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The ground (Sp) and excited triplet (T;) electronic states and corresponding optical spectra of a series of
cationic complexes [RuH(CO)L(PPh3)|" (L=2,2-bipyridyl) (Rubpy), 4,4'-dicarboxylic-2,2’-bipyr-
idyl(Rudcbpy),bis-4,4’-(N-methylamide)-2,2’-bipyridyl(Rudamidebpy),bis-4,4’-(methyl)-2,2’-bipyr-

idyl(RudMebpy),[Ru(CO),dcbpy(PPh3),]>*(Ru(2C0O)dcbpy),and

[Ru(H),dcbpy(PPhs);]  (Ru(2H)dcbpy)

have been studied by combined Density Functional/Time-Dependent Density Functional (DFT/TDDFT)
techniques using different combinations of DFT exchange-correlation functionals and basis sets. PBEO/
LANL2DZ provided more accurate geometries to describe So whereas B3LYP/LANL2DZ predicted spectral
energies that correlated better with the available experiment data. The Ru (II) complexes with different
substituents emit photons ranging from 560 to 610 nm in the series RudMebpy, Rubpy, Rudamidebpy,
Rudcbpy. The calculations predicted a maximum emission at about 540 nm for the complex constructed
from two carbonyl -acceptors ligands trans to the dcbpy, while an emission in the far infrared region is
calculated when two H o-donor ligands trans to the dcbpy. Our calculation results show correlations
between HOMO-LUMO energy gap, Stokes shift, and Ty distortion, which reflect the different effects of
electron-withdrawing and donating groups. We proposed that these correlations can be used to predict
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the photophysical properties for new complexes.
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1. Introduction

Ruthenium (II) poly-diimine complexes have received signifi-
cant attention in recent years [1—4], particularly in applications
such as dye-sensitized solar cells, artificial photocatalysis, DNA di-
agnostics, and as potential agents for the detection of different
biological analytes of clinical and environmental interest [1,5—12].
Additionally, ruthenium diimine (2,2’-bipyridyl) complexes con-
taining hydride, carbonyl and triphenylphosphine (PPhs) ligands
have been used as catalysts for hydrogenation of unsaturated
organic compounds [13—17]. The importance of these complexes
comes from their unique photophysical and photochemical
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properties.

The push-pull from ruthenium as a strong oxidant that donates
an electron from the t,g orbital to the bpy low-lying ©* molecular
orbital, results in a singlet ground-state (Sp) to singlet metal-to-
ligand charge-transfer ('MLCT) transitions. The emission after
excitation of the 'MLCT band has a large Stokes shift, typically on
the order of 150 nm or 6000 cm™~! in the visible-to-near IR region of
the spectrum, and has a long decay time, ranging from 100 ns to
10 ps; the Stokes shift and long-lived intensity decay are charac-
teristic of triplet state (?MLCT) emissions [1—4]. Additionally,
ruthenium complexes exhibit reversible redox behavior with
adjustable potentials [18—20].

Tuning the emission wavelength of the transition metals com-
plexes over the visible range is desirable for applications such as
organic light-emitting devices (OLEDs) [21], luminescence-based
sensors [22], and photocatalysis [23]. Therefore, several modifica-
tion strategies have been applied to control the HOMO-LUMO en-
ergy gap: taking advantage of the substituent effects on the ligand
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parent by changing the ligand parent entirely or by varying the li-
gands trans to the ligand parent [21—27]. For example, tuning
molecular orbital energies with a variety of substituents has been
reported for Ir (III), Pt (II), and dyes for dye-sensitized solar cells
[25—-27].

Density functional theory (DFT) combined with the time-
dependent DFT (TD-DFT) calculations have been employed to
study the photophysical properties of different transition metal
systems, and the calculated excitation energies agree well with the
experimental data [25,28,29]. This agreement between theory and
experiment demonstrates the power of these calculations to pro-
vide reliable predictions about the nature of the molecular orbitals,
electronic transitions, and conformational changes that can occur
upon excitation. Most previous computational studies have been
limited to the description of the trans-influence, the extent to
which a ligand weakens the bond trans to itself in the equilibrium
ground state of a complex [30], and most have been more con-
cerned with square planar rather than octahedral complexes
[31-35].

The purpose of our study is to extend the previous computa-
tional studies to include octahedral Ru (II) complexes, and thereby
establish, qualitatively, a broader screening protocol for evaluating
the correlation between the HOMO-LUMO energy gap and the
Stokes shift in transition metal complexes. Here, we are investi-
gating the spectroscopic effects of i) different ligands trans to bpy
(hydride as a good 6-donor in comparison to carbonyl as a good -
acceptor), and ii) introducing different electron-withdrawing or
electron-donating substituents in derivatives of the Ru(bpy)(PPhs),
moiety.

Our laboratory has been interested in using the photophysical
properties of Ru hydride complexes to study dynamics in biological
membranes and for applications as catalysts and sensors [36,37].
Here, we report computational results for the photophysical, and
photochemical properties of Ru (II) complexes of bpy, carbonyl and
PPh3 and their derivatives, which previously have been shown to
display long excited-state lifetimes with high quantum yields
[36,37]. We also report a different synthesis procedure for
[RuH(CO)bpy(PPh3),]PFs (Rubpy) and [RuH(CO)dcbpy(PPhs),]|PFg
(Rudcbpy) complexes, both of which have been studied previously
in our laboratory [36,37], as well as synthesis of the new complex
[RuH(CO)bis-4, 4’-(methyl)bpy(PPh3);]Cl (RudMebpy) (including
spectral data).

The good agreement between the experimental data for the
former Ru(Il) complexes and these calculations, encouraged us to
extend the study to include theoretical predictions of three other
Ru(ll) complexes of interest:[RuH(CO)bis-4,4-(N-methylamide)
bpy(PPh3);]*(Rudamidebpy),[Ru(H),dcbpy(PPhs )] (Ru(2H)dcbpy),
and [Ru(CO),dcbpy(PPhs),]** (Ru(2C0)dcbpy) (see Fig. 1).

Rubpy

Rudcbpy

Fig. 1. Optimized molecular structures of Rubpy and Rudcbpy complexes. Hydrogen
atoms are omitted for clarity.

2. Experimental section
2.1. Preparation of complexes

It was found that the previously synthesized Rubpy and
Rudcbpy complexes could be made in one step from
Ru(PPh3)3(H)(CO)Cl and the appropriate ligand by following the
method of Malecki and Maron [38]. Essentially as previously
described [36], each complex was combined with the appropriate
ligand in equimolar amounts followed by reflux in methanol for 2 h
followed by addition of NH4PFs (1.0 g/10 mL solution). The final
compounds, Rubpy and Rudcbpy, were isolated as the PFg salts,
which after recrystallization gave pale-yellow crystals. The IR, 'H
and 3P NMR data were in agreement with previously published
data [36]. This same method, except without addition of NH4PFg,
was then applied to the synthesis of RudMebpy. This new complex
was isolated as the chloride salt, which after recrystallization gave
brown crystals. 'H and 3'P NMR spectra for RudMebpy were ob-
tained on a Varian VNNMRS 500 MHz NMR or a Varian VNNMRS
600 MHz NMR spectrometer. Infrared spectra were obtained on a
Nicolet 100 FT-IR spectrometer. The details are provided in the
supplemental materials.

2.2. Crystal structure analysis for RudMebpy

X-ray diffraction data for [RuH(CO)bis-4, 4’-(methyl)bpy(PPhs),]
Cl (Cambridge Crystallographic Data Center Code CCDC 1845877)
were collected at 100K on a Bruker D8 Venture using MoKa-radi-
ation (A = 0.71073 A). Data have been corrected for absorption us-
ing SADABS1 area detector absorption correction program. Using
Olex22, the structure was solved with the SHELXT3 structure so-
lution program using Direct Methods and refined with the SHELXL4
refinement package using least squares minimization. All non-
hydrogen atoms were refined with anisotropic thermal parame-
ters. Hydrogen atoms attached to heteroatoms were found from the
residual density maps, placed, and refined with isotropic thermal
parameters. All other hydrogen atoms in the investigated structure
were located from difference Fourier maps but finally their posi-
tions were placed in geometrically calculated positions, and refined
using a riding model. Isotropic thermal parameters of the placed
hydrogen atoms were fixed to 1.2 times the U value of the atoms
they are linked to (1.5 times for methyl groups). The structure was
found to contain indistinguishable solvent molecules voids within
the lattice. Attempts at modeling this solvent were not able to
produce a suitable model. The SQUEEZES5 routine within PLATONG
was utilized to account for the residual, diffuse electron density and
the model is refined against these data. A total of 185 electrons per
unit cell were corrected. This corresponds to roughly 10 methanol
molecules per unit cell (180 electrons). All calculations and re-
finements were carried out using APEX27, SHELXTLS, Olex2, and
PLATON, (Fig. 2) [39—46]. A comparison between selected experi-
mental and calculated parameters is listed in Table 1.

2.3. Spectroscopy

Absorption, excitation and emission spectra for Rubpy, Rudcbpy,
and RudMebpy (solution in ethanol) were recorded on a Molecular
Devices Spectra Max M2 (Figs. 3 and 4). It should be noted that the
absorption and emission spectra of Rudcbpy reported here are a
correction of those previously reported by our laboratory [36].

2.4. Computational methods

2.4.1. DFT/TDDFT
To select the appropriate functional for describing the
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Fig. 2. Solid state structure of [RuH(CO)bis-4, 4’'-(methyl)bpy(PPhs),]Cl, showing the
50% probability thermal ellipsoid and the hydride position, hydrogen atoms omitted
for clarity.

Table 1.
Selected bond lengths (A), bond angles (°), and torsion angles (°) optimized for
RudMebpy in S using B3LYP/LANL2DZ and PBEO/LANL2DZ compared to X-ray data.

Experimental B3LYP PBEO
Ru-P1 2353 2.448 2.391
Ru-P2 2.359 2.449 2.392
Ru-N1 2.116 2.173 2.137
Ru-N2 2179 2.246 2.198
Ru-H 1.563 1.613 1.613
Ru-C 1.843 1.862 1.852
N1-Ru-N2 75.688 74.544 75.413
P1-Ru-P2 165.209 170.099 169.164
N1-C-C-N2 2.032 1.854 1.002
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Fig. 3. Experimental absorption spectra of Rubpy (black), Rudcbpy (red), and Rud-
Mebpy (blue) in ethanol. The intensity is normalized for the comparison.

photophysical properties for all complexes, we employed DFT using
six different exchange-correlation potentials: B3LYP [47], PBEO [48],
CAM-B3LYP [49], M06 [50], B2PLYP coupled with D3 dispersion
correction [51] and hybrid meta-GGA with functional wB97XD [52].
All calculations were performed with the Gaussian 09 suite of
programs [53] to determine the equilibrium structure of Rudcbpy
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Fig. 4. Experimental emission spectra of Rubpy in black (the maximum of emission is
at 593 nm), Rudcbpy in red (the maximum of emission is at 609 nm), and RudMebpy in
blue (the maximum of emission is at 563 nm) in ethanol. The intensity is normalized
for the comparison.

in the Sg state. M06, B2PLYP, and wB97XD were included for better
description of noncovalent interactions. To compare the basis sets,
we employed two commonly used effective core potentials (ECPs)
for Ru: the Los Alamos pseudopotential (LANL2DZ) [54] and the
Stuttgart-Dresden pseudopotential (SDD) [55]. The former are
shape-consistent, have no adjustable parameters, and are derived
by calculation of the spatial distributions of the valence orbital of
the isolated atom. The latter are energy-consistent and include
empirical parameters derived from observable data for a single
atom, such as ionization energy. For all other atoms, we used the 6-
31G* basis set. In addition, to improve the angular description of
the valence orbitals of the central atoms, a one-set-f-polarization
functions (exponent: 1.235) and a one-set-d-polarization functions
(exponent: 0.371) [56] were added to Ru and to P [57], respectively.
All geometries were optimized, as described below, starting from
the crystal structure of Rubpy (Cambridge Crystallographic Data
Center Code CCDC 704327) [36], neglecting the PFg counterion in
the model. The carboxylic groups were added to the 4 and 4’ po-
sitions of the bpy group. The most stable conformation of the
carboxyl groups in Sg state was determined by scanning the po-
tential energy surfaces (PES) as a function of -COOH torsion angle
and optimizing the remaining non-scanned coordinates (relaxed
PES scan). We found that the most stable ground state conforma-
tion has both -COOH groups coplanar with bpy, Ru, carbonyl, and
the hydride (Fig. S1).

To assess the performance of the computations, we used several
statistical measures [58]: the mean error A, the standard deviation
in the errors Agg, the mean absolute error Ay, and the maximum
absolute error Amax, Where the experimental values used for
comparison were taken from the crystal structure of Rubpy.' A total
of six Ru-ligand and six P-C bond-lengths, and 15 ligand-Ru-ligand,
six C-P-C, and six C-P-Ru angles were considered. Solvation effects
were modeled by using the “Polarizable Continuum Model” (PCM)
[59,60] and the Onsager reaction-field model [61]. Normal-mode
analysis confirmed that all optimized geometries were in minima.
From the optimized S, the lowest 22 singlet-singlet transitions,
and their corresponding oscillator strengths were determined us-
ing TDDFT in combination with B3LYP/LANL2DZ, B3LYP/LANL2Z

! The details of the statistical methods can be found in the supplemented

material.
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with inclusion of f,d-polarization functions to Ru and P, and M06/
LANL2DZ [62]. B3LYP and MO6 generated similar excitation and
absorption spectra that correlated well with the experimental data.
We determined the nature of each band by calculating the orbital
energies and the composition in terms of atom contributions using
electron density difference maps (EDDMs) implemented in
GaussSum 2.2 [63]. A half-width at half-maximum was assigned to
the default value in gaussian (0.4 eV).

The lowest energy T; states were optimized starting from the Sg
geometry using two approaches: the linear-response TDDFT and
the difference in the self-consistent field (SCF) energies of the Sp
and T spin states (ASCF) [64,65]. The later was used to ensure the
stability of the calculated T states by TDDFT. For both methods, the
spin-unrestricted Kohn-Sham (UKS) orbitals were used. The ana-
lytic gradients and frequencies were calculated for T; optimized to
its minimum energy configuration via TDDFT using Gaussian 16
[66]. T; was modeled using seven different combinations of
methods and basis sets as explained in the discussion. The emission
energies were calculated as the energy difference between Sy and
Tywith the zero-point (ZP) vibrational energy correction included.
For this, the emission energy was determined as the difference of
the ZP of So and the ZP of T; calculated using ASCF and TDDFT
approaches.

The data suggested that B3LYP/LANL2DZ/6-31G* is sufficient for
describing the Ru mono-diimine system and its photophysical
properties. Therefore, at lower computational cost, we used this
level of theory to describe the other systems. To model RudMebpy
and Rudamidebpy, the -COOH groups were substituted by -CH3z and
-CONHCH3, respectively. The Ru(2CO)dcbpy and Ru(2H)dcbpy
complexes were modeled starting from the optimized Rudcbpy
ground-state geometry. Energy minima were then obtained by
optimizing all the geometrical parameters.

2.4.2. QTAIM/NBO

To rationalize the effects of the trans influence and substituent
groups, we determined the atomic charges of the optimized
structures in the Sg and Ty states using two different approaches:
NBO analysis implemented in Gaussian 09 and the quantum theory
of atoms in molecules (QTAIM) implemented in the AIMAII pro-
gram package [67—69]. The wave functions were generated first by
a single-point calculation on the optimized structures of the com-
plexes in Sp and T; using the UKS orbitals. Both methods provided
similar trends for the atomic charge changes between Sy and Ty,
(Table S1).

3. Results and discussion
3.1. Photophysical properties of RudMebpy

The UV—Vis absorption spectra were measured at room tem-
perature in ethanol solution (Fig. 3 and Table 2). Similar to other
octahedral Ru-diimine complexes, a weak and wide absorption
band around 350—500 nm is observed due to 'MLCT. However, it is
blue shifted when compared to that of other complexes (Rubpy and
Rudcbpy) (Fig. 3). The calculations reveal the characterizations of
the strong absorption bands below 350 nm due to several elec-
tronic transitions as we explained latter. The same blue shift was
observed in the emission spectra of RudMebpy at room tempera-
ture (Fig. 4). This is most likely due to the less distortion in the
excited-state of RudMebpy because of the electron-donating
feature of the methyl groups.

3.2. The optimized Sp geometry of Rudcbpy and performance of
functionals

Table 3 compares selected bond distances and angles from the
experimental data for Rubpy (Cambridge Crystallographic Data
Center Code CCDC 704327) [36] with the calculated values obtained
using B3LYP/LANL2DZ/PCM in ethanol as solvent. The comparison
with the X-ray data could be appropriate because the presence in
the crystal structure of polarizable PFg counter ions creates an
environment that is far different from a “non-polarizable” one, as in
the gas phase, and better described by some polar media. The
calculations predicted a deviation in the range of 1.20—11.15 p.m. in
the bond length for the different Ru-ligand and a total mean error of
7.07 pm The table also shows the calculated parameters of Rudcbpy
using the same level of theory. Introducing -COOH into the bpy
ligand did not significantly affect the core coordination of the
parent complex (Table S2-S5). For example, the total mean error
associated with the calculated Ru-ligand bond-lengths of Rudcbpy
is 7.14 pm Additionally, the total mean error for the calculated P-C
bond-lengths for Rudcbpy compared to Rubpy differs by 0.09 pm In
the following, we compare the performance of the different com-
binations of density functional/basis set/PCM in terms of the
calculated Ru and P bond-lengths and bond-angles that describe
the Rudcbpy Sg geometry (Fig. 5, Table S2-S5).

The total mean errors of the bond lengths were, on average,
larger for Ru-ligand than for P-C bonds. We noted that in all
methods the maximum error was associated with Ru-N bonds. As
expected, the functionals that were constructed to account for
dispersion (M06, B2PLYPD3, and wB79xD) yielded geometric pa-
rameters that were closest to the crystal structure parameters. The
performance of the different DFT methods followed the ‘Jacobs
ladder’ classification scheme with total mean errors of the bond
lengths decreasing in the series double-hybrid (B2PLYPD3) < meta-
hybrid (M06) < hybrid-GGA (wB79xD) [70]. The methods, however,
show no trend in evaluation of bond-angles. With all methods, the
Ru bond-angles were smaller (0.01-0.20°) than in the crystal
structure of the parent complex Rubpy; the P bond-angles varied
over a range of +0.02/-0.04°. It should be noted that the PBEO/
LANL2DZ performance was superior to B3LYP/LANL2DZ. Both
functionals use a fraction of exact exchange energy, but B3LYP in-
cludes empirical parameters determined from the correlation en-
ergy of the He atom [71]. Additionally, PBEO performance was
comparable to that of the functionals that include dispersion.
Including the long-range corrected exchange correlation functional
(CAM-B3LYP) provided a better description compared to that ob-
tained with B3LYP alone.

We found that increasing the basis set size did not provide
significant improvement in the geometric parameters. For instance,
adding f,d-polarization functions slightly decreased the mean error
of the bond-lengths of Ru-ligand, but not of P-C. The performance
of the basis sets that include ECPs is tested with B3LYP and M06
level of theory (Fig. 5, Table S2-S5). The results show better im-
provements in the determination of Ru-ligand bond-lengths using
SDD with both B3LYP and MO06 functionals (total mean errors are
5.4 pm and 4.1 pm, respectively) compared to LANL2DZ (7.1 pm and
5.5 pm, respectively). However, LANL2DZ provides a better
description of the bond angles, see Table S4 and S5.

To determine the Sg geometry of Rudcbpy, we initially used
functionals that did not include dispersion (i.e., B3LYP, PBEO, and
CAM-B3LYP). The calculations were performed first without sym-
metry constraints and then applied the constraints. In all cases,
there was lack of symmetry in the calculated structure (i.e., Cy).
However, using functionals that include dispersion (i.e., B2PLYPD3,
MO06, and wB79xD), Sp for Rudcbpy was fully optimized with Cg
symmetry (i.e., the bpy rings were coplanar with Ru, CO, and H),
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Table 2.
Computed absorption, excitation and electronic transitions for complexes using B3LYP/LANL2DZ.
complex Aabs® (nm) Aabs® (nm) Aexit. (nm) f major contribution % composition character
Rubpy 400 3949 3877 0.06 H — L(95%) H: Ru 47%, (PPhs), 46% Ru,(PPh3); — bpy
L: bpy 96%
277° 287.0 288.9 0.36 H-1— L+2 (46%) H-1: Ru 50%, (PPhs), 45% Ru — (PPhs),
257 L+2: Ru 21%, (PPhs), 75%
285.9 0.19 H-1— L+3 (34%) L+3: (PPhs), 13%, bpy 85% Ru,(PPhs), — bpy
286.7 0.14 H —L+3 (60%) Ru,(PPhs); — bpy
300° 326.1° 0.13 H —L+2 (57%) Ru — (PPhs);
323.8¢ 0.06 H —L+3 (57%) Ru,(PPh3); — bpy
H-1 —L+3 (20%) Ru,(PPhs); — bpy
Rudcbpy 422 4553 446.1 0.09 H— L(94%) H: Ru 42%; (PPhs), 52% Ru,(PPhs), — dcbpy
L: bpy 80%, (COOH), 14%
310 3203 309.5 0.29 H-15 — L (82%) H-15: bpy 81%; (PPhs), 18% bpy,(PPhs); — (COOH),
270° 3225 0.13 H - L+3 (55%) L+3: Ru 22%, (PPhs), 73% Ru — (PPhs),
H-1 > L+3(19%) H-1: Ru 54%; (PPhs), 43% Ru — (PPhs),
349.6 0.08 H-3 > L(53%) H-3: (PPhs), 83%, Ru 12% Ru, (PPhs), — dcbpy
3285 0.08 H-9 — L (68%) H-9: bpy 14%; (PPhs), 85% (PPhs), — dcbpy
H-1 —>L+3 (20%) Ru,(PPhs); — bpy
RudMebpy 390 390.6 382.7 0.07 H— L (96%) H: Ru 50%, (PPhs), 42% Ru, (PPhs), — dMebpy
L: bpy 94%, (CH3), 2%
290° 286.4 290.1 0.30 H-1— L+1 (46%) H-1: (PPh3)»46%, Ru 48%, bpy 8% Ru — (PPhs),
L+1: Ru 20%, (PPhs), 75%
295.5 024 H-6— L (61%) H-6: (PPhs), 34%, bpy 55%, Ru 9% Ru, (PPh3), — dMebpy
287.1 0.17 H-1— L+2(36%) L+2: bpy 88%, (CHz)2 1% Ru, (PPh3), — dMebpy
310¢ 328.3° 0.13 H— L+1 (64%) Ru — (PPhs),
325.9°¢ 0.06 H —L+2 (61%) Ru, (PPhs), — dMebpy

H-1 —L+2 (17%)

2 Experimental data for Rudcbpy, Rubpy, and RudMebpy from this work.

b Calculated absorption.

¢ Excitation observed at the shoulder.

Table 3.
Selected bond lengths (A), bond angles (°), and torsion angles (°) optimized for complexes in Sy and T; using TDDFT in ethanol except for Ru(2H)dcbpy where ASCF data are
reported.
Rubpy Rudcbpy Rudamidebpy RudMebpy Ru(2H)dcbpy Ru(2CO)dcbpy
So a B3LYP PBEO B3LYP B3LYP B3LYP PBEO B3LYP B3LYP
Ru-P1 2.351 2.448 2.392 2454 2451 2448 2.391 2.364 2.561
Ru-P2 2.349 2.449 2394 2.453 2.450 2.449 2.392 2.364 2.560
Ru-N1 2.091 2.174 2.139 2.168 2.169 2173 2.137 2.152 2.160
Ru-N2 2135 2.246 2.196 2.244 2.246 2.246 2.198 2.186 2.161
Ru-H 1.623 1.613 1.613 1.610 1.611 1.613 1.613 1.635,
1.652
Ru-C 1.816 1.861 1.852 1.865 1.864 1.862 1.852 1.918,
1.919
P1-Ru-P2 174.701 170.034 168.952 168.954 169.194 170.099 169.164 160.234 176.817
N1-Ru-N2 75.040 74.733 75.579 74.858 74.772 74.544 75413 75.801 76.650
N1-C-C-N2 —2.869 0.181 0.616 -0.122 0.201 1.100 1.002 0.172 -0.112
T
Ru-P1 2414 2.445 2.440 2.408 2.406 2.556
Ru-P2 2.402 2.518 2.521 2.404 2.406 2.557
Ru-N1 2.102 2.140 2137 2.101 2219 2.144
Ru-N2 2.097 2.161 2.153 2.089 2218 2.149
Ru-H 1.635 1.627 1.628 1.636 1.604,
1.630
Ru-C 1.884 1.896 1.895 1.883 1.920,
1.923
P1-Ru-P2 142.144 143.280 143.788 143.024 169.175 178.093
N1-Ru-N2 78.876 77377 77.590 78.864 74.716 77.505
N1-C-C-N2 —2.769 4.195 3.189 —2.046 0.114 -0.874

*N1 is trans to CO and N2 is trans to H.
2 Experimental data taken from Ref. [36].

without any constraints and it was true minimum.

To assess solvent effects, we optimized the structure using
B3LYP first in vacuum and then applying the Onsager model [61].
This procedure produced a minimum geometry with Cg symmetry.
The lower symmetry obtained when using the hybrid functionals
B3LYP, PBEO and CAM-B3LYP, as described above, is due to the in-
tegral equation approach formalism model (PCM) not accounting

accurately for the solute-solvent interaction [72]. In addition, the
absence of the dispersion correction in these methods affects the
conformation and stability of the system, particularly, the interac-
tion between the phenyl rings.

Regardless of the inability of B3LYP/PCM to adequately describe
the geometry of Rudcbpy, it reproduced the experimentally
observed absorption and emission energies at a relatively low
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Fig. 5. Mean errors relative to experiment in the calculated Ru bond distances (pm) of
Rudcbpy.

computational cost compared to other methods. Moreover, it has
been reported that the functionals that provide the most precise
geometries, M06-2X, underestimated the triplet gaps of Ru(Il)
complexes [73]. With these considerations, we chose B3LYP/
LANL2DZ/6-31G*/PCM to evaluate the conformational changes
and photophysical properties computed for the other compounds.

3.3. Ru coordination geometry and molecular orbital energies

3.3.1. Substituent effects

In general, the deviations of the Ru-ligand bond lengths upon
introducing substituents in Rubpy are not significant (<1.00 pm, see
Table 3). The significant changes are in the electronic distributions
and orbital energies. The negative charges over the bpy and phenyl
rings decreased as the donor strength of the substituents decreased
and the positive charge on the Ru atom increased (Table 4). It
should be noted that the charges on the P atoms did not correlate
well with the expected trends of the substituents, (i.e., larger pos-
itive charge with electron-withdrawing substituents and larger
negative charge with electron-donating substituents). The positive
charge over the P atoms increased in the series: 1.71e,1.78 ¢,1.80 e
for Rudcbpy, Rubpy, and RudMebpy, respectively.

In general, the atomic contributions to the molecular orbitals are
similar for Ru complexes with different substituents (Tables 2 and
4, Fig. 6). In all complexes, more than 90% of the electron density
of the HOMO and HOMO-1 is delocalized between the Ru atom and
the (PPhs); groups. HOMO and HOMO-1 can be described as a
combination of the Ru dy, orbitals and the bonding 7 orbitals of the
phenyl rings; one phenyl ring from each PPhs ligand does not
contribute to the HOMO (Fig. 5). HOMO-2 is Ru dyxy with no
contribution from the phenyl rings, while HOMO-3 is a

Table 4.

combination of Ru dy,, m bpy, and m (PPh3). The calculations
showed that more than 80% of the electron density of the LUMO in
all ions has ©* character and is localized on the bpy rings bearing
the substituent with a fractional contribution from the Ru dy,
orbital (Fig. 6).

The changes in the relative energies of the frontier molecular
orbitals are based on the different mesomeric effects of the sub-
stituents and are plotted in Fig. 6. Introducing the electron with-
drawing substituents (-COOH), decreased the electron density and
stabilized the LUMO level; the energy is lower by 0.58 eV compared
to that of Rubpy. The weaker negative mesomeric behavior for
(-CONHCH3), groups also stabilized the LUMO but by 0.35eV
compared to Rubpy. However, the electron releasing groups (-CH3)
destabilized the LUMO level by only 0.09 eV.

3.3.2. Trans influence

The following comparisons are made relative to Rudcbpy.
Replacing the carbonyl by hydride increased the o donation
strength along x and y axes reducing the partial positive charge
over Ru (Table 4). Thus, the increase of the electron density in-
creases the electrostatic repulsion between Ru dy;.y» orbitals and
the two hydride ions. The Ru-H bond lengths showed the largest
increase (~2.59 pm) compared to the other complexes. The HOMO
orbital is destabilized by 1.54 eV and is 95% Ru dyy. On the other
hand, the Ru-N and Ru-P bond lengths decreased by ~5.76 and
~9.02 pm, respectively, suggesting that introducing a ¢ donor
ligand will push more electron density toward Ru, thereby
increasing back-bonding from Ru toward other ligands. Addition-
ally, we found that the MLCT band originates from the HOMO-1-
HOMO-2 orbitals, which have been both destabilized by ~1.82 eV.
The HOMO-1 and HOMO-2 orbitals have Ru dy, and dy, contribu-
tions (57%, and 83% respectively) with less w bonding from the
phenyl rings. In addition, the HOMO-1orbital has 17% = bonding
from dcbpy. The three lowest LUMOs, lying 2.53eV above the
HOMO, are largely localized on the dcbpy, and have minor Ru dy,
and dy, character. Introducing hydride destabilized the LUMO by
0.64eV and the charge on the bpy is more negative, —0.052 e
compared to the Rudcbpy.

Replacing the two hydride ions by two CO m-acceptors resulted
in depopulation of the orbitals between the x and y axes (dyx, and
dy.), which stabilized the HOMO and LUMO by 0.65 and 0.63 eV,
respectively. Consequently, the contributions of the Ru dy, and dy,
to the HOMO orbital are significantly reduced and become smaller
(<10%). The major contribution to the HOMO up to HOMO-3 comes
from the bonding 7 orbitals of the phenyl rings (89%). Introducing
the m-acceptors and due to the dicationic nature of the Ru(2CO)
dcbpy complex, the positive partial charges on the Ru and both P
atoms increased, thereby reducing the back-bonding from Ru to-
ward P atoms, and the Ru-P bond length increased by ~10.0 p.m.
compared to Rudcbpy. The LUMO and LUMO+1 are mainly

The change in the electron density distribution between optimized So and T; estimated by calculating the partial atomic charges e using QTAIM using B3LYP/LANL2DZ for
Rudcbpy, Rudamidebpy, Ru(2H)dcbpy, and Ru(2CO)dcbpy, and PBEO/LANL2DZ for Rubpy and RudMebpy.

Complex So T
Ru bpy Xbpy* 2P Ph Ru bpy Xbpy* 2P Ph?

Rubpy 0.639 0.064 — 3.549 —2.906 0.795 —0.561 — 3.733 —2.722
Rudcbpy 0.669 0.301 —0.386 3412 —2.764 0.838 -0.197 —0.989 3.581 —2.558
Rudamidebpy 0.669 0.119 0.661 3411 —-2.777 0.845 —0.386 0.081 3.574 —2.583
RudMebpy 0.626 —0.011 0.289 3.601 —2.969 0.806 -0.573 —0.353 3.763 —2.782
Ru(2H)dcbpy 0.474 0.123 —0.275 3.339 -3.075 0.625 —0.257 —0.399 3.408 —2.972
Ru(2CO)dcbpy 0.869 0.365 -0.020 3.461 —-2418 0.885 0.255 —0.067 3.486 —2.287

@ X is the substituent and (Ph) is the phenyl rings for both ligands.



626 S. AlAbbad et al. / Journal of Molecular Structure 1195 (2019) 620—631

LUMO

%

)
N

'
-
S

|

N,
~

\‘ »

E(fv)
s

¥

. Ru(2H)dcbpy:L+1
RudMebpy
Ru(2H)dcbpy:L
Rubpy

 Rudamidebpy

* Rudcbpy

- Ru(2CO)dcbpy

Ru(2H)dcbpy:H
Ru(2H)dcbpy:H-1"""

RudMebpy
Rubpy

.
~

Rudamidebpy /
Rudcbpy
Ru(2CO)dcbpy ----

oo

Fig. 6. HOMO and LUMO representations of the optimized ground states of the complexes calculated using B3LYP/LANL2DZ. Left: isodensity plots of the frontier orbitals of LUMO of
the complexes arranged as the energies increase along with schematic representation of LUMOs energies. Right: isodensity plots of the frontier orbitals of HOMO of the complexes
arranged as the energies increase along with schematic representation of HOMOs energies.

localized on the dcbpy with a contribution from the antibonding 7*
€O, while LUMO+2 has antibonding contribution from Ru dZ, w*
phenyl rings, and ©* CO.

3.4. Calculated absorption spectra

TDDFT/B3LYP/LANL2DZ/PCM calculations were employed to
calculate the 22 lowest singlet-singlet transitions starting from the
So geometry, optimized in ethanol. In all complexes, two maxima
are observed in the calculated absorption spectra (Figs. 3 and 7).
The results reveal that the lowest energy band (>390 nm) is due to
electronic transition from HOMO state to the LUMO state for all
complexes (see Tables 2 and 5). Thus, this band, which is in the
visible region of the spectrum, is the MLCT transition with a
contribution from (PPhs), that varies from 25% (Ru(2H)dcbpy) to
89% (Ru(2C0O)dcbpy) (see Table 5). Most notably, our calculations
predicted a forbidden HOMO — LUMO transition in Ru(2H)dcbpy.
The MLCT band for this complex is due to transitions from lower
HOMOs (HOMO-1 to HOMO-3) to the lower LUMOs (LUMO to
LUMO+3).

The next higher energy absorption maximum observed in the

] — Ru(2H)bpy
— Rubpy
1 Ru(2CO)bpy
1 — Rudcbpy
— RudMebpy
0.8 — Rudamidebpy
g
<
£0.6
2
2 |
<
0.4
0.2 -
0 1 T T T i T T -
300 400 500 600 700

Wavelength, (nm)

Fig. 7. The absorption spectra for the complexes calculated using B3LYP/LANL2DZ. The
intensities are optimized to the highest intensity for each complex.

near-UV region of the experimental spectra is composed of several
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Table 5.
Computed absorption, excitation and electronic transitions for theoretical complexes using B3LYP/LANL2DZ.
complex Aabs (nm) Aexit. (nm) f major contribution % composition character
Rudamidebpy 4281 4208 0.09 H — L(95%) H: Ru 45%; (PPhs), 49% Ru, (PPhs), — damidebpy
L: bpy 86%; (CONHCH3), 9%
320.1 297.2 0.19 H-17 - L(31%) H-17:(PPhs), 46%; bpy 42%; (PPhs),,(CONHCH3), — bpy
(CONHCHs), 12%
3243 0.13 H-1 — L+3 (17%) L+3: (PPhs), 74%; Ru 21% Ru — (PPhs),
H — L+3 (57%) H-1:Ru 52%; (PPhs), 44% Ru — (PPhs),
316.9 0.07 H-8— L (27%) H-8: (PPhs), 89% (PPhs), —damidebpy
H — L+2 (37%) L+2: damidebpy 96% Ru, (PPh3); — damidebpy
3105 0.07 H-13 > L(19%) H-13: (CONHCH3), 41%; (PPhs),,(CONHCH3), — bpy
(PPhs), 55%
H-9 — L(25%) H-9: (PPhs), 62%; bpy 19%; (PPhs),,(CONHCH3), — bpy
(CONHCHs), 17%
326.8 0.06 H— L+1 (76%) Ru, (PPh3), — damidebpy
Ru(2H)dcbpy 454.6 502.6 0.20 H-1 —>L+1 (97%) H-1: (PPh3),25%, Ru 57%, bpy 17% Ru,(PPhs), — dcbpy
444.0 0.14 H-1 >L+2 (77%) L+1: bpy 82%, (COOH), 16% Ru,(PPhs), — dcbpy
4575 0.1 H-2 > L+1 (75%) L+2: bpy 93%, (COOH), 4% Ru,(PPhs), — dcbpy
H-2: (PPhs)»11%, Ru 83%
576.3 0.18 H-1 L (67%) L+1: bpy 78%, (COOH), 8% Ru,(PPhs), — dcbpy
3571 360.8 0.23 H-1 —L+3 (83%) L+3: (PPh3),91%, Ru 8% Ru — (PPhs),
355.2 0.12 H-1 —L+3(83%)
Ru(2€0)dcbpy 436.0 4285 034 H— L (99%) H: Ru 10%, (PPhs), 89% Ru,(PPhs), — dcbpy
L: bpy 87%, (COOH), 7%
332.8 341.5 0.99 H— L+2 (91%) L+2: Ru 36%, (PPhs); 55% (PPh3); — (2CO), Ru
3319 0.58 H— L+2 (92%) (2€0) 5%

overlapping bands that are not well resolved (Fig. 3). The calcula-
tions show that these are the intra-ligand m-t* and n-7* electronic
transitions of PPh3 and bpy with the substituents that occur in the
same region. This band is due to excitation either from lower HO-
MOs to LUMO or from HOMO to higher LUMOs (Tables 2 and 5).
Moreover, the calculations reveal that the low-energy side of this
band, which ranges from 300 to 330 nm (Tables 2 and 5), includes
MLCT transitions from Ru to both PPhs and bpy for all complexes
except Ru(2H)dcbpy and Ru(2CO)dcbpy. The appearance of an
additional near-UV MLCT band (300—350nm) has also been
observed for other Ru (II) systems [74]. To confirm the theoretical
findings, excitation spectra were measured over the range
300-500nm, and electronic transitions that correspond to the
predicted MLCT transitions were observed. The molecular orbital
contributions and maxima of the computed absorption spectra and
electronic transitions compared with the corresponding experi-
mental data are listed in Tables 2 and 5. The computational results
agree well with the overall features of the experimentally deter-
mined absorption spectra of Rubpy and RudMebpy (Figs. 3 and 7).

The calculated MLCT band of Rudcbpy is red shifted by ~28 nm
compared with the experimental absorption spectrum which has a
maximum at 422 nm. It should be noted that the calculation does
not take into account the possibility of hydrogen bond formation
with solvent molecules. However, we anticipated that hydrogen
bonding will affect the molecular orbital energies in the Rudcbpy
compared to Rubpy and RudMebpy because of the solvent inter-
action with the carboxylic groups. To test this hypothesis, we
modeled a system with four explicit methanol molecules with their
hydroxyl groups interacting with the carboxylic groups of Rudcbpy.
This interaction elongated the O-H bond length of the -COOH
groups by 3.70 pm and rotated the —COOH by ~15° with respect to
the plane of the bpy ring. In addition, the LUMO orbital was
destabilized by 0.10 eV, which blue shifted the MLCT band ~9 nm.
We then explored the possible effect of the counterion on the
computational results by including PFg with the methanol mole-
cules, and the MLCT band was further blue shifted by another
13 nm (Fig. S2). The calculated shift suggests the role of the solvent
and counterion in controlling the HOMO-LUMO energy gap which

can be studied further by applying combined quantum mechanics/
molecular mechanics (QM/MM) methods.

We also computed the UV/Visible absorption spectra for
Rudcbpy using MO6/LANL2DZ and CAM-B3LYP/LANL2DZ (Fig. S3).
Overall, all methods predicted similar shapes for the optical
spectra, and the atomic orbital contributions involved in the exci-
tations. B3LYP and MO06 provided comparable excitation energies.
However, a large blue-shift is observed with TDDFT/CAM-B3LYP
(>100 nm). This overestimate of the HOMO-LUMO energy gap
when using CAM-B3LYP combined with PCM has been observed for
other Ru(Il) systems [75].

3.4.1. Substituent effects

The shift in the MLCT bands correlated well with the changes in
the conformational and MO energies described above. In the
experimental data, the MLCT band of Rudcbpy was red shifted by
22 nm when compared to Rubpy, whereas the MLCT band of Rud-
Mebpy was blue shifted by 14 nm (Fig. 3). The computations using
the continuum model predicted the same trends but different
magnitudes for the shifts. The MLCT band of the Rudcbpy was red
shifted by 60 nm when compared to Rubpy. Converting -COOH to
-CONHCH35 resulted in a smaller red shift of 33 nm, whereas the
MLCT band of RudMebpy was blue shifted by 4 nm (Fig. 7).

3.4.2. Trans influence

Calculations show that the carbonyl groups in the Ru(2CO)dcbpy
stabilize both HOMO and LUMO, but the overall energy gap in-
creases resulting in a 19 nm blue shift of the MLCT band when
compared to Rudcbpy. In addition, in Ru(2CO)dcbpy, the intra-
dcbpy m-m* transitions are weak while strong electronic excita-
tions from PPhs to Ru and CO are observed in the higher energy
bands. Replacing the two carbonyls with hydrides destabilizes all
occupied orbitals and moreover decreases the energy gap causing a
red shift in the MLCT. Interestingly, this band has greater intensity
and is much broader than the MLCT bands of the other complexes.
This is because it is characterized by a larger (97%) weight from a
transition involving HOMO-1 and LUMO+1with a significant
contribution of orbitals both localized on the bpy ligand (17% and
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82%, respectively). This composition enhances the transition dipole
and also causes a large bathochromic shift in excitation when
compared to the excitation of the other complexes. Notably, it has a
high intensity peak at 455 nm and shoulder at 576 nm.

3.5. Triplet excited-state geometries

The T; state geometry was optimized for Rudcbpy using TDDFT/
B3LYP and UKS/B3LYP (ASCF) with combinations of LANL2DZ,
LANL2DZ(f), and LANL2DZ(f,d), CAM-B3LYP/LANL2DZ, MO06/
LANL2DZ, and MO6/SDD (Table S6). The corresponding TDDFT and
ASCF calculations characterized the optimized geometry as a
3MLCT state. Furthermore, the analysis of the T; molecular orbital
showed that the highest singly occupied molecular orbital
(HSOMO) centered on the bpy (Fig. 8). To quantify the geometric
changes, we calculated the root-mean-square deviation (RMSD) of
Ty compared to Sp using the method of Kabsch as implemented in
the Visual Molecular Dynamics (VMD) program [76] (Table S6). All
methods yielded similar pattern of geometric parameter changes in
Tq using both ASCF and TDDFT. For example, the difference in the
RMSD between ASCF and TDDFT is in the range 0.001-0.239; CAM-
B3LYP gave the higher deviation.

Upon excitation, the symmetry and planarity between Ru and
the other ligands are broken and the bpy rings are twisted. The
most significant change is reduction in the bend observed in the P1-
Ru-P2 angle for all complexes (24.66—32.25°). This reduction is
asymmetric and is accompanied by an increase in the distance
between the phenyl rings and bpy, which likely reduces the steric
crowding that could arise from an increase in the 7w*-LUMO orbital
population on bpy. N1 is trans to CO and N2 is trans to H. Both Ru-N
bonds lengths decrease, but because of the trans influence, Ru-N2
decreases the most. The increase of the Ru-P bond length in the
3MLCT state, which is observed when using ASCF with all levels of
theory, is due to the depopulation of the HOMO orbitals and
reduction of the bond strength. However, the optimized T; by
TDDFT/B3LYP and TDDFT/CAM-B3LYP predicted an increase of only
one Ru-P bond length. Regardless of the method used, accompa-
nying the electron migration from Ru and PPhs to the bpy, there is
an overall reduction in CPRu angles and increase in CPC angles. The
changes in the phenyl ring twist angles (Fig. 9) are presumably due
to decreased repulsion between rings that occurs upon electron
migration. The largest twist (30.05°) is observed for the phenyl
rings that do not contribute to the HOMO.

The T; geometries for Rudamidebpy and Ru(2CO)dcbpy were
minimized successfully using TDDFT/B3LYP and UKS/B3LYP.

Rudcbpy Rubpy Rudamidebpy
()
o
RudMebpy Ru(2CO)dcbpy Ru(ZH)dcbpy

Fig. 8. HSOMO representation of the T; for Rudcbpy derivatives.

Fig. 9. Overlaying Sp and T; calculated using B3LYB/UB3LYP, respectively, for Rudcbpy
(left) and Ru(2CO)dcbpy (right).

However, different approaches were required to minimize T; ge-
ometries of the other complexes. For example, when optimizing
Ru(2H)dcbpy T; state, TDDFT/B3LYP produced oscillatory minima.
This is due to a small HOMO-LUMO gap that caused the states to
cross during the optimization. By using UKS/B3LYP, optimization
was achieved. However, this approach was inadequate for Rubpy
and RudMebpy. Minimization of these complexes was achieved
using the PBEO level of theory with ASCF and TDDFT. The calculated
RMSD for all minimized geometries correlated well with HOMO-
LUMO gap — the larger energy gap in Sp is accompanied by less
distortion and smaller RMSD in T;. The changes between the Sg and
optimized T; geometries, due to the substituent effects and the
trans influence, were evaluated comparing ASCF with TDDFT
(Table 3). A comparison of selected parameters, emission energies,
and RMSD using ASCF and TDDFT for all complexes is in Fig. 10 and
Table S7.

3.5.1. Substituent effects

The Ty of RudMebpy, which has the largest energy gap, showed
the smaller RMSD while Rudcbpy had the larger RMSD (Fig. 10). As
explained above for Rudcbpy, the changes in the Ru-ligand bond
lengths for the different substituents show similar trends. Specif-
ically, increases in the Ru-P bond lengths were observed for all
complexes except for one Ru-P bond in Rudamidebpy, and Ru-N
bond lengths decreased with RudMebpy having the shortest Ru-N
bond lengths. This reduction in the Ru-N bond is associated with
greater localization of the electron density on the N atoms
compared to other complexes for which the electron density is
distributed over the entire bpy ring. On the other hand, Ru-H and
Ru-CO bonds lengths in all complexes increased. Moreover, as a
result of the electron migration, the Ru and PPhs charges became
more positive. The positive charge on Ru increased the most in the
RudMebpy complex, indicating that more electron density moves
toward bpy. This unexpected trend of increased positive charge on
Ru in T; when in the presence of an electron-donating group has
been noted previously in platinum(Il) biphenyl 2,2’-bipyridine
complexes, where Pt was found to have the largest positive charge
upon binding the strongest electron-donating group (-NHj) [25].
Finally, in Ty, the same change in the relative rotation of the phenyl
rings was observed for all complexes, the largest twist being ~41° in
RudMebpy.

3.5.2. Trans influence

The Ru(2H)dcbpy has the smallest S; < Sp energy gap and its Ty
shows the largest distortion. By contrast, Ru(2CO)dcbpy has the
largest S; < Sp energy gap and its T; shows the smallest distortion
(Fig. 10). The variations in the Ru-ligand bond lengths in T; with
respect to Sg of the two complexes had opposite trends. While the
Ru-P and Ru-N bond lengths increased in Ru(2H)dcbpy, both bond
types decreased in Ru(2CO)dcbpy. In addition, the Ru-CO bond
increased in Ru(2CO)dcbpy while the Ru-H bond length decreased
in Ru(2H)dcbpy (Table 3). There was no change in either the P-Ru-P
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(d).

bond angle or phenyl ring twist angles in Ru(2CO)dcbpy, while the
P-Ru-P bond angle increased by 9° and the phenyl ring twist angle
changed by 18° in Ru(2H)dcbpy.

3.6. Excitation and emission energies

The ASCF approach (AE=E (Tq) - E (So)) was used to calculate
the emission energies, as explained previously. To assess the quality
of the DFT models of the Ty for Rudcbpy, we compared the exper-
imental and calculated emission energies using different methods,
as explained above. In general, including the zero-point energy
vibrational correction yielded emission energies that agreed well
with experiment. We further noted that the emission energies
obtained by TDDFT are comparable to those from ASCF, and both
B3LYP and MO6 provided similar emission energies (Fig. 11). In
addition, CAM-B3LYP overestimated the emission energy (2.36 eV
or 525 nm) when compared to B3LYP (1.94 eV or 639 nm), the latter
which predicted an energy more similar to the experimental value
of 2.04eV (609 nm). On this basis, we concluded that B3LYP/
LANL2DZ predicted a reasonable Ty. Moreover, increasing the basis
set size by adding f and then f,d-polarization functions neither
improved the description of Sp, as explained earlier, nor the pre-
diction of the T emission energy (Fig. 11).

The calculated emission energies for Rubpy and RudMebpy us-
ing TDDFT/PBEO/LANL2DZ were also overestimated (2.35eV
(528 nm) and 2.41eV (514 nm), respectively) compared to the
experimental values (2.09eV (593 nm) and 2.20eV (563 nm),
respectively). Nevertheless, all complexes showed the expected
shift that correlated with the HOMO-LUMO gap (Fig. 10). The trend
in the Stokes shifts calculated for the two complexes reproduced

"1 = T, TDDFT MO6/LANL2DZ
1 |— T,_UKs — —
5 |— s,@T,_TDDFT MOTSDD
| |— s,@T,_UKs
S -10
g
> 1 —
E‘) =
E -15 CAM-B3LYP/LANL2DZ
-20
B3LYP/LANL2DZ()
2544 T - -
B3LYP/LANL2DZ(f,d) B3LYP/LANL2DZ

Fig. 11. The calculated energy of the optimized T; and Sy at T using different methods
for Rudcbpy.

their relative order (including the parent compound), but not the
absolute energies observed experimentally (Fig. 3), where the
maximum of RudMebpy emission is at 563 nm while that of
Rudcbpy is at 609 nm.

Experimentally, the observed Stokes shift is largely determined
by the Coulomb energy difference between S; and Ty as well as
contributions from radiationless processes such as vibrational
relaxation with higher quantum yield. Theoretically, we are relating
the radiationless processes to the amount of distortion of the Ty
(RMSD). The system that undergoes minimal conformational
reorganization between the two states will emit higher energy
photons. Our calculations estimated Stokes shifts that agreed well
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with the calculated energy gap and RMSD (Fig. 10). To estimate the
Stokes shift, the molecular orbital energies of each complex were
calculated using the same level of theory at which the emission
energy has been calculated. Because Ru(2H)dcbpy has the smallest
HOMO-LUMO gap compared to Rudcbpy and Ru(2CO)dcbpy, its
emission spectra was shifted to the far infrared (0.88eV or
1409 nm). Comparing complexes with different substituents, the
emission energy was increasingly red shifted with decreasing the
electron-donor strength: RudMebpy (2.41 eV or 514 nm), Rubpy
(2.35eV or 528 nm), Rudamidebpy (2.13eV or 582nm), and
Rudcbpy (1.94 eV or 639 nm) (Fig. 10). The shifts observed in the
emission spectra of other Ru systems constructed from imidazole,
phenanthroline, and other derivatives with various ligands, are in
accord with our calculations [25—27,77,78]. Furthermore, based on
the energy gap law, the rate of the radiationless decay of T will
increase as the energy gap between the two states decreases [79].
Consequently, we predict that Ru(2H)dcbpy should exhibit the
shorter triplet decay time.

4. Conclusion

The structural, HOMO-LUMO gap, and spectroscopic properties
of the ground-state singlet and lowest lying triplet excited states of
derivatives of Ru(bpy)(PPhs); with different electron-withdrawing
and donor substituents and o-donor and Tw-acceptor ligands trans
to the bpy have been investigated by combined DFT/TDDFT calcu-
lations. The statistical measurements of the performance of ten
combinations DFT/basis sets used to describe Sy geometry for [(H)
Ru(CO)(PPhs3),(dcbpy)]™, followed the ‘Jacobs ladder’ classification
scheme and decreased in the series double-hybrid
(B2PLYPD3) > meta-hybrid (MO06) > hybrid-GGA (PBEO, B3LYP,
CAM-B3LYP, wB79xD) [70]. The PBEO/LANL2DZ performance was
superior compared to that of B3LYP/LANL2DZ. To accurately assess
the symmetry of these systems, it is essential to use methods that
include the dispersion correction. Although B3LYP did not produce
the most accurate geometry for the ground state, it reproduced well
the experimental singlet absorption and triplet emission energies,
which suggests that it will likely yield reliable predictions for the
spectroscopy of other complexes. Also, we have shown with
Rudcbpy that when solvent and counterions are included, the
calculated excitation energies are closer to those observed in the
experimental spectra.

The calculations showed that introducing electron-withdrawing
groups stabilizes the bpy m* LUMOs, shifts the absorption and
emission spectra to lower energies, and increases the distortion in
the T; geometry. The opposite was observed with electron-
donating substituents. The bpy ©* LUMOs were destabilized, the
absorption and emission spectra shifted to higher energies, and
there was less distortion in the T1 geometry. In addition, when the
two ligands trans to bpy are strong o-donors, the calculated Ty is
much closer to Sg, which predicts an unusually red-shifted lumi-
nescence and potentially lower quantum yield. This suggests that to
generate complexes with less red-shifted emission and higher
quantum yields, it is desirable to use weaker electron donors such
as halogens or better 7 acceptors.

In this computational study, we have examined relationships
between the HOMO-LUMO energy gap and the photophysical
properties for three synthesized and three proposed Ru (II) com-
plexes. In all cases, we observed a general trend: increased HOMO-
LUMO energy gaps correlate with a blue shift in both the excitation
and emission energies and less geometric distortion in Ty. This
correlation and the computational approach outlined here can be
used to design complexes rationally and screen other organome-
tallic candidates that may have desirable excited-state properties.
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