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INTRODUCTION

Fundamental understanding of the metal remote substituent group effect on the properties of organometallic complexes
can be used in the rational design of new materials with unique properties %l In some cases, metal remote functional groups in
Ru (Il) complexes have been used to functionalize multiwalled carbon nanotubes to enhance electronic resistance of nanotubes
BB, Ruthenium complexes have been found to have potential applications in opto-electronic device and nanotechnology 9,
development of efficient solar cells ), and invention of new probes for DNA structure and function 7. The ultraviolet visible (UV-
Vis) spectra of such materials are typically characterized by a metal-to-ligand charge transfer (MLCT) band in the visible region
with stability that is generally attributed to the o-donor / m-acceptor character of a metal-nitrogen bond. These Ru (II) complexes
possess various important photophysical features that arise from the population of a triplet luminescent level as the lowest
excited-state after photoexcitation 2. Numerous studies have focused on metallocomplexes with small energy gaps between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). One important characteristic of
Ru(ll) complexes is their small HOMO-LUMO gap. Lowering HOMO-LUMO gap plays an important role in studying electron transfer
phenomena and molecular designs ®°, and controlling the HOMO-LUMO gap is highly desired for opto-electronic device and
luminescence [10-26],

The effect of ligands on HOMO-LUMO gap has been reported by density functional theory (DFT) methods %€, A recent study
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reported that introducing a carboxylic group to Ru(ll) ligands does not change the energy gap of HOMO-LUMO %23l while amine
and hydroxyl substituted porphyrins have been reported to lead to smaller HOMO-LUMO gaps 1416,

In the current study, Ru(ll) complexes with functionalized terpyridines were synthesized and the optical properties were
evaluated. DFT results show that the presence of amino groups as ligand substituents leads to a lowering energy gap of HOMO-LUMO.
The calculations reveal that these two amino groups alter HOMO composition of Ru(prCH2NH2)22+. Finally, [Ru(prCHzNH2)2]2+
shows luminescence and stability for application in cellular imaging.

MATERIALS AND METHODS

MaterialsAll chemicals and solvents used for spectroscopic measurement are of spectroscopic grade and commercially
available (Sigma-Aldrich Company). Bladder 647V cells are purchased from American Type Culture Collection, Manassas, VA.

Instruments. *H and 3C- NMR spectra were recorded on a Bruker 500 MHz spectrometer; UV-vis spectra were recorded using
a Beckman DU640 spectrophotometer in acetonitrile (MeCN). High resolution Mass spectrometry (MALDI-TOF) was performed on
a Micromass Tof Spec-2E mass spectrometer. Fourier transform infrared spectrum (FTIR) was measured with a Perkin Elmer
spectrum 65 FTIR infrared spectrometer; samples were prepared and compressed in KBr pellet. Fluorescence emission spectra
were measured on HORIBA Fluorolog 3-21 spectrometer in acetonitrile (MeCN). Cyclic Voltammogram was measured on a
PARSTAT®2263 (Princeton Applied Research Inc). In acetonitrile with a working electrode of Solid Electrode (Working Electrode
Area is 1.000 cm2) and reference electrode of Ag, AgCl / NaCl (sat'd) (0.194V). The whole system is working at room temperature
under argon protection. The electrochemical potentials of electrodes are calibrated with respect to a ferrocene and ferrocenium
couple. Fluorescence Imaging was performed using the EVOS fluorescent microscope (AMG Co). The electrochemical method is
expressed as:

Ip = (Eonset,ox

E=(E

a

+4.4) (eV); (1)
+4.4) (eV), (2)

onset, red

Where Ip is the ionization potential, E_ is electron affinity, Eonset, 18 the onset potential of oxidation and Eonset, «q1S the onset
potential of reduction. The HOMO-LUMO energy gap was calculated by Hamiltonian calculation and electrochemical method ®

using Egs. (1) and (2).
Computational Methods

Density functional theory (DFT) calculations were performed on the Gaussian 09W suite of programs 1”18, DFT was used to
determine both optimum geometry and energies of the Ru(ll) complexes. Four independent density functionals were used: B3LYP
(19201 X3LYP 1, and B3PW91 23, LANL2DZ basis set were used for calculation comparison 24281, All optimized geometries were
subjected to vibration frequency analysis to ensure they corresponded to potential energy minima without imaginary frequency.
Atomic charges and orbital populations were calculated by natural bond orbital analysis (NBO) 7 27, Zero point energies
were obtained from harmonic vibrational frequency calculations without scaling. The translational, rotational and vibrational
contributions to the enthalpy and entropy were evaluated using rigid-rotor and harmonic oscillation approximations. Optimized
structures and atomic charges were visualized with the GaussView 4.1 software package 8. Time-dependent density functional
theory (TD-DFT) calculations were performed at the B3LYP/LANL2DZ level to arrive at the vertical singlet excited states for each
complex from the corresponding optimized singlet ground state geometry using the PCM model with acetonitrile as the solvent.

Synthesis

A ruthenium (Il) bis [4’-(@aminomomethylphenyl) -2, 2":6', 2"-terpyridine] bi-tetrafluoroborate, i.e. [Ru(prCHzNHz)Z](BFAl)Z was
synthesized according to the literature reported %%, To synthesize [Ru(TpyCH,NH,),](BF,), (Scheme 1), a mixture of RuCl xH,0
(0.047 g, 0.18 mmol) and AgBF, (0.116 g, 0.59 mmol) have been refluxed for 2 hours in 15 ml acetone. After cooling to room
temperature, the precipitated AgCl was removed by filtration, the solution was evaporated to afford dark solid powder of [Ru(lll)
(Me,CO),I(BF,),. The solid product was then dissolved in 15 ml 1-butanol and TpyCH_NH, (0.122 g, 0.36 mmol) was added and
refluxed for 12 hours under argon protection. A further portion of TpyCH,NH, (0.10 g, 0.026 mmol) was added, and refluxing
continued for an additional 12 h. The solution was cooled to room temperature; the solid was filtered off and washed with
1-butanol (100 ml). The final products were obtained after evaporation and dried in vacuum (phosphorus oxide), to yield a dark
red solid [Ru(TpyCH,NH,),] (BF,), (vield: 52.2%, 78 mg).

MALDI-TOF-HRMS calculated 777.9004 for C,,H, N.Ru [M-NH,-2BF,+H]*, found: 778.2952. *H NMR (400 MHz, [D,] DMSO,
25°C, TMS):): d (ppm) 4.20 (s, 4H; CH2), 7.29 (t, 4H;CHPh), 7.56 (d, 4H; CHPh), 7.85 (t, 4H; CHP), 8.06 (t, 4H; CHPh), 8.50 (d, 4H;
CHPh), 9.12(d, 4H; CHPh), 9.51 ppm (s, 4H; CHPh); *C-NMR (500 MHz, [D,] DMSO, 25°C) 5(ppm):158.4, 155.6, 152.6, 146.7,
136.9, 136.5, 133.7,130.1, 128.3, 125.3, 121.5, 42.6. MADIL-TOF-MS: m/z calculated 967.2 for M*, found 968.2 [M+H]*, 966.2
[M-H]", 922.2 [M-2BF,-2NH_-CH,]*, 865.2 [M-NH_-BF ,+H]*, 778.2 [M-NH,-2BF,+H]*. FTIR (KBr, vem™) 3403 (s); 3054 (s); 2883
(m); 2834 (m); 1829 (w); 1608 (s); 1583 (s); 1568 (s); 1545(s); 1472(s); 1439(s); 1406 (m); 1390(s); 1088(s); 1055(s); 1027(s);
832(w); 790 (s); 746 (s); 667 (w); 520 (w); 480 (w). UV-VIS (in MeCN): Amax nm (log €) = 252 (4.25); 276 (4.38); 309 (3.79) and
493 nm (3.09). Elemental Analysis Calculated (%) for C,_.H. B_F_N_Ru; C 55.92; H, 4.07; N, 11.59; Found: C 55.86; H, 4.09; N, 11.62.
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[Ru(li)(Me,CO)g](BF4)s

Butanol / reflux 24hours

R= Me, COOH,CH,NH,

Scheme 1. Synthesis of ruthenium (ll) terpyridine complexes and their structures.

Ruthenium (I) bis [4'-(methylphenyl) -2, 2".6",2"-terpyridine] bi-tetrafluoroborate; i.e. [Ru(TpyCH,),1(BF,), and Ruthenium (II)
bis [4'-(carboxylphenyl) -2,2".6",2"-terpyridine] bi-tetrafluoroborate, [Ru(TpyCOOH),](BF,), were also synthesized with the same
procedure. The identified structures were consistent with what is found in literature 32, The purities of all ruthenium complexes
were tested before spectroscopy measurements were taken.

Biotest

Bladder 647V cells were grown in F12-K medium supplemented with 10% fetal calf serum, penicillin (100 yg/ml) and
streptomycin (100 U/ml), at 37°C, in a 5% CO,atmosphere cell culture incubator. Cells were plated overnight at 5x10* cells per
well of a 96-well culture plate for the proliferation assay, or in a culture slide for live imaging with a fluorescent microscope. Cells
growing near the confluence on culture slides were rinsed with 1x phosphate buffered saline (PBS) and the culture medium
replaced with 10 um concentration of the Ru complex dissolved in culture medium without the growth supplement. Live-cells
were imaged under the EVOS fluorescent microscope monitored at 488 nm wavelength for fluorescence. Proliferation assay was
carried out as follows: cells were incubated at 96-well plates and allowed to acclimatize overnight. They were then incubated in
selected Ru complex solution. These were performed in triplicate wells each incubation concentration. After 24 hour incubation
at 37°C under 5% CO,, absorbance reading at 450 nm for each well was used to compute percent proliferation relative to control
cells in untreated wells.

RESULTS AND DISCUSSION

Three ruthenium complexes, [Ru(TpyCH,NH,),I(BF,),, [Ru(TpyCH,),](BF,), and [Ru(TpyCOOH),](BF,), were synthesized
according to Scheme 1. Their structures were studied by both absorption spectroscopy and density functional theory (DFT)
methods. These complexes were evaluated as potential dyes to visualize biological samples. The [RuTpyCH_NH,),](BF,), complex
has unique NH, groups, each with a lone pair of electrons that is remote from the Ru center. Structural features of this complex
are discussed together with a comparison to the structures of [Ru(TpyCH,),](BF,), and [Ru(TpyCOOH),I(BF ),

Electronic Structure

The effective atomic charge on Ru was also calculated by NBO X7-?7], The atomic charge calculation is highly dependent on
basis sets. With LANL2DZ basis set, the atomic charge on Ru in [Ru(TpyCH,N H2)2]2+ ranged between +0.26 and +0.30, using B3LYP,
X3LYP, and B3PW91. To test the effects of the basis sets, optimization of the At B3LYP/3-21G level of theory of [Ru(TpyCH,NH,)_]**
gave Ru charge of +0.36. This demonstrates and confirms a small charged on Ru. This small localized charged on Ru, which is
significantly lower than the expected +2 charge; that is consistent with a previous study of Ru complexes that led to a similar small
charge of +0.46 on Ru 33,

Molecular Orbital Compositions of Ru Complexes

Population analysis at B3LYP/LANL2DZ level of theory was performed to better understand the composition of the frontier
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molecular orbital of the Ru complexes. All complexes have degenerate HOMO/HOMO-1 and LUMO/LUMO+1 (Figure 1 and Table
1). The degenerate LUMO and LUMO-1 orbitals of [RquyCH2NH2)2]2+ are slightly higher in energy than those of [Ru(prCH3)2]2+
and [Ru(prCOOH)z]2+ (Table 1). Also, the CH-NH,, group in [Ru(prCHzNH2)2]2+ makes a significant difference in the composition
of HOMO and HOMO-1 with respect to [Ru(prCH3)2]2+ and [Ru(prCOOH)2]2+; both HOMO and HOMO-1 of [Ru(prCH2NH2)2]2+
are composed of 100% ligand orbitals while the contribution of Ru orbitals to the HOMO/HOMO-1 of [Ru(TpyCH,),]** and
[Ru(TpyCOOH),J** is 57% and 36%, respectively (Figure 1). These results show the important role of remote amino groups in Ru
complexes by making all-ligand HOMO/HOMO-1..
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Figure 1. Frontier molecular orbitals: (@) LUMO+1 of [Ru(TpyCH_NH,),]?*, (b) LUMO of [Ru(TpyCH_NH,),]**, (c)
HOMO of [Ru(TpyCH,NH,),1**, (d) HOMO-1 of [Ru(TpyCH,NH,),I**, (¢) LUMO+1 of Ru[TpyCH_],**, (f) LUMO of
Ru[TpyCH,],**, (g) HOMO of Ru[TpyCH,],**, (h) HOMO-1 of Ru[TpyCH,],**, (i) LUMO+1 of [Ru(TpyCOOH),J**,
(i) LUMO of [Ru(TpyCOOH)_]**, (k) HOMO of [Ru(TpyCOOH)_]**, (I) HOMO-1 of [Ru(TpyCOOH),]**

Table 1. Percent Ru in frontier orbitals and orbital energies (eV) of the complexes at the B3LYP/LANL2DZ level of theory

MO # [Ru(TpyCOOH),J** [Ru(TpyCH,),J** [Ru(TpyCH_NH,),J** [Ru(Tpy),]**
% Ru MO # (Energy eV) % Ru MO # (Energy eV) % Ru MO # (EnergyeV) %Ru MO# (Energy eV)

LUMO+4 0 196 (-6.556) 0 182 (-6.338) 0 190 (-6.232) 0 174 (-6.431)
LUMO+3 4 195 (-7.334) 4 181 (-7.068) 4 189 (-6.952) 6 173 (-7.179)
LUMO+2 0 194 (-7.422) 0 180 (-7.159) 0 188 (-7.038) 0 172 (-7.269)
LUMO+1 8 193 (-7.576) 8 179 (-7.288) 8 187 (-7.176) 9 171 (-7.403)

LUMO 8 192 (-7.576) 8 178 (-7.288) 8 186 (-7.176) 9 170 (-7.403)

HOMO 57 191 (-10.856) 36 177 (-10.383) 0 185 (-9.471) 53 169 (-10.645)
HOMO-1 57 190 (-10.856 36 176 (-10.383) 0 184 (-9.471) 53 168 (-10.645)
HOMO-2 78 189 (-10.967) 78 175 (-10.704) 34 183 (-10.318) 83 167 (-10.816)
HOMO-3 0 188 (-11.191) 38 174 (-11.026) 34 182 (-10.319) 0 166 (-11.152)
HOMO-4 0 187 (-11.191) 38 173 (-11.026) 78 181 (-10.633) 6 165 (-11.153)

The contributions of Ru orbitals to HOMOs of Ru octahedral complexes have been typically reported 2223, Transition metal
complexes with no metal contribution in the HOMO have been previously reported 2%, On the other hand, introducing ligands
containing amino groups to the complex does not necessarily lead to a Ru complex with HOMOs located around nitrogen atoms
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of the ligands; for example, DFT studies of Ru(porphyrin)(NH,), complex showed more Ru contribution to HOMO than the nitrogen
atoms of two amino groups 2.

Figure 1 shows that the HOMO-1 and HOMO of [Ru(TpyCH,NH,),]** are localized around the NH, groups. The contribution
of the Ru d-orbitals appear in the HOMO-2 and HOMO-3 of [Ru(TpyCH,NH,),]** (Table 1). Table 1 shows that the contribution of
ruthenium d-orbital to LUMO is 8% in [Ru(prCHQNHz)z]”, [Ru(prCH3)2]2+and [Ru(prCOOH)2]2+,whiIe the LUMO+2 is an all-ligand
molecular orbital in these complexes.

Determination of HOMO-LUMO Gap of the Ruthenium Complexes

The HOMO-LUMO gap plays an important role in the spectroscopic behavior of transition metal complexes. At B3LYP/
LANL2DZ level of theory, the HOMO-LUMO energy gaps for [Ru(TpyCH,NH,) J**, [Ru(TpyCH,),]** [Ru(TpyCOOH),J**, [Ru(Tpy),]**
were 2.3, 3.1, 3.3, 3.2 eV, respectively (Figure 2). The use of the 3-21G basis set gave similar results. The [Ru(TpyCH,NH,),]** has
the lowest HOMO-LUMO energy gap; Figure 2 shows that the degenerate HOMO/HOMO-1 of [Ru(TpyCH,NH,),]** is at a relatively
higher energy than the [Ru(TpyCH,),]** and [Ru(TpyCOOH),]** complexes while the energy level of the LUMOs in these complexes
are at relatively comparable energy levels. It appears that the higher energy HOMOs of [Ru(prCHzNH2)2]2+ leads to the small
HOMO/LUMO energy gap. These results indicate that introduction of the CH,NH, group into the terpyridine ligand lowers the
HOMO-LUMO gap. For [Ru(prCHQNH2)2]2+, the calculated HOMO-LUMO energy gap is in good agreement using B3LYP, X3LYP and
B3PW91 functionals (Table 2).
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Figure 2. Molecular orbital diagram showing HOMO-LUMO gap calculated at B3LYP/LanL2DZ level of theory.

Table 2. Energies of [Ru(TpyCH,NH,),]**

A . Energy (Hartrees)
Functional/basis sets HOMO LUMO HOMO-LUMO (eV)

B3LYP/LanL2DZ -0.34283 -0.26446 2.1
B3LYP/3-21G -0.33719 -0.25854 2.1
X3LYP/ LanL2DZ -0.34507 -0.26089 2.3
X3LYP/3-21G -0.33941 -0.25457 2.3
B3PW91/LanL2DZ -0.34448 -0.26685 2.1
B3PW91/3-21G -0.33996 -0.26326 2.1

Small HOMO-LUMO energy gaps of Ru complexes have been frequently reported. For example, HOMO-LUMO energy gaps of
2.5-2.7€V have been recently estimated by cyclic voltametry of a Ru complex with similar bipyridine (Bpy) and terpyridine ligands
(10-13), and the HOMO-LUMO energy gaps of [Ru(Bpy),]**and [Ru(Tpy),]* were predicted to be 2.64 and 2.51 eV, respectively 2.

The HOMO-LUMO gap was determined by spectroscopic methods. From Table 3, the HOMO-LUMO energy gap of
[Ru(TpyCH,NH,),]** and [Ru(TpyCH,),]** were close to their energy at zero vibration energy level (E, ): 1.91 and 3.72 eV,
respectively. These values are comparable to the predicted HOMO-LUMO gaps. However, the HOMO-LUMO gap of [Ru(pr)Z]2+ of
2.13 eV was lower than the predicted value of 3.2 eV. The cyclic voltammogram experiment was carried out in a MeCN solution
of 0.04 mg/ml [Ru(prCHQNHz)Q]2+ with scanning rate of 100 mV/s (Figure 3). The reduction and oxidation onset potentials are
obtained as E . ., (-1.00 V/SCE) and E .  (+1.33 V/SCE), respectively. The HOMO-LUMO energy gap can be calculated by
substituting the measured onset potential. We can calculate that the HOMO-LUMO energy gap of [Ru(TpyCH,NH,) ]** is 2.3 eV
according to the relationship of Hamiltonian calculation and electrochemical method . This value is lower than the reported 2.51
eV [Ru(Tpy),]** (Table 3).
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Table 3. The electronic properties of [RuTpyCH,NH,),]**, [Ru(TpyCH,),]** and [Ru(Tpy),]*".
Photo physical Properties [Ru(TpyCH,NH,) ]** [Ru(TpyCH,),J**™ [Ru(Tpy),J**™
UV-VIS Absorption 252(5.07);276 (5.26) (1-11") 283(5.69) (-1 271(5.59) (-11")

Amax/nm 314 (2.67) (IL, n-1r") 307 (6.65) (IL, n-1r") 309(7.02) (IL, n-r")
(10%/dm>mol* cm*?) 493 (0.95) (ILCT, n-dm*) 488 (2.64), 490(2.89)? (*MLCT ,dm-m) 476(1.77) 476 (1.04)2 (*MLCT,dn-1r*)
Emission Amax (nm) 687 650 ( 3MLCT) 6293( 3MLCT)

E,, (eV) 1.91 3.72 2.13
HOMO-LUMO gap (eV) 2.32.3¢ 3.1¢ 2.51 3.2

EIThe electronic spectra [Ru(TpyCH,NH,) ]?* and [Ru(Tpy),]** are measured in acetonitrile, tTpy = 4'-tolyl-2, 2": &', 2" terpyridine. The fluorescence
excitation wavelength is (Aex= 290 nm) in DSMO solvent at 298 K. ! Data reported in Ref. 37-42, ethanol was used as a solvent. [ Calculations
performed at B3LYP/LANL2DZ level of theory.

100 mV/S, 0.04 mg/ml Ru[Ampr]22+ in actonitrile
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Figure 3. The cyclic voltammogram of [Ru(TpyCH,NH,),]** in acetonitrile Working Electrode: Solid Electrode
Working Electrode Area: 1.000 cm?2 Reference Electrode: Ag, AgCl / NaCl (sat'd) (0.194 V).

Electronic Spectra of Ru Complexes

Figure 4a shows the UV-Vis spectra of [Ru(TpyCH,NH,),]**, [Ru(TpyCOOH),]**, and [RuTpyCH,),]** complexes. As expected,
the spectra of these complexes are similar. Two intense absorption peaks dominate the spectra while a weak peak is observed
at the low energy side of the spectrum. There are two major peaks in the spectra. One peak at 200-400 nm region has been
traditionally assigned to ligand centered (LC) n-ri* transitions of the terpyridine pyridine aromatic rings €. Another major peak is
at 400-600 nm that is traditionally used for metal-ligand interaction in the excited states. In these spectra, there is a slight blue
shift of peaks from [RquyCH3)2]2*, [Ru(prCHQNH2)2]2+ to [Ru(prCOOH)2]2* in the 200-400 nm region Such transition blueshifts
are due to differences in functional group electronic effect of substituted terpyridine ligands 6. The substituent groups cause
redshift and intensity variance for peaks in 400-650 nm region: [RuTpyCH,),]**>[Ru(TpyCH,NH,),]**>[Ru(TpyCOOH)_]**. (Figure 4a)
The solutions of these ruthenium complexes have colors that range from red to pink (Figure 4b).

The fluorescence spectrum of [Ru(prCHQNHQ)Q]2+ show two major emission peaks at 344-364 nm and 687-709 nm when
excited at 290 nm laser wavelength (Figure 4c). Based on the Stoke’s shift, the energy of zero vibration energy level (E; ) of
[Ru(prCHQNHZ)Q]2+ was measured by the curve crossing point (328 nm) of the absorption and emission spectra when a laser
exited wavelength is 290 nm.

To assign electronic transitions to the observed UV-Vis peaks, TD-DFT calculations of the complexes were performed (Table
4 a-c). TDDFT method was used to study and estimate the excitation properties of ruthenium complex spectra. Figure 4 shows
TD-DFT predicted spectra of [Ru(TpyCH,),]**, [Ru(TpyCH,NH,),]** and [Ru(TpyCOOH),]**. The general patterns of the UV-Vis spectra
(Figure 4a) of these complexes are comparable to the TD-DFT spectra (Figure 5). As results, the predicted excitations were used
to better understand the interpretation of the spectra. Table 3 shows the peak assignments.

The UV-Vis spectrum of [Ru(prCHQNH2)2]2+ has a major peak at 493 nm. This low energy peak is important because it is
typically assigned for molecular orbitals that may involve the d-orbitals of Ru. Using TD-DFT data (Table 2), this peak correlates
with two predicted strong singlet excited states (427 nm with f = 0.2267 and 493 nm with f = 0.3799). These states correspond
to the following transitions: HOMO — LUMO (45%), HOMO-1 — LUMO+1 (45%), and HOMO-2 — LUMO+2 (94%). Note that both
the HOMO and HOMO-1 are all ligand orbitals while LUMO and LUMO+1 have a minor 8% contribution of Ru orbitals (Table 3);
this molecular orbital composition make both HOMO — LUMO (45%) and HOMO-1 — LUMO+1 (45%) ILCT transition (Table 4
a-c). Other minor contributions to the UV-Vis peak at 493 nm in the [Ru(TpyCH,NH,),]** spectrum are HOMO-2 — LUMO (89%)
and HOMO-2 — LUMO+1 (90%) transitions (Table 4 a-c¢). Since HOMO-2 has 34% Ru contribution, these transitions have some
minor MLCT characteristic. Therefore, the peak at 493 nm in the [Ru(prCHQNH2)2]2+ spectrum is assigned as inner-ligand charge
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transfer (ILCT) with minor contribution of MLCT. The proposed inner-ligand charge transfer is a special case of all-organic charge
transfer (OCT) states described as non-hydrocarbon 1 electron system 2, This ILCT transition at 493 nm, which, if this is really
relative to the HOMO-LUMO transition, should be different in terms of energy when compared to the corresponding feature
in the simple [Ru(Tpy),]** complex. In particular, the calculations predict that there is a decrease in the HOMO-LUMO gap in
[Ru(TpyCH,_NH,),]** as compared to [Ru(Tpy),]**, the corresponding band at 493 nm in [Ru(TpyCH_NH,), ]** shifted to lower energy
than that of reported [Ru(TpyCH,),]**, MLCT at 490 nm, and [Ru(Tpy),]** , MLCT at 476 nm in acetonitrile +>%"4?I (Table 5).

— [Ru(TpyCH,"
—— [Ru(TpyCOOH),J*
—— [RU(TpyCHNH,) I

Intensity

—— UVVIS Absorbance
—— Fluroesence emission
Excitated at 290 ni

4931LCT /\
0.0

200 300 400 500 600 700 800
Wavelength (nm)

06

04

Nomalized Intensity (a. u.)

02

Figure 4. a) UV-Vis spectra of ruthenium terpyridine complexes; b) The samples of ruthenium terpyridine complexes in MeCN:
from left to right are 0.01mg/ml [Ru(TpyCH,) ,] 2*,0.02 mg/ml [Ru(prCH2NH2)2]2*and [Ru(prCOOH)2]2* respectively ¢) The
normalized electronic spectra of [Ru(TpyCH,NH,),J**
Table 4 a. Assignments of transitions (High than 10% contribution) by TD-DFT at B3LYP/LANL2DZ level of theory in the UV-Vis spectrum of
[Ru(TpyCH,NH,),1**, [Ru(TpyCOOH)_]** and [Ru(TpyCH,),]**

TD-DFT . g 4 3001 amd
Predicted Transitions (contribution) f(Osc. Strength) 10%/dm®mol* cm
HOMO-1—LUMO+8 (18%)
= 0,
291.44 HOMO-1—LUMO +9 (25%) 0.4799

HOMO— LUMO+8 (26%)
HOMO— LUMO+9 (18%)
HOMO -10—LUMO (15%)

208.80 HOMO-10— LUMO+1. (54%) 0.2402 0
HOMO -6— LUMO+3 (16%)
HOMO-10—LUMO (54%),

208.82 HOMO-10— LUMO +1 (16%) 0.2428
HOMO-5— LUMO+3 (15%)

302.96 HOMO -9—LUMO (84%) 0.2013 o8

302.94 HOMO -9—LUMO+1 (84%) 0.2012 :
HOMO -6— LUMO+2 (54%)

Sanee HOMO -6— LUMO +3 (25%) O

a1758 HOMO -5— LUMO +2 (54%) 00001

HOMO-5— LUMO +3 (25%
HOMO -6—LUMO (24%)

HOMO-6— LUMO+1 (14%)

325.89 HOMO -5—LUMO (14%) 0.0931 2.67
HOMO-5— LUMO +1 (23%
HOMO -2— LUMO+4 (23%
HOMO -1— LUMO+5 (27%
HOMO-1— LUMO +6 (19%
HOMO— LUMO+5 (20%)
HOMO— LUMO+6 (27%)
427.62 HOMO-2—LUMO+2 (94%) 0.2267
HOMO-1—LUMO+1 (45%)

NORORPIND)

330.42 0.1948

472.34 HOMO—LUMO (45%) 0.3799 005
496.87 HOMO-2—LUMO (89%) 0.0141 ’
496.83 HOMO-2—LUMO+1 (90%) 0.0144
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Amax/nm TD-DFT
Predicted

277.58

284 278.55
205.76
207.65

310
304.15

304.15

309.72

309.72

330.28

333.88
329

333.88

338.54

432.98

490
476.51

TD-DFT

LU AL Predicted

252 278.53

280.49
276

299.25

[Ru(TpyCH,),1*"

Transitions (contribution)

HOMO-7—LUMO+3 (58%)
HOMO-6—LUMO+2 (25%)
HOMO-5—LUMO+3 (13%)
HOMO-8—LUMO+2 (38%)
HOMO-5—LUMO+3 (42%)
HOMO-6—LUMO+2 (50%)
HOMO-5—LUMO+3 (19%)
HOMO-6—LUMO+2 (15%)
HOMO-1—LUMO+9 (33%)
HOMO—LUMO+8 (33%)
HOMO-8—LUMO (45%)
HOMO-8—LUMO+1 (24%)

HOMO-8—LUMO (24%),
HOMO-8—LUMO+1 (45%)
HOMO-7—LUMO+1 (14%)

HOMO-5—LUMO (10%)
HOMO-5—LUMO+1 (46%)

HOMO-7—LUMO (14%)

HOMO-5—LUMO (46%)
HOMO-5—LUMO+1 (10%)

HOMO-4—LUMO (18%)
HOMO-4—LUMO+1 (11%)

HOMO-3—LUMO (11%)
HOMO-3—LUMO+1 (18%)
HOMO-2—LUMO+4 (40%)
HOMO-1—LUMO+5(43%)

HOMO—LUMO+6 (43%)
HOMO-1—LUMO+5 (27%)
HOMO-1—LUMO+6 (19%)

HOMO—LUMO+5 (20%)

HOMO—LUMO+6 (27%)

HOMO-4—LUMO (13%)
HOMO-3—LUMO+1 (13%)
HOMO-2—LUMO+4 (56%)

HOMO-2—LUMO+2 (93%)

HOMO-1—LUMO (30%)
HOMO-1—LUMO+1 (16%)
HOMO—LUMO (16%)
HOMO—LUMO+1 (30%)

[Ru(TpyCOOH),**

Transitions (contribution)

HOMO-8—LUMO+3 (23%)
HOMO-7—LUMO+2 (44%)
HOMO-4—LUMO+2 (10%)
HOMO-3—LUMO+3 (17%)
HOMO-8—LUMO+3 (11%)
HOMO-7—LUMO+2 (21%)
HOMO-4—LUMO+2 (22%)
HOMO-3—LUMO+3 (39%)
HOMO-8—LUMO (32%)
HOMO-8—LUMO+1 (14%)
HOMO-7—LUMO (14%)
HOMO-7—LUMO+1 (33%)

RRJCHEM | Volume 4 | Issue 3 | Julyl-September, 2015

e-ISSN:2319-9849

f(Osc. Strength) 10%*e/dm3mol* cm™
0.264
7.72
0.6734
0.2111
0.2498
0.3194
7.87
0.3195
0.1280
0.1272
0.0561
0.1876
4.73
0.1948
0.3830
0.2438
2.89
0.3903
f(Osc. Strength) 10%*c/dm®mol* cm*
0.1637 3.40
0.4196
4.20
0.0719
10
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Figure 5. The TD-DFT predicted UV-Vis spectra of Ruthenium terpyridine complexes. a) [Ru(prCH3) 5l 2t b)

On the other hand, [Ru(TpyCH,),]**, the experimental band at 490 nm is assigned as MLCT. Two singlet states such as
433 nm with f = 0.2438 and 477 nm with f = 0.3903 are mainly characterized by the transition of HOMO-2 — LUMO+2(93%) or
degenerated HOMO — LUMO+1 (30%) and HOMO-1 — LUMO (30%) mixed with minor contributions of degenerated HOMO —
LUMO (16%) and HOMO-1 — LUMO+1 (16%). Those transition MOs have major Ru composition. For instance, HOMO/HOMO-1
has 36% and HOMO-2 has 78% Ru composition for excited states. Thus, the 490 nm band has a strong Ru metal contribution.
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Therefore, the peak at 490 nm is assigned as MLCT. Based on the similar assighment method and experimental data, the
absorption bands of [Ru(prCOOH)2]2* at 520 nmand [Ru(pr)2]2+ at 476 nm are attributed to MLCT. Similar assignments of UV-Vis
peaks have been previously described B+ 43, that have significant contribution by Ru d-orbitals.

Table 5. Assignments of transitions (High than 10% contribution) by TD-DFT at B3LYP/LANL2DZ level of theory in the UV-Vis spectrum of
[Ru(TpyCH,NH,),1**, [Ru(TpyCOOH),]** and [Ru(TpyCH,),]**in 400-600 nm region.

[Ru(TpyCH,NH,),]**
Amax/nm PI:c-I:::Z d Transitions (contribution) f(Osc. Strength) 10*€/dm®mol?* cm?
427.62 HOMO-2—LUMO+2 (94%) 0.2267
HOMO-1—LUMO+1 (45%)
493 T HOMO—LUMO (45%) CECTCS) 0.95
496.87 HOMO-2—LUMO (89%) 0.0141
496.83 HOMO-2—LUMO+1 (90%) 0.0144
[Ru(prCOOH)Z]2+
Amax/nm TD.PH Transitions (contribution) f(Osc. Strength) 10%/dm®mol* cm*
Predicted
432.01 HOMO—LUMO+2 (93%) 0.2689
434.93 HOMO-1—LUMO+2 (89%) 0.0219
HOMO-2—LUMO+2 (89%) 0.0218
HOMO-2—LUMO (34%)
522 HOMO-2—LUMO+1 (11%) 0.196
~H(E HOM 0-1—LUMO (11%) VST
HOMO-1—LUMO+1 (34%)
516.68 HOMO—LUMO+1 (89%) 0.0103
516.71 HOMO—LUMO (91%) 0.0104
[Ru(TpyCH,),I**
Amax/nm TD-PH Transitions (contribution) f(Osc.Strength) 10%e/dm*mol* cm?*
Predicted
432.98 HOMO-2—LUMO+2 (93%) 0.2438
HOMO-1—LUMO (30%)
490 476.51 HOMO-1—LUMO+1 (16%) 0.3903 2.89

HOMO—LUMO (16%)
HOMO—LUMO+1 (30%)

Cellular Uptake and Proliferative Response of Human Cancer Cells to Ruthenium Complexes

Ruthenium complexes characterized by their uptake and luminescence stability in cells have considered as therapeutic
or diagnostic agents 944451, The present study examined the cellular uptake and proliferative response to Ru (ll) terpyridine
complexes with carboxylic (R1= [Ru(prCOOH)2]2*) and amino (R2= [Ru(prCHQNH2)2]2*) groups in 647V human bladder cancer
cell line, incubated with different concentration of the Ru (ll) terpyridine complexes. Results from the cellular uptake assay in
this study were similar to the reported observation of Hela cells exposed to Ru (ll) dipyridophenazine complexes 2944451 The
amino complex group exhibited biologic activity as measured by dose-dependent decrease in rate of proliferation when cells are
incubated with the compound for 24 hours.

The ruthenium complex is readily transferred into the cellular interior rather than being associated solely within the membrane
surface. Cellular uptake of ruthenium complexes by cancer cell line shows the apparent cytoplasmic location of [Ru(TpyCH,NH,),]**
monitored at 488 nm by live imaging with fluorescence microscope, likely associated with the mitochondria and endoplasmic
reticulum (Figure 6a-c), when incubated with 10 um Ru complex. The fluorescence emission of [Ru(TpyCH,NH,)_]** remain evident
in cells after 24 hours incubation period. On the other hand, the fluorescence imaging of [Ru(TpyCOOH),]** in cells is too weak
to be detectable and cellular uptake location of [Ru(prCOOH)2]2+ is diffused in cells (Figure 6d-f). [Ru(prCHzNH2)2]2+ had better
cellular uptake effect than [Ru(prCOOH)2]2*. Uptake of [Ru(prCH2NH2)2]2* appeared more stable because the fluorescence of
the complex is detectable after 24hours exposure. The differences in uptake of [Ru(prCOOH)2]2* and [Ru(prCH2NH2)2]2+ by
the bladder cell line is due to lipophilicity and hydrophobicity of those ruthenium compounds, which is close relative to cellular
uptake and bimolecular binding. Our results showed that [Ru(prCOOH)Q]Z* with low lipophilicity are diffused in the cells and the
lipophilicity derivative of [Ru(TpyCH,_NH,) ]** localized to the cell cytoplasm. Our results showed that the ruthenium complex with
the basic amine group has higher cellular uptake, which therefore makes it more bio-available to mediate anti-proliferation effects.

The amino groups of [Ru(TpyCH,NH,),]** can assist in enhancing the cytoplasmic location due to hydrophilic interactions
through hydrogen bond formation with amino acid residues or sugars of intracellular tissue in the cytoplasm. The effect on
cellular proliferation represents a new observation with a Ru complex. The cytotoxic effect of both requested treatment at high
concentration of Ru terpyridine complexes (about 1uM to 10 uM). The proliferation response of bladder 647V cell line depicts that
[Ru(prCHQNHZ)Q]2+ is only cytotoxic at the highest 50 um dose exposure (Figure 7). Biological activity based on the proliferation
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assay, indicate a dose-dependent decrease in the proliferation of 647V cells exposed to [Ru(TpyCH,NH,),]**, but [Ru(TpyCOOH)_J**
does not mediate a measurable biological effect on cells and does not have apparent cytotoxic effect as determined by the
similar rate of proliferation. Compared to [Ru(prCOOH)2]2+, Figure 6 show that [Ru(prCH2NH2)2]2+ decreased the proliferation
capacity of cells in a dose dependent manner over a 24 hour incubation period. As the results, [Ru(TpyCH,NH,),]** is stabilized
luminescence in cytoplasmic location and low cytotoxic effect for diagnostic cancer cell line with obvious luminescence. The effect
on cellular proliferation suggests that the Ru terpyridine complex may be considered for biomedical applications as a potential
bio-imaging agent.

Figure 6. Fluorescent Image of [Ru(TpyCH,NH,),]** ; [Ru(TpyCOOH),]** complex accumulation in 647V cells, cells were
incubated with 10uM Ru terpyridine complex for 1 hour at 37°C, 5% CO,. a) Microscopic image under white light b)
Fluorescent microscopic image monitored at 488 nm wavelengths. c)The overlay image of a) and b); [Ru(TpyCOOH),J**
complex: d) Microscopic image under white light e) Fluorescent microscopic image monitored at 488 nm wavelengths. f)
The overlay image of d) and e).

647V Ruthernium Proliferation Assay
120

100 4.¢;.§%
80
60 \
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0 1 5 10 50
uM Ruthernium

=¢—=R1 =@i=R2

Figure 7. The 647 relative proliferation rate by control untreated cells and cells treated with R1=[Ru(TpyCOOH),]**,
R2=[Ru(TpyCH_NH,),]**

CONCLUSIONS

The results of this study demonstrate the effect of introducing a CH,NH, group as part of terpyridine in [Ru(prCHzNHZ)z]Q*.
[Ru(prCHQNH2)2]2+ has the lowest HOMO-LUMO gap of 2.3 eV among the Ruthenium terpyridine complexes examined. The HOMO-
LUMO gaps of DFT calculation (2.3 eV) is consistent with the results measured from its electronic spectroscopy (1.91 eV) and
electrochemical experimental result (2.3 eV). Results suggest that a long-range ligand substituent effect on the Ru metal center
leads to an all-ligand HOMO composition. The [Ru(prCHzNH2)2]2+ HOMO composition is altered by the substituted amino groups of
terpyridine ligand. All-ligand composited HOMO suggest that the traditional metal-to-ligand charge transfer is no longer possible in
[Ru(TpyCH_NH,)_]**. Molecular orbital compositions and TD-DFT analysis indicated that the peak at 493 nm in the UV-Vis spectrum
of [Ru(prCHQNHZ)Z]” is dominated by inter ligand charge transfer from orbitals involving the amino group. Moreover, lowering
the HOMO-LUMO gap of the ruthenium complex is associated with the introduction of amino groups. This confirmed using metal-
remote functional group is a viable strategy of model new materials. The cellular uptake and apparent fluorescence properties of
[Ru(TpyCH,NH,),]** in 647V bladder cancer cells could be found potential application for bioimaging.

SUPPLEMENTARY MATERIALS

The characterization of [Ru(TpyCH,NH,),](BF,), complex is regarded in supporting materials. The TD-DFT predicted UV-Vis
spectrum data of [Ru(prCHQNH2)2]2+Y[Ru(prCOOH)2]2+and [Ru(prCH3)2]2+ complexes are also provided in detail.
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