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In this study we report a theoretical comparative study of some photophysical properties in the [Ru(bpy)s_ «(dab),J* ™
(x = 0—3) series. Density functional theory calculations, validated by highly correlated ab initio benchmark
calculations, were used to investigate the absorption and emission properties of the complexes with x = 1—3. The
presence of a 1,4-diaza-1,3-butadiene (dab) ligand dramatically changes these proger‘[ies because of the strong
sr-acceptor character of this ligand. As a result, comparing to the reference [Ru(bpy)s]°+ complex previously studied,
we observed (i) a strong red-shift of the maximum of the absorption band, (ii) a strong decrease of the emission energy
of the lowest triplet metal-to-ligand charge transfer state, with all the [Ru(bpy)s—x(dab),J>* (x = 1—3) complexes
luminescent in the near-infrared region, while [Ru(bpy)s]*" emits in the visible region, and (iii) the triplet metal-
centered states become inaccessible in all the [Ru(bpy)s—«(dab),J>" (x = 1—3) complexes. Consequently, these

complexes could be potential candidates for infrared light-emitting diodes and probes.

1. Introduction

Molecular architectures based on polypyridine complexes
of d® metal ions such as Ru" are currently among the most
studied compounds in coordination chemistry. This is due to
their unique photoreactivity, which stems partly from the
nature of the triplet excited states whose redox properties are
responsible for specific electron- and energy-transfer proces-
ses.? Numerous applications can be mentioned in the fields
of photochemistry, photophysics, photocatalysis, and bio-
chemistry.'~7 For example, for potential applications in opto-
electronics and luminescence-based technologies, polypyridine
ruthenium complexes have been desi%ned with long-lived
room temperature photoluminescence.” Issues to be addres-
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sed in these studies include the determination of the energy
position and properties of the excited states in mixed ligand
(i.e., heteroleptic) systems, and the ability to tune these excited
state properties with a judicious choice of ligands.’

The photophysical properties of the prototype [Ru(bpy)s]**
(where bpy =2,2/-bipyridine) and related complexes are now
relatively well understood. The lowest energy transitions of
these compounds are of the type metal-to-ligand charge transfer
(MLCT). These complexes can, in principle, show an emission
from their *MLCT states, but depopulation of these states
toward triplet metal-centered (MC) states conditions their
lifetime, luminescence quantum yield, and photostability. To
design a long-lived photoluminescent candidate, one has to
find a ruthenium complex with a *MLCT state sufficiently
lower than the *MC state to improve the emission quantum
yield. Most of the time, the choice of ligands is determined
by models based on ligand field theory. Use of strong 7w—
accepting ligands to stabilize the *MLCT state is one of the
possible strategies. For instance, one can use a strong
m-accepting polypyridine ligand, which is characterized by
a low 7* manifold. Another strategy consists in destabilizing
the *MC by strengthening the o-donor properties of the ligand
or by improving the octahedral character of the complex.' In
our study, we have chosen the first approach: we have
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selected the simplest ligand among the diimine ligand family,
the 1,4-diaza-1,3-butadiene (dab, Chart 1), because it has
long been acknowledged that the dab ligand is a better
s-acceptor than the bpy ligand."! Here we propose a predictive
study of three ruthenium complexes, [Ru(bpy)s—.(dab),J*"
(with x = 1-3). As no X-ray and photophysical data are
available yet for the [Ru(bpy)s_(dab),J*" (x = 1-3) series,
the theoretical findings have been compared with those of the
reference complex [Ru(bpy)s]*", for which an identical the-
oretical procedure was used in references 12 and 13.

The aim of this work is to determine the main photophy-
sical properties of the [Ru(bpy);_(dab).J*" (x = 1—3) series.
This includes the determination of the electronic absorption
spectrum of each complex and to predict whether these new
complexes could be good candidates as luminescent mole-
cules. To work out such a prediction, we have determined the
geometrical structures and energies of the low-lying triplet
states "MLCT and *MC) as well as the topology of the triplet
potential energy surface (PES) linking these structures, based
on density functional theory (DFT) calculations.

DFT isa theoretical method commonly used to analyze the
molecular and electronic structures of transition metal com-
plexes. This method has been remarkably successful at
evaluating a variety of ground state properties with high
accuracy. The time-dependent generalization of DFT (TD-
DFT) offers a rigorous way of calculating vertical electronic
transitions (i.e., UV—visible spectra). Nevertheless, the relia-
bility of the TD-DFT approach in obtaining accurate pre-
dictions of excitation energies in the case of long-range
charge-transfer excited states is often called into question.
Theoretically, this has been explained by Dreuw'* and
Hieringer,"> who showed that in case of failure the whole
TD-DFT calculation gives similar results to those obtained
by taking the difference of the orbital energies of the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO). In the work presented herein, we
have checked that this was not the case, so there is no reason
for concern in this case, and TD-DFT should be reliable for
the low energy part of the spectrum we are investigating.
Moreover, TD-DFT is known to describe the MLCT states
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of large ruthenium complexes correctly, by comparison of the
computed absorption spectra with experimental ones'®!” and
in some cases with accurate multiconfigurational calculations
(CASSCF/CASPT2)."® As mentioned by Gorelsky et al.,'”
this is certainly due to the fact that MLCT states of those
complexes are excited states of clear valence type. Also, in our
case, the size of the ligands is not large, and the charge
transfer involved is in a short-range.

Ab initio approaches are regarded today as the more
accurate computational methods, but given the high compu-
tational cost involved, especially with large molecules, it is
important to know how close the predictions between DFT
and ab initio methods are. To check the reliability of our
DFT approach, we performed for the first time highly
correlated ab initio calculations on the [Ru(dab)s]*" species,
the modest size of this complex providing a great opportunity
to compare the two types of approaches. The ab initio
methods used are based on perturbation theory, coupled-
cluster, and configuration interaction techniques.

The article is organized as follows: after some computa-
tional details, we present in section 3.1 the calculated optimized
molecular structures and energy diagrams for the ground
states of the [Ru(bpy);_.(dab),]*" (x = 0—3) complexes,
followed in section 3.2 by their Franck—Condon excited states
as given by TD-DFT. In this section, we also present the lowest
triplet states for both MLCT and MC configurations and their
emission energies calculated by A-SCF. In section 3.3, the
topology of the triplet PES along the °"MLCT—>MC process is
presented for each complex, and a discussion about the
population of the *MC state is given. Finally, in section 3.4,
the results of benchmark ab initio calculations are given to
assess the reliability of the whole DFT approach.

2. Computational Details

DFT and TD-DFT calculations were performed using the
Gaussian 03°° and NWChem?' packages. The B3LYP functional
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was used throughout with a fairly large basis set: a Stuttgart
relativistic small-core effective potential®> for ruthenium with
its basis augmented by an f polarization function with an
exponent of 0.96, a triple-{ plus polarization basis set
(Ahlrichs pVTZ)?* was used for the C and N atoms, and a
double- plus polarization basis set (Ahlrichs pVDZ)>* was
used for H atoms. The DFT calculations were performed
using the following strategy:

(i) DFT geometry optimizations were performed for the
singlet ground state and triplet excited states of each
complex, followed by analytical harmonic vibrational
frequency calculations. Different symmetry constraints
were used: D; symmetry for the homoleptic complex and
C, symmetry for the heteroleptic complexes in their
ground state; excited-state geometry optimizations were
carried out in both D3 and C, symmetry. In some cases,
no symmetry constraint was imposed to verify that there
were no lower energy structures that we could have
missed. Geometry optimizations were performed with
tight convergence criteria and an ultrafine integration
grid. The stability of each unrestricted triplet wave
function obtained was analyzed before computing the
analytical harmonic vibrational frequencies. Atomic
charges were derived by Weinhold’s natural population
analysis (NPA) using the natural orbital (NBO) parti-
tioning scheme.

(i) TD-DFT calculations were performed at the ground-
state geometry, which give the vertical absorption en-
ergies and the transition dipole moments. The first
twenty roots for singlet states were computed, and the
asymptotic correction of Hirata et al.> was included in
the functional.

(iii)) A-SCF calculations, which yield the energy difference
between the triplet excited states at their optimized
geometries and the closed-shell ground state at the same
geometry, were performed. This is a simple and reliable
way to obtain emission energies. All the triplet states
were computed using unrestricted wave functions,
whereas a restricted wave function was used for the
singlet ground state. Spin contaminations of the unrest-
ricted wave functions were found to be weak.

(iv) To determine the topology of the triplet PES along the
*MLCT—’MC reaction path, we performed linearly
interpolated transit paths between the two excited-state
structures obtained. Intermediate geometries were con-
structed by interpolating between the optimized geome-
tries in internal coordinates.

Highly correlated ab initio methods were performed with
Gaussian 03%° and Molpro®® packages. The energies of the
ground state and of the lowest *MLCT and *MC excited
states of the [Ru(dab);]*" were calculated at the correspond-
ing optimized B3LYP structures. Ab initio geometry optimi-
zations were carried out for the ground state. Among the
highly correlated methods used are the complete active space
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Figure 1. C, ground-state structures of [Ru(bpy)>(dab)]*" and [Ru-
(bpy)(dab),]*", and D5 ground-state structure of [Ru(dab)s]*".

second-order perturbation theory (CASPT2),%” a recent
method that couples the multireference conﬁ§uration inter-
action technique with CASPT2 called CIPT2, 8 the Moller—
Plesset perturbation theory from second order (MP2) up to
fourth order (MP4),* the quadratic configuration interac-
tion singles and doubles (QCISD),*® and the coupled cluster
singles and doubles (CCSD).! All these methods were used
with the same basis sets as described above.

3. Results and Discussion

3.1. Ground State. 3.1.1. Molecular structures. Mole-
cular structures of the three complexes are shown in
Figure 1, and selected geometrical parameters of these
complexes are reported in Table 1. NPA was carried out
along with the evaluation of Wiberg bond indices (WBI)
by performing NBO calculations at each ground state
optimized structure. The results are collected in the last
rows of Table 1.

In the computed structures of [Ru(bpy);—_(dab)J** (x =
1—3) complexes, the environment of the ruthenium adopts,
as usual, a distorted octahedral coordination geometry.
The geometry of the ligands remains essentially un-
changed within the three complexes. The main difference
is the slightly shorter Ru—N bond with the dab ligand
(2.04—2.06 A) compared to the bpy ligand (2.10 A), which
is a consequence of the stronger metal—ligand binding for
a strong m-acceptor ligand. The Ru—N bond lengths
found are in good agreement with experimental crystal
structures in which values ranging from 2.02 to 2.11 A were
found in substituted diazabutadiene Ru’ complexes.>**°

The NBO analysis suggests that, as the number of dab
ligands in the [Ru(bpy);_.(dab),]*" series increases, the
metal becomes less electron rich, back-donation per
ligand decreases, and the Ru—N bond lengths increase
for both ligands. Here again, electronic density moves
from ruthenium and bpy ligands toward the low 7* orbital
of the dab ligand. The WBI values are consistent with a
stronger interaction between Ru and the dab ligand compared
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Table 1. Computational Results of the Main Bond Lengths (A) and Bond Angles (deg) for the Ground State of [Ru(bpy)s_(dab), ", x = 03¢

[Ru(bpy)s]*" 4,

[Ru(bpy)(dab)]** 4

[Ru(bpy)(dab),]** '4 [Ru(dab)*" 4,

Geometry

Ru—Nyap 2.040 2.046, 2.063 2.064
Ru—Nppy 2.095 2.098, 2.107 2.099
(N=C)dab 1.300 1.295, 1.295 1.291
(N=C)ppy 1.361 1.360, 1.360 1.360
(C—C)dan 1.442 1.448 1.454
(C—C)ppy 1.472 1.472 1.472
(N—Ru—N)gap 75.9 75.4 75.3
(N—Ru—N)py 78.0 77.6 71.8

NPA
Ru 0.540 0.585 0.600 0.600
dab 0.330 2 x 0.400 3 x 0.470
bpy 3 x 0.490 2 % 0.542 0.603

WBI
Ru—Ng.p 0.576 0.540, 0.530 0.509
Ru—Ny,py 0.468 0.410, 0.430 0.425

“Natural population analysis (NPA) and Wiberg bond indices (WBI) are also given.
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where only the orbitals of interest are shown. The numbering of the orbitals was arbitrarily started at the lowest occupied orbital involved in the transitions

shown in Table 2. Orbital eigenvalues are given in eV.

to the interaction between Ru and the bpy ligand. The
consequence is a shorter Ru—N distance with the dab
ligand relative to the Ru—N distance with the bpy ligand.
Thus, a diminution of the coordination sphere is observed
from [Ru(bpy);]*" to [Ru(dab);]**.

3.1.2. Energy Levels and Molecular Orbitals in the
Ground State. Schematic d-block orbitals of the ground-
state complexes are shown in Figure 2. In previous studies
of homoleptic complexes, we have depicted in detail the
d-block molecular orbitals.'*'® The three highest occupied
molecular orbitals of [Ru(bpy);_.(dab),]*" (x = 1—3) are
mainly Ru(4d) orbitals, which correspond to the t2é set in
octahedral complexes. Their symmetries are al(dz )+ein
the D5 point group, while they become 2a + b in the C,
point group. The three lowest unoccupied orbitals are
a + eand a + 2b in the D3 and C; point groups, respectively.
The occupied molecular orbitals all decrease in energy, as

the more o-donor bpy is replaced by dab. In the homo-
leptic D3 complex, there is no contribution from the d
orbitals of the ruthenium atom in the LUMO, which
belongs to the a, symmetry and is delocalized over the
three ligands. For heteroleptic C, complexes, the Ru(4d)
orbitals are more mixed with the dab z* systems in the
LUMO, as a consequence of the sr-acceptor character of
the dab ligands. As expected, the #* orbitals of the dab
ligands appear first in the virtual molecular orbital set;
they are more stabilized than those of the bpy ligand. The
HOMO-LUMO gaps of the complexes are calculated to
be in the range 3.00—3.15 eV. Note that in previous
calculations performed by Gorelsky and Lever'® with a
smaller basis set, the HOMO—LUMO gap slightly in-
creases as x increases from 1 to 3.

Interestmgly, when one reports the HOMO and LUMO
energies in the [Ru(bpy);_(dab),]*" (x = 0—3) seriesas a
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Table 2. Selected TD-DFT Singlet Transition Energies (¢V) for [Ru(bpy)»(dab)>*, [Ru(bpy)(dab),]**, and [Ru(dab)s** in Comparison with [Ru(bpy)s]**

complex transition” nature of excitation” composition of excitation

[Ru(bpy)s]** 2.89.¢ 429 nm MBCT e(dm)—e(dr*)
e(dz*)y—e(dr*)

[Ru(bpy)s(dab)]** 2.97 (0.090), 417 nm MDCT 1b(dm)—2b(dsr*)

2a(dz")—3a(d*)

. 3.10 (0.074), 400 nm MBCT la(dm)—3b(dr*)

[Ru(bpy)(dab),]**" 2.90 (0.117), 428 nm MDCT 2a(dm)—2b(dr*)

1b(dm)—4a(dz*)

3.28 (0.077), 378 nm MDCT la(dm)—da(dr*)

2a(dm)—4a(dn*)

4.27 (0.130), 290 nm MBCT la(dm)—3b(dr*)

3a(dz?)—4b(d*)
[Ru(dab)s]** 3.11(0.310), 399 nm MDCT e(dm)y—e(dm*)
e(dz?)—e(dm¥)

“Only transitions with oscillator strengths £ > 0.07 are indicated. Values of fare in parentheses. Corresponding wavelengths are in italics. > MDCT:
Metal-to-ligand charge transfer from Ru to the diazabutadiene(s). MBCT: Metal-to-ligand charge transfer from Ru to the bipyridine(s). < Experimental

value of 2.74 V.
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Figure 3. HOMO and LUMO energies reported as a function of the
number of dab ligands in the [Ru(bpy);_(dab)J*" (x = 0—3) series.

function of stoichiometry (Figure 3), a linear relationship
clearly appears with the number of dab ligands. As it is
possible to correlate qualitatively first oxidation and
reduction potentials with the HOMO and LUMO ener-
gies (extended Koopmans’ theorem),*® this behavior is
consistent with the concept that electrochemical poten-
tials are additive with respect to ligand substitution. The
additivity of electrochemical potentials was verified for a
wide range of complexes.?” In fact, this is a very general
observation common to both organometallic and coordi-
nation chemistry.

3.2. Excited States. 3.2.1. Excitation Energies. The
absorption spectrum has been calculated by TD-DFT
method for each complex. Principal interesting transi-
tions (oscillator strengths f > 0.07) are reported in
Table 2. Simulated absorption spectra of the three com-
plexes are shown in Figure 4, along with the spectrum of
[Ru(bpy);]*" for comparison.

The lowest strong energy bands in each complex are
MLCT transitions from Ru(4d) orbitals to dzz* orbitals of
dab and bpy ligands. They lie at energies higher than 2.90
eV. Although some mixing occurs, singlet metal-to-bipyr-
idine charge transfer ('MBCT) states and metal to diaza-
butadiene charge transfer ('MDCT) states can easily be
distinguished. In all cases with x # 0, the lowest transition
energy involves '"MDCT excited states, as a consequence

(36) (a) Perdew, J. P.; Levy, M. Phys. Rev. B1997, 56, 16021—16028, and
references therein. (b) Chong, D. P.; Gritsenko, O. V.; Baerends, E. J. J. Chem.
Phys. 2002, 116, 1760-1772. (c) Gritsenko, O.; Baerends, E. J. Can. J. Chem.
2009, 87, 1383-1391.

(37) (a) Dodsworth, E. S.; Lever, A. B. P. Chem. Phys. Lett. 1986, 124,
152-158. (b) Lever, A. B. P. Inorg. Chem. 1990, 29, 1271-1285. (c) Duff, C. M.;
Heath, G. A. Inorg. Chem. 1991, 30, 2528-2535.
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Figure 4. Simulated absorption spectra for [Ru(bpy)-(dab)]*", [Ru(bpy)-
(dab),]*", and [Ru(dab);]*" in comparison with [Ru(bpy);]*". MDCT:
Metal-to-ligand charge transfer from Ru to the diazabutadiene ligand.
MBCT: Metal-to-ligand charge transfer Ru to the bipyridine ligand.

Table 3. Lowest Vertical MLCT and MC Singlet Transitions (¢V) Obtained with
TD-DFT

'MDCT® (f~0) 'MBCT’ (f~0) 'MC(f~0)

complex dz*—dm* dz>—dr* dz?—do*
[Ru(bpy)s]** 247 >3.90°
[Ru(bpy),(dab)]** 1.70 2.92 3.82
[Ru(bpy)(dab)]** 1.90 3.39 3.96
[Ru(dab);]** 2.04 4.08

“MDCT: Metal-to-ligand charge transfer from Ru to the diazabuta-
diene(s). ” MBCT: Metal-to-ligand charge transfer from Ru to the bipyri-
dine(s). “"MC state not found in the first 20 singlet states computed.

of the population of the low-energy z* orbitals of the dab
ligand. Incorporation of two dab ligands results in transi-
tions that lead to a broader absorption band and in a
decrease of the oscillator strengths. In Table 3 the lowest
vertical '"MLCT transitions to dab or bpy ligands are
shown in each complex. For these transitions, our calcu-
lations predict very small oscillator strengths (f < 0.001).
All the other vertical transitions with non-negligible oscil-
lator strengths (f > 0.01) are reported in Table S1 in the
Supporting Information, but are not discussed here. As
expected, 'MDCT states lie at much lower energies than
the '"MBCT ones, and one can notice that inclusion of
more dab ligands in the coordination sphere pushes the
'"MBCT transitions toward higher energies. Moreover,
for the [Ru(bpy)(dab),]* " complex, the absorption bands
corresponding to 'MDCT and '"MBCT transitions are
well separated in contrast to the absorption spectrum of
[Ru(bpy),»(dab)]**. Thus, it should be possible to selectively
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Table 4. Main Bond Lengths (A) and Bond Angles (deg) in C> Symmetry for the Lowest *MLCT state of [Ru(bpy)»(dab)]**, [Ru(bpy)(dab)]*", and [Ru(dab);]** and for the

Lowest *MC State of [Ru(bpy),(dab)]*" and [Ru(dab);]*"

[Ru(bpy)s(dab)]** [Ru(bpy)(dab)** [Ru(dab)s]** [Ru(bpy)(dab)]** [Ru(dab)s]*
MLCT ‘B MLCT B MLCT B MC 4 MC 4
(S 2.008 2.008 2.006 2.083 2.050
Geometry
Ru—Ng.p 2.030 2.048, 2.031 2.016, 2.060, 2.096 2.032 2.044, 2.476, 2.123
Ru—Nppy 2.097,2.122 2.116 2.432,2.171
(N—C)dap 1.351 1.317, 1.319 1.343, 1.291, 1.291 1.308 1.300, 1.274, 1.281
(N=C)ppy 1.360, 1.359 1.360 1.346, 1.358
(C—CO)gan 1.385 1.419 1.394, 1.455 1.427 1.438, 1.477
(C—C)ppy 1.473 1.471 1.482
(N—Ru—N)4ap 78.6 77.2 78.4,75.2 76.0 75.6, 69.9
(N—Ru—N)ppy 77.6 77.2 71.7
Spin Density
Ru 0.98 0.92 0.88 1.98 1.95
dab 1.04 2 x0.54 0.94,2 x 0.09 —0.17 —0.10, 2 x 0.08
bpy 2 x —0.01 0.00 2 x0.10
“Saddle point on the PES.

populate the singlet MDCT or MBCT excited state of
[Ru(bpy)(dab),]*" initially by tuning the wavelength of
the irradiation source. Different behavior may be ex-
pected from these initially excited singlet states, in parti-
cular with the view of ultrafast Ii)hotoinduced electron
transfer applications for example.'*®

In the case of the homoleptic [Ru(dab);]*" complex,
one can note that we predict two absorption bands, a
weak one around 500 nm (see Table S1 in Supporting
Information) and an intense peak around 400 nm (see
Figure 4 and Table 2). Qualitatively, this is in good
agreement with the absorption bands found at 550 and
425 nm with respective molar extinction coefficients of
8500 and 30500 L mol~' em ™" for a homoleptic substi-
tuted diazabutadiene Ru" complex.** Note that, not only
the positions of the bands, but also the intensities, are well
reproduced. However, whereas these transitions were
assigned to a "MLCT state and a ' (7—*) state respectively,
both peaks correspond to 'MLCT states in [Ru(dab);]*".

It is worth noticing that, contrary to our previous
studies,'*'? "MC states appear within the 20 singlet roots
in the calculated absorption spectra for all the cases with
x # 0. The corresponding transition energies range from
3.82 to 4.08 ¢V (see Table 3). Thus, unlike the MLCT
states, the transition to the "MC states is not very sensitive
to the substitution of bpy ligands by dab ligands. This
means that such a substitution does not notably perturb
the do bonding scheme of those complexes.

3.2.2. Lowest Triplet MLCT States. The lowest triplet
states of each compound were investigated using UB3LYP
calculations followed by geometry optimization and har-
monic frequency analysis. Starting from the correspond-
ing molecule in its ground state, an MLCT 7B state was
found for all complexes as the lowest triplet state. For
each compound and electronic state, the optimized geo-
metric parameters are given in Table 4 along with the
value of (S%) (typically 2.006 to 2.008). All the C,

(38) She, C.; Guo, J.; Irle, S.; Morokuma, K.; Mohler, D. L.; Zabri, H.;
Odobel, F.; Youm, K.-T.; Liu, F.; Hupp, J. T.; Lian, T. J. Phys. Chem. A
2007, 111, 6832-6842.

structures detailed herein are true minima on the triplet
PES. The nature of these states can be determined by analysis
of the corresponding singly occupied orbitals depicted in
Figure 5. In all the cases, the two singly occupied mole-
cular orbitals (SOMOs) of the optimized *MLCT struc-
tures correspond to the HOMO and LUMO obtained in
the ground-state geometry (compare Figures 2 and 5).
The introduction of a strong s-acceptor ligand has the
effect of localizing the excitation (promoted electron)
onto the dab ligand(s), giving a *"MDCT as the lowest
triplet excited state. These triplet states show great simi-
litude with the one of [Ru(bpy)s]*" and can be viewed as
the distribution of one electron on the ruthenium center
while the other is spread over the dab ligand(s). The
ruthenium is formally oxidized as Ru'™ with reduction
of the dab ligand(s). All these descriptions are consistent
with the following: (i) the contraction of the Ru—Ng,y,
bonds in the *MLCT state with respect to the ground
state, because of electrostatic attractive interaction between
the trication and the electron spread over the dab ligand(s),
(i1) the decrease of the ;x bonding character in the CN bond
and the increase of the r bonding character in the CC bonds
with respect to the ground state, resulting from the popula-
tion of the SOMO. The first bond is thus lengthened and the
last one shortened in the ligand accommodating the elec-
tronic density in each excited triplet state, and (iii) the
values of the Mulliken spin density for each ligand in each
complex displayed in the last rows of Table 4.

A noticeable difference is the location of the promoted
electron in the [Ru(dab);]*" case. Indeed, the promoted
electron is mainly localized on a single dab ligand. This
point is consistent with the occupation of a SOMO
displaying a large electron density on one of the three
ligands. The situation is different in [Ru(bpy);]*" and also
in [Ru(tap);]**, for which localization of the promoted
electron over two ligands is mainly observed.**'%!3 Note
that in reference 39, solvent and dynamic effects were

(39) Moret, M.-E.; Tavernelli, I.; Chergui, M.; Rothlisberger, U. Chem.—
Eur. J. 2010, 16, 5889-5894.
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Figure 5. Simplified molecular orbital diagram of the SOMOs in C, symmetry for the lowest "MLCT and *MC states. Orbital eigenvalues are given in eV.

Table 5. Relative Energies (in eV) between the Triplet Excited States and Energy
Differences (in ¢V) between Triplet and Ground States for the [Ru(bpy)s—.-
(dab)J** (x = 0-3) Series Calculated by the DFT Method

complex AEvLer—mc” AEm LCT—GSI7 AEyc—cs”
[Ru(bpy)_;]zJr —0.08 2.10 1.08
[Ru(bpy)z(dab)]2+ 0.96 0.84 1.09
[Ru(bpy)(dab),]** 1.05
[Ru(dab)p;]yr 0.57 1.21 0.88

“Relative energies of the *MC state relative to "MLCT at their respe-
ctive B3LYP geometries. ” Vertical transition energies of the *MLCT
state at the B3LYP geometries. ¢ Vertical transition energies of the *MC
state at the B3LYP geometries.

taken into account, while our argument is based on
electron density found in the gas phase.

In the second column of Table 5, the electronic energy
differences between the triplet MLCT state and the
ground state of each complex are given. These transition
energies were computed by A-SCF calculations at the
optimized *MLCT state geometry, which provide a good
estimate of the emission energies. The emission energies
are 0.84, 1.05, and 1.21 eV for the [Ru(bpy),(dab)]*",
[Ru(bpy)(dab),]**, and [Ru(dab);]*" complexes, respec-
tively. These results mean that the emission energies of the
lowest MLCT B state occur in the infrared region (in the
range of ca. 1000—1500 nm). In previous papers calcu-
lated emission energies of the MLCT B were reported in
the visible spectrum at 590 nm, 568, and 544 nm for the
[Ru(bpy);]* " [Ru(bpz)3]2+ and [Ru(tap)3] 2t complexes
respectively. =~ The shift of the emission energies toward
the infrared region is a result of the large stabilization of
the *MLCT states because of the strong s-acceptor dab
ligands.

3.2.3. Triplet MC States. Starting from the optimized
*MLCT, judicious Ru—Ny,,y or Ru—Ng,, bond distances
were elongated to obtain initial guess geometries. Each
optimized structure was confirmed to be either a minimum
or a saddle point by performing harmonic frequency
calculations. As shown by the spin density values and
by principal geometrical parameters given in Table 4, the
obtained triplet states are all *MC states of C> symmetry.
The SOMOs are schematized in Figure 5. In [Ru(bpy),-
(dab)]*", the excited electron is promoted in the antibonding
o* orbital mainly localized along the N—Ru—N bond of

the two trans bpy ligands, whereas in [Ru(bpy)(dab),]**
the electron density associated with the excited electron is
mainly localized on the antibonding ¢* orbital along the
N—Ru—N bond of the two trans dab ligands. As a result,
one can observe an elongation of the two Ru—Ny,,, and
Ru—Ng,p bond lengths up to about 2.45 A.

The most striking difference concerns the nature of the
optimized structures. A minimum was located on the
triplet PES for the [Ru(dab);]*", whereas only a saddle-
point was found for the [Ru(bpy)>(dab)]*" complex and
no *MC stationary point could be determined for the [Ru-
(bpy)(dab),]*" complex.*° The topology of the triplet PES
will be further discussed in the next subsection.

The transition energies computed by A-SCF at the MC
34 state optimized geometry are 1.09 and 0.88 eV for the
[Ru(bpy)z(dab)]2+ and [Ru(dab)g]zJr complexes, respec-
tively. The region of this spectrum is seldom scrutrmzed
but as we have shown in a recent study,*’ the MC state is
not an emissive state for the [Ru(bpy)s]*" complex. Note
that similar transition energies were obtained for the [Ru-
(bpy)s]*", [Ru(bpz)s]* ", and [Ru(tap)s]* " complexes,'*'?
which show that the dab ligands do not notably perturb
the do bonding scheme of the complexes leaving the *MC
state unaffected by the ligand substitution.

3.3. Topology of the Triplet PES along the MLCT—
MC Relaxation Pathway. The relative energies of the
MLCT and *MC states have been scrutinized to assess
the potential efficiency of the luminescence of the studied
complexes. The first column in Table 5 gives these relative
energies for each complex of the [Ru(bpy);_ «(dab).J*" (x =
0—3) series. In contrast to [Ru(bpy)s;]°" for which the
triplet MC state is lower than the triplet MLCT state, all
the complexes with dab ligands have an MLCT *Bstate as
their lowest relaxed triplet state. As mentioned before, the
dab ligands do not notably perturb the do bonding scheme
of the complexes; thus the triplet MC state is not much
affected in terms of energy. Therefore, the large stabilization
of the *MLCT relative to the *MC states mainly results

(40) All our attempts at finding a *MC stationary points failed for the
[Ru(bpy)(dab),]*" complex. We could only find a structure corresponding to
a small energy gradient (flat region on the triplet PES) but the gradient never
vanished.

(41) Heully,J.-L.; Alary, F.; Boggio-Pasqua, M. J. Chem. Phys. 2009, 131,
184308.
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Figure 6. Potential energy profiles along an approximate *MLCT—
3MC reaction path: UB3LYP linear interpolation between MLCT B
and MC * states. Black and gray curves correspond to Band 4 energies,
respectively. Results for [Ru(bpy),(dab)** in full line, results for
[Ru(dab)s]*" in long dashed line, results for [Ru(bpy)s]** in short dashed
line. Open circles indicate the state crossings.

from the lowering of the *MLCT state because of the
strong sr-acceptor dab ligands, and for all the complexes
with dab ligands the *MC state lies at a much higher
energy than the "MLCT state.

Figure 6 presents the potential energy profiles along an
approximate *MLCT—*MC reaction path for the [Ru-
(bpy)s]*", the [Ru(bpy),(dab)]*", and the [Ru(dab)s]**
complexes. These Proﬁles were obtained by computing
the energies of the °B and *4 states at linearly interpolated
geometries between the MLCT *B and the MC 4 C,
structures. As shown in Figure 6 and explained in a previ-
ous article,"? the *B and 4 states cross along this reaction
path (see open circles in Figure 6). The crossing point
corresponds to a conical intersection between the two
states and, if we consider the second degeneracy-lifting
coordinate (corresponding to the non-adiabatic coupling
vector), two minimum energy paths appear on the lowest
adiabatic triplet energy surface. These minimum energy
paths involve transition states lying on each side of the
conical intersection as illustrated in Figure 7a. This is
what happens in the case of the [Ru(bpy)s]** complex, for
which the MC 4 state is a true minimum. However, the
situation is different for the [Ru(bpy)>(dab)]*" complex,
as the MC 4 state is a first order saddle point, which does
not connect two distinct minima. This saddle point is in
fact a bifurcating point leading back to the MLCT “B
global minimum via two symmetrically equivalent relaxa-
tion pathways on each side of the conical intersection (see
Figure 7b). This has been verified by performing intrinsic
reaction coordinate (IRC) calculations and energy mini-
mizations following both directions of the transition vector
characterizing the MC *4 state. It is likely that this topo-
logy is due to the electronic coupling between the two
states, as the MC *4 structure lies very close to the conical
intersection as shown in Figure 6. For the [Ru(dab);]*"
complex, the MC *4 structure corresponds to a true mini-
mum, and the triplet surface topology is similar to that of
the [Ru(bpy)s]* " complex apart from the fact that the MC
‘A minimum lies at a much higher energy than the MLCT
B minimum. Note that we could not locate any station-
ary point on the MC 4 state of the [Ru(bpy)(dab),]*"
complex. We only found a flat region of the triplet surface
corresponding to the MC 4 state, but the energy gra-
dient never vanished. A possible explanation is that the
MC *4 minimum does not lie on the lowest adiabatic
triplet PES but on the second or higher triplet PES because
of a change in the *B/°4 conical intersection topology
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(from “peaked” to “sloped”). Alternatively, it is possible
that no stationary point exists for the MC 4 state of this
complex, that is, no stable structure is associated with the
SMC state of the [Ru(bpy)(dab),]*" complex.

As a result of the high energy of the triplet MC state
relative to the triplet MLCT state in the complexes [Ru-
(bpy);_(dab),J*" (with x = 1—3), we theoretically pre-
dict that the excited-state lifetime of the triplet MLCT
state will be much higher than in the [Ru(bpy)s]*" com-
plex. Because the triplet MC state either does not corre-
spond to a stable structure ([Ru(bpy)>(dab)]*" and [Ru-
(bpy)(dab),]**") oris simply too high in energy ([Ru(dab)s]*"),
this state will not be populated and cannot quench the
photoluminescence of the triplet MLCT state. Thus, we
expect higher emission quantum yield for the series [Ru-
(bpy);—(dab),]*" (with x = 1—3). However, because of
the large stabilization of the triplet MLCT state when at
least one dab ligand is present, the photoluminescence of
these complexes will take place in the near-infrared region
(in the range 1000—1500 nm) as shown by the transition
energies in Table 5 ranging from 0.84 to 1.21 eV. These
complexes, although not interesting for visible light-emitting
diodes, could be potential candidates for near-infrared
light-emitting diodes or near-infrared emitting probes.*?
Moreover, we have shown that the energy level of the
singlet and triplet MLCT states can be tuned by the use of
the dab ligand. This ligand can therefore be useful to
adjust the energy of the excited state populated after
photoabsorption of ruthenium(II) complexes opening new
perspectives for photoinduced electron transfer applica-
tions. >4

3.4. Ab Initio Benchmark Calculations. To assess the
reliability of the DFT approach in computing structural
and energy features of ground and excited states of
ruthenium complexes, we have performed some high-
level ab initio calculations on the [Ru(dab)s]** complex.
The fairly small size of this complex allows one to test a
wide range of highly correlated ab initio methods and
compare these results against the DFT ones. Before
discussing these results, it should be recalled that the
convergence of the energies with the size of the basis set
differs between DFT and highly correlated ab initio
methods. The triple-& plus polarization basis set that we
used probably ensures that the DFT relative energies are
converged, but this is certainly not the case for the ab
initio calculations, as these energies would still vary upon
increasing the size of the basis set. Unfortunately, highly
correlated ab initio calculations with much larger basis
sets would be prohibitively expensive. Thus, comparison
between DFT and ab initio methods using our triple-&
plus polarization basis set should be taken with care.

(42) (a) Treadway, J. A.; Strouse, G. F.; Ruminski, R. R.; Meyer, T. J.
Inorg. Chem. 2001, 40, 4508-4509. (b) Bergman, S. D.; Gut, D.; Kol, M.;
Sabatini, C.; Barbieri, A.; Barigelletti, F. Inorg. Chem. 2005, 44, 7943-7950.
(c) Adams, C. J.; Fey, N.; Weinstein, J. A. Inorg. Chem. 2006, 45, 6105-6107.
(d) Nonat, A. M.; Quinn, S. J.; Gunnlaugsson, T. Inorg. Chem. 2009, 48, 4646—
4648. (e) Chen, J.-L.; Chi, Y.; Chen, K.; Cheng, Y.-M.; Chung, M.-W.; Yu, Y.-C.;
Lee, G.-H.; Chou, P.-T.; Shu, C.-F. Inorg. Chem. 2010, 49, 823-832.

(43) (a)Kirsch-De Mesmaceker, A.; Lecomte, J.-P.; Kelly, J. M. Top. Curr.
Chem. 1996, 177, 25-76. (b) Bijeire, L.; Elias, B.; Souchard, J.-P.; Gicquel, E.;
Moucheron, C.; Kirsch-De Mesmaeker, A.; Vicendo, P. Biochemistry 2006, 45,
6160-6169. (c) Boggio-Pasqua, M.; Vicendo, P.; Oubal, M.; Alary, F.; Heully,
J.-L. Chem.—Eur. J. 2009, 15, 2759-2762.
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Figure 7. Topology of the triplet PES: comparison between (a) the [Ru(bpy)s]** complex, and (b) the [Ru(bpy)»(dab)]** complex. The red curves represent
the minimum energy pathways between the MLCT B and MC 4 structures. CI: conical intersection, TS: transition state, SP: saddle point.

Table 6. Main Bond Lengths (A) and Angles (deg) for the Ground-State Ds Structure of the [Ru(dab)s** Complex Optimized with Various High-Level Ab Initio Methods

methods Ru—Ngap (N_C)dab (C_C)dab (N_Ru_N)dab (N_Ru_N)lrans
B3LYP 2.064 1.291 1.454 75.3 166.8
CASSCF* 2.134 1.257 1.485 74.4 168.4
MP2 1.967 1.318 1.431 76.6 164.9
MP3 2.085 1.280 1.478 75.8 169.6
MP4(SDQ)b 2.034 1.293 1.467 76.1 168.3
QCISD 2.056 1.292 1.468 76.0 168.5
CCSD 2.065 1.287 1.472 75.8 168.9

@ Using a (10e,100) active space. ® No triple substitutions were included because of lack of analytic energy gradients available for full MP4.

Ground-state geometry optimizations were performed
with CASSCF, MP2, MP3, MP4(SDQ), QCISD, and
CCSD ab initio levels for which analytic energy gradients
are available. The main geometrical parameters are colle-
cted in Table 6. The B3LYP optimized structure com-
pares very well with the ones obtained at the MP3, MP4-
(SDQ), QCISD, and CCSD levels. In fact it is in excellent
agreement with the geometry obtained at the highest level
of theory (CCSD). Only CASSCF and MP2 show a
strong deviation with all the other correlated methods.
With the CASSCF method, the predicted ground-state
geometry is only qualitatively correct. This method suf-
fers from a lack of dynamic electron correlation because
of the fairly small configuration interaction performed
among the active orbitals (only 10 electrons were distri-
buted among 10 orbitals, see Figure S1 in Supporting
Information). Thus, it is not surprising to obtain Ru—N
bond distances that are too long. The double bond chara-
cter of the N—C bond is also too pronounced, while the
C—C bond is too long because of a lack of electron
delocalization. With the MP2 approach, the predicted
ground-state geometry is not even qualitatively correct.
In fact, the lowest energy structure displays a trigonal
prismatic D5, geometry (Figure S2 in Supporting In-
formation). The pseudo-octahedral D; structure lies at a
higher energy and does not correspond to a stable struc-
ture on the MP2 ground-state PES. This is a result of a
bad behavior of the second-order energy correction com-
puted in the perturbation theory. In all the other methods
the trigonal prismatic D, structure corresponds to a high
energy point on the ground-state PES. Moreover, the
pseudo-octahedral D5 structure optimized with MP2 dis-
plays far too short Ru—N distances. The bond lengths
within the dab ligand are also not accurate, with the N—C
bond slightly too long and the C—C bond too short.

Triplet excited-state geometry optimizations were also
performed using unrestricted MP2 and MP3 to compare
with the DFT relaxed structures obtained for the MLCT

Figure 8. Optimized C; structures on the triplet PES of the [‘Ru(dab)3]2+
complex. (a) MLCT 3B minimum geometry, and (b) MC "4 minimum
geometry. Bond lengths are in angstroms. UDFT results in normal font,
UMP2 results in italics, and UMP3 results in bold font.

B and MC °4 states. Higher-level of theory such as
MP4(SDQ), QCISD, and CCSD are computationally
too expensive to perform an energy gradient calculation
with a reference unrestricted wave function on this system
at present. Figure 8 collects the main interatomic dis-
tances obtained at the unrestricted DFT, MP2, and MP3
levels. One can see that the DFT geometry is in better
agreement with the MP3 level. The geometries of the dab
ligands are in good agreement between all three levels of
theory. For the Ru—N distances, as observed in the
ground-state geometry, MP2 tends to give metal—ligand
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Table 7. Relative Energies between the Triplet Excited States (MLCT and MC)
and the Ground State (GS) in the [Ru(dab)s]*" Complex Calculated with Various
High-Level Ab Initio Methods

methods AEyLcT—mc! AEMLCT%GS[) AEyc—cs”
B3LYP 0.57 1.21 0.88
TD-B3LYP 0.57 1.17 0.84
HF —0.53 0.45 0.27
MP2 0.49 1.77 0.65
MP3 0.04 1.23 0.59
MP4(SDQ) 0.24 1.58 0.71
MP4(SDTQ) 0.48 1.86 0.78
QCISD 0.26 1.54 0.73
QCISD(T) 0.42 1.49 0.82
ccsp 0.21 1.39 0.71
CCSD(T) 0.39 1.52 0.79
CASSCF —0.35 0.92 0.55
CASPT2 0.62 1.11 0.28
CIPT2 0.71 1.19 0.42

“Relative energies of the *MC state relative to "MLCT at their respec-
tive BILYP geometries. ” Vertical transition energies of the *MLCT state
atits BBLYP geometry. ¢ Vertical transition energies of the *MC state at
its BBLYP geometry. ¢ T1 diagnostic: 0.032 for "MLCT, 0.028 for *MC.
All energies are in eV. The blank lines separate the DFT approaches,
from the monoreference ab initio methods based on an Hartree—Fock
(HF) wave function and the multireference ab initio methods based on a
CASSCF wave function.

distances that are too short, while these distances are
slightly too long with MP3. The fact that, the DFT Ru—N
bond distances are enclosed by the MP2 and MP3 values,
gives us confidence that DFT gives accurate metal—
ligand distances. Indeed, for the ground-state structure,
the more accurate MP4(SDQ), QCISD, and CCSD meth-
ods also gave Ru—N bond lengths that were surrounded
by the MP2 and MP3 values (see Table 6).

In Table 7 we report the energy differences between
triplet excited states and the ground state of [Ru(dab);]* "
calculated with highly correlated ab initio methods. First,
we focus on the relative energy between the *MLCT and
*MC states, which is a very important parameter for the
photophysical properties of ruthenium polypyridine
complexes as it largely controls the excited-state lifetime
and fluorescence efficiency of the *MLCT state.*' The
B3LYP value for this relative energy is computed at 0.57
eV with the *MLCT state being the lowest relaxed triplet
excited state. Two methods predict the *MC state as the
lowest excited state. These are the Hartree—Fock (HF)
and the complete active space self-consistent field (CASSCF)
methods. Both of them suffer from a serious lack of
electron correlation, and the poor energetics obtained
with these methods are not surprising. Correlated methods
using the HF wave function as a reference (monoreference
methods) all predict the *MLCT state lower in energy
than the *MC state. With the highest levels of calculation
using perturbation theory (full MP4, denoted MP4(SDTQ)),
configuration interaction approaches (QCISD(T)), and
coupled-cluster theory (CCSD(T)) we found an energy
difference between 0.4 and 0.5 eV. Multireference meth-
ods using the CASSCF wave function as a reference
predict a higher relative energy of 0.62 and 0.71 eV with
CASPT2 and CIPT2, respectively. Overall, the DFT value
looks reliable asit is encompassed between the best mono-
reference and multireference methods.

Second, we are looking at the energy difference between
the *MLCT and ground states calculated at the *MLCT
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optimized structure. This transition energy gives a good
estimate of the emission energy of the complexes. This
energy difference is computed at 1.21 eV with B3LYP.
Again, HF and CASSCF values are fairly poor with far
too low transition energies. Monoreference methods
systematically predict a higher emission energy than the
B3LYP value. On the other hand, the agreement is very
good with the multireference methods with deviations of
only 0.10 and 0.02 eV with the CASPT2 and CIPT2
values, respectively. The CASPT2 method is probably among
the most used ab initio method to compute transition
energies and is acknowledged to compute these transi-
tions with errors of less than 0.3 eV for low-lying excited
states.** CIPT2 is probably even more accurate as it relies
on the same perturbation theory but using a better
reference wave function than CASPT2. Therefore, we
are confident that DFT can compute reliable emission
energies for "MLCT states. In support of this statement, a
good agreement with experimental emission energies has
already been obtained for some ruthenium polypyridine
complexes.'>!3

Finally, we compare the energy difference between the
*MC and ground states calculated at the *MC optimized
structure. This energy difference is not as important as the
two previous ones described above because it is not an
experimental observable. Indeed, the *MC state is not
emissive; however, the system can decay back to the iground
state from this triplet state via a surface crossing.*' Thus,
this energy difference gives an indication of the proximity
of the crossing with the *MC minimum. It is computed at
0.88 eV with B3LYP. The best monoreference methods
predict a transition energy of about 0.8 eV, whereas 0.4 eV
is obtained with the best multireference method. Assum-
ing CIPT?2 is the most accurate of all methods, the DFT
value seems too large. However, it is important to note
that this energy difference is very sensitive to the geometry.
The reason is that the *MC state has a shallow minimum
with a very flat PES along the decoordinated Ru—N bond
distances, whereas along these coordinates, the ground-
state PES is highly attractive (the ground-state energy
rises very steeply as the Ru—N bond lengths increase
bringing the ground state and *MC state close in energy).
Thus, a substantial change in the decoordinated Ru—N
distances (i.e., from 2.45 to 2.50 A) would not change the
3MC state energy very much but the ground state energy
would. As all the ab initio computations in Table 7 have
been performed at the B3LYP optimized structures, it is
likely that the ab initio transition energy of the *MC state
would change significantly if one could reoptimize the
MC minimum with the ab initio method itself. For
example, the MP3 value is 0.59 eV using the DFT
geometry, but is 0.43 eV when using the optimized MP3
geometry of Figure 8.

One can also note the very good agreement between the
DFT and TD-DFT results. In particular, the fact that the
emission energies from the *MLCT state (AEmicT—Gs)
are very close shows that TD-DFT is reliable in this case
to compute transition energies of charge transfer states.
This is due to the short-range charge transfer nature of
these excited states. In addition, we also performed CASPT2
calculations using a correlation-consistent polarized valence

(44) Pierloot, K. Mol. Phys. 2003, 101, 2083-2094.
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quadruple-C basis set (cc-pVQZ)* on the hydrogen,
carbon, and nitrogen atoms, and used two f and one g
basis functions on the ruthenium center®” to assess the
basis set convergence with this approach. We obtained an
emission energy from the MLCT state of 1.11 eV,
identical to the one obtained with the smaller basis set.
The *MC state lies 0.95 eV above the MLCT state, that
is, 0.33 eV higher up in energy. AEyc—Gs was computed
at 0.24 eV, very close to the smaller basis set result. The
fact that the computed emission energy is stable and that
the MC state remains largely above the *"MLCT state
confirms the overall photophysical model obtained with
our DFT approach.

4. Conclusion

We have carried out a co zpdrdtive study of the Ru(II)
complexes [Ru(bpy);—.(dab),]”" (x = 1-3) and compared
their predicted photophysical 2propertles to the ones of the
reference complex [Ru(bpy)s]”". We have shown that the
presence of a dab ligand changes dramatically these proper-
ties because of the strong s-acceptor character of this ligand.
The main effect is a substantial energy lowering of the MLCT
states leading to several important consequences: (i) a strong
red-shift of the maximum of the '"MLCT absorption band
corresponding to MDCT transitions, (ii) a strong decrease of

(45) Dunning, T. H., Jr. J. Chem. Phys. 1989, 90, 1007-1023.
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the emission energy of the *MLCT states compared to the
reference complex, with all the [Ru(bpy)s—(dab),]™" (x = 1-3)
complexes luminescent in the near-infrared region, while
[Ru(bpy)s]*" emits in the visible region, and (iii) the *MC
states become inaccessible in all the [Ru(bpy)s_.(dab).]*"
(x=1-3) comg)lexes either because they are too high in energy
relatlve to the *MLCT states ([Ru(dab)s]*") or because the
3MC states are unstable ([Ru(bpy)(dab)]*" and [Ru(bpy)
(dab),]*"). The consequence could be an improved emission
efficiency desirable for applications like diodes and probes.

We have also performed accurate ab initio calculations on
the [Ru(dab)s]*" complex against which to benchmark the
DFT results. The B3LYP functional used in this study gave
very good results in terms of ground- and excited-state
structures. As far as the energetics are concerned, it provided
reliable results for the relative energy between the *MLCT
and *MC states and for *MLCT emission energies.
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