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Abstract A series of Osmium(II) complexes [Os
(trpy-R)2]2+(trpy=2,2′,6′,2′′-terpyridine and R=H (1), OH
(2), and C6H5(3)) have been investigated by the density
functional (DF) and ab initio calculations. The structures
of 1–3 in the ground and excited states were fully opti-
mized at the B3LYP and CIS level, respectively, and their
absorption and emission spectra in the acetonitrile solution
were obtained using the TD-DFT (B3LYP) method associ-
ated with the PCM model. The calculations indicated that, for
1–3, the variation of the substituents on the terpyridine lig-
and only slightly changes their geometrical structures in the
ground and excited states but leads to a sizable difference in
the electronic structures. The results show that the low-lying
MLCT/ILCT transitions (at 446 (1), 465 (2), and 499 nm (3))
are red-shifted according to the electron-donating ability of
substituents on the terpyridine ligand, but blue-shift trend
of the high-lying ILCT transitions (at 301 (1), 297 (2), and
272 nm (3)). It also reveals that the lowest energy emissions
of 1–3 at 649 nm, 656 nm, and 676 nm have the character
of mixing 3[π*(trpy) → d(Os)] and 3ππ* (3MLCT/3ILCT)
transitions localized on the terpyridine ligand, which are
identical to the transition properties of the lowest-energy
absorptions.
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1 Introduction

Transition metal complexes of Osmium(II) have drawn the
research interests from both experimental and theoretical
views in the past decades [1–12], because they hold a large
number of fascinating photochemical characters such as
UV/Vis absorption, photoluminescence, and long-lifetime
emission [9]. Most characters are ascribed to the imposed
strong spin-orbit coupling induced by Os atom, which can
effectively promote singlet-to-triplet intersystem crossing
and enhance the consequent radiative transition from the
triplet state to the single state [13,14]. Therefore, Osmium(II)
complexes have been widely applied in solar energy con-
version, luminescence sensing, electroluminescence and/or
phosphorescent organic light-emitting diodes (OLEDs)
[15–26].

Attentions were once focused on a series of simple biden-
tate complexes such as [Os(orRu)(bpy)3]2+ (bpy=2,2′-
bipyridine), because of its unique chemical stability, redox
properties, strong luminescence intensities and long excited
state lifetimes [27–30]. But the bidentate complexes of Ru
and Os are not suitable for the construction of supramolecu-
lar systems from geometric viewpoint [31], several research
groups have paid much attention to the tridentate Os and
Ru complexes [32–39], such as [Os(orRu)(trpy)2]2+ [40],
since the tridentate ligand has predominant structural advan-
tages on the formation of supramolecular systems. Several
[Ru(trpy-X)(trpy-Y)]2+ complexes (X or Y=MeSO2, Cl, H,
Ph, EtO, OH, or Me2N) have been investigated experimen-
tally by Mauro et al. [41]. The absorption spectra shows
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that spin-allowed metal-to-ligand charge-transfer (1MLCT)
absorption is in the visible spectral region, and the complexes
show intense luminescence in the solid state, with lifetimes
in the 1–10 µs scale.

Recently, Philippe et al., and Ciofini et al. studied a series
of novel tridentate complexes: [(ttrpy)Os(trpy-ph-TPH+

3 )]3+,
[(ttrpy)Os(trpy-xy-TPH+

3 )]3+, [(ttrpy)Os(trpy-ph-TPH2

(NO2)
+)]3+, and [(ttrpy)Os(trpy-xy-TPH2(NO2)

+)]3+
(TP+=2,4,6-triarylpyri-dinium) in terms of designing photo-
chemical molecular devices (PMDs) [42–45]. The complexes
are all P–A-type dyads, which are made of Os(II) bis-trpy as
the photosensitizer (P) and TP+ group as the electron accep-
tor (A), and the dyads can form charge-separated (CS) states
upon light excitation. Specially, the photosensitizer part for
[Os(trpy)2]2+ plays an important role in the CS process [46].
These CS excited states actually correspond to the transient
conversion of light into an electrochemical potential, which
can be potentially used either for energy storage or for elec-
tricity production [47–51]. Each components of the polyads
has been the subject of intense experimental design and syn-
thetic work, aiming at identifying and selecting the best P, A
and D (electron donating) building blocks as well as propos-
ing satisfactory intercomponent bridging units.

Although there are many experimental researches on the
photophysical and photochemical properties of luminescent
[Os(trpy)2]2+ complexes, the theoretical studies of the Os(II)
bis-trpy on their electronic structures and spectroscopic prop-
erties are scarce. Recently, Zhou [52] calculated a series of
terpyridyl Ru and Os complexes, in which the works were
focused on the description of Ru(II) terpyridine complexes,
but the substituent Os(II) terpyridine complexes were less
studied. It is well known that the spectroscopic and geomet-
rical properties for Os(II) may be of significant difference
compared with Ru(II) due to the discrepancy in the relativis-
tic effect of 4d and 5d electrons. Therefore, a deep insight into
the structures and spectroscopic properties for this kind of
complexes is much needed and significant. The present work
aims at determining the substituents effects on the electronic
structures and spectroscopic properties of these complexes,
and assess the validity of the generally accepted [1–12,14]

MLCT transition for the lowest-energy absorption and emis-
sion. We hope that the theoretical investigations can provide
an important clue in designing the novel transition metal com-
plexes and improving the photosensitizer candidate in term
of PMDs. Herein, we performed theoretical calculations on
[Os(trpy-R)2]2+ (trpy=2,2′,6′,2′′-terpyridine and R=H (1),
OH (2), and C6H5(3)) complexes in the ground and excited
states using ab initio and density functional theory (DFT)
methods. The calculations indicated that the 3MLCT/3ILCT
transitions are responsible for the lowest-energy phospho-
rescence of 1–3 and the phosphorescent emissions are red-
shifted as the increasing of the ability of electron-donating
of substituents.

2 Computational details and theory

The Becke’s three parameter functional and the Lee–Yang–
Parr functional (B3LYP) [53] and single-excitation config-
uration interaction (CIS) methods [54–56] were employed
to optimize the ground and excited-state structures of 1–3,
respectively. On the basis of the optimized structures in
ground and excited states, the spectroscopic properties related
to the absorption and emission in acetonitrile were obtained
by the time-dependent density functional theory (TD-DFT)
[57–59] at B3LYP functional associated with the polarized
continuum model (PCM) [60,61].

The complexes investigated here are shown in Fig. 1. The
calculated complexes display D2d symmetry for 1 and C2

symmetry for 2 and 3 in both the ground and excited states.
The orientation of the complexes in Cartesian coordinates is
also displayed in Fig. 1. In the calculations, quasirelativis-
tic pseudopotentials of the Os atoms proposed by Hay [62]
and Wadt [63] with 16 valence electrons were employed,
and the LANL2DZ basis sets associated with the pseudopo-
tential were adopted. The basis sets were described as Os
(8s6p3d/3s3p2d), C, N and O (10s5p/3s2p), and H (4s/2s).
Therefore, 390 basis functions and 258 electrons for 1, 408
basis functions and 274 electrons for 2, 514 basis functions
and 338 electrons for 3 are included in the calculations. All

Fig. 1 Optimized geometry structures of 1–3 at the B3LYP/LANL2DZ level
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Table 1 Main optimized geometry structural parameters of the complexes in the ground and lower lying triplet excited states at the B3LYP and
CIS levels, respectively, together with the experimental values of 1

Parameter 1 2 3

X1A A3A X1A A3A X1A A3A 1 Expta

Bond lengths (Å)

Os-N(1) 2.100 2.132 2.099 2.157 2.100 2.156 2.089

Os-N(2) 2.010 2.035 2.015 2.039 2.010 2.057 1.972

Os-N(3) 2.100 2.132 2.101 2.161 2.100 2.156 2.089

N(1)-C(1) 1.360 1.343 1.360 1.329 1.360 1.333

N(1)-C(2) 1.388 1.366 1.389 1.371 1.388 1.358

N(2)-C(3) 1.373 1.350 1.369 1.352 1.371 1.336

N(2)-C(4) 1.373 1.350 1.374 1.348 1.373 1.336

C(7)-O(1) 1.365 1.352

Bond angles (deg)

N(1)-Os-N(2) 78.4 77.9 78.1 77.7 78.2 77.7 78.9

N(3)-Os-N(2) 78.4 77.9 78.3 77.7 78.2 77.7

N(2)-Os-N(4) 180.0 180.0 179.8 179.9 180 180

N(3)-Os-N(4) 101.6 102.1 101.8 102.2 101.8 102.3

N(1)-Os-N(4) 101.6 102.1 101.7 102.3 101.8 102.3

Dihedral angles (deg)

N(1)-Os-N(2)-N(5) –90.0 –90.0 –90.3 –89.9 –90.4 –89.9

C(11)-C(7)-C(9)-C(12) 34.42 42.0

a From refs. [40] and [43]

the calculations are accomplished by using the Gaussian03
(Revision C.02) program package [64] on an origin/3900
server.

3 Results and discussion

3.1 The ground-state structures and absorption spectra
in the CH3CN solution

The ground-state structures of 1–3 are fully optimized by
the B3LYP method. The calculated results reveal that all of
the complexes have the X1A ground state. The optimized
structures are illustrated in Fig. 1, and the corresponding
main geometrical parameters together with the X-ray crystal
diffraction data of 1 [40,43] are listed in Table 1. It shows
that the two trpy planes are almost perpendicular to each
other with N(1)-Os-N(2)-N(5) dihedral angles very close
to 90◦. Furthermore the optimized bond lengths and bond
angles of all the complexes in the ground state are in general
agreement with the corresponding experimental values of 1.
The calculated bond distances of Os-N(1) (2.100 Å), and
Os-N(2) (2.010 Å) are slightly longer by about 0.01–0.04 Å
compared with the measured values. The bond angles of
N(1)-Os-N(2) of 1 are about 78.4◦, corresponding well to
the experimental values of 78.9◦. The distance of N(2)-C(3)

of 1–3 is ca. 1.37 Å, which is much shorter than a normal
N-C single bond length of 1.48 Å, indicating some delo-
calization of the lone pairs of the central amine nitrogens
into the pyridine rings. The dihedral angle of C(11)-C(7)-
C(9)-C(12) of 3 is about 34.4◦, it is in favor of forming the
π -conjugation between the phenyl and terpyridine. There-
fore, phenyl would act as a strong electron donator in com-
plex 3 when needed.

The calculated absorptions in the UV-visible region asso-
ciated with their oscillator strengths, the main configurations
and their assignments, and the experimental results are sum-
marized in Table 2; the frontier molecular orbital composi-
tions of 1–3 are compiled in Tables 3, 4, and 5, respectively,
Fitted Gaussian type absorption curves with the calculated
absorption data are shown in Figs. 3 and 4. To intuitively
understand the transition process, we display the electron
density diagrams of 1 in Fig. 2, in Figs. S1 and S2 (Support-
ing Information) for 2 and 3, respectively, and the molecular
orbital energy levels involved in the transitions of 1–3 are
displayed in Fig. 5.

With respect to 1, as seen in Table 2, four low-lying dipole-
allowed absorptions at 547, 446, 301, and 243 nm are
attributed to the MLCT/ILCT, MLCT/ILCT, ILCT/LMCT,
and ILCT/LMCT transitions, respectively. In view of the D2d

symmetry of 1, there are some degenerate orbitals such as
MOs 33e, 34e, 35e, 36e and 37e. In Table 3, higher occupied
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Table 2 Absorptions of 1–3 in acetonitrile under TD-DFT (B3LYP) calculations, together with experimental values

Transition Config (CI coeff) E, nm (ev) Oscillator Assignment λexptl (nm)a

1 X1A1→A1E 5b1→35e (0.69) 547.34 (2.27) 0.0196 MLCT/ILCT 536

X1A1→B1B2 5b1→5a2 (0.52) 446.23 (2.78) 0.2505 MLCT/ILCT 477

X1A1→C1E 4b1→35e (0.63) 301.48 (4.11) 0.4777 ILCT/LMCT 312

X1A1→D1E 33e→35e (0.49) 243.18 (5.10) 0.4941 ILCT/LMCT 270

2 X1A1→A1B 68a→69b (0.54) 533.56 (2.32) 0.0204 MLCT/ILCT

X1A1 → B1B 68a→70b (0.40) 465.23 (2.67) 0.2519 MLCT/ILCT

68a→69b (−0.34) MLCT/ILCT

X1A1→C1B 67b→70a (0.67) 297.20 (4.17) 0.2573 ILCT/LMCT

X1A1→D1B 66b→70a (0.34) 261.79 (4.74) 0.1452 LLCT/LMCT

66a→69b (0.28) LLCT/ILCT

3 X1A1→A1B 89a→81b (0.67) 550.21 (2.25) 0.0176 MLCT/ILCT

X1A1→B1A 79b→81b (0.30) 499.25 (2.48) 0.1920 MLCT/ILCT 490

80b→81b (0.30) MLCT/ILCT

X1A1→C1A 78b→81b (0.49) 311.80 (3.98) 0.1815 LLCT/LMCT 314

77b→82b (0.48) LLCT/LMCT

X1A1→D1A 86a→91a (0.54) 272.03 (4.56) 0.7933 ILCT/LMCT 286

a From refs. [40] and [44]

Table 3 Molecular orbital
compositions related to the
absorption for
[Os(tpy-H)2]2+(1) at the
B3LYP level

Orbital Energy (eV) Composition (%) Assignment of orbitals

Os trpy

27b2 0.1192 50.1 49.9 π∗(trpy)+dxz(Os)

37e −0.5845 96.9 π∗(trpy)

7b1 −1.1410 9.1 90.9 π∗(trpy)+dxy(Os)

36e −1.4904 97.9 π∗(trpy)

6a2 −1.5780 100.0 π∗(trpy)

6b1 −2.2899 93.9 π∗(trpy)+dxy(Os)

5a2 −2.4444 100.0 π∗(trpy)

35e −2.5889 12.9 87.1 π∗(trpy)+d2
x −y

2(Os)

HOMO-LUMO energy gap

5b1 −5.7846 67.3 32.7 dxy(Os)+π (trpy)

34e −5.9202 64.6 35.4 dyz(Os)+π (trpy)

4a2 −7.1860 100.0 π (trpy)

4b1 −7.2451 96.9 π (trpy)

33e −8.1172 98.1 π (trpy)

MOs (5b1, 34e) are comprised of substantial compositions of
metal Os(II) atom, while the terpyridyl ligand dominates the
virtual MOs (35e, 5a2). With respect to the 547 nm lowest-
energy absorption, the 5b1 → 35e excitation corresponds
to the largest CI coefficient of 0.69. As seen in Table 3,
MO 5b1 is the highest occupied MO (HOMO) composed of
about 67% metal Os(II) and 33% terpyridyl ligand, while the
lowest unoccupied MO 35e (LUMO) lies above the HOMO
by about 3.2 eV, is mainly localized on the terpyridyl ligand

with the 87% composition. Therefore, the lowest-energy
absorption at 547 nm with oscillator strength of 0.0196 aris-
ing from the X1A1 → A1E transition is assigned as the
Os(II)+π (trpy) → π*(trpy) charge transfer (MLCT/ILCT)
transition. The lowest-energy absorption is coincided with
the 537 nm absorption in experiments, but the oscillator
strength is so small that can obviously be observed for the
cases of 2 and 3 in experiments [40,43,44]. For the 446 nm
absorption from the X1A1 → B1B2 transition, the
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Table 4 Molecular orbital
compositions related to the
absorption for
[Os(tpy-OH)2]2+(2) at the
B3LYP level

Composition (%)

Orbital Energy (eV) Os trpy OH Assignment of orbitals

70b −2.4281 7.3 91.3 π∗(trpy) + dxz(Os)

70a −2.4488 11.4 86.8 π∗(trpy) +d2
x −y

2(Os)

69b −2.4621 94.7 π∗(trpy)

HOMO-LUMO energy gap

69a −5.6589 63.9 33.2 dxy(Os) + π (trpy)

68b −5.6606 61.1 34.1 dyz(Os) + π (trpy) + Px

68a −5.6777 64.3 33.6 d2
z (Os) + π (trpy)

67b −7.2018 99.7 π (trpy)

67a −7.2492 97.3 π (trpy)

66a −7.8571 57.3 37.3 π (trpy)+Pz

66b −7.8573 57.4 37.3 π (trpy)+Px

Table 5 Molecular orbital
compositions related to the
absorption for
[Os(tpy-C6H5)2]2+(3) at the
B3LYP level

Composition (%)

Orbital Energy (eV) Os trpy C6H5 Assignment of orbitals

91a −2.2869 89.5 π∗(trpy)

90a −2.4420 95.6 π∗(trpy)

82b −2.6033 13.0 83.2 π∗(trpy) + d2
x−2

y(Os)

81b −2.6066 13.0 83.2 π∗(trpy) + dxz(Os)

HOMO-LUMO energy gap

89a −5.7743 67.2 32.5 dxy(Os) + π (trpy)

80b −5.8026 59.6 33.8 dyz(Os) + π (trpy)

79b −5.8070 59.7 33.8 d2
z (Os) + π (trpy)

78b −7.0538 22.5 69.2 π (c6h5) + π (trpy)

77b −7.0581 22.4 69.3 π (c6h5) + π (trpy)

88a −7.1354 7.9 92.1 π (c6h5) + π (trpy)

87a −7.1368 95.7 π (c6h5)

86a −7.1969 94.7 π (trpy)

5b1 → 5a2 excitation corresponding to the largest CI coef-
ficient of 0.52 dominates the absorption. As indicated in
Table 3, MO 5a2,∼ 0.15 eV higher than 35 e (LUMO), is
pure terpyridyl π -bonding orbital. Thus, the absorption at
446 nm is attributed to the Os(II) + π (trpy) → π*(trpy)
charge transfer (MLCT/ILCT) transition with a larger oscil-
lator strength of 0.2505. With regard to the C1E excited state,
the 301 nm absorption is mainly contributed from the 4b1 →
35e excitation (CI coefficient = 0.63). Among the four low-
lying absorptions, the 301 nm absorption with the oscillator
strength of 0.47 is considered as the most intense absorp-
tion observed in experiments. From Table 3, the MO 4b1

(HOMO-3) is mainly localized on the terpyridyl ligand
with the 97% composition. We can attribute the lower-lying

absorption at 301 nm to the ILCT/LMCT character, which
corresponds to the lower-energy absorption at 312 nm in
experiments. In the X1A1 → D1E transition, the 33e →
35e excitation corresponding to the largest CI coefficient of
0.49 dominates the absorption. As depicted in Table 3, the
MO 33e are pure terpyridyl based involving substantial ter-
pyridyl (ca. 98%) and the MO 35e are localized on ligand
terpyridyl (ca. 87%) perturbed by some metal Os(II) contri-
bution (ca. 13%), so the 243 nm absorption is assigned to the
ILCT transition within mixed with some LMCT characters.

To intuitively understand the absorption of 1 in solution,
we display the electron density diagrams in Fig. 2, in which
involved four single electron excitations corresponding to the
maximal CI coefficients. Fig. 2 could help to comprehend
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Fig. 2 Single electron transitions with the maximum CI coefficients under TD-DFT calculations for the 547, 446, 301 and 243 nm absorptions of
[Os(tpy-H)2]2+(1) in acetonitrile

Fig. 3 Simulated absorption
spectra with Gaussian curve
based on the data calculated
under the TD-DFT method in
acetonitrile for
[Os(tpy-H)2]2+(1). (Excited
states listed in Table 2 are
colored. Green lines:
MLCT/ILCT transition. Red
line: ILCT/LMCT transition.
Black line: LLCT/LMCT
transition.) Inset: experimental
spectra [45]
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the data calculated under the TD-DFT method in acetonitrile for
[Os(tpy-OH)2]2+(2) and [Os(tpy-C6H5)2]2+(3). (Excited states listed
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Fig. 5 Diagrams of energy levels of orbitals involved in the absorptions for [Os(tpy-H)2]2+ (1), [Os(tpy-OH)2]2+ (2), and [Os(tpy-C6H5)2]2+
(3) under TD-DFT calculations

the above discussion explicitly. For example, with respect to
the 301 nm absorptions, the electron density diagram shows

that the charges transfer located on the terpyridyl ligand is
attributed to intraligand charge transfer (ILCT) transition
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within mixed with some ligand-metal charge transfer
(LMCT) characters.

Additionally, for third-row heavy metal (including Os),
the strong spin-orbit coupling effectively promotes an inter-
system crossing from singlet excited states to lower triplet
emitting states [65,66]. The Spin-orbit coupling constants
of Osmium and Ruthenium are 3,381 and 1,042 cm−1 have
been reported [67]. The large spin-orbit coupling of the Os
atom enables the spin-forbidden absorptions to be observed
in the experimental for the Os-terpy complexes. Therefore,
the triplet excited states related to the spin-forbidden absorp-
tions are also considered in the TD-DFT calculations for
1–3. The lowest-energy absorptions of 1–3 are 667, 680, and
694 nm, respectively, compared with the experimental weak
absorption peak at 670 nm.

To analyze the absorption spectra of 2 and 3, we list their
corresponding compositions of frontier orbitals in Tables 4
and 5. As seen in the Tables, unoccupied MOs are dominated
by π -antibonding located upon the terpyridyl ligand, while
occupied MOs are delocalized on the Os(II) atom, terpyridyl
ligand and its substituents. The introduction of the electron-
donating substituents into the terpyridyl ligand results in the
relevant difference in the compositions of the occupied fron-
tier orbitals of 2 and 3, which are compared with 1.

With respect to 2 and 3, the two lowest-lying absorp-
tions are calculated at 533 and 465 nm for 2 and 550 and
499 nm for 3, respectively. As seen in Tables 4 and 5, the
MO 68a (HOMO-2) of 2 involves 64.3% Os(II), and 33.6%
trpy group, while the MOs 89a (HOMO) and 80b (HOMO-1)
of 3 comprise 67.2% Os(II), 32.5% trpy and 59.6% Os(II),
33.8% trpy, respectively. The LUMO and LUMO+1 of 2
and LUMO of 3 are a set of quasi orbitals, which are local-
ized on the π orbital of terpyridyl above 83%. Thus, both of
the two lowest-lying absorptions of 2 and 3 are all assigned
to MLCT mixed with some ILCT transition. It shows that
both the oscillator strength and transition properties of the
lowest-energy absorptions of 2 and 3 are similar to those of
1, except of some red shift of the wavelengths. As with the aid
of Table 2, one can know that the C1B excited state of 2 and
D1A excited state of 3 original from the 67b → 70a and 86a
→ 91a transitions, which have the largest oscillator strength
of 0.2573 and 0.7933, respectively, are assigned to the ILCT
transition mixed with some ligand-metal charge transfer tran-
sition. The corresponding absorptions are located at 297(2)
and 272(3) nm with some blue shift compared with 301 nm
of 1. For the lower-energy 272 nm absorption of 3, the oscil-
lator strength of 0.79 is far larger than that of corresponding
lower-energy absorption of 1 and 2. The possible reason can
be rationalized the presence of the strong resonance between
electron-donating phenyl group and terpyridyl ligand.

Additionally, for the 261 and 312 nm absorptions of 2
and 3, which come from the X1A1 → D1B and X1A1 →
C1A transition, respectively, the 66b → 70a and 78b → 81b

excitation configurations corresponding to the largest CI
coefficient of 0.34 and 0.49 dominate the absorptions. The
occupied MOs 66b and 78b are mainly located on the ter-
pyridyl and its substituents. Therefore, the absorptions with
the larger oscillator strength (0.15 and 0.18) of 2 and 3,
are characterized as the LLCT/LMCT transitions perturbed
with the LLCT transition arising from a ππ stacking interac-
tion between terpyridine and its substituents. The electron-
donating groups connected with the terpyridyl ligand directly
affect the occupied molecular orbitals, which lead to the
changes of transition properties.

3.2 Substituent effects on absorption spectra

To probe the nature of the substituent effects on absorption
spectra, on the basis of the calculated excited states with
f > 0, we simulated the absorption spectra of 1–3 with
Gaussian curves. The fit absorption curves are depicted in
wavelength versus oscillator strength in Figs. 3 and 4. The
full width at half-maximum of each Gaussian curve is eval-
uated to be 10 nm based on the narrowest peak of absorption
of [Os(trpy-H)2]2+ in acetonitrile at room temperature [43].
Because the narrowest peak of absorption of terpyridyl Os(II)
complexes always arises from the ligand-centered (LC) tran-
sition involved in the terpyridine, the selection of the full
width is appropriate for 1–3.

As illustrate in Fig. 3, both the theoretical and experimen-
tal absorption spectra of complex 1 are given for comparison.
The shapes of the absorption spectra are similar to each other
for 1–3. To intuitively understand the absorptions of 1–3, we
show the various transitions by using colored line (Green
line: MLCT/ILCT transition. Red line: ILCT/LMCT transi-
tion. Black line: LLCT/LMCT transition). The results show
that the MLCT/ILCT(green line) and LLCT/LMCT(Black
line) are red-shifted and the ILCT/LMCT(red line) are blue-
shifted for 1–3. The lowest-energy green line demonstrates
that the MLCT transitions in these kinds of Os(II) complexes
dominate the low-energy absorption. We think that this is the
most fascinating factor for the complexes as the emissive
candidates. On one hand, this kind of transition is dipole-
allowed; on the other hand, the singlet-triplet transition prob-
ably occurs due to the participation of the metal. Both of these
two properties can ensure the high luminescence efficiency
of the complexes [68].

To further shed light on how substituents affect the
electronic transitions, the orbital energy levels for 1–3 are
illustrated in Fig. 5. It is clearly shown that MLCT/ILCT
transitions are red-shifted because the occupied molecular
orbitals are sensitive to the variation of substituents. In view
of comparing the ability of the electron-donating groups of
C6H5- and -OH, we calculated their natural charge based on
the Natural Bond Orbital (NBO) analysis. The results show
that the total charge of the C6H5- is 0.06881e, while that of
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Table 6 Phosphorescent
emissions of 1–3 in acetonitrile
under the TD-DFT(B3LYP)
calculations, together with
experimental values

a From ref. [44]

Transition Config(CI coeff) E, nm (ev) Assignment λexptl (nm)a

1 3E →1A1 35e→34e (0.55) 649.41 (1.91) 3MLCT/3ILCT 720

2 3A →1A1 70a →69a (0.48) 656.54 (1.89) 3MLCT/3ILCT

70b →68b (0.44) 3MLCT/3ILCT

3 3A →1A1 81b→80b (0.75) 676.28 (1.83) 3MLCT/3ILCT

Table 7 Molecular orbital
compositions in the excited state
for [Os(tpy-H)2]2+(1) at the
B3LYP level

Composition (%)

Orbital Energy (eV) Os trpy Assignment of orbitals

5a2 −2.3437 100.0 π∗(trpy)

35e −2.4820 11.6 88.4 π∗(trpy) + dxz(Os)

HOMO-LUMO energy gap

5b1 −5.7408 71.1 28.9 dxy(Os) + π (trpy)

34e −5.8238 67.0 33.0 dxz(Os) + π (trpy)

4a2 −7.2497 100.0 π (trpy)

the -OH is –0.13801e, therefore the strength of the electron-
donating group should be C6H5- > -OH. The occupied
molecular orbital energy levels increase significantly in the
order C6H5 > -OH > H according to the electron-donating
ability of C6H5 > -OH > H. However, unoccupied orbital
energy levels are changed slightly, resulting in the consider-
able decrease of energy gap between the occupied molecular
orbitals and the unoccupied molecular orbitals.

3.3 The lowest-energy excited-state structures and emission
spectra in the CH3CN solution

On the basis of the optimized ground-state structures, the
lowest-energy excited state structures of 1–3 are fully opti-
mized by the CIS method. Upon excitation of 1–3, the struc-
tures still keep similarity with respect to those of the ground
states (see Table 1). For 1, the Os-N(1), Os-N(2), and
Os-N(3) bond lengths are slightly elongated ca. 0.02–0.03
Å compared with those in the ground state, while the C-N
bond length is somewhat shortened. The analogous trends are
also observed in 2 and 3. The variation of bond lengths cor-
responds to the electrons being promoted from the Os(II)
atom to the terpyridyl ligands and the weakened interac-
tion between Os(II) atom and ligands upon excitation. The
evidence suggests that 3MLCT/3ILCT transition should be
responsible for the lowest-energy emission.

In view of obtaining convincible emissive energies, based
on the excited-state structures optimized by the CIS method,
the emission spectra of 1–3 in acetonitrile are calculated
by the TD-DFT approach at the B3LYP level associated
with the PCM model. The corresponding emissions of 1–3
are listed in Table 6 associated with the emissive energies

and transition assignments; the frontier molecular orbital
compositions responsible for the emissions are compiled in
Tables 7, S1, and S2 for 1–3, respectively; the intuitive elec-
tron transition diagram of the emission is shown in Fig. 6.

The calculated lowest-energy phosphorescence in the ace-
tonitrile solution of 1–3 are at 649, 656, and 676 nm, respec-
tively, the nature of which is assigned to the 3MLCT/3ILCT
character. We have presented in the above discussions that
the lowest-energy absorptions calculated at 547, 533, and
550 nm also arise from the MLCT/ILCT transition. Since the
lowest-energy emissions and absorptions have the same sym-
metry and transition character for each complexes, the phos-
phorescent emissions should come from the lowest-energy
absorptions. The Stokes shifts between the lowest-energy
absorptions and emissions are 0.36 (1), 0.43 (2), and 0.42 eV
(3), respectively. The modest shifts are in agreement with the
minor change between the ground- and excited-states struc-
tures.

The 649 nm emission of 1 is assigned to the phospho-
rescence arising from 3E →1A1 transition. Table 7 shows
the partial molecular orbital compositions of 1 for further
understanding the emissive state. As seen from Table 7, the
unoccupied MOs of LUMO are significantly localized on the
terpyridyl ligand above 88% compositions, while the MOs
5b1 (HOMO) and 34e are mainly contributed by the Os(II)
together with terpyridyl ligands. The analogous trend has
been observed from the absorption spectrum of 1. According
to above analysis, the 649 nm phosphorescence is attributed
to the 3MLCT (π*(trpy) → dxy(Os)) transition mixed with
some 3ILCT (ππ*) character. The electron density diagrams
of 1–3 are shown in Fig. 6. With the aid of the diagram,
we can intuitively understand the emissive process from the
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Fig. 6 Transitions responsible for the emissions at 649, 656, and 676 nm for 1–3, respectively, simulated in acetonitrile media

3E →1A1 transition. The MO 35e → MO 34e excitation has
the largest configuration coefficient (0.55) and causes the
emission. Laine et al. [44] have detected the lowest-energy
724 nm phosphorescence of [Os(trpy-H)2]2+ in CH3CN solu-
tion at room-temperature. They proposed that 3MLCT tran-
sition are responsible to the lowest energy phosphorescence
of the complex 1 whatever solutions are used.

Similar to the listing for 1, the partial frontier orbital com-
positions of 2 and 3 are listed in Tables S1 and S2, respec-
tively. As depicted in the Tables, unoccupied MOs of 2 and 3
are still localized on the terpyridyl. However, the introduction
of -OH and C6H5- groups into the terpyridyl ligand results
in the difference in the compositions of occupied orbitals on
going from 1 to 2 and 3. The -OH and C6H5- groups have lit-
tle effect to compositions of the first three occupied orbitals,
which contribute the MOs below HOMO-5 in 2 and HOMO-3
in 3, respectively. Therefore, the phosphorescences at 656 nm
of 2 and at 676 nm of 3 originating from the 3A →1A1 tran-
sition are essentially attributed to the π*(trpy) → dxy(Os)
and intraligand (ππ*) charge transfer (3MLCT/3ILCT) tran-
sition.

The electron transition diagram of the emission is shown
in Fig. 6, which shows the excited states corresponding to
the largest CI coefficient in the configuration wave function.
As shown in the diagram, HOMO-LUMO energy gaps of
1–3 decrease in the order 3.26(1) > 3.14(2) > 3.11(3) eV,
which is consistent with the electron-donating ability of

the substituent groups C6H5 > -OH > H. Moreover, the
introduction of substituents causes a red shift of phosphores-
cent emission on going from 1–3. From the above analysis, it
can be anticipated that the excitation energy related to emis-
sion will be decreased further, when the electron-donating
ability of ligand on terpyridyl is stronger than that of C6H5-
group.

4 Conclusions

The B3LYP and CIS methods were carried out to optimize the
ground and excited state structures of 1–3. On the basis of the
optimized structures, the absorption and emission spectra in
the CH3CN solution were obtained by the TD-DFT method
associated with the PCM model, respectively. Taking into
account the variation of substituents on terpyridine ligand,
the following conclusions can be drawn.

Complexes 1–3 have similar structures in both the ground
and excited states with the variation of the substituents on
terpyridine ligand. The minor change of structures between
the ground and excited states results in the little stokes shift
between the lowest-energy absorption and emission of 1–3.

The lowest-energy absorptions are attributed to the MLCT/
ILCT character, whereas the lowest-energy emissions origi-
nate from the 3MLCT/3ILCT transitions. When the electron-
donating substituents are introduced into the terpyridine
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ligand: (1) the lowest-lying absorptions and emissions are
red-shifted in the order 1 < 2 < 3; (2) the higher-energy
ILCT transition around 290 nm is blue-shifted contrarily; (3)
the substituent effect on occupied molecular orbitals is more
significant than that on the unoccupied molecular orbitals.

We hope these theoretical studies can provide some help
in designing other [Os(trpy)2]2+complexes.
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