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ABSTRACT: A series of hetero- and homoleptic tridentate
ruthenium(II) and osmium(II) complexes of compositions
[ (tpy-PhCH;)Ru(tpy-HImzphen)](ClO,), (1), [(H,pbbzim)-
Ru(tpy-HImzphen)](ClO,), (2), and [M(tpy-HImzphen),]-
(ClO,), [M = Ru" (3) and Os" (4)], where tpy-PhCH; = 4"-
(4-methylphenyl)-2,2":6",2"-terpyridine, H,pbbzim = 2,6-bis-
(benzimidazole-2-yl)pyridine and tpy-HImzphen = 2-(4-
[2,2":6/,2"]terpyridine-4"-yl-phenyl)-1H-phenanthro[9,10-d]-
imidazole, have been synthesized and characterized by using
standard analytical and spectroscopic techniques. X-ray crystal
structures of three complexes 2, 3, and 4 have been deter-
mined. The absorption spectra, redox behavior, and luminescence
properties of the complexes have been thoroughly investigated.
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All of the complexes display moderately strong luminescence at room temperature with lifetimes in the range of 10—55 ns. The effect
of solvents on the absorption and emission spectral behavior of the complexes has also been studied in detail. The anion sensing
properties of all the complexes have been studied in solution using absorption, emission, and "H NMR spectral studies and by cyclic
voltammetric (CV) measurements. It has been observed that the complexes 1, 3, and 4 act as sensors for Fonly, whereas 2 acts as
sensor for F~, AcO™, and to some extent for H,PO,™. It is evident that in the presence of excess of anions deprotonation of the
imidazole N—H fragment(s) occurs in all cases, an event which is signaled by the development of vivid colors visible with the naked
eye. The receptor—anion binding/equilibrium constants have been evaluated.

B INTRODUCTION

Ruthenium(II) and osmium(II) complexes with polypyridyl
ligands have been the subject of numerous studies because of
their unique combination of spectroscopic, photophysical,
photochemical, and electrochemical properties.” These proper-
ties often can be tuned by ramification of ligand structures and
by introducing coligands in complexes. Consequently, these
complexes are potentially useful in many important areas of
research such as photochemical conversion of solar energy,
catalytic conversion of water to molecular oxygen, molecular
electronic devices, and photoactive DNA cleavage for
therapeutic purposes.” Thus, to be effective, such complexes
should exhibit a metal-to-ligand charge transfer (MLCT) band
at relatively higher wavelengths, and the lifetime of the *MLCT
state should be long, the quantum yield of 'O, should be high,
and the oxidation potential of the excited state should be
relatively low. Among the most widely studied complexes,
particularly popular are ruthenium complexes derived from
bipyridine-type of ligands. Many complexes of this type (such
as [Ru(bpy);]**, bpy = 2,2"-bipyridine) are of interest because
they absorb a significant portion of the visible spectrum, have
relatively long-lived excited states (>1 us), are often stable
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following one-electron oxidation and reduction, and exhibit
good photochemical stability." The equilibrated excited state of
these complexes has been assigned as a MLCT state. However,
the synthesis of tris(bpy)-based complexes is hampered by the
mixtures of diasteromers that form because of their A and A
enantiomers.”> In contrast to [Ru(bpy);]** type complexes,
structurally more appealing [Ru(tpy),]** type complexes give
rod-like assemblies when substituted at the 4-position of the
tpy ligands.* However, usually such complexes are practically
non-luminescent at room temperature, and their excited state
lifetime (7 = 0.25 ns)’ is also very short and therefore are the
major deterrent for them to act as photosensitizer. Con-
sequently, much effort has been devoted to design and
synthesize tridentate polypyridine ligands that can produce
ruthenium(II) complexes with enhanced emission quantum
yields and excited-state lifetimes. Most of the approaches aim to
increase the energy gap between the radiative MLCT and
quenching *MC states. Stabilization of the MLCT state can
be achieved inter alia by substitution of the tpy ligands by
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electron-withdrawing groups,® introducing coplanar a hetero-
aromatic moiety,7 incorporation of organic chromophore, and
so forth. Indeed, such approaches have produced complexes
that have lon%er emission lifetimes compared to the parent
compounds.* '® A second approach is to destabilize the *MC
state by using cyclometalated ligands."' "> One can also modify
the terpyridine directly, by replacing the pyridines with other
heterocyclic rings to enlarge the bite angle of the tridentate
ligand."*

To this end, we report herein a series of luminescent bis-
tridentate ruthenium(II) and osmium(II) complexes by using
newly synthesized and characterized 2-(4-[2,2":6'2"]-
terpyridine-4"-yl-phenyl)-1H-phenanthro[9,10-d]imidazole
(tpy-HImzphen) system, wherein a p-tolylterpyridine moiety
has been fused at its 4-position with a phenanthrene-imidazole
motif. To allow fine-tuning of the electronic properties, several
homo- and heteroleptic complexes have been synthesized,
resulting in four complexes as shown in Chart 1. The most
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e
< @
tpy-Himzphen O

M=0s=4

striking feature of this class of compounds is that they are
luminescent at room temperature in fluid solutions. The
introduction of the tridentate ligand, tpy-HImzphen, results in
an enhancement of the excited-state lifetime by as much as 2
orders of magnitude with respect to the parent [Ru(tpy),]*"
complex. Additionally, these complexes also have varying
number of imidazole NH protons which can be utilized for
sensing and recognizing selective anions either via hydrogen
bonding interaction or by proton transfer. Development of a
multi-channel metalloreceptor for selective anions has emerged
as topic of intensive studies because of their important roles in
biological, aquatic, environmental, and industrial pro-
cesses.' "' When the metalloreceptor is designed to function
as a sensor, metal fragments can be used as reporter units for
modulating a signal, usually color, fluorescence, or electro-

chemical potentials, as a result of host—guest interaction.'”™**

Interestingly, the present complexes owing to the presence of
varying number of imidazole NH protons which became
appreciably acidic because of metal coordination can be utilized
for multi-channel recognition of ions such as F~ and AcO™ ions
in solution. As will be seen, consequent to anion interaction,
remarkable changes in color (visible with open eyes) along with
similar absorption, photoluminescence, and redox responses
occur.

B EXPERIMENTAL SECTION

Materials. Reagent grade chemicals obtained from commercial
sources were used as received. Solvents were purified and dried
according to standard methods. 4’-(4-methylphenyl)-2,2":6'2"-terpyr-
idine (tpy-PhCHj;), 4"-(p-bromomethylphenyl)-2,2":6’, 2"-terpyridine
(tpy-PhCH,Br), 4-( p- dibromomethylphenyl)-2,2":6,2"-terpyridine
(tpy-PhCHBr,),”***> [4"-( p -triphenylphosphoniummethylphenyl)-
2,2":6',2"-terpyridine] bromide (tpy-PhCH,PPh;Br), 4-(p-formyl-
phenyl)-2,2":6',2"-terpyridine (tpy—PhCHO),26 and 2,6-bis-
(benzimidazole-2-yl)pyridine (H,pbbzim)>” were synthesized according
to the literature procedures. [(tpy-PhCH;)RuCly] and [(H,pbbzim)RuCL;]
were prepared by reaction of RuCl;-:3H,0 with tpy-PhCH; and
H,pbbzim in 1:1 molar ratio in refluxing ethanol.

Preparation of the Ligand. 2-(4-[2,2:6',2"]terpyridine-4’-yl-
phenyl)-1H-phenanthro[9,10-d]imidazole (tpy-HImzphen). 4'-(p-
formylphenyl)-2,2":6',2"-terpyridine (tpy-PhCHO) (337 mg, 1.00
mmol), 9,10-phenanthrenedione (230 mg, 1.10 mmol), and
ammonium acetate (1.6 g, 20 mmol) were stirred in acetic acid (30 mL),
and the mixture was refluxed for 2 h with continuous stirring. On
cooling to room temperature a pale yellow crystalline compound
deposited. The resulting compound was collected by filtration and
washed several times with water and then air-dried. The compound
was finally recrystallized from chloroform-ethanol (1:1) mixture, and
the desired compound was obtained as light yellow crystalline solid
(370 mg, 0.70 mmol, yield 70%). 'H NMR {500 MHz, DMSO—d,,
5(ppm)}: 13.60 (s, 1H, NH imidazole), 8.86 (d, 2H, J = 8.5 Hz, H9),
8.82 (s, 2H, H3"), 8.79 (d, 2H, J = 4.0 Hz, H6), 8.69 (d, 2H, ] = 8.0,
H3), 8.60 (d, 2H, ] = 8.0 Hz, H12), 8.53 (d, 2H, J = 8.0 Hz, H8), 8.20
(d, 2H, J = 8.5 Hz, H7), 8.05 (t, 2H, J = 7.5 Hz, H4), 7.75 (t, 2H, ] =
7.5 Hz, H11), 7.65 (t, 2H, ] = 7.7 Hz, H10), 7.54 (t, 2H, ] = 6.0 Hz,
HS). ESI-MS: m/z 525.51 ([L+H]"). Anal. Calcd for C;4H,;Ns: C,
8226; H, 4.41; N, 13.32. Found: C, 82.18; H, 4.44; N, 13.29.

Synthesis of the Metal Complexes. The complexes were
prepared under oxygen and moisture free dinitrogen using standard
Schlenk techniques.

[(tpy-PhCH3)Ru(tpy-Himzphen)](CIO,),-2H,O (1). A mixture of
Ru(tpy-PhCH,)Cl; (75 mg, 0.14 mmol), AgBF, (92 mg, 0.47 mmol),
and 30 mL of acetone were refluxed with continuous stirring for 4 h.
After the solution cooled down to room temperature, the precipitated
AgCl was removed by filtration. A 40 mL portion of EtOH was then
added to the filtrate. Acetone was removed by rotary evaporation. To
the resulting solution, solid powdered ligand (80 mg, 0.15 mmol) was
added and refluxed for 12 h with continuous stirring. During cooling
down to room temperature a deep red compound deposited. The
resulting compound was filtered, washed with chloroform and ether, and
then dried under vacuum. The compound was redissolved in a
minimum volume of acetonitrile and then subjected to silica-gel
column chromatography (eluent: acetonitrile). The eluent was rotary
evaporated to small volume and then anion exchange reaction with
NaClO, gave rise to the desired compound. The compound was finally
recrystallized from acetonitrile—methanol (1:1) mixture in presence of
a few drops of aqueous 10™* M perchloric acid (110 mg, Yield: 70%).
Anal. Caled. for CeH,NyCLORu: C, 58.79; H, 3.74; N, 9.46.
Found: C, 58.77; H, 3.76; N, 9.44. '"H NMR data {300 MHz, DMSO-
dg, 8(ppm)}: 13.71 (s, 1H, NH imidazole), 9.59 (s, 2H, H3'), 9.47 (s,
2H, H3"), 9.13 (t, 4H, ] = 9.5 Hz, H6), 8.94—8.84 (m, 2H, H9), 8.69—
8.61 (m, 6H, 2H7 + 2HS + 2H12), 837 (d, 2H, J = 8.1 Hz, HS),
8.12—8.04 (m, 4H, H4), 7.84—7.76 (m, 2H, H11), 7.73—7.66 (m, 2H,
H10), 7.58—7.57 (m, 6H, 4H3 + 2H7'), 7.32—7.27 (m, 4H, HS), 2.48
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(s, 3H, CH,). ESI-MS (positive, CH,CN) m/Z = 475.53 (100%)
[(tpy-PhCH;)Ru(tpy-HImzphen)]**. UV—vis [DMSO; 4., nm (e,
M em™)]: 502 (37350), 390 (27760), 316 (71000), 285 (73700).

[(H,pbbzim)Ru(tpy-HImzphen)](ClO,),»2H,O (2). [(H,pbbzim)-
RuCl;] (75 mg, 0.14 mmol) was suspended into ethylene glycol
(30 mL) and heated at 100 °C with continuous stirring. To the
suspension was added the ligand, tpy-HImzphen (80 mg, 0.15 mmol),
and the reaction mixture was again heated at 180 °C for 24 h. The
resulting solution was cooled, and the perchlorate salt of the complex
was precipitated by pouring the solution into an aqueous solution of
NaClO,H,0 (1.0 g in 10 mL of water). The precipitate obtained was
filtered and washed with water and dried under vacuum. The
compound was then purified by silica gel column chromatography
using a mixture of CH;CN and 10% aqueous KNO; (10:1) as the
eluent. Subsequent anion exchange reaction with NaClO,H,O gave
rise the desired compound. The compound was finally recrystallized
from acetonitrile—methanol (1:1) mixture in presence of a few drops
of aqueous 10™* M perchloric acid (105 mg, Yield: 65%). Calcd. for
CssH,oN1,CLO (Ru: C, 56.32; H, 3.44; N, 11.94 Found: C, 56.30; H,
347; N, 11.91. 'H NMR data {300 MHz, DMSO-d,, 5(ppm)}: 15.03
(s, 3H, NH imidazole), 9.68 (s, 2H, H3'), 9.06 (d, 2H, ] = 8.1 Hz, H6),
892 (d, 2H, J = 8.3 Hz, H9), 8.85 (d, 2H, ] = 8.5 Hz, H8), 8.78 (d,
2H, ] = 8.0 Hz, H7), 8.74—8.60 (m, SH, 1H10'+2H11'+2H12), 7.97 (t,
2H, ] = 7.4 Hz, H4), 7.82 (t, 2H, ] = 7.4 Hz, H11), 7.71 (t, 2H, ] = 7.3
Hz, H10), 7.67 (d, 2H, ] = 8.3 Hz, H3), 7.50 (d, 2H, J = 5.2 Hz, H12),
7.30—7.23 (m, 4H, 2HS + 2H13), 7.03 (t, 2H, ] = 7.8 Hz, H14), 6.10 (d,
2H, ] = 8.3 Hz, H15). ESI-MS (positive, CH,CN) m/Z = 469.13 (100%)
[ (H,pbbzim)Ru(tpy-HImzphen)]*; 937.19 (31%) [(pbbzim)Ru(tpy-
HImzphen)]. UV—vis [MeCN; 4., nm (g M~ cm™)]: 492 (27280),
382 (24810), 348 (51790), 314 (54680), 283 (50280).

[Ru(tpy-HImzphen),](CIO,),-H,0 (3). A mixture of tpy-HImzphen
(110 mg, 0.21 mmol) and RuCl;.3H,0 (36.5 mg, 0.1 mmol) in 25 mL
of ethylene glycol was stirred under reflux at 180 °C for 18 h. The
resulting deep red solution was cooled to room temperature and was
then added into an aqueous solution of NaClO,-H,O and stirred for
10 min, when a red microcrystalline compound deposited. The
precipitate was filtered, washed several times with cold water, and then
dried under vacuum. The compound was then purified by silica gel
column chromatography using acetonitrile as the eluent. The eluents
were reduced to small volume and to it was then added aqueous
solution of NaClO,-H,O when a red micro crystalline compound
deposited. The precipitate was collected and washed several times with
cold water. Further purification was carried out by recrystallization of
the compound from a mixture of MeCN and MeOH (1:5) in the
presence of a few drops of aqueous 10™* M perchloric acid (78 mg,
Yield: 58%). Anal. Calcd. for C,,H,N;,CL,OoRu: C, 63.16; H, 3.53;
N, 10.23. Found: C, 63.13; H, 3.56; N, 10.19. '"H NMR data {300
MHz, DMSO-d,, 5(ppm)}: 13.72 (s, 2H, NH imidazole), 9.62 (s, 4H,
H3'),9.18 (d, 4H, ] = 8.2 Hz, H6), 8.92 (t, 4H, ] = 9.6 Hz, H9), 8.74—
8.63 (m, 12H, 4H7 + 4HS + 4H12), 8.12 (t, 4H, | = 7.7 Hz, H4),
7.85—7.77 (m, 4H, H11), 7.74—7.67 (m, 4H, H10), 7.62 (d, 4H, | =
5.4 Hz, H3), 7.33 (t, 4H, ] = 6.5 Hz, HS). ESI-MS (positive, CH,CN)
m/Z = 575.78 (100%) [Ru(tpy-HImzphen),]**. UV—vis [DMSO;
Amaw 0 (g, M7t cm™)]: 506 (60120), 381 (49520), 334 (69680),
316 (82560), 281 (92000).

[Os(tpy-HIimzphen),](ClIO,),2H,0O (4). A mixture of tpy-HImz-
phen (110 mg, 0.21 mmol) and K,0sCl, (48.01 mg, 0.10 mmol) in
20 mL of degassed ethylene glycol was heated at 200 °C with
continuous stirring for 24 h. The resulting black solution was cooled to
room temperature and then poured into 10 mL aqueous solution of
NaClO,H,0 (1.0 g) and stirred for few minutes when a black
precipitate appeared. The precipitate was collected by filtration and
washed several times with water and then dried under vacuum. The
crude product was purified by silica gel column chromatography
eluting with acetonitrile. On recrystallization from acetonitrile-
methanol (1:2) mixture in the presence of a few drops of aqueous 10™*
M perchloric acid afforded black crystals (80 mg, Yield: 56%). Anal.
Caled. for C,HN,,CLO,,Os: C, 58.57; H, 3.41; N, 9.49. Found: C,
58.55; H, 3.44; N, 9.46. '"H NMR data {300 MHz, DMSO-d,,
S(ppm)}: 13.73 (s, 2H, NH imidazole), 9.63 (s, 4H, H3'), 9.16

(d, 4H, J = 8.3 Hz, H6), 8.92 (d, 4H, ] = 8.2 Hz, H9), 8.69—8.65 (m,
12H, 4H7 + 4HS8 + 4H12), 7.98 (t, 4H, ] = 7.6 Hz, H4), 7.81 (t, 4H, |
= 7.4 Hz, H11), 7.71 (t, 4H, ] = 7.3 Hz, H10), 7.50 (d, 4H, ] = 5.6 Hz,
H3),7.26 (t, 4H, ] = 6.5 Hz, H5). ESI-MS (positive, CH,CN) m/Z =
62122 (100%) [Os(tpy-HImzphen),]**. UV—vis [DMSO; 4., nm
(e, M™" cm™)]: 680 (12530), 650 (10680), 506 (60000), 398 (62910),
375 (65960), 322 (98930).

Physical Measurements. Elemental (C, H, and N) analyses were
performed on a Perkin—Elmer 2400II analyzer. Electrospray ionization
mass spectra (ESI-MS) were obtained on a Micromass Qtof YA 263
mass spectrometer. 'H and {'H—'H} COSY spectra were obtained on
a Bruker Avance DPX 300 spectrometer using DMSO—dj solutions.
For a typical titration experiment, 3 uL aliquots of a tetrabutylammo-
nium (TBA) salt of the anion (0.2 M in DMSO—d;) were added to a
DMSO—d; solution of the complexes (2.5 X 107> M).

Electronic absorption spectra were obtained with a Shimadzu UV
1800 spectrophotometer at room temperature. For a typical titration
experiment, 2 uL aliquots of a TBA salts of F~, CI7, Br~, I, AcO,
ClO,~, and H,PO,~ (~4.0 X 107> M) were added to a 2.5 mL solution
of the complexes (~2.0 X 107> M). The binding/equilibrium
constants were evaluated from the absorbance data using eq 1.*

Aobs = (Ag + AxoK[Glr)/(1 + K[G]r) (1)

where A, is the observed absorbance, A, is the absorbance of the free
receptor, A, is the maximum absorbance induced by the presence of a
given anionic guest, [G] is the total concentration of the guest, and K
is the binding constant of the host—guest entity. Binding constants
were performed in duplicate, and the average value is reported.

Emission spectra were recorded on Perkin—Elmer LSS5 fluo-
rescence spectrophotometer. The room temperature spectra were
obtained either in acetonitrile or in dimethylsulfoxide solutions, while
the spectra at 77 K were recorded in 4:1 ethanol—methanol glass.
Photoluminescence titrations were carried out with the same sets of
solutions as were made with spectrophotometry. Quantum yields were
determined by a relative method using [Ru(bpy);]** as the standard.
Time-correlated single-photon-counting (TCSPC) measurements
were carried out for the luminescence decay of complexes. For
TCSPC measurement, the photoexcitation was made at 440 nm using
a picosecond diode laser (IBH Nanoled-07) in an IBH Fluorocube
apparatus. The fluorescence decay data were collected on a
Hamamatsu MCP photomultiplier (R3809) and were analyzed by
using IBH DASG6 software.

The electrochemical measurements were carried out with a BAS
100B electrochemistry system. A three-electrode assembly comprising
a Pt (for oxidation) or glassy carbon (for reduction) working
electrode, Pt auxiliary electrode, and an aqueous Ag/AgCl reference
electrode were used. The cyclic voltammetric (CV) and square wave
voltammetric (SWV) measurements were carried out at 25 °C in
acetonitrile-dimethylformamide (9:1) solution of the complex (ca.
1 mM), and the concentration of the supporting electrolyte
tetraethylammonium perchlorate (TEAP) was maintained at 0.1 M.
All of the potentials reported in this study were referenced against the
Ag/AgCl electrode, which under the given experimental conditions
gave a value of 0.36 V for the ferrocene/ferrocenium couple. For
electrochemical titrations 25 L aliquots of TBA salts of the anions
(2.0 X 107> M in acetonitrile) were added to a 5 mL (1.0 X 107 M)
solution of sensors 1—4 in acetonitrile-dimethylformamide (9:1)
mixture.

Experimental uncertainties were as follows: absorption maxima, + 2 nm;
molar absorption coefficients, 10%; emission maxima, & 5 nm; excited-
state lifetimes, 10%; luminescence quantum yields, 20%; redox
potentials, + 10 mV.

X-ray Crystal Structure Determination. Single crystals of all
the three compounds (2, 3, and 4) were obtained by diffusing toluene
to the acetonitrile-dichloromethane (1:4) solution of the compounds.
X-ray diffraction data for the crystals mounted on a glass fiber and
coated with perfluoropolyether oil were collected on a Bruker-AXS
SMART APEX II diffractometer at room temperature equipped with
CCD detector using graphite-monochromated Mo Ka radiation (4 =
0.71073 A). Crystallographic data and details of structure determination
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Table 1. Crystallographic Data for [2]*, [3]*, and [4]*

2)
formula CssH3N(CLOoRu
fw 1168.91
T (K) 296(2)
cryst syst triclinic
space group PT
a (&) 13.161(3)

b (A) 15.363(3)
N 16.558(4)

a (deg) 77.681(6)

B (deg) 83.095(6)

7 (deg) 69.194(6)

v (A% 3053.9(11)
D, (g em™) 1.271

z 2

u (mm™) 0.404
F(000) 1188

0 range (deg) 1.44-24.79
data/restraints/params 10415/0/739
GOF on F* 0.868

Rl [I > 26(D)]* 0.0548

wR2 (all data)? 0.1595

Ao Apoin (e A) 0.541/-0.512

3 4
C72H46N10C12O9Ru C7HyeN19CLOOs
1367.16 147229
293(2) 293(2)
triclinic triclinic
PI PI
11.411(5) 11.442(5)
17.197(5) 17.217(5)
18.229(5) 18.199(5)
106.168(5) 106.331(5)
101.939(5) 102.036(5)
98.299(5) 98.161(5)
3282.8(19) 3287.1(19)
1.383 1.488
2 2
0.386 2.089
1396 1476
1.20-25.10 1.21-25.09
11581/0/842 11645/0/841
0.968 0.876
0.0584 0.0457
0.1702 0.1334
0.692/—0.630 1.245/-0.909

“RI(F) = YIIE| — IFAl/YIF,. *wR2 (F?) = [Yw(F.? — F2)*/ Yw(F,2)?*]2

are summarized in Table 1. The data were processed with SAINT,”
and absorption corrections were made with SADABS.* The structure
was solved by direct and Fourier methods and refined by full-matrix
least-squares based on F* using the WINGX software which utilizes
SHELX-97.%° For the structure solution and refinement the SHELXTL
software package® was used. The nonhydrogen atoms were refined
anisotropically, while the hydrogen atoms were placed with fixed
thermal parameters at idealized positions. The electron density map
also showed the presence of some unassignable peaks, which were
removed by running the program SQUEEZE.*

CCDC reference numbers: 836472 for 2, 836473 for 3, and 836474
for 4.

B RESULTS AND DISCUSSION

Synthesis and Characterization. A mixture of 9,10-
phenanthrenedione and 4'-(p-formylphenyl)-2,2:6',2"- terpyr-
idine (tpy-PhCHO) in 1:1 molar ratio was subjected to
undergo condensation under refluxing condition in acetic acid
in presence of excess of ammonium acetate for the synthesis of
the desired ligand, tpy-HImzphen. The homo- and heteroleptic
complexes derived from the ligand are presented in Chart 1.
For the synthesis of heteroleptic ruthenium(II) complex [(tpy-
PhCH;)Ru(tpy-HImzphen)]** (1), the solvated cation [(tpy-
PhCH3)Ru(acetone)3]3+, generated by reacting stoichiometric
amounts of [(tpy-PhCH;)RuCl;] and AgBF, acts as a better
precursor relative to [(tpy-PhCH;)RuCly] itself in terms of
reaction time and yield. Thus, the reaction between tpy-
HImzphen and [(tpy-PhCH,;)Ru(acetone);]*" in refluxing
ethanol solution produces smoothly complex 1. On the other
hand, dehalogenation of the ruthenium(III) precursor,
[(H,pbbzim)RuCl,] with AgBF, in acetone is far less efficient.
Thus, complex 2 has been straightforwardly prepared by
reacting [(H,pbbzim)RuCl;] with tpy-HIlmzphen in ethylene
glycol in the temperature range 180—200 °C, followed by anion
metathesis with NaClO,. The homoleptic complexes 3 and 4
were synthesized directly by reaction of RuCl;:3H,0 and
K,0sClg, respectively with 2 equiv of tpy-HImzphen in

refluxing ethylene glycol solution, followed by chromatography
and counteranion exchange with NaClO,. Temperature was
found to be a key factor for the synthesis of these metal
complexes. The compounds were finally recrystallized from
acetonitrile-methanol mixture under mildly acidic conditions to
keep the imidazole NH protons intact. All the compounds have
been characterized by their elemental (C, H, and N) analyses,
ESI-MS, UV—vis, 'H NMR spectroscopic measurements, and
the results are given in the Experimental Section. The ESI mass
spectra of the complexes and their simulated isotopic patters
are shown in Figures S1 and S2 (Supporting Information).
Description of the Crystal Structure of the Complexes
(2%*, 3%*, and 4?*). ORTEP representations of the complex
cations are shown in Figure 1, and selected bond distances and
angles are given in Table 2. In each of the bis-chelated
homoleptic ruthenium(II) and osmium(II) complexes 3 and 4,
the bivalent metal is coordinated by the tridentate ligand and
has a distorted octahedral geometry having a meridional N;N;
chromophore. Both the complexes crystallized in the triclinic
form with space group, P1. The chelate bite angles span the
range between 78.51(13) and 79.23(14)° for 3 and between
78.14(18) and 79.22(19)° for 4. It is to be noted that although
the interligand trans angle made by N4—Ru—N7 is 176.03(14)°
and is very close to linearity, the intraligand trans angle N6—
Ru—N8 is 157.65(13)°, and deviates significantly from linearity.
The ruthenium—nitrogen bond lengths are within 1.975(3)—
2.067(3) A, whereas the osmium—nitrogen bond lengths lie
between 1.978(4) and 2.071(5) A. Similar Ru—N and Os—N
bond distances have been previously observed in Ru(II) and
Os(II) terpyridine type complexes.”'**** The central Ru—N
bond length 1.975(3) A is shorter than the two outer bonds,
2.051(4) and 2.067(3) A, to each ligand probably because of
efficient overlap of the metal t,, orbital with the 7* orbitals of
the central pyridyl ring. The dihedral angles between the central
pyridine plane and the two lateral ones are different on each
side of the metal center, and they vary between 5.42° and
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Figure 1. ORTEP representations of 2**, 3>*, and 4** showing 30% probability of thermal ellipsoid. Hydrogen atoms are omitted for clarity.

12.72° for 3 and between 4.81° and 12.72° for 4, while the
dihedral angle between the central pyridine and phenyl ring of
tpy-HImzphen is 24.67° and 26.71° for 3 and 23.73° and
25.18° for 4. Again the phenanthrene-imidazole moiety, which
is almost coplanar, is twisted from the plane of the phenyl
group, and the dihedral angles lie in the range of 23.52°—
25.75°.

The heteroleptic complex [(H,pbbzim)Ru(tpy-HImz-
phen)]** (2) also crystallized in a triclinic unit cell of the PT
space group (Figure 1). The structure displays the expected
geometry, with both ligands coordinated in tridentate, meri-
dional fashion to the ruthenium(II) center. In contrast to the
homoleptic complexes, the dihedral angles between central
pyridine and the phenyl as well as between phenyl and

phenanthreneimidazole moiety of heteroleptic complex 2 are
small. The ruthenium—nitrogen bond lengths in tpy-HImzphen
are within 1.966(3)—2.054(4) A, whereas in H,pbbzim are
relatively longer, 2.016(3)—2.069(4) A. Overall, only small
differences in the coordination geometry have been detected
when a tpy ligand is replaced by H,pbbzim or tpy-HImzphen.

Proton NMR Spectra. '"H NMR spectra of complexes 1—4
have been recorded in DMSO-d;, and their chemical shift
values are given in the Experimental Section. Figure 2 shows
the "H NMR spectra of the complexes 1—4. The assignments
made for the observed chemical shifts, according to the
numbering scheme (shown in Scheme 1), are listed in Table S1
(Supporting Information). The spectral assignments of the
complexes have been made with the help of their {'"H—'H}
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Table 2. Selected Bond Distances (A) and Angles (deg) for [2]*

*, [3]*, and [4]**

2 3 4
Ru—N(1) 2.069(4) Ru—N(3) 2.061 (3) 0s—N(3) 2.069(4)
Ru—N(3) 2.016(3) Ru—-N(4) 1.977(3) O0s—N(4) 1.979(4)
Ru—N(4) 2.066(4) Ru—N($) 2.064(3) 0s—N(5) 2.071(5)
Ru-N(6) 2.049(4) Ru—N(6) 2.067(3) 0s—N(6) 2.054(5)
Ru—N(7) 1.966(3) Ru—N(7) 1.975(3) 0s—N(7) 1.978(4)
Ru—N(8) 2.054(4) Ru—N(8) 2.051(4) Os—N(8) 2.054(5)
N(1)—Ru—N(3) 78.03(14) N(3)-Ru—N(4) 79.17(13) N(3)—0s—N(4) 78.34(17)
N(1)-Ru—N(4) 155.78(14) N(3)—Ru—N(5) 157.68(13) N(3)—0s—N(5) 157.21(18)
N(1)—Ru—N(6) 92.43(14) N(3)—Ru—N(6) 98.19(13) N(3)—0s—N(6) §7.16(18)
N(1)-Ru-N(7) 103.75(13) N(3)-Ru—N(7) 97.12(13) N(3)—0s—N(7) 106.17(18)
N(1)—Ru—N(8) 92.05(14) N(3)—Ru—N(8) 86.97(13) N(3)—0s—N(8) 96.95(19)
N(3)-Ru-N(4) 77.74(13) N(4)—Ru—N(5) 78.51(13) N(4)—0s—N(5) 78.87(17)
N(3)-Ru—N(6) 101.75(14) N(4)—Ru—N(6) 103.28(13) N(4)—0s—N(6) 103.92(18)
N(3)—Ru—N(7) 178.13(14) N(4)—Ru—N(7) 176.03(14) N(4)—0s—N(7) 17522(16)
N(3)—Ru—N(8) 100.11(14) N(4)—Ru—N(8) 99.04(13) N(4)—0s—N(8) 98.83(18)
N(4)—Ru—N(6) 92.35(13) N(5)—Ru—N(6) 87.07(13) N(5)—0s—N(6) 98.45(18)
N(4)—Ru-N(7) 100.48(13) N(5)—Ru—N(7) 105.18(13) N(5)—0s—N(7) 96.61(18)
N(4)—Ru—N(8) 92.29(14) N(5)—Ru—N(8) 96.39(13) N(5)—0s—N(8) 86.41(18)
N(6)—Ru—N(7) 78.84(13) N(6)—Ru—N(7) 78.56(14) N(6)—0s—N(7) 78.14(18)
N(6)—Ru—N(8) 158.14(13) N(6)—Ru—N(8) 157.65(13) N(6)—0s—N(8) 157.24(19)
N(7)—Ru—N(8) 79.31(13) N(7)-Ru—N(8) 79.23(14) N(7)—0s—N(8) 79.22(19)
H(7)+H(8)+H(12)
H@3")
N@#) H©) HE) H(4)H(l%-l)(10)H(3) H(S)
I ’
// H(7)+H(8)+H(12) T T T
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Figure 2. "H NMR spectra of 1—4 in DMSO-d,. Atoms numbering for the complexes are shown in Scheme 1.

COSY spectra (Figure S3, Supporting Information), relative
areas of the peaks, and taking into consideration the usual
ranges of ] values for H,pbbzim and 4’-substituted tpy
derivatives.”'*?*

Absorption Spectra. The UV—vis spectra of the com-
plexes 1—4 are shown in Figure 3, and their absorption maxima
and molar extinction coefficients (&) are presented in Table 3,
which also contains data for model complexes. The absorption
spectra of the complexes are basically of similar type exhibiting

12591

a number of bands in the UV—vis region. Assignments were
made by comparison to [M(tpy),]*" and related M(II)
monotpy (M = Ru"" and Os") type complexes."** Thus,
two very intense bands observed around 280 and 315 nm
(e = 50000—100000 M~' cm™") in the complexes are due to
m—r* ligand centered transitions, while the next higher wave-
length absorptions occurring between 350 and 390 nm are
due to internal transitions of the ligands. All the complexes
exhibit a strong absorption peak in the range of 492—506 nm
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Scheme 1
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Figure 3. Absorption spectra of 1, 3, and 4 in dimethylsulfoxide and 2
in acetonitrile at room temperature.

(e = 27000—60000 M™' cm™') which can be attributed to
'IM"(dn)¢] — '[M"(dr)’tpy-HImzphen(z*)'] charge transfer
(*MLCT) transition. Absorption spectrum of 2 also contains a
low-energy shoulder at ~580 nm. This band probably arises
from '[Ru"(d7)®] — 3[Ru"(dz)’tpy-HImzphen(z*)'] transi-
tions which are allowed because of spin—orbit coupling which
has the effect of mixing excited singlet and triplet states.*®
Analysis of the spectrum of 2 shows that the energy difference
between the lowest, intense singlet, '[Ru''(dz)®] —
'[Ru"(dr)*tpy-HImzphen(z*)'] band at 492 nm (20325 cm™,
e = 27280 M™' cm™') and the triplet '[Ru'(dn)’] —
*[Ru"(dr)*tpy-HImzphen(7*)'] band at ~580 nm (~ 17241
em™}, & = 1980 M! cm™) is 3084 cm™!, which is of similar
magnitude to the singlet—triplet splitting energy for [Ru(tpy),]*
and the other monotpy complexes."***> The osmium(II)
compound, 4 additionally exhibits intense well-defined broad
bands around 650 and 680 nm (e = 12500 M~ cm™) which
again arise because of a spin forbidden *MLCT transition that
directly populates the triplet MLCT state. In the case of Os", as
the extent of spin—orbit coupling is greater than that of Ru",
the intensity of the spin forbidden *MLCT transition in 4 is
much higher compared to 2. It is of interest to note that the
lowest energy 'MLCT absorption band for the Ru(Il) and
Os(II) complexes (1—4) is shifted to lower energy compared to
the parent [Ru(tpy),]** (474 nm) and [Os(tpy),]** (477 nm)
complexes.' Again, the MLCT absorption of [Ru-
(H,pbbzim),]** was observed at 475 nm, which is almost

Table 3. Spectroscopic and Photophysical Data of 1, 3, and 4 in Dimethylsulfoxide and 2 in Acetonitrile Solutions

luminescence

at 298 K* at 77 Kb

complexes  absorption A, nm (¢, M~ cm™) Armax nm
1 502(37350) 668
390(27760)
316(71000)
285(73700)
2 492(27280) 681
382(24810)
348(51790)
314(54680)
283(50280)
3 505(60120) 667
381(49520)
334(69680)
316(82560)
281(92000)
4 680(12530) 760
650(10680)
506(60000)
398(62910)
375(65960)
322(98930)
5 474(10400) 629
67 490(28000) 640
7° 475(17400)
s 657(3650) 718
477(13750)
98 667(6600) 734
490(26000)

7,08 @ (X107%) Kk, s (X10°) K, s7' (X107) Amax nm (0]
10.2 127 125 9.79 641 0.25

SS.5 3.26 0.81 1.79 675 022

15.8 1.9 1.20 6.32 644 0.17

30.2 582 19.3 3.29 730 0.12

025 <0.05 0.04 90.9 598
<5.0 <0.03 628, 681(sh)

269 14.0 689 0.124

220 21.0 740 0.049

“In DMSO (1,3 and 4) and CH,CN (2). “MeOH-EtOH(1:4) glass. C[Ru(tpy)2]2+.ld 9[Ru(tpy-PhCH,), > °[Ru(H,pbbzim),]* >*

T Os(tpy),]*.* €[ Os(tpy-PhCH,),]**. ¢
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comparable in energy to that of [Ru(tpy),]**** The differences in
the MLCT bands between parent [M(tpy),]** (M = Ru" and
Os") and the complexes 1—4 reflect the energy differences of the
7 orbitals of the individual ligands. It is interesting to note that
the complexes under investigation have very high molar absorpti-
vities in the visible region compared to the parent [M(tpy),]**
(M = Ru" and Os") complexes, which make them good candidate
for light-harvesting materials. It may also be noted that the molar
extinction coefficients (&) of the "MLCT band in the homoleptic
Ru(IT) complex (3) is much higher than those for the heteroleptic
analogues (1 and 2), which probably arises because of extensive
delocalization of tpy-HImzphen.

Luminescence Spectra. The emission spectral behavior of
complexes 1—4 have been studied at room temperature in
either acetonitrile or dimethylsulfoxide and at 77 K using
ethanol—methanol (4:1) glass. Table 3 also summarizes the
emission maxima, quantum yield (@), and lifetime (z) of the
complexes together with the data available for the reference
mononuclear compounds. All the three ruthenium(Il) com-
plexes on excitation at their MLCT absorption maximum
exhibit one broad luminescent band, which lies between 667
(3) and 681 nm (2) at 300 K and between 641 (1) and 675 nm
(2) at 77 K (Figure 4) depending upon the coligands other

1.2

Normalized Emission intensity

b

o
o

Normalized Emission Intensity

o
o

600 700 800  90C
Anm

Figure 4. Photoluminescence spectra of 1, 3, and 4 in dimethylsulfoxide
and of 2 in acetonitrile at room temperature (a) and at 77 K in ethanol—

methanol (4:1) glass (b).

than tpy-HImzphen. The excitation of 4 into the MLCT peak
at 500 nm also resulted in the appearance of a luminescence
band centered at 760 nm at 300 K and 730 nm at 77 K. On the
basis of extensive investigations performed on [M(tpy),]** (M
= Ru" and Os") and related complexes, it can be concluded
that the bands have the characteristics of emission from the
SMLCT excited state, which corresponds to a spin-forbidden
M"(dzr) — tpy-HImzphen(z*) transition.">* In line with
absorption spectral data, the emission maximum of the
complexes (1—4) is also shifted to lower energy compared to
the *MLCT emission of the parent [Ru(tpy),]** (629 nm) and
[Os(tpy),]* (718 nm) complexes.'? The most striking feature
of this class of ruthenium(Il) compounds is that they are

luminescent at room temperature in fluid solutions though the
parent [Ru(tpy/tpy-PhCHj),]*** or [Ru(H,pbbzim),]*" *** are
non—luminescent. The room-temperature lifetimes of the
complexes which lie between 10 (1) and S5 ns (2), are
significantly greater than that of parent Ru(tpy), (0.25 ns)
(Figure S4, Supporting Information). It should be noted that
the enhanced luminescence properties of the complexes have been
achieved without lowering the excited-state energy significantly.
On going from fluid solution to frozen glass, the emission maxima
get blue—shifted with a significant increase of emission intensity
and quantum yield, typical of the MLCT emitters."> The zero—
zero excitation energy (Eyo) values of the *MLCT excited states of
the complexes (1—4) were estimated from the energies at the
intersection point of the absorption and emission band of the
complexes. The E, values thus estimated are 2.17 eV for [(tpy-
PhCH,)Ru(tpy-HImzphen)]** (1), 2.10 eV for [(H,pbbzim)Ru-
(tpy-HImzphen)]** (2), 2.18 €V for [Ru(tpy-HImzphen),]** (3),
and 1.79 eV for [Os(tpy-HImzphen),]** (4). At 77 K, each
spectrum displays a well-defined vibronic progression in the lower
energy region with spacing of ~1315 cm™" for 1, ~1303 cm™" for
2, ~1356 cm™ for 3, and ~1353 cm™" for 4, which are similar to
those reported for [M(tpy),]** (M = Ru" and Os"), the other
monotpy complexes of Ru(IT) and Os(II), and can be attributed
to aromatic stretching vibrations of the ligands.”>**

The excited-state lifetimes of Ru(II) polypyridine complexes are
governed by the nonradiative decay rate constant k,, given by eq 2"

ko = ko + Koy @)

The overall radiationless decay is the sum of two terms. The first
one, k,*, is directly related to the energy transfer from the MLCT
state to the ground state, whereas the second term, k', is related to
the thermally activated process that takes into account a surface-
crossing from the lowest-lying MLCT state to a closely lying metal-
centered (MC) level and therefore depends upon the energy gap
AE between MLCT and MC states.”>* For Ru(II) complexes with
tridentate ligands, the second term normally dominates the
equation.”” The small AE between MLCT and MC states in
Ru(Il) tridentate polypyridine complexes, a consequence of the
reduced ligand field strength experienced by the metal center
compared to Ru(II) bidentate polypyridine ligands, is due to an ill-
fitted octahedral arrangement, which in turn is responsible for the
poor room-temperature luminescence properties of Ru(tpy)z-type
complexes.l’z’4 On the other hand, for the related osmium(II)
complex this deactivation channel is unimportant because
osmium(II) exhibits a considerably stronger ligand field than
ruthenium(II), so that *MLCT — °LF crossing should remain
inaccessible even at room temperature. Moreover, as the osmium
system [Os(tpy-HImzphen),]** (4), does not possess this low-
lying LF state, hence deactivation is only from the MLCT state
leading to the observed longer excited state lifetime compared to
its analogous Ru(II) compound. In the present systems under
investigation, the energy of the MC level being considered to be
constant, the MLCT emitting level is decreased in energy by
modulating the electronic influence of the terpyridine moiety by
extensive delocalization due to the phenanthrene-imidazole group,
thereby reducing the efficiency of the MLCT-to-MC surface-
crossing pathway. However, the larger energy gap between MLCT
and MC states may not be the only reason to fully justify the
relatively long luminescence lifetimes of the complexes.

Solvent Effect. It is interesting to note that the lowest
energy absorption maxima of the complexes are strongly
influenced by the solvents. The solvent effect is particularly
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Figure S. (a) Absorption and (b) photoluminescence spectra of 2 in
different solvents.

Table 4. Absorption and Luminescence Spectral Data of 2 in
Different Solvents

Amap DM Aemp DM
solvents (&, M em™) @ (x 107%)

CH,Cl, 502(23380) 684,
403(18060) 9.74

378(27050)

356(49290)

340(44500)

317(49970)
CH,0H 494(30750) 683,
390(22750) 422

350(53260)

333(50230)

315(57430)
(CH;),CO 496(24590) 688,
393(21360) 5.37

349(44450)
C,H;0H 496(29000) 678,
390(24300) 472

351(50000)

334(47400)

315(55560)
CH,CN 492(28520) 681,
384(26230) 326

348(53240)

332(50410)

314(56900)

DMF 533(19880)

397(39480)

363(51220)

320(50760)
DMSO 508(31600) 700,
385(41160) 8.60

350(56900)

320(66720)
C¢H,CN 511(22160) 722,
7.04

dramatic for 2. Figure 5a shows the absorption spectra for 2 in
different solvents. From Table 4, it is seen that the MLCT band
maxima shift to longer wavelength with the increase in polarity

as well as with the extent of hydrogen bonding ability of the
solvent. For instance, the lowest energy MLCT maxima in 2
shifted from 492 nm in CH;CN to 533 nm in DMF (A4,,,, =
41 nm) with concomitant change of color from yellow-orange
to orange-brown. For the homoleptic complex 3, the
corresponding change is small, namely, 10 nm (498 to 508
nm) (Figure SSa, Supporting Information).

Figure 5b shows the emission spectra of 2 in different
solvents. As compared with the absorption spectra, its emission
spectral behavior shows significantly larger solvatochromism.
By changing the solvents, the lowest energy emission maxima
get red-shifted from 678 (C,H;OH) to 722 nm (C4H;CN)
(AAen = 44 nm). In case of 3, the corresponding change of the
emission maxima is 13 nm (655 to 668 nm) (Figure SSb,
Supporting Information). It is of interest to note that the emission
intensity of 2 is quenched to a significant extent with DMF.

Redox Properties. The redox activities of complexes have
been studied in acetonitrile solution, and the relevant
electrochemical results are gathered in Table S, together with

Table 5. Electrochemical Data® for 1—4 in Acetonitrile

oxidation? reduction®
compd E,j(ox), V E,5(red), V
1 1.16 —1.17, —1.37, =1.74
2 L11 —1.16, —1.45, —1.90
3 118 —1.17, —142, —1.74
4 0.90 —1.16, —1.42, —1.75
59 1.30 —1.29, —1.54
6° 125 —1.24, —1.46
7 0.76 —1.40, —1.70
88 0.97 —125, —1.57
9" 0.93 —1.23, —1.54

“All the potentials are referenced against a Ag/AgCl electrode with
Ei;, = 036 V for the Fc/Fc* couple. bReversible electron transfer
process with a Pt working electrode. “E, /, values obtained from square
wave voltammetric (SWV) using glassy carbon electrode. “[Ru-
tpy),]>*.'¢ “[Ru(tpy-PhCH,),]*'* /[Ru(H,pbbzim),]***** £[Os-
S

the results available for the reference mononuclear species. The
complexes are found to undergo one reversible one-electron
oxidation in the positive potential window (0 to +1.5 V) and
three successive quasi-reversible reductions in the negative
potential window (0 to —2.2 V) (Figure 6 and Figure S6,
Supporting Information). In ruthenium(II) and osmium(II)
polypyridyl complexes the highest occupied molecular orbital
(HOMO) will be based on the metal center, and oxidative
processes are therefore metal based, whereas the lowest
unoccupied molecular orbital (LUMO) are ligand based and
the reduction processes are ligand centered, in agreement with
literature data and the reversibility of most of the
processes.”>*® Thus, the oxidation in the positive potential
window has been assigned as a M"/M™ (M = Ru and Os)
oxidation process. The osmium(I) complex (4) showed
(Figure 6) a notable cathodic shift in the potential for
oxidation versus that of the Ru' counterpart, which is attributed
to the lowered intrinsic potential of the Os" metal. The metal
based oxidation potential of the complexes are significantly
lower than that observed for [M(tpy),]** (M = Ru and Os)."*
This is in agreement with the spectroscopic data already noted in
the previous sections and can be explained by the extensive
delocalization of tpy-HImzphen ligand. In 4, an irreversible
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Figure 6. Cyclic (a) and square wave (b) voltammograms of 4 in
acetonitrile showing both oxidation and reduction.

oxidation is also seen at 1.2 V which is probably due to a
ligand-centered oxidation process. The first reduction pro-
cess observed at about —1.16 V for all the complexes can be
assigned as being tpy-HImzphen centered by comparing the
reduction potentials of other tpy-based ruthenium(Il) and
osmium(II) complexes. In the homoleptic complexes (3 and 4)
the second reduction occurs at the same potential (—1.42 V),
while the second reduction in mixed ligand complexes occurs
at —1.37 V for [(tpy-PhCH;)Ru(tpy-HImzphen)]** (1) and
—1.45 V for [(H,pbbzim)Ru(tpy-HImzphen)]** (2) being
assigned as tpy-PhCH;/tpy-PhCH;~ and H,pbbzim/
H,pbbzim™~ ligand-centered processes, respectively. It is of
interest to note that both the first and the second reduction
potentials in the homoleptic complexes (3 and 4) appear to be
insensitive to the nature of the coordinated metal leading to the
conclusion that the reductions are largely ligand localized.>®

B ANION SENSING STUDIES OF THE
METALLORECEPTORS

Colorimetric Signaling. The anion sensing abilities of the
receptors 1—4 have been studied on a qualitative basis by visual
examination of the anion-induced color changes in acetonitrile
(2) and DMSO (1, 3, and 4) solutions (2 X 10™° M) before
and after the addition the anions as their TBA salts. The photograph
in Figure 7 shows the dramatic color changes of the
metalloreceptors as a result of adding 10 equiv of various
anions such as F~, Cl7, Br~, I, AcO~, ClO,”, and H,PO,".
Specifically, complexes 1, 3, and 4 are sensor selective for F~
only, whereas the complex 2 is the sensor for F~, AcO~, and to
a lesser extent for H,PO,”. The dramatic anion-specific
response makes the complexes especially effective colorimetric
anion sensors.

Absorption Signaling. UV—vis spectroscopy was employed
to quantify the anion-induced spectral changes in 1—4. As

Figure 7. Color changes that occur when the solutions of 1—4 are
treated with various anions as their tetrabutylammonium (TBA) salts.

shown in Figure S7 (Supporting Information) and Figure 8, the
position of the MLCT bands at 502, 505, and 506 nm for
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Figure 8. Changes in absorption (a, b) and luminescence (c, d)
spectra of 2 in acetonitrile and 4 in dimethylsulfoxide solution upon
the addition of different anions as their TBA salts.

complexes 1, 3, and 4, respectively remain practically
unchanged upon addition of 10 equiv of CI7, Br™, I", AcO7,
ClO,~, and H,PO,” ions to their solutions (2.0 X 107> M) in
DMSO. On the other hand, following the addition of 10 equiv
of F7, the said bands get red-shifted to 528, 533, and 527 nm,
respectively, indicating that strong interactions occur between
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the receptors and the anion. Compared to 1, 3, and 4, receptor
2 in acetonitrile showed marked difference in sensing behavior
as it has two different kinds of imidazole NH protons with
different chemical environments. In case of 2, as shown in
Figure 8a, following the addition of 10 equiv of F~ and AcO~,
the MLCT band at 492 nm gets red-shifted to 527 nm. On
addition of H,PO,” though the MLCT bands of 2 initially
shifted to 505 nm, but addition of excess of H,PO,” leads to
the precipitation of the resulting complex. On the other hand,
the MLCT peak at 492 nm remains practically unchanged upon
addition of 10 equiv of CI7, Br~, I, and ClO,” ions to the
solutions of 2. These observations are in consonance with the
visual changes already noted in Figure 7. The red-shift of the
MLCT bands can be attributed to the second-sphere donor-
acceptor interactions between metal coordinated terpyridyl-
imidazole and the anions. Anion-induced deprotonation of the
NH proton(s) in the complexes increase the electron density at
the metal center leading to lowering of the MLCT band
energies.

To get quantitative insight into sensor-anion interaction,
spectrophotometric titrations of the receptors have been carried
out with various anions. Figure 9a shows that with the
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Figure 9. Changes in absorption (a—c) and photoluminescence (d—f)

spectra of 1, 3, and 4 in dimethylsulfoxide solution upon the addition

of F~ ion. The inset shows the fit of the experimental absorbance and

luminescence data to a 1:1 binding profile.

incremental addition of TBAF to 1, the MLCT band in the
successive absorption curves undergo gradual red shifts during
which they pass through the isosbestic point at 513 nm, while
in the case of 3 (Figure 9b) such changes occur through three
isosbestic points at 514, 470, and 425 nm. Similar trends of
spectral changes have been observed for 4 as a function of F~
(Figure 9c). As the F~ jon is added to a solution of 4, the
MLCT absorption maxima at 506 nm get shifted to longer
wavelength, 527 nm, with the concurrent development of four
isosbestic points at 518, 463, 413, and 315 nm upon the

addition of 10 equiv of F™. In contrast, addition of the other
anions to a DMSO solution of 1, 3, and 4 do not induce any
change, indicating the inability of these anions to deprotonate
the imidazole NH protons of the metalloreceptors. It is of
interest to see the spectral changes for [(H,pbbzim)Ru(tpy-
HImzphen)] (ClO,), (2) as it has a more complicated
structure in respect of having different types of NH protons
with different chemical environments compared to the other
receptors under investigation. The spectral changes that occur
for 2 as a function of AcO™ are shown in Figure 10. On close
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Figure 10. Changes in absorption (a—c) and photoluminescence (d—f)
spectra of 2 in acetonitrile solution upon the addition of AcO™ ion. The
inset shows the fit of the experimental absorbance and luminescence data

to a 1:1 binding profile.

inspection of the changes in the spectral profiles with the
incremental addition of anion, the occurrence of two successive
reaction equilibria become evident. In the first case, spectral
saturation occurs with the addition of 1 equiv of either F~ or
AcO~ (shown in inset of Figure S8, Supporting Information
and Figure 10), suggesting 1:1 receptor—anion interaction,
while for the attainment of the second equilibrium process an
excess of anions is required. The spectral patterns of 2 toward
H,PO,” ion is almost the same with that of either F~ or AcO™
up to 1 equiv with 7 sharp isosbestic points at 505, 436, 353,
289, 273, 263, and 238 nm respectively (Figure S9, Supporting
Information). On further addition of H,PO,~ beyond 1 equiv,
no noticeable changes in the spectral profile occurs and finally
give rise to the precipitation of the resulting complex. It may be
mentioned that in case of 2, two successive deprotonation steps
occur with a relatively lesser amount of both F~ and AcO~
compared with the other receptors where only one
deprotonation step occurs at higher concentrations of F~
only as evidenced by spectrophotometric studies. The results
indicate that the NH protons associated to H,pbbzim moiety
are successively deprotonated in case of 2 compared with 1, 3,
and 4 where deprotonation occur from the tpy-HImzphen unit.
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Table 6. Equilibrium/Binding Constants™? (K, M) for 1, 3, and 4 in Dimethylsulfoxide and for 2 in Acetonitrile Towards

Various Anions at 298 K¢

1 3 4

anions K K, K, K K
from absorption spectra

F~ 3.58 x 10° 461 x 10° 5.38 X 10° 2.18 X 10° 1.19 x 10°

AcO™ NA 4.12 x 10° 5.95 x 10° NA NA

H,PO,” NA NA NA NA NA

HO™ 3.88 x 10° 7.11 x 10° 6.99 x 10° 5.15 x 10° 4.55 x 10°
from emission spectra

F~ 537 X 10° 4.62 x 10° 5.49 x 10° 3.75 X 10° 2.53 x 10°

AcO™ NA 4.04 x 10° 5.96 x 10° NA NA

H,PO,” NA NA NA NA NA

HO™ 3.66 x 10° 6.98 x 10° 7.00 x 10° 6.24 x 10° 6.54 x 10°

“t-Butyl salts of the respective anions were used for the studies. “Estimated errors were <15%. “NA: not applicable.

By using eq 1 the equilibrium constant K for receptor—anion
interaction has been evaluated, and the values are given in
Table 6.* It may be noted that the values of K for the receptors
1, 3, and 4 with F™ are roughly of S orders of magnitudes, while
that of 2 is of 6 orders of magnitudes with F~ and AcO™.

It was reported previously that suitably substituted H-bond
donor receptor functionality undergo deprotonation in the
presence of excess anions, leading to classical Bronsted acid—
base chemistry, and is not commonly believed as a supra-
molecular interaction.*®”* It has been argued that the higher
stability of a polynuclear aggregate, such as HF,”, further
facilitates deprotonation of the receptor unit.**~** To examine
such a possibility, spectrophotometric titrations of the receptors
were also carried out with a solution of TBAOH (Figure S10,
Supporting Information). The spectral patterns for the
complexes have close resemblance to the spectra of these
receptors in the presence of F~ and AcO~ ions. These
observations suggest that, in a large excess of anions, anion-
induced deprotonation of the imidazole NH protons of the
metalloreceptors occur.

Fluorescence Signaling. It has been observed in the
previous section that all the complexes exhibit a moderately
strong luminescence at room temperature. This means that
more than one optical signal is possible, strengthening the
sensing capability of the systems. Supporting Information,
Figure S7 and Figure 8 show that the emission intensity of the
band around the 667 nm region for 1 and 3, 681 nm for 2, and
at 760 nm for 4, undergoes nominal change with the addition of
excess of CI”, Br, I, ClO,~, and H,PO,” ions, indicating the
inability of these anions to deprotonate the imidazole NH protons
of the metalloreceptors. On the other hand, with the ten-fold
addition of the F~ ions, the emission intensity of the said band gets
significantly quenched in all cases. For the receptor 2, similar
quenching of the emission intensity also occurs with AcO™ and to
a lesser extent also with H,PO,™ ions with consequent red shift of
emission maximum from 681 to 781 nm. These observations are
consistent with those of the absorption experiments.

Photoluminescence titrations of the receptors with various
anions have been carried out in the same way as already
described for spectrophotometric measurements. The effects of
incremental addition of F~ and AcO™ ions to the solution of the
receptors on their emission spectra are shown in Figures 9 and
10, and the insets show the quenching of luminescence
intensities vs the concentration of anions added. The
fluorescence titration experiments were used to determine the
equilibrium constants between the receptors and the anions

(Table 6), which are consistent with the results obtained from
absorption data. Spectrofluorometric titrations of the com-
plexes were also carried out with TBAOH. The spectral
patterns have close resemblance to the spectra of the receptors
in the presence of anions.

It is of interest to note that the position of the lowest energy
MLCT band of complexes 1 and 3 showed a red-shift in their
absorption spectra, while a blue-shift in their emission spectra
was obtained upon addition of F~ ion. Because of the
deprotonation of the imidazole NH proton, the #* orbital of
tpy-HImzphen ligand is more destabilized than the Ru'(dx)°
metal-centered orbital in the ground state complex. But in the
excited state, the Ru"(dx)® metal orbital is strongly destabilized
compared with the z* orbital of tpy-HImzphen, and in the
excited state, an electronic transition occurs from the
destabilized metal orbital to the 7#* orbital of tpy-HImzphen
(not tpy-HImzphen™) resulting in a larger energy gap between
Ru"(dz)® and the 7* orbital of tpy-HImzphen causing a blue
shift in emission energies.

'"H NMR Signaling. '"H NMR spectra of the complexes
(1—4) in presence of 10 equiv of F~ ions were also recorded
(Figure S11 and Figure S12, Supporting Information) and the
chemical shift values are collected in Table S2 (Supporting
Information). The most downfield-shifted resonances that were
observed between 6 = 13.71 ppm and J = 15.03 ppm in the free
receptors are due to the imidazole NH proton(s), which are
hydrogen bonded to (CDj;),SO. When 10 equiv of TBAF is
added to the (CD;),SO solution of the metal complexes, complete
removal of the N—H signal and upfield shift of the aromatic proton
of tpy-HImzphen as well as H,pbbzim occur. Clearly, F~ ion acts as
the proton abstractor and the shielding effect is a consequence of
the increase in electron density of the imidazole moiety because of
the deprotonation of the N—H protons. As expected, the chemical
shifts of the aromatic protons due to tpy-PhCHj ligands differ only
to a small extent in the complexes.

Figure 11 shows that with the incremental addition of TBAF,
the singlet at 6 15.03 ppm due to two N—H groups of
H,pbbzim is broadened, up-field shifted, and finally vanished
when almost 3 equiv of F~ was added to DMSO-d, solution of
2, while the chemical shifts of C—H protons of H,pbbzim (H,’,
H,;, Hy, and H,;) is progressively up-field shifted. Figure S13
(Supporting Information) shows the change of chemical shifts
for the above benzimidazole protons as a function of the
equivalents of F~ added, and the chemical shifts values of
different protons with varying amount of F~ are summarized in
Table S3 (Supporting Information). The similar behavior was
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Figure 11. "H NMR (300 MHz) titration of 2 in DMSO-dj solution
with the addition of incremental amount of F~ ion (0—3 equiv).

also found for 2 with AcO™ ions. But with H,PO,~, the same
titration was not successful because of the precipitation of the
complex on addition of excess anion.

Electrochemical Signaling. The electrochemical anion
recognition and sensing of the receptors as a function of
different anions have been examined by using cyclic and square
wave voltammetry. Incremental addition of F~ to 1, 3, and 4
and both F~ and AcO™ to 2 resulted in a negative shift of the
oxidation potential. As shown in Figure S14 (Supporting
Information), with progressive addition of F~ to 2 the current
height of the redox couple observed at 0.99 V gradually
diminishes and at its expense a new couple that appears at 0.44
V grows in current heights. As the F~ ion concentration reaches
to 3 equiv, the couple at 0.99 V is completely replaced by the
0.44V couple. The electrochemical behavior of 2 observed with
AcO7 as the guest anion is almost identical to that of F~. Thus,
in the presence of excess of anions, imidazole NH protons are
successively deprotonated thereby increasing the electron
density on the metal center and causing a negative shift of
the oxidation potential. It should be noted that the redox
potentials of the complexes in pure acetonitrile, as reported in
an earlier section, differ from those obtained in acetonitrile—
dimethylformamide (9:1) medium because of solvent effect.
The results presented here provide a hint that the complexes
1—4 could prove useful in the fabrication of electrochemical
sensors.

Nature of Receptor—Anion Interaction. The observa-
tions made above from 'H NMR, photometric, luminescence,
and electrochemical measurements unequivocally suggest that
F~ ion interacts strongly with the metalloreceptors 1—4, albeit
such interaction is either very weak or absent for other halides
(CI7, Br7, I") and oxyanions (H,PO,” and ClO,"). The close
resemblance of both absorption and emission spectral patterns
of the receptors in the presence of OH™ to those in the
presence of F~ ion suggest that metal-coordinated imidazole
NH protons in 1—4 are successively deprotonated in the
presence of excess of anions. As the most electronegative atom,

fluoride can form the strongest hydrogen bond with protons
and tend to deprotonate polar NH groups. It has been
suggested that the higher stability of a polynuclear aggregate,
such as HF,”, facilitates the deprotonation of the receptor
unit. 374 Thus, various colorimetric sensors containing NH
arrays have been developed to detect F~ ion based on the
deprotonation mechanism.>”*® Finally, we note that although
the receptor 2 exhibits strong response toward sensing F~ and
AcO7, lacking the selectivity to differentiate these anions
explicitly, the other receptors (1, 3, and 4) exhibit strong
selectivity toward sensing F~ ion only.

B CONCLUSION

In conclusion, we have developed a new series of homo- and
heteroleptic tridentate ruthenium(II) and osmium(II) com-
plexes by using tridentate ligand, 2-(4-[2,2":6,2"Jterpyridine-4"-
yl-phenyl)-1H-phenanthro[9,10-d]imidazole (tpy-HImzphen)
in combination with 2,6-bis(benzimidazole-2-yl)pyridine
(H,pbbzim) and 4'-(4-methylphenyl)-2,2":6',2"-terpyridine
(tpy-PhCHj;), which can act as multi-channel sensors of F~
ion in solutions. To allow fine-tuning of the electronic
properties, several homo- and heteroleptic complexes have
been synthesized. The most striking feature of this class of
compounds is that they are luminescent at room temperature in
fluid solutions and their room temperature lifetimes lie in the
range of 10—55 ns. The sub-nanosecond excited-state lifetime
of normal tpy complexes is widely accepted as being due to
the small energy gap between the emitting *MLCT state and
the deactivating MC level. The important outcome of this
study is to increase the energy level separation of the two states
by modulating the *MLCT energy level of the complexes by
introducing extensive delocalized phenanthrene-imidazole
group in the 4-position of the tpy unit, while keeping the
energy of the *MC state essentially unchanged. Another point
of interest is that the spectral and redox properties of the
compounds are strongly influenced by the protonation state of
the imidazole rings. This opens the possibility of the application
of such compounds as proton driven molecular switches. The
binding properties are also confirmed by absorption, emission
and 'H NMR spectroscopic and cyclic voltammetric
techniques. From sensing studies, it has been concluded that
in the presence of excess of anions, stepwise deprotonation of
the imidazole N—H fragments occurs, an event which is
signaled by the development of intense and beautiful colors
visible with the naked eye.
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X-ray crystallographic file in CIF format for compound 2, 3,
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