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The ground- and excited-state geometries, electronic struc-
tures, absorptions, and emissions of two ruthenium(Il) com-
plexes Ru(bpy),(N”N) [bpy = 2,2'-bipyridine, N°N = hydra-
zone (1) and azine (2)] were investigated theoretically. Their
ground and the excited state geometries were fully optimized
at the BSLYP/MP2/LANL2DZ and UB3LYP/UMP2/LANL2DZ
levels, respectively, and the calculated geometries are con-
sistent with the X-ray results. At the TD-DFT level with the
PCM model, the absorptions and phosphorescence proper-
ties of 1 and 2 were calculated on the basis of the optimized
ground- and excited-state geometries, respectively. The
calculated lowest-lying absorptions of 1 (512nm) and 2
(998 nm) are attributed to a {[d,2_,2(Ru) + d,(Ru) + T(NN)]
— [n*(bpy)]} transition with MLCT/LLCT transition charac-
ters and a {[d,2(Ru) + d,,(Ru)] — [n*(N"N)]} transition with
dominant MLCT transition character, respectively. The cal-
culated phosphorescence of 1 (638 nm) and 2 (731 nm) can

be described as originating from a 3{[dx2_y2(Ru) + dyy(Ru) +
n(N~N)] [n* (bpy)]} excited state with SMLCT/3LLCT charac-
ter and a 3{[d,2(Ru) + d,2_2(Ru)] [t*(NN)]} excited state with
dominantly *MLCT character, respectively. The calculated
results showed that the modulation of the lowest SMLCT ex-
cited state of this kind of Ru complexes can be achieved by
changing the NN ligand from hydrazone to azine. More-
over, the fact that 2 displays phosphorescence but 1 does not
can be interpreted by the different properties of the SMLCT
excited state: the SMLCT excited state of 2 is more than 60 %
occupied, whereas that of 1 is less than 20 % (k;; <k;). The
lowest-lying excited state of 1 is localized on the bpy ligand,
whereas that of 2 lies on the NN ligand, and the nonradia-
tive decay pathways of 1 are easier than those of 2
(knrl > kan)'

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Recently, phosphorescent transition-metal complexes
with d® electron configuration such as Ru'!, Rh™, Os", and
Ir'"" have attracted considerable attention!!! due to their im-
portant roles as highly efficient electroluminescent (EL)
emitters in the fields related to organic light emitting de-
vices (OLEDs);?! biological labeling reagents;*! photocata-
lysts for CO, reduction;™ and sensors for oxygen,P! Ca?* ]
Cu?*,[M and Hg?*1"1 as well as for catalysts.®] In theory, in-
ternal phosphorescence quantum efficiency can achieve as
high as 100%, because the triplet metal-to-ligand charge
transfer ®MLCT) state can emit effectively by mixing the
intensity of the '"MLCT state by strong spin—orbital coup-
ling effects of the transition metal.l’]

Furthermore, there has been continuous research activity
towards Ru complexes. Ru(bpy);>* (bpy = 2,2'-bipyridine)
is often taken as the model complex for tris(bidentate)
ligands, as it has a triplet lowest-lying Ru(dn) to bpy(n*)
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SMLCT excited state with a lifetime of ca. 1 ps.'®!] Juris
et al.l'% concluded that the photophysical properties of the
chromophore are widely increased by modifying or chang-
ing any of the bipyridine ligands. Because of the strong
MLCT transitions, high quantum yield, and the long-lived
SMLCT excited state, Ru'' complexes have been applied in
photoprocesses and OLEDs successfully.['>!31 Moreover,
various Ru complexes have been extensively applied in
other fields such as DNA,[' dye-sensitized solar cells
(DSSCs),!'3] photocatalyst,['® and so on.

It is necessary to create new transition-metal complexes
to satisfy the needs in every field, but the design and syn-
thetic procedures are difficult to realize. In fact, it is easier
to synthesize emissive complexes by tuning the structure of
the nonemissive transition-metal complexes skillfully. For
example, Slugove and coworkerst!”! successfully synthesized
a new series of cyclometalated iridium complexes (ppy),Ir-
(Q) (Q = 8-quinolinolate, 5-formyl-8-quinolinolate, and 5-
nitro-8-quinolinolate), and they found that (ppy).Ir(Q) (Q
= 8-quinolinolate) is not luminescent in aerated as well as
in degassed solutions, but the complexes can emit in the
orange to red region by adding formyl or nitryl groups at
the 5-position of the 8-quinolinolate ligand. By investiga-
ting a series of Ru dihydrazone and substituted Ru dihydra-
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zone derivatives, Bolger et al.l'8 concluded that Ru com-
plexes with two hydrazone moieties are not emissive, but
the [Ru(bipy)>(L-L)][PF4], complexes with one hydrazone
(bipy = 2,2'-bipyridine; L-L = 2-acetylpyridine phenylhy-
drazone, 2-acetylpyridine hydrazone) have good emissive
properties. Moreover, Thompson and coworkers!!®] investi-
gated the absorption and emission spectra of (ppy)-Ir(acac)
and (ppy),Ir(dbm), and they found that (ppy),Ir(acac) is a
good candidate for OLEDs with a lifetime of 1.6 us and a
quantum efficiency of 0.34, but (ppy),Ir(dbm) gives very
weak phosphorescence with a quantum efficiency less than
0.01. The differences in the geometries should be responsi-
ble for the completely different quantum efficiencies. More-
over, on the basis of our previous theoretical studies,?"! dif-
ferent lowest-lying SMLCT excited states of (ppy)-Ir(acac)
and (ppy).Ir(dbm) should be responsible for the different
phosphorescent abilities. Thus, the orbital nature of the
lowest-lying excited state is obviously important for the
spectroscopic properties of the transition-metal complexes;
moreover, it is also an important factor for the luminescent
ability of Ru'l-bipyridyl complexes.

Recently, Datta and coworkers?!! successfully synthe-
sized two Ru complexes [Ru(bpy)>(NN)]?* [NN = hydra-
zone (1) and azine (2)], and they also investigated the ab-
sorption and emission spectra of 1 and 2 in acetonitrile
solution. They found that 1 is not emissive at room tem-
perature or at 80 K, but 2 shows an appreciable emission at
ambient temperature (729 nm, 7 = 42ns, ¢ = 2X 1073) as
well as at 80 K (690 nm, 7 = 178 ns, ¢ = 7 X 1073) by chang-
ing NN from hydrazone to azine. Through the investiga-
tion on the transient absorption, they concluded that the
different lowest-lying *MLCT excited state properties
should be responsible for the different phosphorescent abili-
ties of 1 and 2. However, there is no theoretical report to
investigate the detailed properties of emission and the low-
est-lying triplet excited state from an electronic structure
point of view; in fact, quantum-chemical calculations can
offer great possibilities in the elucidation of the structural
and electronic properties of both the ground and excited
states of transition-metal complexes

In this work, we aimed at providing an in-depth theoreti-
cal understanding of the geometries and spectroscopic
properties of 1 and 2. Herein, we employed ab initio and
density functional theory (DFT) methods to study the elec-
tronic structure and spectroscopic properties of 1 and 2 in
the ground and the excited states. Notably, the relationship
between the spectral properties and the NN ligand as well
as the localization of the lowest-lying triplet excited state
were explored.

Computational Details and Theory

In this work, the ground- and excited-state geometries of
1 and 2 were fully optimized by the DFT??! method with
Becke’s three-parameter functional and the Lee—Yang—Parr
functional®¥! (B3LYP) and unrestricted B3LYP (UB3LYP)
approaches. Furthermore, the geometries were also opti-
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mized by second-order Moller—Plesset perturbation¥
(MP2) and unrestricted MP2 (UMP2) methods so that they
could be compared to the optimized geometries obtain by
the DFT method. Spin contamination due to the admixture
of excitations of higher multiplicity was rather small: the
expectation values of the spin operator <S?> are below
2.01 for triplet states. The B3LYP and the MP2 calculated
results revealed that the 'A ground states of 1 and 2 have
electronic configurations of [(59b)*(61a)?] and [(70b)>-
(72a)?], respectively. On the basis of the optimized ground-
and excited-state geometries and the molecular orbital com-
positions, absorption and emission spectra in CH3;CN me-
dia were calculated by time-dependent DFT!>’! (TDDFT)
associated with the polarized continuum model (PCM).*!
This kind of theoretical approach and calculation level has
been proven to be reliable for transition-metal complex sys-
tems in our previous work.[?]

In the calculations, the quasirelativistic pseudopotentials
of the Ru atoms proposed by Hay and Wadt!*®! with 16
valence electrons were employed, and LANL2DZ basis sets
associated with the pseudopotential were adopted. The ba-
sis sets were described as Ru (8s6p4d)/[3s3p2d], C and N
(10s5p)/[3s2p], and H (4s)/[2s]. Thus, 362 basis functions
and 240 electrons for 1 and 432 basis functions and 284
electrons for 2 were included in the calculations. All of the
calculations were accomplished by using the Gaussian 03
software packagel”®! on an Origin/3900 server.

The calculated complexes display C, symmetry in both
the ground and excited states. As shown in Figure 1, the
z/C, axis is oriented through the Ru atom and divides the
NAN ligand into two identical parts; the y axis is oriented
through the N2 and N5 atoms. Under the C, symmetry and
the basis sets employed, the 362 orbitals of 1 are reduced
to 182a and 180D irreducible orbitals. Likewise, the 432 or-
bitals of 2 are reduced to 217a and 215b irreducible orbitals.
All these orbitals were included in the DFT and the MP2
calculations in order to have all of the possible electron cor-
relations in the present computational level.

Results and Discussion

The Ground-State Geometries and the Frontier Molecular
Orbital Properties

The main optimized-geometry structural parameters of 1
and 2 in the ground state together with the X-ray crystal
diffraction datal®!l are given in Table 1, and the optimized
geometries are shown in Figure 1. Vibrational frequencies
were calculated for the optimized geometries of 1 and 2 to
verify that each of the geometries is a minimum (no minus
frequency) on the potential energy surface.

The optimized bond lengths, bond angles, and dihedral
angles of 1 and 2 in the ground state are in general agree-
ment with the corresponding experimental values.>!! The
DFT results showed that the calculated bond lengths of
Ru-N1 (2.085 A), Ru-N2 (2.099 A), and Ru-N3 (2.107 A)
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Figure 1. The optimized geometry structures of 1 and 2 at the
B3LYP/LANL2DZ level.

of 1 are overestimated by 0.051, 0.039, and 0.029 A, respec-
tively, relative to the measured values. The bond lengths of
2 have similar trends to those of 1 in comparison with the
measured values. The calculated bond angles N4-Ru-N1
(76.2°) and N2-Ru-N5 (172.8° for 1 and 172.2° for 2) agree
well with the measured values with a deviation less than 2°.
The dihedral angles N1-C1-C2-N4 of 1 and 2 are 1.7° and
12.9°, respectively, which indicates that the NN ligand of
1 is quasiplanar, but that of 2 has some distortion to break
the planar structure because of the interactions of the large
=C(CHs;), substituent. The dihedral angles N2-Ru-N1-Cl1

of 1 and 2 are 96.4° and 99.5°, respectively, which indicates
that the two bpy ligands and the NN ligand are quasiper-
pendicular to each other. In comparison to the DFT results,
the calculated results obtained by the MP2 method are
more consistent with the measured results (with a deviation
less than 0.02 A for the bond length; see Table 1). The dis-
crepancy between the calculated and the measured geome-
tries is reasonable and acceptable, because the environments
of the complexes are different: in the latter, the molecule is
in a tight crystal lattice, whereas in the former the molecule
is free.

The frontier molecular orbital compositions and energy
levels of 1 and 2 are given in Tables 2 and 3, respectively.
Table 2 shows that the LUMO (60b) and LUMO+1 (62a)
of 1 are localized on the bpy ligand, whereas the LUMO+2
(61b) is localized on the NN ligand. In compound 2, the
LUMO (71b) is dominantly localized on the NN ligand,
whereas the LUMO+1 (72b) and LUMO+2 (73a) have
more than 90% n*(bpy). We can see that the change in the
NAN ligand has a great effect on the composition of the
low unoccupied molecular orbitals. With respect to the oc-
cupied molecular orbitals, Table 2 shows that the HOMO
6la of 1, which lies at —5.91 eV, is dominantly composed
of 19.5% d,> ,2(Ru), 15.2% d,,(Ru), and 57.4% n(N"N),
whereas Table 3 shows that the HOMO 72a of 2 has 22.5%
d_(Ru), 42.5% d,,(Ru), 15.7% m(NN), and 13.3% n(bpy).
Similarly, the MOs 59b of 1 and 70b of 2 are both com-
posed of more than 70% Ru (d,. and d,.) and less than
30% ligand. HOMO-3 (59a) of 1 has 17.9% d,> »(Ru),
26.8% d,,(Ru), 13.3% mn(bpy), and 41.4% n*(N/N),
whereas the HOMO-3 (70a) of 2 is dominantly composed
of the (N~ N) ligand with little d(Ru) composition. The
four lower occupied molecular orbitals HOMO-4 (58b) and
HOMO-5 (58a) of 1 as well as the HOMO-4 (69b) and
HOMO-5 (69a) of 2, with similar orbital energy levels of
about —7.5 eV, are dominantly contributed by the bpy li-
gand. The energy levels and the component of the frontier
molecular orbitals calculated by the MP2 method are sim-
ilar to those calculated by the DFT method. On the basis
of the above analysis, we found that the energy levels and
the composition of the frontier molecular orbital can be
significantly changed by tuning the NN ligand from hy-
drazone to azine. Figure 2 shows the energy levels and the
components of selected orbitals of 1 and 2.

Table 1. Bond lengths [A], bond angles [°], and dihedral angles [°] of 1 and 2 in the ground state and in the lowest-lying triplet excited
state at the B3LYP/MP2 and UB3LYP/UMP?2 levels, respectively, together with the experimental values.

DFT Exp.[al MP2
1 2 1 2 1 2
State A'A A3B A'A A3B A'A A’B A'A A3B
Ru-N1 2.085 2.062 2.095 2.041 2.034 2.039 2.042 2.046 2.040 2.017
Ru-N2 2.099 2.100 2.103 2.102 2.060 2.053 2.075 2.080 2.076 2.087
Ru-N3 2.107 2.111 2.096 2.122 2.078 2.066 2.085 2.087 2.070 2.116
N4-Ru-N1 76.2 71.3 76.2 79.4 76.2 75.6 77.6 71.9 76.9 80.0
N2-Ru-N5 172.8 173.9 172.2 174.8 170.3 173.8 173.6 174.6 174.9 179.4
N1-C1-C2-N4 1.7 1.0 12.9 8.3 33 4.0 4.1 0.4 12.3 10.7
N2-Ru-N1-Cl 96.4 96.1 99.5 97.7 96.8 96.6 101.7 96.6

[a] From ref.2!]
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Table 2. Molecular orbital compositions [%] in the ground state for 1 at the B3LYP level.

Orbital Energy MO composition Main bond type Ru component
[eV] Ru bpy NN

61b L+2 -2.24 6.8 11.7 81.5 *(N"N)

62a L+1 -2.71 6.0 92.9 1.1 n*(bpy)

60b L -2.79 14 95.9 2.7 n*(bpy)

HOMO-LUMO Energy Gap

6la H -5.91 35.1 7.5 57.4 d,p ptd,, +1(NAN) 19.5d,2 2 15.2d,,

60a H-1 —-6.39 75.4 17 7.7 do+d, 2+m(bpy) 53.9d.213.0d,2 2

59b H-2 —-6.49 73.7 16.1 10.2 d,.+d . +n(bpy)+n(N"N) 60.0d,.13.3d,.

59a H-3 —6.68 453 133 414 d,> otd,, +(bpy)+n(N"N) 179d,»,226.8 d,,

58b H-4 -7.55 0.6 99.1 0.3 n(bpy)

58a H-5 -7.59 1.6 97.9 0.5 n(bpy)

Table 3. Molecular orbital compositions [%] in the ground state for 2 at the B3LYP level.

Orbital Energy MO composition Main bond type Ru component
[eV] Ru bpy NN
73a L+2 -2.66 5.3 93.1 1.6 n*(bpy)
72b L+1 -2.72 3.8 92.2 4.0 m*(bpy)
71b L -2.92 8.7 9.7 81.6 *(NN)
HOMO-LUMO Energy Gap
72a H -6.14 71.0 13.3 15.7 dzz+d_\,y+rc(bpy)+n(N’\N) 425d,,225d.
71a H-1 —6.45 70.9 17.7 11.3 dot+de yz+n(bpy)+n(N’\N) 39.2d,2 229.5d.
70b H-2 —6.56 71.5 15.2 13.3 d.+d,.+n(bpy)+n(NN) 642d,.7.0d,.
70a H-3 -7.28 11.3 6.0 82.7 d,2> 2+d,,+n(bpy) 52dp 244d,,
69b H-4 -7.51 0.9 98.6 0.5 n(bpy)
69a H-5 -7.55 1.6 97.1 1.3 n(bpy)
2
61b T NN)
62a ’_"f(_"_lzy}_____--f-~:;-—-7;3;a;- 7. opy)
60b “—;—--—"""'"—_—-‘::7\2b & (bpy)
_ m*(bpy) 71\b\ T*NAN)
33z !
0= |en| —
g SlalS] 2 slalgle
5 N en| <
6 Ol dg st Fe(N"Ny+n(bpy) d+d_+m(NN)+(bpy)
B Py,
59b dyz_+_d_xzﬂ(bp Y)HrN"N) .
1  50. T d_+d_+n(bpy)tr(N"N)
_7 d,s, 4NN e(bpy)
T 702 d,i+d, Hn(N"N)+(bpy)
T 38b ?QEX)-_:::::::::::::::Q—?-P L n(bpy)
58a (bpy) 69a n(bpy)
-84 1 2

Figure 2. Diagrams of the molecular orbitals related to the absorptions of 1 and 2.

Absorptions in CH3;CN Media

The calculated absorptions (singlet to singlet) and their
oscillator strengths, the main configuration, their assign-
ments, and the experiment values?! are given in Table 4.
Fitted Gaussian-type absorption curves with the calculated
absorption data are shown in Figure 3. To intuitively under-
stand the transition process, the energy levels and the prop-
erties of the molecular orbitals and the excitation energies
involved in absorptions of 1 and 2 are displayed in Figure 2.
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Table 4 shows that the lowest-lying absorptions of 1 and
2 are at 521 (2.38 e¢V) and 598 nm (2.07 eV), respectively.
With respect to 1, the absorption band at 521 nm is contrib-
uted by the excitation of MO 61a — MO 60b (|CI| = 0.685).
Table 2 shows MO 61a is composed of 19.5% d,>_ 2(Ru),
15.2% d,,(Ru), and 57.4% n(N”N), whereas MO 60b is
dominantly localized on the bpy ligand; thus, the absorp-
tion at 521 nm can be dominantly assigned to a {[d,> »(Ru)
+ d,,(Ru) + t(N"*N)] — [n*(bpy)]} transition with MLCT
1271
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Table 4. Calculated absorptions (TDDFT method) of 1 and 2 together with the experimental values.

Transition Config. (CI coeft.) E/nm [eV] Oscillator Assignment Expt.[l/nm [eV]
1 X'A - A'B 6la — 60b (0.685) 521 (2.38) 0.0111 MLCT/LLCT
X'A — B'B 59b — 62a (0.615) 426 (2.91) 0.0607 MLCT/LLCT 420 (2.95)
X'A - C'A 59a— 62a (0.631) 383 (3.23) 0.0435 MLCT/LLCT
X'A - D'B 58b — 62a (0.380) 275 (4.51) 0.8472 ILCT 288 (4.31)
58a — 60b (0.335) ILCT
2 X'A - A'B 72a — 71b (0.655) 598 (2.07) 0.0003 MLCT/ILCT
X'A — B'A 70b — 71b (0.591) 423 (2.93) 0.1633 MLCT/ILCT 440 (2.82)
X'A - C'B 70a — 71b (0.411) 314 (3.95) 0.2191 MLCT/ILCT
X'A - D'B 69b — 73a (0.402) 276 (4.49) 0.7188 ILCT 288 (4.31)
69a — 72b (0.364) ILCT

[a] From ref.2ll

Oscillator Strength

200 300 400 500
Wavenumber [nm]

Figure 3. Simulated absorption spectra of 1 and 2 in CH;CN media
with the calculated data at the TD-B3LYP/LANL2DZ level.

and LLCT transition characters. For 2, the excitation of
MO 72a — MO 71b (|CI| = 0.655) is dominantly responsi-
ble for the absorption at 598 nm, and Table 3 shows that
MO 72a has 42.5% d,,(Ru), 22.5% d_»(Ru), 13.3% n(bpy),
and 15.7% m(N”N), whereas MO 71b is contributed by
©*(N/N). Thus, this absorption can be dominantly attrib-
uted to a {[d2(Ru) + d,,(Ru)] — [1*(N*N)]} transition
with  MLCT transition characters perturbed by a
{[t*(N"N)] + [rn*(bpy)] — [r*(N/N)]} transition with
some ILCT/LLCT character. The absorption results
showed that the transition properties of the lowest-lying ab-
sorption can be changed from MLCT/LLCT to MLCT/
ILCT by tuning the NN ligands from hydrazone to azine.
The excitation energy level of the lowest-lying absorption
based on the geometries optimized by the MP2 method is
underestimated by ca. 0.01 and 0.05 eV for 1 and 2, respec-
tively.

Figure 3 shows that the distinguished absorption bands
of 1 and 2 are at 426 and 423 nm, respectively. Table 4
shows that the excitation of MO 59b — MO 62a (|CI| =
0.615) contributes to the absorption of 1 at 426 nm. The
results of the population analysis showed that MO 59b is
dominantly contributed by 60.0% d,.(Ru) and 13.3%
d..(Ru) perturbed by some n(N”N and bpy), whereas MO
62a has a similar composition to MO 60b, which is domi-
1272
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nantly contributed by m(bpy). Thus, this absorption can be
described as a {[d,.(Ru) + d,.(Ru) + n(bpy)+ ©(N*N)]} —
[t*(bpy)] transition with dominantly MLCT and little
ILCT/LLCT transition character (See Table 2). With re-
spect to 2, the distinguished absorption at 423 nm is con-
tributed by excitation of MO 70b — MO 71b with the
largest configuration coefficient of 0.591. Table 3 shows
that MO 70b has 64.2% d..(Ru), 7.0% d,.(Ru), 15.2%
n(bpy), and 13.3% n(N”N), whereas MO 71b is dominantly
localized on the NN ligand. Thus, the absorption of 2 at
423 nm is attributed to a {[d..(Ru) + d,.(Ru)] —
[T*(NAN)]} transition with different MLCT transition
characters from that of 1 at 426 nm.

Table 4 shows that the absorptions at 383 nm for 1 and
314 nm for 2 are contributed by excitations of MO 59a —
MO 62a (CI = 0.631) and MO 70a — MO 71b (CI1 = 0.411),
respectively. Upon discussion of the frontier molecular or-
bitals, the absorption of 1 at 383 nm can be ascribed to
a {[d2,2(Ru) + d,(Ru) + n(N*N)+n(bpy)] — [n*(bpy)]}
transition with dominantly MLCT/LLCT transition char-
acter perturbed by little ILCT character, which is similar to
the transition character of the lowest-lying absorption at
521 nm. With respect to 2, Table 3 shows that MOs 70a and
71b are all dominantly contributed by the NN ligand, so
the absorption at 314 nm is dominantly assigned to a
{[t(NN)] — [r*(N~N)]} transition with ILCT transition
character (Tables 2 and 3).

The absorptions of 1 and 2 at 275 and 276 nm, respec-
tively, with the largest oscillator strength are contributed by
two transitions. Table 4 shows that the excitations of MO
58b — MO 62a (|CI| = 0.380) and MO 58a — MO 62a (|CI|
= (.335) are responsible for the absorption of 1 at 275 nm,
whereas the absorption of 2 at 276 nm is contributed by
excitations of MO 69b — MO 73a (|CI| = 0.402) and MO
69a — MO 72b (|CI| = 0.364). Tables 2 and 3 show that
MOs 58b, 58a, 62a of 1 and MOs 69b, 69a, 73a, 72b of 2
are dominantly localized on the bpy ligand. Thus, both of
the absorptions can be described as a {[n(bpy)] —
[t*(bpy)]} transition with ILCT transition character.

Upon experimentation,?!! the UV/Vis spectra of 1 and 2
in acetonitrile solution displayed a MLCT band in the 400
to 500 nm region, which is consistent with the calculated
MLCT band at 400-500 nm in the excitation energy and
the transition characters. The UV part of the absorption
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was dominantly contributed by the n(bpy) — n*(bpy) tran-
sition around 288 nm for both 1 and 2 experimentally,
which was confirmed by the calculated results that the ab-
sorption bands of 1 and 2 at 275 and 276 nm are assigned
to the {[n(bpy)] — [t*(bpy)]} transition.

Triplet Excited-State Geometries and Emissions Spectra in
CH;CN

The main geometry structural parameters of 1 and 2 in
A3B excited states optimized by the UB3LYP and UMP2
methods are given in Table 1. The bond lengths, bond
angles, and dihedral angles in the excited state are slightly
distorted relative to those in the ground state, and two com-
plexes show a similar variation trend. Moreover, the opti-
mized geometries obtained by UB3LYP and UMP2 are
consistent with each other. Herein, we take the UB3LYP
results for example. The Ru-N1 bond lengths of 1 and 2 in
the excited state are strengthened by 0.023 and 0.054 A rela-
tive to those in the ground state, but the Ru-N3 bond
lengths of 1 and 2 relax by about 0.004 and 0.026 A,
whereas the Ru-N2 bond lengths hardly changed, which
indicates that the two bpy ligands have a trend to break
away from the Ru atom, but the NN ligand approaches
the Ru center in the excited state. The excited-state bond
angle N4-Ru-N1 of 1 and 2 increased by ca. 2-3° relative
to those in the ground state, which indicates that the N4
and N1 atoms repel each other more intensely, and it is
consistent with shortened Ru—N1 and Ru—N4 bond lengths.
The excited-state bond angles N2-Ru-N5 of 1 and 2 in-
creased by 1.1 and 2.6°, respectively, which indicates that
the N2-Ru-NS5 angle is more linear in the ground state. The
NI1-C1-C2-N4 dihedral angles of 1 and 2 are reduced by
0.7 and 4.7°, respectively, which indicates that the NN li-
gand is more planar in the excited state than the ground
state. The N2-Ru—N1-C1 dihedral angles of 1 and 2 are
also reduced and approach 90° to make three ligands more
perpendicular to each other in the excited state. The slight
changes in the geometry result from the electron excitation
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from the d(Ru) to the n*(ligand) (vide infra). Interestingly,
we found that the geometry changes in 2 are greater than
those in 1 because the NN ligand of 2 is larger than that
of 1, so the influence to the structures caused by excitation
are greater in 2 than in 1.

The calculated phosphorescence of 1 and 2 together with
the measured value of 2[>' are given in Table 5; the frontier
molecular orbital compositions responsible for the emis-
sions are summarized in Table 6. Figure 4 displays the intu-
itive electron transition diagram of the emission.

Energy [eV]

6la___ ¥
1 d.#d An(NN)

Xy xy

Tla__ Y
d+d. An(bpy)y+n(N"N)

7 X

| P I I T T

Figure 4. Transitions responsible for the calculated emission of 1
and 2 at 638 and 731 nm, respectively.

Table 5 shows that the calculated phosphorescence of 1
and 2 are at 638 (1.94¢V) and 731 nm (1.70 eV), respec-
tively. The phosphorescence of 2 at 731 nm agrees very well
with the experimental value at 729 nm (1.70 eV).2!! With
respect to 1, Table 5 shows that the transition of MO 60b
— MO 6la with the configuration coefficient of 0.638 is
responsible for the calculated emission at 638 nm. Table 6

Table 5. Calculated phosphorescent emissions (TDDFT method) of 1 and 2 together with the corresponding experimental values of 2.

Transition Conlfig. (CI coeff.) E/nm [eV] Assignment Expt./nm [eV]
1 A’B — X'A 60b — 61a (0.638) 638 (1.94) SMLCT/PLLCT
2 A’B — X'A 71b — 71a (0.712) 731 (1.70) SMLCT/ILCT 729 (1.70)

[a] From ref.”!l

Table 6. Molecular orbital compositions [%] in the A’B excited states for 1 and 2.

Orbital Energy MO composition Main bond type Ru component
[eV] Ru bpy NN

1

60b L -7.86 0.4 87.0 12.6 n*(bpy)

6la H -10.50 20.0 4.2 75.8 d o+d,, (N N) 12.7d,2,2 6.8 dy,

2

71b L -8.16 13.9 7.8 78.3 n*(N"N)

72a H -10.65 52.1 8.8 39.1 d,,+d2+1(N"N) 36.6 dy, 9.7 d.-

71a H-1 -11.27 73.5 16.4 10.1 d.+d 2 ot+m(bpy)+n(NN) 428 d.-304d,
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shows that MO 60b is dominantly localized on the bpy li-
gand, whereas MO 6la is composed of 12.7% d,>_2(Ru),
6.8% d.,(Ru), and 75.8% mn(N~N). Thus, the calculated
emission of 1 at 638 nm originates from the 3{[dxz,yz(Ru) +
d,(Ru) + T(NN)] [n*(bpy)]} excited state with *"MLCT/
3LLCT character. However, the calculated emission of 2 at
731 nm has different transition character. The transition of
MO 71b — MO 71a (|CI| = 0.712) contributes to the emis-
sion, and Table 6 shows that MO 71a has 42.8% d_(Ru),
30.4% d.» »(Ru), 16.4% mn(bpy), and 10.1% mn(N"N),
whereas MO 71b is dominantly contributed by m*(N/N).
Thus, the calculated emission of 2 at 731 nm can be
dominantly described as originating from the 3{[d_»(Ru) +
dp o(Ru)] [m*(NAN)]} excited state with dominantly
SMLCT character perturbed by little *{[n(bpy) + T(N"N)]
[T*(NAN)]} excited state with ILCT/LLCT character,
which is different from the lowest-lying triplet excited state
of 1.

The above discussion revealed that the lowest-lying ab-
sorptions calculated at 521 nm for 1 dominantly arise from
the combination of MLCT and LLCT electronic transi-
tions, and that those calculated at 598 nm for 2 arise from
dominantly a MLCT transition, whereas their calculated
phosphorescence are just the reverse processes of these low-
est-lying absorptions because of the same symmetries and
properties. The energy difference between the calculated
lowest-energy absorption and the phosphorescence are 0.44
and 0.37 eV for 1 and 2, respectively.

Upon experimentation, the following formulas exist: k,
(radiative decay rate), k,, (nonradiative decay rate), @
(quantum yield), and 7 (lifetime), where k. = @/7, k,, = (1 -
®)/7, and @ can be affected by the competition between k,
and k,,, namely, ® = k/(k, + k). So, in order to increase
the quantum yield, k, should be increased and k,, should
be decreased simultaneously or respectively.[!&14¢-30]

The calculated emission results showed that the excited
state character of 1 and 2 are different from each other.
The calculated emission of 1 originates from the 3{[d(Ru) +
n(NAN)] [n*(bpy)]} excited state with less than 20%
SMLCT and more than 70% 3LLCT. The emission of 2,
however, is dominantly from the 3{[d(Ru)] [r*(NN)]} ex-
cited state, with about 60% *MLCT and about 20% ILCT/
SLLCT. In our previous study on the phosphorescence of
Ir complexes,?! we knew that the quantum efficiencies
could be increased by larger *MLCT excited state composi-
tions, which is consistent with the conclusion obtained by
Abrahamsson et al.>!l that 1 is not emissive but 2 is at room
temperature. On the investigation of Ru, Os, and Ir com-
plexes, De Angelis et al.l'™4l and Chou, Chi et al.’?!l
concluded that intersystem crossing could be enhanced by
notable SMLCT participation, namely, the phosphorescence
(T, — S, radiative transition) in which 3nr* mixed with
SMLCT excited states should be greatly increased by in-
creasing the ratio of MLCT: *rnr*. This is consistent with
our calculated results that the *MLCT composition of 2 is
three times more than that of 1. Thus, the increase in
SMLCT should help the system to convey the excited-stated
energy toward the emitting state and avoid higher-energy
1274
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nonradiative decay pathways, ultimately leading to in-
creased quantum yields, namely, k,> k., and @,> @;.

Complex 2 is emissive, but its quantum yield is only
2% 1073 and k5 (4.8 X 10%* s71) is 500 times bigger than k.,
(2.4% 107 s71).21 This is a result of the fact that the effects
of vibrational relaxation, quenching and energy transfer, in-
ternal conversion (IC), intersystem crossing (ISC), and in-
teractions with the solvent molecules can prevent the sys-
tem from undergoing radiative decay emission pathways,
which ultimately leads to low quantum yields of 2. More-
over, another reason why 2 is emissive but 1 is not is due to
the fact that the interaction of 1 with the solvent is larger
than that of 2, because the hydrazone ligand is more planar,
smaller, and more affected by the solvent than the azine
ligand; thus, 1 can more easily convey the excited-state en-
ergy towards the nonradiative decay pathways than 2,
namely, k4> k.

Furthermore, the ligand involved in the emission transi-
tion in the two complexes is different: for 1 the transition
occurs on the bpy ligand, but for 2, it occurs on the NAN
ligand. Datta and coworkers deduced by transient absorp-
tion that the lowest MLCT state of 2 is localized on the
bpy ligand, which differs from our conclusion.?!1 In order
to confirm that our calculated result was more reasonable
and acceptable, the emission spectra of 1 and 2 were recal-
culated by the TDDFT method on the basis of the excited-
state geometry optimized at the UMP2/LANL2DZ level.
Excited-state characters similar to those calculated by the
DFT method were obtained, except for a small deviation in
the excitation energy of about 0.09 eV for 1 and 0.14 eV for
2. Both the ab initio and the DFT methods gave acceptable
results, but the DFT results are more consistent with the
experimental values.

Conclusions

The present theoretical work investigated the ground-
and excited-state geometries, absorptions, and phosphores-
cence properties of two Ru complexes with bpy and NN
ligands. The calculated results showed that HOMO and
LUMO can be significantly changed by altering the NN
ligand. The lowest-lying absorption of 1 at 521 nm was as-
signed to the MLCT/LLCT transition and that of 2 at
598 nm was dominantly ascribed to MLCT transitions. The
calculated phosphorescence of 1 at 638 nm can be described
as originating from the *MLCT/PLLCT excited state,
whereas that of 2 at 731 nm was dominantly from the
SMLCT excited state. Compound 1 was found to be non-
emissive, but the calculated results showed three reasons for
the emission of 2: (1) The different triplet lowest-lying ex-
cited state for 1 (MLCT/LLCT) and 2 (MLCT/ILCT).
(2) The 3SMLCT excited state composition of 2 is three times
more than that of 1 (k.; <k3). (3) The nonradiative decay
pathways are easier for 1 than for 2 (k.4 > k,2). Thus, it is
very practical to explore the factors related to k, and k,,
including the relationship between the NN ligand, the
SMLCT composition and the phosphorescence properties,

Eur. J. Inorg. Chem. 2008, 1268-1276
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and the interactions between the Ru' complexes and the
solvent. We hope these theoretical studies can provide
suggestions in the design of new highly efficient Ru' phos-
phorescent materials.
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