(II) polypyridine
complexes.*” ' The electron density in lowest unoccupied
molecular orbital (LUMO) and LUMO+1, on the other hand,
is mainly localized on the bpy moiety in both complexes. By
contrast, in LUMO+2 and LUMO+3, the electron density
mainly resides on the pyridine ring and pyrenylimidazole
moiety connected to it in both complexes. Calculated results
also indicate that NH deprotonation of the imidazole moiety
leads to subtle changes in the frontier orbitals in both
complexes.

The TD-DFT study was performed to predict the electronic
absorption spectra of the complexes. The calculated spectral
data along with the probable assignments of the bands are
summarized in Table 7. The characters of the excited states
have been designated as intraligand charge transfer (ILCT),
MLCT, z—z*, or ligand-to-ligand charge transfer (LLCT)
depending on the involvement of the MOs in the transition
processes. Energy level diagrams for the MOs involved in the
transition processes of electrons are represented in Figures 14

Table 5. Spectrophotometric and Fluorimetric Detection Limits of 1 and 2 in an Acetonitrile Solution at 298 K

detection limit/10™° M

F AcO™ H,PO,"
compound absorption emission absorption emission absorption emission
1 4.29 4.98 4.68 4.89 3.75 393
2 4.55 4.34 4.51 4.68 3.73 3.60
521 DOI: 10.1021/ic502271k

Inorg. Chem. 2015, 54, 513—-526


http://dx.doi.org/10.1021/ic502271k

Inorganic Chemistry

Table 6. Selected MO along with Their Energies and Compositions for 1, 1a, 2, and 2a in the Solution Phase

% composition

energy/eV 1 la

MO 1 la Ru" pyrenylimidazole Py bpy Ru" pyrenylimidazole Py bpy
LUMO+3 —1.83 —-1.57 1.09 91.81 5.60 195 2.7 0.63 4.04 92.75
LUMO+2 —2.40 -1.63 4.69 33.96 49.36 12.35 3.59 31.47 61.78 3.17
LUMO+1 —2.51 —-2.32 5.24 3.45 4.67 86.13 6.11 0.41 0.19 93.27
LUMO —2.57 -2.39 2.69 1.70 3.18 92.56 3.90 0.18 0.46 95.47
HOMO =5.72 =5.05 723 86.62 4.81 1.02 522 85.19 8.75 0.65
HOMO-1 —6.03 —5.58 74.52 12.39 3.09 10.24 56.33 35.53 0.12 7.469
HOMO-2 —6.17 =5.70 72.31 11.43 3.03 13.1 74.71 7.92 4.75 12.63
HOMO-3 —6.28 —-5.92 78.25 123 322 17.27 76.21 3.03 3.34 17.31

% composition
energy/eV 2 2a

MO 2 2a Os" pyrenylimidazole py bpy Os" pyrenylimidazole py bpy
LUMO+3 -1.85 —1.58 L1S 84.66 7.78 6.41 3.62 4.40 6.30 85.26
LUMO+2 —2.40 —1.68 7.18 27.33 38.16 27.33 3.92 26.93 58.76 11.31
LUMO+1 =251 —2.30 8.06 5.25 6.47 80.2 9.09 0.55 0.32 89.99
LUMO —2.62 —2.42 1.97 6.52 11.45 80.05 4.59 0.58 141 93.46
HOMO —5.65 —5.05 47.51 40.46 4.44 7.58 15.63 73.45 7.74 247
HOMO-1 —5.84 —5.40 33.4 57.76 3.61 5.21 55.14 3491 0.83 9.37
HOMO-2 —5.94 —5.48 69.93 9.20 4.29 16.57 68.31 10.00 5.97 15.76
HOMO-3 —6.06 =572 73.3 1.72 4.00 20.96 71.64 2.49 3.85 22.01

Table 7. Selected UV—Vis Energy Transitions at the TD-DFT/B3LYP Level for 1, 1a, 2, and 2a in Acetonitrile

excited A Cil/nm (eca/ oscillator A expe/ DM (Ecrye/
state M em™), eV strength () M 'em™), e key transitions character
Compound 1
S, 465 (12620), 2.66 0.106 448 (br) (14995), H-—1 — L+2 (51%), H — L+2 (32%), H — L (6%) MLCT, ILCT
2.76
So 420 (42610), 2.95 0.164 416 (br) (20310), H-3 — L (38%), H-3 — L+1 (11%), H-3 — L+2 (11%), H—1 — L+2 MLCT
2.98 (10%), H — L+2 (15%), H-2 — L+1 (8%)

Sis 349 (17780), 3.55 0.080 362 (sh) (18290), H — L+3 (34%), H — L+4 (11%), H—4 — L (3%), H—4 — L+2 (8%), H—1 ILCT, n—n*
342 — L+10 (9%)

S, 327 (31970), 3.79 0.079 332 (sh) (28935), H—4 — L+2 (10%), H-1 — L+8 (20%), H — L+8 (28%), H-3 — L+4  MLCT,
3.73 (7%), H — L+3 (6%) LLCT,
-7
Ss 278 (131660), 0.159 286 (88038), 433  H—6 — L+2 (24%), H-4 — L+4 (30%), H-7 — L (9%), H-7 - L+1 (8%), n—x*
446 H-7 - L+2, H—6 — L+1 (7%)
S 232 (108000), 0.358 239 (80225), 5.18  H—4 — L+9 (35%), H-1 — L+15 (17%), H-2 — L+11 (7%), H —» L+15 z—x*
5.34 (9%)
la
Se 481 (10180), 2.57 0.031 496 (br) (8416), H-3 — L+1 (14%), H=2 — L+1 (48%), H-1 — L+1 (20%), H—2 - L. MLCT, ILCT
249 (8%)
Sso 278 (57940), 4.46 0.177 292 (54248), 424 H-8 —» L (14%), H-1 — L+9 (26%), H-8 — L+1 (9%), H-7 — L+1 (6%), n—x*

H—4 — L+4 (7%), H-4 — L+6 (7%)
Sy 234 (59840), 529 0.306 235 (55590), 5.27  H—4 — L+9 (28%), H — L+18 (25%), H-5 — L+9 (9%), H — L+16 (5%) #—n*

Compound 2
Ss 444 (22710), 2.79 0.103 495 (br) (9577), H-3 — L (20%), H=3 — L+1 (24%), H-2 — L+2 (34%), H-1 - L+1  MLCT, ILCT
2.50 (9%)
Sy 334 (30050), 3.71 0.042 362 (br) (14560), H-2 — L+6 (56%), H-2 — L+7 (13%), H-3 — L+3 (9%) MLCT
342
Ses 275 (82320), 4.51 0.495 290 (53400), 427 H-7 — L+1 (10%), H-6 — L+1 (12%), H-6 — L+2 (41%), H-7 - L  a—x*

(6%), H-7 — L+2 (8%)
Sws 231 (70020), 5.37 0.423 240 (71080), 5.16 ~ H—9 — L+2 (11%), H=6 — L+5 (13%), H—4 — L+9 (39%), H—6 — L+7 n—r*
(9%)
Compund 2a
S, 480 (19700), 2.58 0.166 520 (8410), 238 H-3 — L (69%), H-3 — L+1 (14%), H-2 — L+1 (7%) MLCT
Sy 371 (31500), 3.34 0.152 395 (br) (14960), H—4 — L (20%), H — L+4 (16%), H — L+7 (21%), H-3 — L+2 (8%), H LLCT, 7—r*
313 > L+6 (9%)
Se 275 (86700), 4.51 0471 290 (45720), 427 H-8 — L (13%), H—7 — L+1 (37%), H—4 — L+6 (19%), H-8 — L+1  z—n*
(8%)
Sy 234 (84400), 529 0.196 235 (51500), 527  H—6 — L+6 (22%), H=6 — L+7 (18%), H—4 — L+9 (11%), H—5 — L+9 7—r*
(5%), H-1 — L+15 (4%), H — L+15 (9%)
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Figure 14. Energy level diagrams depicting the dominant transitions
that comprise the lowest-energy absorption band for [(bpy),Ru-
(HImzPPy)]* (1) and [(bpy),Ru(ImzPPy)]* (1a) in acetonitrile.

and 15. Overlays of the calculated and experimental spectra of
the complexes are portrayed in Figure 16. The calculated

¢ .
_T_ LUMO+1
LUMO+1 —
-3.5
5 -4.0]@ (2a)
§ 45 LUMO
w
-5.0
-5.5 .
-6.0 . l
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D
“ HOMO-3

HOMO-3

Figure 15. Energy level diagrams depicting the dominant transitions
that comprise the lowest-energy absorption band for [(bpy),Os-
(HImzPPy)]** (2) and [(bpy),O0s(ImzPPy)]* (2a) in acetonitrile.

spectra display the expected MLCT band in the visible region,
as well as the n—7z* transitions in the UV region for both
complexes. For example, the simulated spectra indicate a peak
at 465 nm for 1 and at 444 nm for 2 with oscillator strengths
(f) 0.106 and 0.103, respectively, in the visible region. These
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Figure 16. Calculated and experimental absorption spectra of 1, 1a, 2,
and 2a in acetonitrile at RT.

spin-allowed transitions predominantly originated from the
metal-based HOMO to the bpy-based LUMO charge-transfer
(MLCT) processes, although some ILCT character arising
from the pyrenylimidazole moiety to the Py group of HImzPPy
is also involved therein. The calculated bands at 420 nm with f
= 0.164 for 1 and at 334 nm with f = 0.042 for 2 are also due to
the MLCT process. Furthermore, strong bands in the UV
region most likely originated from the transitions within the 7
orbitals of bpy and HImzPPy and are predominantly 7—z* in
character. Computed and experimental data obtained for the
absorption spectra of both protonated and deprotonated forms
of the complexes match qualitatively well in terms of both the
peak positions and relative optical density in acetonitrile (Table
7). Theoretically, we get a shift of about 1—51 nm compared to
that of the experimental bands, which is quite good with respect
to TD-DFT calculations for the transition-metal com-
plexes.*’ ="' Again, the shift of the MLCT bands toward higher
wavelengths upon deprotonation is also well reproduced from
our calculations.

The optimized geometries of the complexes in the T, state
using the TD-DFT method are presented in Figure S29 in the
SI along with the related geometrical data in Table SS in the SIL
The selected frontier MOs of the complexes in the triplet
excited state are represented in Figures S30 and S31 in the SI
Optimized geometries of the complexes differ to a very small
extent in both the ground (S,) and excited (T,) states. The
vertical gap between T, and S, gives the calculated emission
energies of the complexes (Table S6 in the SI). The plots of the
frontier MOs responsible for the emission processes are
displayed in Figures S32 and S33 in the SI. Calculated emission
bands at 705 nm for 1 and 758 nm for 2, originating from the
lowest-energy T state, correspond well to their experimental
values at 658 nm for 1 and 796 nm for 2, respectively (Table S6
in the SI). On the basis of the compositions of HOMOs and
LUMOs in the triplet states, the calculated emissions can be
assigned as the transitions from the *MLCT state. Finally, the
red shift observed in the experimental A,,; of the complexes due
to NH deprotonation are in line with our computations.

Bl CONCLUSIONS

In summary, we reported a new class of monometallic
ruthenium(II) and osmium(II) complexes based on z-
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expansive pyrenylpyridylimidazole ligands as efficient DNA
intercalators and anion sensors. X-ray crystallographic study
provides the unambiguous structures of the complexes in the
solid state, whereas the structures in the solution state were
determined by NMR and ESI-MS. Although we expected the
ruthenium(II) dyad derived from a n-expansive pyrene
chromophore should exhibit a long lifetime corresponding to
its ’LC and/or *ILCT state, detailed luminescence measure-
ments suggest that the traditional luminescence from the
*MLCT state are predominantly operative in both cases and are
only slightly affected by the extended conjugation of the pyrene
moiety. The results of different spectroscopic measurements
indicate conclusively that the mode of binding of the metal
complexes with CT-DNA is intercalative in nature with the
binding constant on the order of 10° M’ The increased
affinity of the complexes toward DNA was ascribed to a planar
and extended conjugation of the pyrenylimidazole ligand
present in the complexes. Moreover, significant enhancement
of the luminescence quantum yields and lifetimes of the
aqueous solution of the complexes in the presence of CT-DNA
justify their molecular “light-switch” behaviors. Interestingly,
the present complexes have been found to be useful in sensing
selective anions such as F~, AcO~, and H,PO,” in solution
owing to the presence of the imidazole NH proton in their
second coordination sphere. The anion-sensing studies showed
that the complexes act as “turn-on” luminescence sensors for
H,PO,” owing to probable hydrogen-bonding interaction and
“turn-off” sensors for F~ and AcO~ ions owing to the
deprotonation of the imidazole NH proton present in the
complexes. Additionally, DFT and TD-DFT calculations on the
complexes and their deprotonated forms were also carried out
to gain better insight into their electronic structures and
excited-state properties. Good correlations between the
experimental and theoretical results help us to assign the
main absorption and emission behaviors of the complexes.
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X-ray crystallographic data in CIF format, '"H—'"H COSY NMR,
ESI-MS, UV—vis absorption, steady-state and time-resolved
luminescence spectra, and MO picture spectra related to DFT
and TD-DFT calculations (Figures S1—S33 and Tables S1—
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