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A comprehensive calculational investigation has been car-
ried out on a series of complexes of the type [(terpyridyl-R?)-
Pt(C=C-R?)], where terpyridyl-R! is a series of substituted
2,2":6',2"'-terpyridyl ligands and C=C-R? is a series of substi-
tuted acetylide ligands. In one series of complexes (I), the
energy of the electronic excited state is varied by changing
the substituents on the terpyridyl ligand (R!). In a second
series of complexes (II), this electronic structure variation is
obtained by changing the para substituents (R?) of the ace-
tylide ligand. The effect of varying the substituents on the
lowest-energy excited states of the complexes has been as-
sessed by calculating their electronic structures and exci-
tation energies. We anticipated that introduction of electron-
withdrawing substituents on the terpyridyl ligand will bene-
fit the LLCT (or MLCT) and prohibit the nonradiative path-
ways via d-d transitions in these complexes; introduction of
electron-donating substituents on the acetylide ligand can
also prohibit the nonradiative pathways by increasing the en-

ergy gaps between the HOMO-LUMO and d-d transitions.
The results also reveal that the lowest-energy excitations of
all complexes of series I and ITa-b complexes are dominated
by a n(C=C)—n*(terp) (LLCT) transition mixed with some
energetically dn(Pt)—terpyridyl (MLCT) transition. How-
ever, for the complexes IIc-IId, in which phenyl rings are
introduced on the acetylide ligand, the lowest-lying absorp-
tions of IIc and IId are predominately LLCT in character,
with less MLCT mixture, due to a lower contribution of the
Pt(d) orbital to the HOMO, while for Ile, with a stronger do-
nor on the acetylide, the lowest-lying absorption is com-
pletely LLCT in character. The absorption and emission cal-
culations using the TDDFT method are based on the opti-
mized geometries obtained at the B3LYP/LanL2DZ and CIS/
LanL.2DZ levels, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Transition metal complexes that feature metal-to-ligand
charge transfer (MLCT) excited states have fascinated pho-
tochemists for four decades.'"!?! This fascination derives
from a combination of features exhibited by MLCT excited
states, which include visible light absorption, photolumines-
cence, long lifetimes, and relative inertness toward uni-
molecular photochemistry.”) By far the majority of the
work that has been carried out on MLCT states has focused
on d® metal-polypyridine complexes of Ru'’, Os'!, and
Rel.[8:2:13.141 However, recently there has been increasing
interest in the properties of d® platinum(ir) complexes such
as [PtL,(diimine)], where L = halide, nitrile, thiolate, isocya-
nide, and acetylide.['>271 These Pt''-diimine complexes fea-
ture long-lived excited states that are believed to be based
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on dnPt— n* diimine MLCT. Terpyridylplatinum(ir) com-
plexes have also attracted considerable attention in recent
years, mainly because of their interesting spectroscopic be-
havior®® 33 and useful physical and biological proper-
ties.[’*3% Indeed, these complexes have been established as
important DNA intercalatorsi*3¢l and protein probes.[*”]
Their spectroscopic properties and low-energy absorptions
generally arise from metal-to-ligand charge transfer
(MLCT) transitions. However, the development of the pho-
tochemistry of these complexes is limited by their nonemis-
sive or short-lived MLCT excited states in solution at room
temperature.”®! This lack of emission originates from low-
lying d-d excited states, which provide facile nonradiative
deactivation pathways by molecular distortion. For these
complexes, the d-d and MLCT excited sates are very close
in energy, resulting in fast internal conversion from MLCT
to d-d excited states. Many efforts have been performed to
obtain emissive terpyridylplatinum(ir) complexes with long-
lived excited states and high emission quantum yields.!?8 33
The main strategy to construct long-lived and emissive ter-
pyridylplatinum(i) complexes involves utilizing substituted
terpyridyl ligands with low-lying LUMOs and/or ancillary
ligands on acetylide with a large electron-donating ability
to raise the HOMO of the metal center, hence resulting in

Eur. J. Inorg. Chem. 2005, 18561866



Absorption and Emission Properties of Terpyridylplatinum(i) Acetylide Complexes

FULL PAPER

the reduction of the MLCT excited state energy. As a result,
the energy difference between the MLCT and d-d state in-
creases. Yam et al.[33] have synthesized a series of terpyridyl-
platinum(1) acetylide complexes and studied the absorption
and emission properties of these complexes. They found
that the emission energies depend on the nature of the ace-
tylide ligands with different substituents on the phenyl ring,
i.e., the more electron-withdrawing the group on the phenyl
acetylide ligand, the higher the emission energy. This trend
is consistent with an assignment of a triplet metal-to-ligand
charge transfer CMLCT) state, probably mixed with some
acetylide-to-terpyridine ligand-to-ligand charge transfer
(PLLCT) character. Tung et al.[3¥] have synthesized and in-
vestigated a series of 4-tolylterpyridylplatinum(ir) acetylide
complexes, which show high quantum yield and long life-
time photoluminescence from a triplet metal-to-ligand
charge transfer *MLCT) excited state in fluid solution at
room temperature. In their UV/Vis spectra, all the com-
plexes exhibit intense vibronic-structure absorption bands
at 4 < 350 nm which come from the ligand-to-ligand
(LLCT) transition of terpyridyl and acetylide ligands as
well as the charge transfer transition involved in the Pt-
C=CR moieties, while the low-energy absorption bands at
400-500 nm  are  tentatively  assigned to  the
dn(Pt)— n*(trpy) MLCT transition.

Our aim is to determine to what extent the substituents
affect the low-lying electronic transitions of these complexes
and thus assess the validity of the generally accepted
MLCT assignments of the lowest-energy absorption bands.
We hope that our theoretical investigation can provide an
important guidance for the design of these metal coordina-
tion complexes. Two series of terpyridylplatinum(i) ace-
tylide complexes have been studied. In one series, Ia-Ic, the
substituents (R!) on the tepyridyl ligand are varied (H,
CH;, and CN) while the structure of the acetylide ligands
is held constant as -CH,OH to investigate the effect of dif-
ferent terpyridyl substituents on the spectra; in the second
series, Ila—Ile, the terpyridyl ligand is held constant (4-tolyl-
terpyridyl) while the para substituents (R?) on the acetylide
ligands are varied (CH,OH, n-propyl, CcH4Cl-4, C¢Hs,
and -C4HsNH,) to study the influence of different acetylide
substituents. The electronic structures of the complexes
were calculated by density functional theory, which was also
used to determine the nature of the electronic transitions.
The solvent effect was simulated by the polarizable contin-
uum model (PCM).13

Results and Discussion

Ground-State Geometry Optimization

The complexes investigated are shown in Scheme 1. To
provide the structures to be used for the calculation of the
electronic spectra, ground-state geometry optimizations
were first performed on the studied complexes. Because of
the different substituents R! and R?, the C,, symmetry is
broken and the entire molecular point group is reduced to
C,. Taking complex IId as an example, the perspective
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drawing is shown in Figure 1. Selected bond lengths and
angles are tabulated in Table 1, along with the available ex-
perimental values of the X-ray crystal structure of complex
IId for comparison.

4
7/ \ la: R'=H,  R?*=CH,0H
N Ib: R'=CH;, R?=CH,0H

_ Ie: R'=CN, R>=CH,OH

. L= o tolv 2_
R‘_C h—o—c—r> M RI p-tolyl, R? = CH,0H
Vi IIh: R'=p-tolyl, R* = n-propyl
N Ile: R'=p-tolyl, R?= C¢H,Cl-4
/N IId: R'=p-tolyl, R? = CgHs
— Ile: R'=p-tolyl, R? = ClI,NII,-4

Scheme 1. Illustration of the investigated complexes.

Figure 1. Complex structure and atom-numbering scheme taking
complex IId as an example.

There is an overall satisfactory agreement between the
theoretical and the available experimental data:1*3 all the
computed distances are within the experimental error
(£0.04 A). Table 1 shows that the variation of the substitu-
ents has more influence on the bond angles than on the
bond lengths, as the bond lengths are almost unchanged
while the bond angles undergo a comparatively large
change. In particular, we should note the N(20)-Pt(1)-
C(30) and Pt(1)-C(30)-C (31) angles, which show that when
CH,OH is connected to the acetylide ligand the Pt(1)-
C(30)-C(31) angle deviates more from 180° (Table 1). This
phenomenon is attributed to the weak interaction of
CH,OH with the Pt center. The coordination geometry
about platinum is essentially square planar, with the bond
length of the platinum to the central nitrogen atom [Pt(1)-
N(12) = 1.99 A] of the terpyridine ligand slightly shorter
than to the other two outer nitrogen atoms [Pt(1)-N(2) and
Pt(1)-N(20) are 2.05A and 2.04 A, respectively], as re-
quired by the steric demands of the terpyridine ligand.
These bond lengths are similar to the experimental®3! val-
ues of 1.97 A, 2.01 A, and 2.03 A, respectively. Not surpris-
ingly, the N-Pt-N angles [N(2)-Pt(1)-N(12) = 80.3°;
N(12)-Pt(1)-N(20) = 80.3°; N(2)-Pt(1)-N(20) = 160.5°] de-
viate from the idealized values of 90° and 180° as a conse-
quence of the geometric constraints imposed by the terpyri-
dine ligand and the different substituents. The Pt—C bond
length is 1.97 A, which compares well with experimental

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1857
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Table 1. Selected calculated bond lengths [A] and bond angles [°] for all the complexes. The numbers in parentheses are from the X-ray

crystal structure of complex I1d.

Parameter Ia Ib Ic IIa IIb IIc IId Ile
Pt(1)-N(2) 2.05 2.05 2.05 2.05 2.05 2.05 2.05 (2.01)= 2.05
Pt(1)-N(12) 1.99 1.99 1.99 1.99 1.99 1.99 1.99 (1.97) 1.98
Pt(1)-N(20) 2.04 2.04 2.04 2.04 2.04 2.04 2.05 (2.03) 2.04
Pt(1)-C(30) 1.96 1.96 1.96 1.96 1.97 1.97 1.97 (1.98) 1.96
C(30)-C(31) 1.23 1.23 1.23 1.23 1.23 1.23 1.24 (1.19) 1.24
C(7)-C(13) 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48
C(17)-C(21) 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48
N(2)-Pt(1)-N(12) 80.6 80.7 80.7 80.4 80.4 80.2 80.3 (80.6) 80.4
N(12)-Pt(1)-N(20) 80.4 80.3 80.3 80.3 80.4 80.4 80.3 (81.0) 80.3
N(2)-Pt(1)-N(20) 161.2 161.0 161.0 160.8 160.6 160.6 160.5 (161.6) 160.7
N(12)-Pt(1)-C(30) 176.8 177.1 177.2 176.9 179.9 179.9 179.98 (178.8) 179.95
N(2)-Pt(1)-C(30) 96.2 96.4 96.6 96.5 99.7 99.7 99.7 (99.5) 99.7
N(20)-Pt(1)-C(30) 102.7 102.6 102.5 102.8 99.6 99.7 99.7 (98.9) 99.7
Pt(1)-C(30)-C(31) 168.7 169.2 169.7 169.2 179.6 179.98 179.97 (179.10) 179.98

[a] From ref.[33

value of 1.98 A .33 The C=C bond length of 1.22 A is com-
parable to the experimental value of 1.19 A.

Molecular Orbital Analysis

Since the observed differences in the chemical and physi-
cal properties of the complexes rely primarily on the
changes in the ground-state electronic structure, before
dealing with the excited states we will discuss in detail the
ground-state electronic structure of these complexes with a
special emphasis on the frontier orbital components,
HOMO-LUMO energy gaps, and metal-metal transition
energies. The calculated frontier orbital energies are tabu-
lated in Table 2 and plotted according to their energy levels
in Figure 2. The assignment of the nature of each MO was
made on the basis of its components, as shown in Figure 3
and 4, taking complexes Ib and IId as examples, respec-
tively. Through the contour plots of Figures 3 and 4, we
can see that there is a degree of interaction between the -
orbitals of the terpyridyl and acetylide moieties via the Pt
dm-orbitals, and so the substituent effect on both ligands
can extend across the Pt center and influence the excitation
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Figure 2. Molecular orbital energy level diagrams summarizing the
B3LYP/LanL2DZ results. Solid and dotted arrows represent the
energy gaps of HOMO and LUMO orbitals and that of d— d exci-
tations.

nature of the complexes. A complete analysis of the highest
occupied and lowest unoccupied molecular orbitals of all
the complexes is presented in Table 3, where the orbital
character and composition in terms of atomic contributions
is presented. Percent contributions were calculated using

Table 2. Energies of the frontier molecular orbitals obtained from the B3LYP/LanL.2DZ calculation.

Orbitals Ia Ib Ic Ila 11b Ilc 1Id IIe
LUMO+5 -3.68 -3.58 -3.98 -3.45 -341 -3.60 -3.49 -3.27
LUMO+4 -3.94 -3.76 -4.59 —4.00 —4.02 —4.15 —4.06 -3.84
LUMO+3 —4.55 —4.47 —4.84 —4.38 —4.46 —4.58 -4.49 —4.28
LUMO+2 -4.72 —4.64 -5.12 -4.54 —4.53 —4.66 -4.57 —4.35
LUMO+1 -5.70 -5.61 —6.05 -5.42 -5.44 -5.57 -5.48 -5.26
LUMO -6.03 -5.89 —6.50 -5.77 -5.78 -5.92 -5.83 -5.60
HOMO -8.67 -8.57 -8.94 -8.41 -8.29 -7.88 -7.78 -6.97
HOMO-1 -9.07 -8.98 -9.34 —-8.85 —8.48 -8.69 —8.63 -8.61
HOMO-2 -9.75 -9.68 -9.96 -9.24 -9.24 -8.99 —-8.64 —8.68
HOMO-3 -9.93 -9.82 -10.25 -9.58 -9.65 -9.37 -9.26 —8.78
HOMO-+4 -10.05 -9.94 -10.36 -9.65 -9.66 -9.49 -9.68 -9.11
HOMO-5 -10.50 -10.41 -10.81 -9.68 -9.79 -9.75 -9.73 -9.49
HOMO-6 -10.88 -10.72 -11.13 -9.81 -10.30 -9.83 -9.74 -9.55
HOMO-7 -11.31 -11.19 -11.52 -10.41 -11.01 -9.93 -9.86 -9.81
Energy gap 2.64 2.68 2.44 2.64 2.51 1.96 1.95 1.37
1858 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 18561866
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Equation (1), where n is the atomic orbital coefficient and
>n? is the sum of the squares of all atomic orbital coeffi-
cients in a specific molecular orbital.

[?1Xn?] % 100 = % contribution (1)

Energy/eV

Figure 3. Frontier orbital diagram of complex Ib calculated at the
B3LYP/LanL2DZ level. The plot on the right is the contour plot
for each molecular orbital.
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Figure 4. Frontier orbital diagram of complex Ild calculated at the
B3LYP/LanL2DZ level. The plot on the right is the contour plot
for each molecular orbital.

Every complex is divided into three parts: the metal, the
terpyridyl ligand with the substituent R', and the acetylide
ligand with R2. Each part of the percent contributions are
the sum of the atomic coefficient squares.

In general, for all the investigated complexes, the first
five unoccupied orbitals have the same character as the n*-
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orbital of the free terpyridyl ligand, although slightly per-
turbed by a small contribution from the d-orbital of Pt
(about 6% for all the investigated complexes), and the
LUMO+6 unoccupied orbitals are all composed of both Pt
3s and d,.orbitals and terpyridyl 2p. orbitals. The low-en-
ergy transition character is therefore distinguished by the
occupied orbital compositions. For series I, the occupied
orbital compositions are perturbed by different substituted
groups, but the relative ordering and characters are not
changed: the HOMO orbitals have predominant -C=C-R?
character, mixed with Pt d-orbitals (24%, 37%, and 25%
for Ia, Ib and Ic, respectively); the HOMO-3 and HOMO-
7 orbitals are Pt- and terpyridyl-localized, respectively, and
the HOMO-4 and HOMO-6 orbitals are a combination of
Pt d-orbitals and terpyridyl m-orbitals (Table 3). Series 11
complexes can be separated into two groups: Ila,b (with
-CH,OH and -C3H5) in which the alkyl substituents are in-
troduced on the acetylide and Ilc—e in which phenyl rings
are introduced on the acetylide. The HOMO orbitals for
ITa and IIb have the same character as series I complexes,
with predominant contributions from -C=C-R? and some
contributions from the Pt d-orbital (27% and 26 %, respec-
tively), while for Ilc-e the HOMO orbitals are more
—~C=C-R? in character due to the lower contributions from
the Pt d-orbitals (8%, 10%, and 4% for Ilc, IId, and Ile,
respectively). In particular, the contribution of the Pt d-or-
bital to the HOMO (4%) in Ile is less than that to the
LUMO (6%), so we characterized the HOMO in Ile as
n(C=C-R?). It should be noted that introduction of a
phenyl ring with a strong donor will lower the Pt d contri-
bution to the HOMO (such as Ilc and IId) or even change
its character (such as Ile). According to the analysis of the
frontier orbital compositions above, it can be found that the
d-d excitations in complexes Ia—¢ and Ila,b occur between
the HOMO to LUMO+6 transitions; while in complexes
Ilc—e the d-d excitations occur between the HOMO-1 to
LUMO+6 transitions (see the dotted arrows in Figure 2).
We also investigated the substituent effects on the elec-
tronic orbital energy. Compared with those of complex Ia,
the HOMO and LUMO molecular orbitals of Ib are lifted
and the energy gap between the HOMO and LUMO
(AEuwomo-rLumo) 1s increased (AEgomo-rLumo 18 2.64 eV
for Ia and 2.68 eV for Ib), while the HOMO and LUMO
orbitals (especially the LUMO) of complex Ic are lowered
greatly; the energy gap (AEpomo.rumo) decreases to
2.44 eV. According to the analysis above, the introduction
of electron-withdrawing substituents on the terpyridyl li-
gands makes the HOMO— LUMO transition easier by
lowering the AEyomo. Lumo €nergy gap, in particular by
lowering the LUMOs, which are n* terpyridyl orbitals in
this case. For the second series (Ila—Ile), it can be seen from
Table 2 and Figure 2 that, first, compared with those of
complexes I, the frontier molecular orbitals, especially the
HOMOs, are lifted for all the series II complexes, and the
energy gaps (AEgomo_r.umo) are decreased further with the
increase of the electron-donating ability of the substituents,
and second, comparing the frontier orbitals of Ilc, Ild, and
Ile, in which phenyl rings are included in the substituents,

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1859
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Table 3. Calculated percentage composition of selected frontier MOs of complexes Ia-Ile, expressed in terms of component fragments.!

MO Character Pt Terpyridyl — Acetylide MO Character Pt Terpyridyl Acetylide
Ia IIb
90(V) Pt + terp 36 53 11 118(V) Pt + terp 40 50 10
89(V) terp 1 99 117(V) terp 100
88(V) terp 2 98 116(V) terp 3 97
87(V) terp 1 99 115(V) terp 95 S
86(V) terp 2 98 114(V) terp 2 97 1
85(V) terp 6 92 3 113(V) terp 6 88 6
84(0) Pt + C=C-R? 24 9 67 112(0) Pt + terp 26 13 62
81(0) Pt 96 3 1 110(0) terp + R! 95 5
80(0) Pt + terp 63 37 107(0) Pt + terp 64 36
78(0) Pt + terp 42 44 14 106(0) terp 14 86
77(0) Pt + terp 22 75 3 102(0) terp 14 84 2
Ib IIc
94(V) Pt + terp 36 53 10 129(V) Pt + terp 35 53 11
93(V) terp 1 96 3 128(V) terp 100
92(V) terp 2 98 127(V) terp 3 97
9IL(V) terp 2 98 126(V) terp 100
90(V) terp 2 97 1 125(V) terp 2 98
89(V) terp 6 91 3 124(V) terp 6 93 1
88(0) Pt++C=C-R? 37 13 50 123(0) Pt+ C=C-R? 8 6 86
85(0) Pt 97 2 1 122(0) Pt+ C=C-R? 28 9 56
84(0) Pt + terp 63 37 120(0) R! 1 89 10
82(0) Pt + terp 43 42 15 115(0) Pt + terp 62 38
81(0) terp 11 88 1 114(0) Pt + terp 19 83
112(0) Pt+ C=C-R? 24 17 59
111(0) Pt + terp 17 80 3
Ic 1d
96(V) Pt + terp 37 53 10 126(V) Pt + terp 36 54 10
95(V) terp 100 125(V) terp 100
94(V) terp 2 98 124(V) terp 3 97
93(V) terp 1 98 123(V) terp 100
92(V) terp 2 98 122(V) terp 2 98
91(V) terp 7 90 3 121(V) terp 6 92
90(0) Pt + C=C-R? 25 10 64 120(0) Pt + C=C-R? 10 7 83
88(0) C=C-R? 4 1 95 119(0) R? 100
87(0) Pt 97 2 1 118(0) Pt + C=C-R? 30 10 60
86(0) Pt + terp 65 35 5 116(0) Pt + terp 62 38
85(0) terp 12 88 114(0) Pt + C=C-R? 21 9 65
84(0) Pt + terp 27 42 14 113(0) Pt + terp 62 38
83(0) terp 10 80 2 111(0) Pt + terp + C=C-R? 39 35 20
80(0) terp 17 62 2 109(0) Pt + terp + C=C-R? 14 19 54
IIa Ile
114(V) Pt + terp 35 55 10 130(V) Pt + terp 36 55 9
113(V) terp 100 129(V) terp 100
112(V) terp 2 98 128(V) terp 2 98
111(V) terp 1 99 127(V) terp 100
110(V) terp 2 98 126(V) terp 2 98
109(V) terp 6 92 2 125(V) terp 6 87 6
108(0) Pt + C=C-R? 27 12 61 124(0) C=C-R? 4 10 86
105(0) C=C-R? 3 4 92 123(0) Pt + C=C-R? 19 14 66
104(0) R! 2 97 121(0) C=C-R? 99
102(0) Pt + terp 62 38 119(0) R! 98
100(0) Pt + terp 39 46 15 116(0) Pt + terp 20 80
115(0) Pt + terp + C=C-R? 43 32 26
114(0) Pt + C=C-R? 3 74 23

[a] HOMO and LUMO orbitals are shown in bold.

with those of Ila and IIb, in which the substituents are only  (AExomo-rumo). Finally, a comparison of the HOMO
CH,OH or Cs;H,, the energy gaps (AEgomo-Lumo) are levels (see Table 2) and AExomo rLumo (see Table 2 and
lower for Ilc, I1d, and Ile, thus indicating that introduction  Figure 2) of complexes Ila and IIb shows that the donating
of a phenyl ring will enhance the HOMO—LUMO ability of n-propyl is stronger than that of CH,OH.
transition by virtue of the decreasing energy gaps Furthermore, in complexes Ile, IId, and Ile it is obvious

1860 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 1856-1866
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that the stronger donor group (NH, > H > Cl) on the
phenyl rings leads to a greater decrease of the energy gaps
(AEgomo-rLumo 1s 1.96 eV, 1.95 eV, and 1.37 eV for Ilc, 11d,
and Ile, respectively).

The effect of the substituents on the electronic structures
is described more quantitatively in Table 4, which lists the
energy gaps of AEgomo-Lumo, the d-d transition (AEy ),
and the energy difference between the HOMO-LUMO
and the d-d transitions. The values of AE = AE 4 —
AEyomo-Lumo show that introduction of electron-with-
drawing (donating) groups on the terpyridyl ligand makes
this value larger (smaller) (in the first series this value is
2.35, 2.31, and 2.52 eV for complexes Ia, Ib, and Ic, respec-
tively), and the introduction of electron-donating groups on
the acetylide causes this value to increase (in the second
series this value is 2.32, 2.37, 3.14, 3.19, and 3.97 eV for
complexes Ila—e, respectively). As a result, with the increase
of the energy difference between the HOMO-LUMO and
the d-d transitions, the probability of nonradiative deactiva-
tion via the d-d state decreases. According to the analysis
above, we can anticipate that the introduction of electron-
withdrawing substituents on the terpyridyl ligand will bene-
fit the LLCT (or MLCT) and prohibit the nonradiative
pathways via d-d transitions in these complexes; the intro-
duction of an electron-donating substituent on the acetylide
ligand can also prevent the nonradiative pathways by in-
creasing the energy gap between the HOMO-LUMO and
d-d transitions. On the other hand, according to the energy
gap law, the lower the energy of the excited state, the shorter
the lifetime, so when we try to find effective light-emitting
materials, we should consider these competing factors.

Table 4. The energy gaps (eV) of the dnPt— dn*Pt transitions
(AE4 g) and HOMO— LUMO transitions (AEyomo-rLumo), and
the energy difference, AE, between them.

Complex AE, 4 AEwomo LuMO AE
Ia 4.99 2.64 2.35
Ib 4.99 2.68 2.31
Ic 4.96 2.44 2.52
Ila 4.96 2.64 2.32
11b 4.88 2.51 2.37
I 5.09 1.96 3.14
11d 5.14 1.95 3.19
Ile 5.34 1.37 3.97

Absorption Properties

The low-energy absorption bands are very solvatoch-
romic. To decrease the difference between calculated and
observed transition energies, the effect of the solvent was
simulated by the polarizable continuum model included in
the Gaussian 98 program. In general, all these complexes
show a blue-shift in the polarized solution, and this is in
agreement with the recently published experimental data by
Che et al.,[*l who pointed out that when the polarity of the
solvent increases from benzene to CH,Cl,, acetonitrile, and
ethanol, the broad low-energy absorption band blue-shifts
in energy (a further explanation for this blue-shift is pre-
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sented later). Taking molecule Ila as an example, the calcu-
lated absorptions in the gas phase and in dichloromethane
solution are comparatively listed in Table 5. It can be seen
that the first two absorptions show a comparatively strong
solvatochromic effect — the 545 nm and 394 nm absorptions
in the gas phase correspond to the 460 nm and 361 nm ab-
sorptions in solution, respectively — while the other absorp-
tions show little solvatochromic effect. This phenomenon
is in accordance with the experimental results.?3-33-38] The
complete absorption spectrum for complex Ila is plotted in
Figure 5 (in the plot, every absorption with different oscil-
lator strength is selected, f'is the oscillator strength, and the
horizontal axis is the absorption wavelength).

Table 5. Selected calculated TDDFT singlet excitation energies for
complex Ila in the gas phase and in CH,Cl, solution, together with
experimentally observed values.

G98/B3LYP  G98/B3LYP (PCM) Exp.la! Transition

A Osc. A Osc. A e designation
[nm] [nm] [nm] [M'em™]
545 0.14 460 0.19 430 7260 LLCT+MLCT
394 0.12 361 0.17 342 19300 LLCT+MLCT
314 0.14 316 0.17 328 18000 LLCT
310 0.15 314 0.25 315 18500 MLCT+IL
269 0.20 272 0.29 274 35900 LLCT
257 0.31 265 0.20 LLCT
254 0.41 247 0.37 LLCT

[a] Taken from ref.[38]

0.6
0.5+
f 0.4
0.3
0.2
0.1
0.0+

absorption for lla

200 250 300 350 400 450
Alnm

Figure 5. UV/Vis absorption spectrum of Ila in dichloromethane
solution (f'is the oscillator strength).

The calculated absorption results in dichloromethane
solution from time-dependent DFT calculations (TDDFT)
are listed in Table 6. In the first series, complexes laIc,
introduction of a donor (CH; for Ib) on the terpyridyl li-
gands causes the absorptions to be blue-shifted (from
452 nm to 449 nm for the first absorption). This result is in
accordance with the electronic-structure calculation
results since introduction of an electron-donating group
leads to the LUMO being lifted and the energy gap
(AEnomo-Lumo) being increased, which causes the absorp-
tion to be blue-shifted. This is consistent with the litera-
ture,”*! where the blue shift arising from methyl substitu-
tion of the bipyridyl ligand is attributable to destabilization
of the n* level by electron-donating methyl substituents.
The introduction of an electron-withdrawing group (CN)
makes the absorption red-shift (from 452 nm to 487 nm for
the first absorption). This result is also in accordance with
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the electronic-structure calculations since introduction
of electron-withdrawing groups on the terpyridyl ligands
leads the LUMO to be lowered and the energy gap
(AEwomo-Lumo) to decrease, which results in the red-shift.
In the second series of complexes, Ila—Ile, it can be seen
that the stronger the electron-donating nature of the sub-
stituents on the acetylide, the more red-shifted the absorp-
tions. This is because the stronger donating substituents on
the acetylide raise the molecular HOMO (see Figure 2),
and, as a result, the energy gap between the HOMO and
LUMO decreases. The first absorption, which is mainly
made up of the HOMO— LUMO transition, is red-shifted
with an increase of the substituent group donating ability.
Interestingly, all our calculated results and conclusions are
in accordance with a recently published paper by Che et
al.,3338 who ascribed the lower-energy band in the absorp-
tion spectra to an allowed MLCT transition. This assign-
ment is consistent with the fact that the absorption band is
red-shifted by electron-rich acetylide and electron-deficient
moieties on diimine (C"N”N)-6-aryl-2,2’-bipyridine.

Table 6. Calculated absorptions (4, nm) for the complexes in
CH,Cl, using the PCM model.

Ia Ib Ic IIa
452 (0.08) 449 (0.09) 487 (0.12) 460 (0.19)/430121
407 (0.02) 409 (0.02) 426 (0.01) 414 (0.02)/43011
316 (0.29) 322 (0.03) 330 (0.14) 314 (0.17)/342121
246 (0.56) 313 (0.19) 253 (0.27) 314 (0.25)/328121
242 (0.41) 311 (0.12) 250 (0.26) 281 (0.15)/289121
263 (0.15) 230 (0.37) 247 (0.37)
247 (0.44)
241 (0.45)
1Ib Ilc 1Id Ile
480 (0.14)/4411™ 492 (0.20) 503 (0.11)/482121 742 (0.25)
395 (0.12)/42011 395 (0.12) 427 (0.14)/4331 399 (0.14)
324 (0.19)/34511 326 (0.10) 368 (0.12)/342121 359 (0.11)
309 (0.16)/31711 309 (0.17) 311 (0.18)/3171 311 (0.20)
260 (0.36)/276121 269 (0.31) 272 (0.25)/28914 286 (0.23)
255 (0.27) 256 (0.57) 260 (0.19)/266121 279 (0.41)
252 (0.23) 252 (0.24)
245 (0.33) 245 (0.41)

[a] Taken from ref.[3%]

The excited states that arise from transitions between or-
bitals that are located on different moieties were classified
as charge transfer (CT) excited states. Those from m-occu-
pied to m-virtual orbitals located on the same ligand are
described as m-m* states (IL), but those from orbitals on
different ligands are described as ligand-to-ligand charge
transfer (LLCT) states. Metal-to-ligand charge transfer
(MLCT) states involve transitions from the metal atom to
ligand-centered orbitals. The excited state is platinum cen-
tered (MC) if the orbitals involved in the transition are pri-
marily located on the Pt atom.

In order to assign all absorption bands unambiguously,
taking complexes Ib and Ild as examples, TDDFT was used
to calculate results for both singlet and triplet absorptions,
as listed in Table 7. The contour plots for the related orbit-
als refer to Figure 3 and Figure 4. Commonly, an excited
state corresponds to the excitation of an electron from an

1862 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

occupied to a virtual molecular orbital (MO). However, the
excited states calculated herein demonstrate that excited-
state electronic structures are described in terms of multi-
electronic states, wherein a linear combination of several
occupied-to-virtual molecular orbital excitations comprises
a given optical transition. For simplicity, Table 7 lists only
the most significant contributions to each excited state.
Where multiple excitations are of comparable importance
(i.e., several excitations with coefficients less 50%), each is
listed. Assignment of the character of each excited state was
based on the components of the occupied and virtual MOs
of the dominant excitation(s) for that excited state. The ab-
sorptions Ib and IId are analyzed completely.

For complex Ib, it can be seen that the oscillator
strengths of the two lowest-energy singlet electronic transi-
tions are weak, which is consistent with the experimental
results.['¥l The lowest-energy absorption band is assigned to
the spin-allowed HOMO — LUMO transition, which can be
characterized as a n(C=C)/d(Pt)— n*(terp) transition and
thus as LLCT mixed with MLCT (LLCT/MLCT). The sec-
ond absorption band (HOMO— LUMO+1) has the same
character as the lowest-energy absorption. The third and
sixth transitions, which mainly come from the transitions
of HOMO-3—LUMO+1 and HOMO-3—LUMO+2,
have complete MLCT character due to the predominant
metal character of the HOMO-3 orbital. The other absorp-
tions are all characterized as LLCT or IL. Within the calcu-
lated range no transitions between mainly platinum-cen-
tered orbitals (MC) are found. If they occur, they must
therefore be higher in energy than 200 nm, according to our
calculated results.

The first triplet excited state is positioned at 2.34 eV, and
is therefore lower than the first singlet excited state
(2.76 V). It results from a HOMO to LUMO transition,
thus it is featured as LLCT/MLCT. Similarly, the next two
excited states are also characterized as LLCT/MLCT. The
higher-energy transitions, such as those at 3.23 and 3.44 eV,
arising from the transitions of HOMO-4 to the LUMO and
HOMO-5 to LUMO, respectively, were assigned as intrali-
gand excited states within the terpyridyl ligand (IL).

In complex IId, the first three calculated absorptions are
much stronger than those of Ib; this is primarily due to the
increased strong donating ability of the phenyl ring on the
acetylide, which results in facile charge transfer during the
excitation. The lowest-energy absorption (503 nm, with an
oscillator strength of 0.1065), arising from the
HOMO— LUMO transition, is assigned as LLCT/MLCT.
Similarly, the 368 and 311 nm absorptions (with oscillator
strengths 0.1243 and 0.1825, respectively) result from the
HOMO-2— LUMO and HOMO-7— LUMO transitions,
respectively, and they were characterized as mixed LLCT
and MLCT due to the mixed compositions of HOMO-2
and HOMO-7 (HOMO-2 is made up of 30% Pt d, 10%
terpyridyl p, and 60% acetylide p; HOMO-7 is 62% Pt d
and s orbitals as well as 38% terpyridyl p orbitals). For the
same reasons as for the 251 and 252 nm absorptions, they
are also assigned as mixed LLCT and MLCT. The other
absorptions (227, 260, and 245 nm) are all assigned as
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Table 7. Selected TDDFT calculated excitation energies and compositions of the lowest-lying singlet and triplet excited states.

State Composition AE [eV] A [nm] f Character

Singlet (Ib)

1 HOMO—LUMO 67% 2.76 450 0.0851 LLCT+MLCT

4 HOMO — LUMO+1 69% 3.03 409 0.0199 LLCT+MLCT

8 HOMO-3—LUMO+1 55% 3.85 322 0.0299 MLCT

10 HOMO-4—LUMO 52% 3.96 313 0.1912 ILCT

11 HOMO — LUMO+2 50% 3.98 318 0.1165 LLCT

24 HOMO-3—LUMO+2 51% 4.71 263 0.1524 MLCT

28 HOMO-6— LUMO+1 51% 5.01 247 0.4353 LLCT+ILCT

29 HOMO-7—LUMO 52% 5.14 241 0.4503 ILCT

Triplet (Ib)

1 HOMO— LLUMO 71% 2.34 530 LLCT+MLCT

2 HOMO-2—LUMO 57% 2.90 428 LLCT+MLCT

4 HOMO— LUMO+1 58% 2.95 420 LLCT+MLCT

5 HOMO-2— LUMO+1 63% 3.02 409 LLCT+MLCT

6 HOMO-4—LUMO 71% 3.23 384 ILCT

7 HOMO-5—LUMO 70% 3.44 361 ILCT

Singlet (I1d)

1 HOMO— LUMO 68% 2.46 503 0.1065 LLCT+MLCT

2 HOMO-1-LUMO 63% 291 427 0.1438 LLCT

7 HOMO-2— LUMO 62% 3.37 368 0.1243 LLCT+MLCT

14 HOMO-7— LUMO 59% 3.98 311 0.1825 ILCT+MLCT

24 HOMO-1—LUMO+4 49% 4.56 272 0.2514 LLCT
HOMO-6— LUMO+6 39%

32 HOMO-6— LUMO+2 35% 4.77 260 0.1869 LLCT
HOMO-4— LUMO+2 41%

37 HOMO-9— LUMO+1 31% 4.92 252 0.1600 ILCT+MLCT

HOMO-10—LUMO 28%

38 HOMO— LUMO+5 29% 4.94 251 0.2257 LLCT+MLCT
HOMO-2— LUMO+4 35%

40 HOMO-11—LUMO 26% 5.07 245 0.3307 LLCT
HOMO-3— LUMO+3 26%

Triplet (IId)

1 HOMO—LUMO 68% 2.23 555 LLCT+MLCT

2 HOMO-1—LUMO 66% 2.63 472 LLCT

3 HOMO—LUMO+1 65% 2.85 435 LLCT+MLCT

4 HOMO-4— LUMO 59% 2.90 427 ILCT

HOMO-3—LUMO 34%

5 HOMO-2—LUMO 67% 2.98 416 LLCT+MLCT

6 HOMO-4— LUMO+I 55% 3.08 403 ILCT

7 HOMO-6—LUMO 70% 3.19 389 LLCT+MLCT

LLCT between the m(C=C-R?) and n* (terp) orbitals.
Again, within the calculated range no transitions between
mainly platinum-centered orbitals (MC) were found. If they
occur, they must be higher in energy than 200 nm.

The first triplet excited state is positioned at 2.23 eV,
0.23 eV lower than the first singlet excited state (2.46 eV).
It results from a HOMO to LUMO transition, thus it is
featured as LLCT/MLCT. Similarly, the third, fifth, and
seventh excited states are also characterized as LLCT/
MLCT. Other transitions, such as those at 2.63 and 3.08 eV,
arise from the transitions of HOMO-1 to the LUMO and
HOMO-4 to the LUMO+1, respectively, and were assigned
as being due to ligand-to-ligand molecular charge transfer
between the acetylide and terpyridyl ligand (LLCT). The
2.90 eV absorption, which comes from the HOMO-4 to
LUMO transition, is characterized as IL.

Eur. J. Inorg. Chem. 2005, 1856-1866 www.eurjic.org

According to the absorption character analysis of com-
plexes Ib and IlId, we can see that, although the transition
character of HOMO to LUMO is the same for these two
complexes (both are assigned as mixed LLCT/MLCT), the
percentage of the MLCT is less in IId than that in Ib. How-
ever, his is not the case for the lowest-energy absorption of
ITe. It should be noted that the Pt d orbital percentage in
the HOMO (only 4 %) is less than that of the LUMO (6 %),
so the lowest-energy transition, which comes from the
HOMO to LUMO transition, should be assigned as LLCT.

Optimization of the Excited State

CIS (Configuration Interaction Singlets) has been exten-
sively used to study the properties of excited states.[*!-43] We
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Figure 6. Prediction of the bond length changes between the ground and excited states according to the nodal of the frontier orbitals,

taking complex Ia as an example (bond lengths in A).

have examined the lowest triplet state of these complexes
by carrying out CIS/LanL2DZ calculations. Comparing the
optimized excited-state and ground-state geometries will
provide an indication of overall geometry relaxations that
occur in the excited state in possible emission processes.
Taking complex Ila as an example, some of the geometrical
parameters (bond lengths) for the optimized ground and
excited states are shown in Figure 6. We investigated the
geometry relaxations upon excitation by consideration of
the nodal patterns of the HOMO and LUMO orbitals. It is
considered that if there is no nodal across the bond in the
HOMO, while there is a nodal across the same bond in the
LUMO, then this bond will be elongated when the complex
changes from the ground state to the excited state; in con-
trast, if there is no nodal across the bond in the LUMO,
while there is a nodal across the same bond in the HOMO,
then this bond will contract. According to this rule, we in-
vestigated the change in the bond lengths in complex Ila.
The LUMO has nodes across R! and R?, but there are no
nodals across them in the HOMO. One would therefore ex-
pect elongation of these bonds, and Figure 6 shows that
these bonds are in fact considerably longer in the excited
state. The HOMO has a node across R?, and it shows bond-
ing in the LUMO; the data in Figure 6 confirm the antici-
pated contraction of this bond.

Solvatochromism is closely related to the ground- and
excited-state dipole moment. Electronic excitations from
HOMO to LUMO involve the displacement of electron
charge from the Pt center and the C=C-R? ligands towards
the delocalized terpyridyl n*-orbitals. Thus, a reduction of
the dipole moment in the excited state is expected, and, as
a consequence, the excited state should be less stabilized by
polar solvents than the ground state. To testify this assump-
tion, we investigated the dipole moment of the ground and
excited states. Taking complex Ia as an example, the
ground-state dipole moment, x,, is —2.36 D and the first
triplet excited-state dipole moment, ., is 1.86 D, therefore
Au, the absolute difference between them, is 0.50 D. This

1864 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dipole moment is in accordance with the assumptions
above.

Emission Properties

Based on the optimized excited-state geometries of these
complexes, the emission calculation was carried out using
the TDDFT method at the B3LYP/LanL2DZ level. The
emissions and the calculated Stokes shift are tabulated in
Table 8, along with available experimental values for com-
parison. Obviously, the change tendency with the different
substituents of emission is in parallel with those of absorp-
tion. The absolute emission value, taking IId as an example
(693 nm), deviates from the experimental observation of
619 nm. We attribute this deviation to the following
reasons: first, the excited-state geometries were obtained
using CIS methods, and CIS represents excited states in a
general zeroth-order method, just as Hartree-Fock for the
ground state of molecular systems, and in CIS theory, the
electron correlation effects and higher order excitations are
neglected; in addition, the TDDFT approach neglects the
spin—orbital coupling, which allows the triplet states to ac-
quire intensity in both absorption and emission and to in-
duce the triplet energies to be shifted. For third row transi-
tion metals one estimates the lowest triplet states to be low-

Table 8. Calculated emissions for all the investigated complexes in
CH,Cl, solvent, and their Stokes shifts.

Complex Emission [4, nm]
Calculated Experiment

Ia 490

Ib 471

Ic 498

Ia 489 5520l
IIb 495 580
Ilc 589 619
1Id 693

[a] Taken from ref.[38
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ered by 0.2-0.3 eV by interaction with higher states through
spin—orbital coupling. However, the tendency of our calcu-
lated results changes parallel to the experimental ones, thus
indicating that our method is reliable to gain reasonable
results.

Conclusions

The ground-state geometries of several terpyridylplati-
num() acetylide complexes have been calculated at the
B3LYP/LanL2DZ level; the calculated geometrical parame-
ters are in good agreement with the X-ray diffraction ex-
periment results. The electronic structures are discussed
completely. Introduction of electron-withdrawing groups on
the terpyridyl ligand will lower the LUMO, and the intro-
duction of electron-donating groups on the acetylide will
raise the HOMO, thus decreasing the energy gap between
the HOMO and the LUMO and, at the same time, increas-
ing the energy gap between the lowest excited state and the
d-d state, which prevents nonradiative deactivation through
the pathways of d-d conversion. The absorptions and emis-
sions for the investigated complexes were calculated at the
B3LYP/LanL2DZ level at the optimized ground- and ex-
cited-state geometries, respectively. The calculated absorp-
tion results are in good agreement with the experimental
values. For all the investigated complexes, excluding Ile, the
lowest-energy absorption has been assigned as an admix-
ture of metal-to-ligand transition to ligand-to-ligand transi-
tion (LLCT/MLCT-C=C(n)/dn(Pt)—trpy ©n*) (in Ile as-
signed as LLCT), while the absorptions at higher-energy
levels are assigned as ligand-to-ligand charge transfer
(LLCT) or IL. Furthermore, different substituents can
modulate both the absorptions and emissions — the intro-
duction of an acceptor on terpyridyl and a donor on ace-
tylide induces the absorption and emission to be red-
shifted. This result is in accordance with the calculated elec-
tronic structure.

The introduction of electron-withdrawing groups on the
terpyridyl ligand and electron-donating groups on the ace-
tylide ligand benefits the emission of this series of complex
since it decreases the energy gap between the HOMO and
the LUMO and increases the energy gap between the d-d
transitions.

Computational Methods

Calculations on the electronic ground state of the investi-
gated complexes were carried out using B3LYP density
functional theory. B3LYP corresponds to the combination
of Becke’s three-parameter exchange functional (B3) with
the Lee—Yang—Parr for the correlation functional (LYP). A
LanL.2DZ basis set was used for all the elements, including
C, N, O, H, and Pt atoms. A relativistic effective core poten-
tial (ECP) on Pt replaced the inner-core electrons, leaving
the outer-core [(5s%) (5p®)] electrons and the (5d®) valence
electrons of Pt. For the C, N, and O atoms only the (1s)
orbitals were replaced by effective core potentials; all the

Eur. J. Inorg. Chem. 2005, 1856-1866 www.eurjic.org

other orbital electrons were left as outer-core electrons or
valence electrons. The basis sets were taken as Pt (8s6p3d/
3s3p2d), C (10s5p/3s2p), N (10s5p/3s2p), O (10s2p/3s2p),
and H (4s/2s). The equilibrium ground-state geometries
were computed using the B3LYP functional with the
LanL2DZ basis set and were fully optimized without sym-
metry constraints. At the correct ground-state geometry op-
timizations, time-dependent DFT (TDDFT) calculations
using the B3LYP functional were performed to obtain both
singlet and triplet absorption spectra. Then, the first triplet
excited state (T;) geometries for all the complexes (except
for complex Ile) were optimized using an ab initio CIS
method with the LanL2DZ basis set. Based on the CIS-
optimized excited-state geometries, the luminescent spectra
were calculated at the B3LYP/LanL.2DZ level. The solvent
effect was simulated using the polarizable continuum model
(PCM), in which the solvent cavity is seen as a union of
interlocking atomic spheres. All the calculations described
here were carried out with the Gaussian 98 package.[*¥]
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